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Abstract
For DoD weapon systems and infrastructure, the cost of corrosion increases year after year and
exceeds $21 billion yearly Department wide as of July 2010. Corrosion affects military
readiness by taking critical weapon systems out of action, and has also affected safety, resulting
in fatal accidents due to the degradation of equipment. Corrosion is unintended material
degradation due to interaction with the environment. Unfortunately, as the warfighters demand
more from their systems, corrosion prevention and control is frequently traded during the
acquisition cycle for weapon system performance. As a result, the DoD remains entrenched in
a find-and-fix corrosion management philosophy which is expensive and unsustainable. The
proposed research and development corrosion program focuses on developing fundamental
understanding, new test methods, material performance data, prediction methodology, and
technology transition to the warfighter. The particular emphasis of this work centers on the
impact of corrosion and environmental interaction on structural integrity; a focus unique within
the broad DoD Technical Corrosion Collaboration (TCC) program. The effort has seven tasks
integrally supported by undergraduate and graduate students at the United States Air Force
Academy and University of Virginia. Collaboration with the Universities of Akron, Hawaii,
Southern Mississippi, and Ohio State under the auspices of the TCC ensures all aspects of
material degradation of high performance DoD alloys and coatings are addressed.
Task 1 yields a standardized fatigue test method for determining how corrosion damage (pit) to
fatigue crack transition changes with the presence of corrosion inhibitor, material substitution
alloys, environment or other aircraft relevant situations. This test method can be the basis for
subsequent TCC testing as appropriate. The method was validated under laboratory air,
various loading conditions, full immersion sodium chloride, atmospheric salt film and salt film
with inhibitor. Task 2 provides quantitative data showing how the chromate in relevant
concentrations is able to inhibit fatigue crack growth in aggressive environments. The method
for atmospheric salt film testing was also developed, an investigation into the singe edge notch
tension sample yielded concerns related to the K-solution for constant ∆K testing. Task 3
Progresses forward the understanding of partial pressure and temperature effects. Recent
developments from the TCC and a leveraged NavAir STTR (Phase II) program in crack growth
modeling methods and mechanistic insights into crack progression modeling are transitioned in
Task 5, DoD outreach was completed along with development of a corrosion course offering for
the United States Air Force Academy (USAFA). Task 5 also progressed forward an
understanding of how electrical discharge machining affects the surface of enviro-mechanical
test samples. DoD weapon systems frequently use ultra-high strength stainless steel (e.g.
Custom 465) components to eliminate reliance on coatings. Task 7 expands the DoD capability
to manage damaging environmental effects, both stress corrosion cracking and corrosionfatigue, of modern stainless ultra-high strength steels for airframe applications.
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165, (i) 340, (j) 2668, and (k) 2668 Pa (f =2 Hz). Crack growth is from left to right in each
image. ........................................................................................................................... 177
Figure 136. SEM images of the fatigue crack surface of AA7075-T651 tested at constant R =
0.5, f = 20 Hz and constant ∆K = 3 MPa√m (from Figure 104) for an L-T oriented
specimen exposed to PH2O of: (a) 0.2, (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, (g) 165, (h)
340, (i) 2668, and (j) 2668 Pa (f =2 Hz). Crack growth is from left to right in each
image. ........................................................................................................................... 179
Figure 137. SEM images of the fatigue crack surface of AA7075-T651 tested under decreasing
∆K loading at constant R = 0.5, f = 20 for an L-T oriented specimen exposed to PH2O =
0.5 Pa with ∆K of: (a) ~7, (b) ~6, (c) ~5, and (d) ~4.0 MPa√m. The direction of crack
growth is left to right in each image. .............................................................................. 180
Figure 138. SEM overview of fracture surface produced from a Kshed loading protocol at a PH2O
= 0.5 Pa with vertical compliance calculated crack fronts (blue) and 3 experimental crack
fronts identified by marker-bands (green/yellow lines). The green lines correspond to
marker-bands identified in the fracture surface and the yellow lines are the inferred crack
fronts used to connect the observed marker-bands. Example marker-bands produced at
each ∆K location are provided below the overview fracture surface for each ∆K value.
For constant R, K decreased with increasing crack length from left to right in this
image. The blue lines correspond to the compliance crack lengths associated with a ∆K
of: (a) 5, (b) 4, and (c) 3 MPa√m. .................................................................................. 182
Figure 139. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically rough to smooth topography on the
fatigue crack surface of AA7075-T651 (L-T orientation) stressed in pure water vapor at
PH2O = 0.2 Pa. For constant R, K decreased with increasing crack length from right to
left in this image. The 0.2 Pa exposure showed a spike in da/dN approximately at ∆K =
3.6 MPa√m. ................................................................................................................... 184
Figure 140. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically rough to smooth topography on the
fatigue crack surface of AA7075-T651 (L-T orientation) stressed in pure water vapor at
PH2O = 0.5 Pa. For constant R, K decreased with increasing crack length from right to
left in this image. The 0.5 Pa exposure showed a spike in da/dN approximately at ∆K =
3.9 MPa√m. ................................................................................................................... 185
xii

SAFE-RPT-16-045

Figure 141(a) Fatigue crack growth rate versus crack length at constant ∆K =5 MPa√m and R of
0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. 0.5 mm of crack wake
roughness was imparted into the surface before beginning the exposure testing. (b)
Optical fractograph of the test specimen corresponding to the crack length scale of the
above and below plots. Crack growth occurred left to right. (c) Closure analysis (ASTM
2% and ACR ratio) versus crack length. ....................................................................... 187
Figure 142. Optical fractograph of the 0.5 mm of crack wake roughness test specimen tested at
PH2O = 0.5 Pa. The SEM images below correspond to the number location where the red
dots are on the optical fracture surface. Crack growth occurred left to right. ................ 188
Figure 143. (a) Fatigue crack growth rate versus crack length at constant ∆K =5 MPa√m and R
of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. 3 mm of crack wake
roughness was imparted into the surface before beginning the exposure testing. (b)
Optical fractograph of the test specimen corresponding to the crack length scale of the
above and below plots. Crack growth occurred left to right. (c) Closure analysis (ASTM
2% and ACR ratio) versus crack length. ....................................................................... 189
Figure 144 Optical fractograph of the 3 mm of crack wake roughness test specimen tested at
PH2O = 0.5 Pa. The SEM images below correspond to the number location where the red
dots are on the optical fracture surface. Crack growth occurred left to right. ................ 190
Figure 145. (a) Fatigue crack growth rate versus crack length at constant ∆K =3 MPa√m and R
of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. No crack rack roughness or
load effects were imparted into the surface before beginning the exposure testing. (b)
Optical fractograph of the test specimen corresponding to the crack length scale of the
above and below plots. Crack growth occurred left to right. (c) Closure analysis (ASTM
2% and ACR ratio) versus crack length. ....................................................................... 191
Figure 146. (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 1.8 Pa sample produced under decreasing
∆K loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 1.8 Pa
sample with a horizontal line scan (shown by the black line). The plot on the right graphs
the localized topography of the crack face corresponding to the horizontal line segment.
From this plot, the local roughness parameters (Ra – average roughness, Rq –
geometric average roughness, Rp - average peak height, Rv- average valley height) can
be gleaned for the horizontal line segment of interest................................................... 193
Figure 147. (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 0.5 Pa sample produced under decreasing
∆K loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.5 Pa
sample with a horizontal line scan (shown by the black line). The plot on the right graphs
the localized topography of the crack face corresponding to the horizontal line segment.
From this plot, the local roughness parameters (Ra – average roughness, Rq –
geometric average roughness, Rp - average peak height, Rv- average valley height) can
be gleaned for the horizontal line segment of interest................................................... 194
Figure 148 (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 0.2 Pa sample produced under decreasing
∆K loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.2 Pa
sample with a horizontal line scan (shown by the black line). The plot on the right graphs
the localized topography of the crack face corresponding to the horizontal line segment.
From this plot, the local roughness parameters (Ra – average roughness, Rq –
geometric average roughness, Rp - average peak height, Rv- average valley height) can
be gleaned for the horizontal line segment of interest................................................... 195
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Figure 149. Fatigue crack growth rate versus decreasing ∆K at constant R of 0.50 (f = 20 Hz)
for AA2199-T86 (L-T) at various-constant water vapor exposure levels from ultra-high
vacuum (0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa)............................................ 198
Figure 150. Optical image of the notch for the AA2199-T86 un-grooved (left) and side-grooved
(right) C-T specimens. Additionally, a small notch was added to the preexisting CT notch
through electrical discharge machining (EDM) for the side-grooved specimens. The sidegrooving process reduced the overall thickness of the specimen in the crack plane .... 199
Figure 151. Fatigue crack growth rate versus decreasing ∆K comparison for the AA2199-T86
side-grooved and un-grooved C-T specimens at constant R of 0.50 (f = 20 Hz) for three
constant water vapor exposure levels from ultra-high vacuum (0.25-0.50 Pa-s) to 165
Pa. The growth rate data for the side-grooved specimens are open circles and the ungrooved specimens are labeled as “regular” and are shown as crosses. ..................... 200
Figure 152. Effect of water vapor exposure on the observed crack growth rate minima in the
threshold transition regime for AA7075-T651 loaded under constant Kmax (16.5
MPa√m)-decreasing ∆K in both L-T and T-L orientations as well as constant K-constant
R (0.5) loading in the L-T orientation (Figure 104) as shown in previous work64.
Additionally, the effect of water vapor exposure on the observed crack growth rate
minima in the threshold transition regime for AA2199-T86 loaded under decreasing ∆K
in the L-T orientation (Figure 125) is plotted. ................................................................ 202
Figure 153. Optical fractographs for decreasing ∆K at constant R of 0.50 (f = 20 Hz) for
AA2199-T86 (L-T) at various-constant water vapor exposure levels: (a) Ultra-high
vacuum, (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is left to right
in each image. ............................................................................................................... 203
Figure 154. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically smooth to rough topography on the
fatigue crack surface of AA2199-T86 (L-T orientation) stressed in pure water vapor at
PH2O = 1.8 Pa. For constant R, K decreased with increasing crack length from right to
left in this image. ........................................................................................................... 204
Figure 155. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 (from Figure 125) for an L-T oriented specimen exposed to PH2O of: UHV (a-b) and
high humidity (2668 Pa) (c-d) with a ∆K of: (a, c) ~5, (b, d) ~9 MPa√m. Crack growth is
from left to right in each image. ..................................................................................... 205
Figure 156. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 7 MPa√m (from Figure 125) for an L-T oriented specimen
exposed to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack
growth is from left to right in each image. ..................................................................... 206
Figure 157. Higher magnification SEM images of the fatigue crack surface of AA2199-T86
tested at constant R = 0.5, f = 20 Hz and constant ∆K = 7 MPa√m (from Figure 125) for
an L-T oriented specimen exposed to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f)
38, and (g) 2668 Pa. Crack growth is from left to right in each image. ......................... 207
Figure 158. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 9 MPa√m (from Figure 125) for an L-T oriented specimen
exposed to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack
growth is from left to right in each image. ..................................................................... 208
Figure 159. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 5 MPa√m (from Figure 125) for an L-T oriented specimen
exposed to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack
growth is from left to right in each image. ..................................................................... 209
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Figure 160. SEM images of the fatigue crack surface of AA2199 – T86 tested under decreasing
∆K loading at constant R = 0.5, f = 20 for an L-T oriented specimen exposed to PH2O =
1.8 Pa with ∆K of: (a) ~9, (b) ~7, (c) ~6, and (d) ~5 MPa√m. The direction of crack
growth is left to right in each image. .............................................................................. 210
Figure 161. (a) Schematic of crack front progression and corresponding optical fractograph
stressed in pure water vapor at PH2O = 0.5 Pa at constant ∆K =5 MPa√m and R of 0.50 (f
= 20 Hz) for AA7075-T651 (L-T). 0.5 mm of crack wake roughness was imparted into the
surface before beginning the exposure testing. (b) Schematic of crack front progression
and corresponding optical fractograph stressed in pure water vapor at PH2O = 0.5 Pa at
constant ∆K =5 MPa√m and R of 0.50 (f = 20 Hz) for AA7075-T651 (L-T). 3 mm of crack
wake roughness was imparted into the surface before beginning the exposure testing.
Crack front evolution progresses left to right and each number corresponds to a
continuous crack front. The increased roughness portion of the crack front is
represented by triangles and the transgranular/flat portion of the crack front is identified
by a straight line. The black line in both images outlines the increased roughness portion
of the fracture surface. .................................................................................................. 216
Figure 162. Schematic of crack front progression and corresponding optical fractograph
stressed in pure water vapor at PH2O = 0.5 Pa. For constant R, K decreased with
increasing crack length from right to left in this image. Crack front evolution progresses
left to right and each number corresponds to a continuous crack front. The increased
roughness portion of the crack front is represented by triangles and the transgranular/flat
portion of the crack front is identified by a straight line. The black line in both images
outlines the increased roughness portion of the fracture surface. ................................ 219
Figure 163. (a) C(T) specimen geometry and various locations where crack-line displacements
were calculated according to the Newman method [75]. Newman represented the crack
face profile from the crack tip to the load line as a straight line. (b) C(T) specimen
geometry and various locations where crack-line displacements were calculated
according to the Saxena method129. The red lines represent the crack face profile for a
crack length of a0 which is used to represent the elastic behavior of crack growth near
the crack tip. V0 corresponds to the crack mouth opening for both diagrams. (c) Crack
profile schematic of the combined model and C(T) specimen geometry that calculates
crack mouth opening displacement (CMOD) using elastic theory and linear modeling of
the crack surface: x is a specific crack length location of interest along the crack wake,
a0 is the current crack length factoring in the axis of rotation described previously, and θ
is the angle of displacement between the crack surface and the crack tip opening
displacement (CTOD). .................................................................................................. 223
Figure 164. Schematic of a C(T) specimen107 and a C(T) fatigue crack growing with a portion of
increased roughness in the crack wake. As the crack continues to grow (left to right in
the diagram above), the COD calculations still reflect the crack-opening displacement at
the location of roughness indicated by the red line. ...................................................... 225
Figure 165. (a) Crack asperity schematic illustrating a condition where the Mode II displacement
is equal to the Mode I displacement. This condition would represent the minimum or
lower bound of Mode II displacement that would cause asperity contact. (b) Crack
asperity schematic illustrating a condition where the amount of Mode II displacement
results in 80% of the crack asperity height remaining in contact with the opposing face
during loading. This situation was quantified as having a magnitude of 20% of the total
crack asperity height (0.2*Rpv). (c) Crack asperity schematic illustrating a condition
where the Mode II displacement results in opposing crack asperities that are directly
aligned, resulting in peaks and valleys directly opening and closing on top of each other.
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This condition would represent the maximum or upper bound of Mode II displacement
that would cause asperity contact. The magnitude of the total crack asperity height (Rpv)
was used to quantify this displacement condition with the localized roughness. .......... 226
Figure 166. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=27.5 mm) for the 1.8 Pa exposure specimen plotted
as a function of crack length under maximum and minimum loading. Additionally, the
respective height of the crack asperities under two Mode II displacement conditions (0.2
Rpv and 0.0069 Rpv) are plotted. (b) Optical fractograph of the test specimen
corresponding to the crack length scale of the above and below plots with the black
arrow indicating the location where the COD was calculated. Crack growth occurred left
to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack length............... 227
Figure 167. The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at
the maximum load - COD at the minimum load) is plotted as a function of crack length
for two Mode II displacement conditions (0.2 Rpv and 0.0069 Rpv) and two locations
(a=27.5 and 30.0 mm) for the 1.8 Pa specimen. The optical fractograph of the test
specimen, corresponding to the crack length scale of the above plot, indicates the two
locations where the COD was calculated. ..................................................................... 228
Figure 168. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=21.9 mm) for the 0.5 Pa exposure specimen plotted
as a function of crack length under maximum and minimum loading. Additionally, the
respective height of the crack asperities under two Mode II displacement conditions (0.2
Rpv and 0.0037 Rpv) are plotted. (b) Optical fractograph of the test specimen
corresponding to the crack length scale of the above and below plots with the black
arrow indicating the location where the COD was calculated. Crack growth occurred left
to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack length............... 229
Figure 169. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=29.6 mm) for the 0.2 Pa exposure specimen plotted
as a function of crack length under maximum and minimum loading. Additionally, the
respective height of the crack asperities under two Mode II displacement conditions (0.2
Rpv and 0.0069 Rpv) are plotted. (b) Optical fractograph of the test specimen
corresponding to the crack length scale of the above and below plots with the black
arrow indicating the location where the COD was calculated. Crack growth occurred left
to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack length............... 230
Figure 170. The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at
the maximum load - COD at the minimum load) is plotted as a function of crack length
for two Mode II displacement conditions (0.2 Rpv and 0.0037 Rpv) and two locations
(a=27.5 and 30.0 mm) for the 0.5 Pa specimen. The optical fractograph of the test
specimen, corresponding to the crack length scale of the above plot, indicates the two
locations where the COD was calculated. ..................................................................... 235
Figure 171.The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at the
maximum load - COD at the minimum load) is plotted as a function of crack length for
two Mode II displacement conditions (0.2 Rpv and 0.0025 Rpv) and two locations
(a=29.6 and 34.7 mm) for the 0.2 Pa specimen. The optical fractograph of the test
specimen, corresponding to the crack length scale of the above plot, indicates the two
locations where the COD was calculated. ..................................................................... 237
Figure 172:LEFM modeling (AFGROW) formatted fatigue crack growth rate versus decreasing
∆K at constant R of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at various-constant water
vapor exposure levels from ultra-high vacuum (0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O =
26.7 kPa). The plotted data represents 30 data point sets (Table 27) that are taken from
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the results from Figure 104. The threshold transition regime has been removed for the
1.8, 0.5, and 0.2 Pa exposures. .................................................................................... 245
Figure 173. Fatigue crack growth rates vs ∆K for two airframe aluminum alloys tested in a water
saturated N2 environment and at ultra-high vacuum. .................................................... 251
Figure 174. Fatigue crack growth rates vs. ∆K for 7075-T651 tested at R=0.5 in a K-shed and Krise protocol at various levels of environmental exposure............................................. 251
Figure 175. Fatigue crack growth rates (Figure 3.3-2) vs. exposure parameter for 7075-T651
(filled symbols), also included are prior data obtained at R=0.5, f=20 Hz and constant ∆K
segments at various exposures (open symbols)74,87. .................................................... 254
Figure 176. Fatigue crack growth rates vs. ∆K for AA 2199-T86 tested at R=0.5 in a K-shed and
K-rise protocol at various levels of environmental exposure. ........................................ 255
Figure 177. Fatigue crack growth rates Figure 152) vs. exposure parameter for AA 2199-T86,
also included are prior data obtained at ∆K=7 MPa√m, R=0.58, and f=20 Hz at various
exposures (solid black line) [53]. The purple dashed line represents a direct interpolation
approach detailed in the text. ........................................................................................ 256
Figure 178. Fatigue crack growth rate trends vs. exposure parameter for AA7075-T651. A
process for calculating the ∆K and exposure specific da/dN is schematically outlined
consistent with the scenario described in the text. ........................................................ 258
Figure 179. Comparison of fatigue crack growth rates vs. ∆K for AA7075-T651 specimens
tested at R=0.5 in a K-shed protocol. Primary test was performed at 0.2 Pa-s with a f=9
Hz and was compared with tests at f=20 Hz at the same PH2O/f, as well as a test at the
same PH2O. .................................................................................................................... 260
Figure 180. Comparison of fatigue crack growth rates vs. ∆K for AA7075-T651 specimens
tested at R=0.5 in a K-shed protocol. Both tests were performed at 0.027 Pa-s, one with
an f=20 Hz, the other at 10 Hz. ..................................................................................... 261
Figure 181. Markerband profile showing the 10-4-6 sequence. Every 10,000 cycles at a stress
ratio of 0.5 (the short peaks), a markerband was place into the specimen by alternating
cycles between a stress ratio of 0.1 (tall peaks) and 0.5. Sequence repeats after the set
of 6 markerbands. ......................................................................................................... 277
Figure 182. Variable amplitude test loading protocol using MINITWIST. Plotted as average
stress vs. cycle number, the average stress was 66.2 MPa, which gave an average
maximum stress of 88.3 MPa. Colored lines mark where groupings of large peaks are
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Figure 183. Comparison of 7075-T6x AFGROW inputs (Harter T and constant Kmax) ........... 279
Figure 184. SEM images of the initiation pit (a, d, g), primary fracture surface (b, e, h), and
secondary fracture surface (c, f, i) of Sample 1 (a-c) Sample 2 (d-f), and (c) Sample 3 (gi). On the micrograph of the initiation pit, the red ellipse shows the best fit size for the
initiation feature. On the primary fracture surface, the primary initiation site is marked
with a red circle. ............................................................................................................ 282
Figure 185. Backscatter SEM image showing an example of markerbanding found on the
fracture surface of Sample 2. ........................................................................................ 283
Figure 186. SEM images of the initiation pit (a, d, g), primary fracture surface (b, e, h), and
secondary fracture surface (c, f, i) of Sample 1 (a-c) Sample 2 (d-f), and (c) Sample 3 (gi). On the micrograph of the initiation pit, the red ellipse shows the best fit size for the
initiation feature. On the primary fracture surface, the primary initiation site is marked
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Figure 187. Backscatter image taken just beyond the initiation pit of Sample 6. A large number
of striations may be seen due to the variable amplitude stress loading. ....................... 287
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Figure 188. Fracture surfaces variable amplitude loading specimens. Colored lines correlate to
probably locations of the groupings of high stress cycles, similarly marked in Figure
158. ............................................................................................................................... 287
Figure 189. Crack propagation rates comparing specimen 1 and specimen 2 crack growth rates
beyond the first markerband. ........................................................................................ 290
Figure 190. Effect of H diffusivity on the upper bound rate of SCC for high strength alloys.47,58
Growth rates noted by  were measured in the present study and presented in the
Results section. The critical distance for crack tip H diffusion, xcrit, is discussed in an
ensuing section and equals 0.9 m for the alloys represented in this plot47. ................ 300
Figure 191. K-dependence of SCC growth rate in three ultra-high strength martensitic steels
stressed in 3.5% NaCl at fixed-applied potential, EAPPLIED. From top to bottom: UNS
44220 at OCP (-690 mVSCE) and -700 mVSCE, UNS K92580 at -550 mVSCE, and a
low-Co experimental composition at -550 mVSCE (3 replicates) and at -700 mVSCE
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Figure 192. Graphical user interface for SCCrack [38]. ............................................................ 302
Figure 193. SCC growth rate versus K for susceptible UNS S46500 (Custom® 465-H900) in
NaCl solution compared to plasticity-based false growth in an immune ultra-high strength
stainless steel of an experimental composition and similar strength59. ......................... 305
Figure 194. da/dt versus K for UNS N05500 (aged Monel K-500) stressed under slow-rising K in
3.5% NaCl solution at constant-EAPPLIED between -700 and -1100 mVSCE. da/dt is plotted
vs elastic K (open) and elastic-plastic KJ (filled). Constant dK/dt was 0.33 MPam/h for
K < 43.9 MPam then 1.1 MPam/h for higher K (vertical arrow). Dotted lines show the
expected range of false da/dt following Figure 16955. ................................................... 307
Figure 195. da/dt versus K for 6 replicate experiments with UNS K92580 (AerMetTM100)
stressed under slow-rising K (1 MPam/h) in 3.5% NaCl at fixed EAPPLIED of -550
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Figure 196. Measured SCC life, ttf, versus initial K for two ultra-high strength steels, UNS 44220
and UNS K92580, in the cantilever beam configuration immersed in 3.5% NaCl at OCP
and stressed at constant load63. .................................................................................... 308
Figure 197. SCCrack simulated SCC life versus initial K for two ultra-high strength steels, UNS
44220 and UNS K92580, in the cantilever beam configuration fully immersed in 3.5%
NaCl at OCP and stressed at constant load. The trend lines are from Figure 172 ....... 309
Figure 198. SCCrack-simulated SCC life versus initial K for ultra-high strength UNS K92580 in
the cantilever beam configuration fully immersed in 3.5% NaCl at -500 mVSCE (left
set of single points at each K), -610 mVSCE (right data set) and -550 mVSCE
(distribution of lives predicted using the distribution of da/dt versus K input data from
Figure 171). The trend lines are from Figure 172......................................................... 310
Figure 199. SCCrack-simulated ttf versus initial K for UNS K92580 (AerMetTM100) in the
cantilever beam configuration immersed in 3.5% NaCl. (top) Interpolated da/dt versus K
relationships for all Monte Carlo selected EAPPLIED values. (bottom) Distribution of ttf
representing variability in EAPPLIED (normally distributed with a mean of -575 mVSCE,
coefficient of variation of 0.05, and -633 mVSCE < EAPPLIED < -518 mVSCE the at +/95th percentiles). Trend lines are from Figure 172. ..................................................... 312
Figure 200. SCCrack simulations of SCC life associated with a propagating thread-root crack
(semi-elliptical to straight crack front) in several steels stressed in 3.5% NaCl solution,
from left to right: UNS 44220 (300M) at -700 mVSCE, UNS K92580 (AerMetTM100) at 550 mVSCE, and low-Co steel at -550 and -700 mVSCE. ........................................... 314
Figure 201. SCCrack simulations of SCC life associated with a distribution of semi-circular
surface crack depths (normally distributed, mean of 300 m, coefficient of variation of
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0.18) in a plate of several alloys stressed in 3.5% NaCl solution. From left to right: UNS
44220 (300M) at OCP of – 700 mVSCE, UNS K92580 (AerMetTM100) at -550 mVSCE,
Low-Co steel at -550 and -700 mVSCE, and UNS K92580 at -675 mVSCE. ............... 315
Figure 202. SCCrack simulations of SCC life associated with a distribution of semi-circular
surface crack depths (normally distributed, mean of 300 m, coefficient of variation of
0.18) in a plate of UNS K92580 (AerMetTM100) stressed in 3.5% NaCl at -550 mVSCE.
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Figure 203. (top) Regression fit da/dt versus K relationships for UNS N05500 (Monel K-500,
solution treated and aged) stressed in NaCl at various EAPPLIED, based on data in
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variation of 0.07; -946 mVSCE < EAPPLIED < -714 mVSCE at the +/- 95th
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mVSCE < EAPPLIED < -1028 mVSCE and (bottom mean of -850 mVSCE and -876
mVSCE < EAPPLIED < -825 mVSCE at the +/- 95th percentiles. ................................ 320
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Introduction and Background
Current Department of Defense (DoD) engineering approaches to manage corrosion-fatigue,
stress corrosion cracking, and hydrogen embrittlement, in weapon systems made of strongtough steel, aluminum, nickel, and titanium alloys are inadequate in terms of quantitative rigor
tailored to specific engineered components and their environments. Poor component life
prediction results in an increased flight line inspection and maintenance burden, technical
surprises at depot input, premature component retirement, and possibly reduction in flight
safety. The overarching objective of the proposed research is to improve and transition the
results of the scientific research on environmental cracking in high performance metallic alloys
to the DoD research and depot maintenance activities. Opportunities to transition the new
technology to weapon system Original Equipment Manufacturers (OEMs) were pursued.


Task 1 focused on the development for a test methodology to examine the corrosion-pit
to fatigue crack transition.
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Task 2 focused on the effect of corrosion inhibitors on environmentally assisted fatigue
damage.



Task 3 focused on the development of a fracture mechanics based life prediction
algorithm, consistent with current DoD methodology, for variable environments.



Task 4 the study of the effect of the interaction of atmospheric conditions and aircraft
spectrum loading on fatigue crack growth behavior (this Task was not funded).



Task 5 transitioned crack growth modeling methods and mechanistic insights into crack
progression modeling.



Task 6 focused on the development of the scientific understanding necessary to
expand the experimental database and inform/improve prognosis modeling of
environmental fatigue of stainless steel structure (this Task was not funded).



Task 7 focuses on improving the DoD capability to manage damaging environmental
effects, both stress corrosion cracking and corrosion-fatigue, of modern stainless ultrahigh strength steels for airframe applications.
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2. Task 1, Test Method for Pit-to-Fatigue Crack Transition
Summary
Task 1 was an effort to develop and validate a method to study the pit-to-crack transition. The
test methodology focused on several applicable environments including laboratory air, full
immersion sodium chloride (NaCl), full immersion with inhibitor, and atmospheric salt film
conditions with and without inhibitor. The effort involved multiple parts, the first was continued
development of the DCPD1 (Direct Current Potential Difference) procedures that measure crack
length. This included work evaluating DCPD lead wire material selection with the goal of
optimizing DCPD performance, cost, and durability under harsh corrosive environments. The
second part of this work was to generate fatigue crack growth rate data for thin salt films under
atmospheric conditions. This was accomplished by depositing salt directly on the specimen
surface and then hydrating the surface by controlling the relative humidity inside a test cell with
a water and glycerin solution. Finally, both strontium chromate salt, and chromate containing
primer were applied to the specimen surface to evaluate the influence of chromate on the crack
growth of small cracks nucleating at corrosion pits under atmospherically relevant conditions.
Introduction and Background
Corrosion pits in aircraft structure have long been known for their role in crack nucleation2. The
two primary methods for maintaining the structural integrity of aircraft currently in use today,
damage tolerance and safe life, tend to ignore these small cracks nucleating from pits. For a
given crack that nucleates from a corrosion pit, the majority of the crack growth life is spent
nucleating and growing in the mechanically small crack length scale. In this case, mechanically
small is considered to be on the order of the largest grain dimension. These small cracks from
pits are of no consequence to fleet managers using damage tolerant designs because such
small crack growth occurs in the time to propagate the 0.05 in (1.27 mm) rogue flaw already
assumed to be present in the component. The safe life management approach uses some of
this flaw information to make assumptions when calculating component life, but the additional
data will be more useful when trying to equate damage accumulation during component life to
make fracture mechanics predictions beyond the components original designed life.
Furthermore, any change in the part coating or environment that may be more aggressive or
beneficial may not be accounted for in the component life. To be conservative, safe life
methodology uses a harsher environment to calculate the time required to propagate a crack to
0.25 mm. Research into chromate coatings have shown a reduction in crack growth rates in the
long crack lengths3, however influences in the crack growth rates in the small crack range can
be even more significant. The exponential nature of crack growth can magnify any small change
in either crack nucleation time, or crack growth rate, resulting in large changes to the total life of
the component. Conversely, some of the non-chromate primers and corrosion protection
compounds have been shown to have a slightly higher crack growth rate in the same small
1
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crack growth regions. The push for less toxic materials is changing the chemistry of some
primers and full consequences of the changes should be understood by designers and
maintainers prior to implementation. This test protocol is designed to give researchers a tool
which can provide data to evaluate these small changes in crack growth allowing better
prediction and modeling techniques for cracks nucleating from corrosion pits.
Previous research has focused on full immersion testing, however while still an industry
standard, immersion of specimens in liquid environments does not represent what happens
during normal operational environments. Pollutants, airborne salts, and other contaminates
have been shown to provide a more aggressive crack growth rate under thin film environments
and this research is aimed to show their effects on the small crack growth in the pit to crack
transition.
Lessons Learned






Copper DCPD lead wires perform equally to platinum, even for small pits
Welding the DCDP probe wires at multiple locations, stitching, may be beneficial with
proper calibration
Hydrated thin salt films produce crack growth acceleration in short cracks
Thin film crack growth acceleration is equal to full immersion
Neither chromate containing primer, or strontium chromate had a notable effect on crack
growth at the loading conditions tested
Technical Investigations (paper methods)

Previous work performed by SAFE for the Office of Naval Research (ONR) had developed a
methodology for testing the effect of environment on the transition between an existing
corrosion pit through nucleation to a fatigue crack. The previous work developed the basic
mechanics of the test method, including specimen geometry and DCPD techniques related to
both full immersion as well as best practices for completing successful full immersion tests in
salt water as well as inhibited environments. This work leverages the previously developed and
validated specimen design, DCPD crack length monitoring methods, and test methodology to
increase the testing relevance to include a more operationally relevant environment. Open hole
specimens were fabricated from legacy aluminum alloy 7075-T651 material made for the
Defense Advanced Research Projects Agency (DARPA) Structural Integrity Prognosis System
(SIPS) program4. The 7075 alloy aluminum has been characterized for fatigue performance, and
the material behavior is understood. All data generated and compared in the work has been
from the same lot of material to allow direct comparisons. Figure 1 shows an overview of the
open hole specimen.
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Figure 1: Open Hole Specimen Geometry
The specimen described in Figure 1 was validated by correlating normalized DCPD voltages to
fracture surface measurements. Then creating an equation to relate the normalized DCPD
voltage to a crack length5. This calculated crack length is used in the fatigue crack growth rate
calculations for each test. The calculated values of both crack tips (a and c) are then modeled in
AFGROW to produce the geometric parameter beta based on the progression of the crack front.
Once the beta is calculated all the crack growth parameters are known and a stress intensity
can be calculated.
Specimen preparation involves three major areas, specimen pitting, DCPD lead wire
attachment, and thin film application. In this testing a laboratory generated corrosion pit is
placed on the corner of the hole bore. These laboratory generated pits are formed from an
electro-chemical process which produces a rough surface morphology that is similar to pits
observed in service. The rough surface morphology is desired because the typical nucleating
features tend to be micro-pits or jut-in features that form at the bulk material and pit surface
interface6. Typically, these small surface features produce a stress intensity large enough to
promote crack nucleation. Full details of the pitting procedure can be found in Appendix A:
Corrosion Pitting Protocol. A summary of the basic pitting process steps are outlined below:
1. Make a hole the same size as the desired pit in a piece of vinyl tape.
2. Adhere the tape with the hole centered on the desired pit location.
3. Mask off all areas of bare metal aside from the hole in the tape and an area for the
constant current lead to be attached.
4. Submerge the specimen in the pitting solution.
5. Apply a constant current through the specimen.
6. Allow the electrochemical reaction to take place for the desired amount of time to
produce the desired pit size. A table relating current and desired pit size is shown in the
full procedure.
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The second step then becomes attaching the DCPD wires through the spot welding protocol.
Basic steps are outlined below with the full method included as Appendix B: Spot Welding
Protocol:
1. Affix the specimen into the specimen holder under the microscope.
2. Clean the surface of the specimen and the leads (aka probe wires or probes) of the
platinum wire with alcohol or other degreaser to prepare the surface for welding.
3. Secure the leads of the specimen near the pit.
4. Position the platinum DCPD leads as near to the pit as possible without damaging the
specimen surface near the pit.
5. Lower the spot weld probe into contact with the platinum wire.
6. Fire the electric pulse.
Part of the test method development involved refining a hand deposition method for creating the
thin salt films on the open hole specimen surface. The baseline process for this method was
developed under Task 2 and transitioned to this task, the overall process is outlined here. The
first step was to find a medium in which to transport the salt to an even coating on the specimen
surface. This was achieved by dissolving sodium chloride in methanol at a rate of 140
milligrams of NaCl per 50 milliliters of methanol. The mixture was then dispensed by pipet onto
the specimen surface at a dosing rate of 400 micrograms per square centimeter. The 400
micrograms salt load was chosen to provide an accelerated test with respect to measured
atmospheric deposition rates7. After the salt mixture is dispensed by pipet the methanol was
then allowed to evaporate leaving behind the dissolved salt. Initial attempts of salt coverage by
the hand deposition method resulted in an uneven coating of salt across the specimen surface.
Due to the surface tension in the methanol, the solution would wet the surface but then dry
unevenly as the solution would bunch together causing the edges to dry first and the center last.
As the edges would dry and drying progressed inward to the center, the concentration of salt
would build up in the middle of the drop. This would cause a gradient in the salt concentration
from the edges to the center of the applied salt solution. To fix the concentration issues, a fan
was used to force air across the specimen surface after the salt and methanol was applied. This
resulted in a quicker drying time, but was not fast enough to prevent the uneven distribution of
salt. Next a heat gun was used to apply heat directly to the specimen surface. The specimen
surface was warmed to approximately 100 °F the salt and methanol solution deposited on the
surface. The methanol solution evaporated much faster than the forced air method but not fast
enough as the salt distribution was still uneven. Additionally, during the time, it takes for the
methanol to evaporate it would rewet previously dried salt and redisperse the salt within the
confines of the newly wetted area changing the salt concentration of previously deposited salt.
The next step was to heat the specimen with the heat gun to approximately 130°F. At this
temperature, the surface is hot enough that when a drop of the salt solution hits the specimen
the methanol evaporates immediately leaving behind the salt in an even coat where the droplet
hit the specimen surface. Droplets could then be spread about the surface in a more even
fashion resulting in an evenly coated surface. The surface may require reheating to keep the
temperature in this range. Heating the surface much beyond the 140°F temperature range
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would bring the methanol beyond its Leidenfrost point. At this point the methanol stays in its
droplet form with a thin layer of air insulating it from the specimen surface keeping the salt from
being deposited on the surface. This condition also frequently leads to the droplet falling off the
specimen. Care needs to be taken to avoid excessive heat as this can change the aluminum
temper. Even at the highest temperatures of 160-180 F, there is little effect on the temper of the
aluminum.
The hand deposition method can be summarized by the following:
1. Mix methanol and salt
2. Heat specimen to approximately 130 °F
3. Dose specimen with pipet, repeat as necessary to achieve the desired salt loading
It is currently theorized that some of the advantages of using chromated primers comes from the
ability of the primer to transport chromium out of the coating and into the crack tip to inhibit
environmentally assisted cracking. The typical source of the chromium is from the corrosion
prevention coatings applied to aircraft parts. To replicate the typical amounts of chromium
available for transport to the crack tip for inhibition, specimen surfaces were coated with actual
airframe primer. Cytec BR6747-1 water-based epoxy primer was used as the chromate source
throughout the chromate portion of fatigue testing. The primer contains 15 percent by weight of
chromium, representing realistic chromium levels expected on an aircraft. The primer was mixed
thoroughly and applied in thin coats to cover the entire specimen surface. This primer was used
due to its availability, but any chromate containing corrosion prevention coating could be used.
After application, the primed surface was allowed to air dry between each coat. A specimen was
coated until the dried primer surface was opaque, with a hint of the yellow color starting to
buildup. In service, the primer epoxy would then be cured. For the subsequent testing the primer
was left in the uncured state to avoid having the epoxy seal the corrosion pit from the
environment. After primer application, the salt was then deposited on the dried, but not cured,
primer. Unlike the salt deposition, during the epoxy primer application added heat was not used
because it was possible that the heating of the specimen surface may flash cure the outside of
the primer and affect both the interaction of salt and chromate transportation, as well as
environmental ingress to the corrosion pit. Even though the primer would be cured completely
on an actual aircraft, it was not the objective of this test program to investigate this mechanism.
The primer was left uncured in order to facilitate faster and easier transportation of chromium to
the crack tip due to the chromium not having to leech out through the cured epoxy. The use of
the primer was an attempt to provide relevant levels of chromium as seen by aircraft primers.
Leeching work performed in Task 2 of this overall effort, has shown what level of leeching can
be expected. A second level of chromate concentration was added to the fatigue testing to test
the effect of chromate concentrations approaching the solubility limit on fatigue crack growth
rates of short cracks. Strontium chromate was chosen for its high solubility in water, and was
dissolved in distilled water at a concentration of 4.7 mM. The strontium chromate solution was
then dispensed by pipet in a similar fashion as the salt and methanol solution. This mixture of
chromate and water represents the maximum amount of chromate that can come out of a

5

SAFE-RPT-16-045

corrosion prevention coating and be available for crack tip protection. The summary steps for
hand deposition of thin films salts over chromated primer is shown below:
1. Mix primer thoroughly to mix the solids back into solution
2. Apply mixed primer solution to color/thickness ensuing fully coated areas with equal
concentration
3. Allow primer to dry (water to evaporate) prior to salt application
4. Apply salt and methanol mixture to required salt loading
5. Allow each application of salt to dry on the specimen surface prior to next application
6. Coat salt solution evenly over entire specimen surface including the recess between the
epoxy covering the DCPD lead wires
As part of the development work to improve DCPD performance, an investigation into DCPD
lead wire material was also performed. In previous work platinum wire was used as the DCPD
lead wire, but high material cost as well as issues with galvanic corrosion protection between
the aluminum and the platinum prompted a study into copper DCPD wire material. Initial testing
performed with larger pit sizes, on the order of 300 m, found that non-optimized welding
parameters allowed the spot weld damage site to produce a stress concentration that was high
enough to preferentially nucleate cracks at the DCPD leads rather than at the corrosion pits.
Furthermore, if smaller corrosion pits (approximately 150 m in diameter) are used, the
difference in stress concentrations between the corrosion pit and weld site becomes
exacerbated. Platinum DCPD wire helps to alleviate this problem by having a lower resistance
than the copper, theoretically reducing the weld site damage. The actual implementation of the
platinum wires found a secondary effect that negated any of the advantages in the spot weld
damage size. When exposed to full immersion in salt water the galvanic corrosion between the
aluminum base material and platinum DCPD wires caused significant reduction in durability
when any defect in the DCPD wire protective coating was present. This galvanic couple allowed
for a very aggressive corrosion at the weld interface and would cause pitting and weld failures at
a much higher rate than the copper spot weld damage site. Current research is focused on the
effect of the pit to crack transition in a thin salt film environments as opposed to full immersion.
Prior research indicates that the wetting and drying of these thin films could cause a more
aggressive corrosion environment than full immersion8. This additional severity prompts a more
robust protection scheme that is anchored by the change from platinum to copper DCPD lead
wires.
Further lead wire protection could be provided by using a DCPD lead that is welded in more
than one location. This allows the change in DCPD signal to be averaged out over multiple spot
welds while providing some insurance against corrosion attacking a single weld and causing the
loss of all data from a specimen. When welding multiple spot welds across a specimen the
averaging produces a smaller noise level of the DCPD signal. While this method reduces the
amount of noise in the signal, it also reduces the amount of sensitivity for the system. For the
most precise measurements, the DCPD leads should be as close to the pit as possible.
Typically for the open hole geometry this is a spacing of one millimeter,0.5 mm above and
below the centerline of the pit, and about 0.5 mm from the edge of the hole bore. For the best
6
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resolution, spot welds must be as close to the corrosion pit as possible and evenly spaced.
Figure 2 and Figure 3 give an overview of the DCPD lead wire attachment differences between
the single and stitched leads.

Figure 2: Schematic of single DCPD lead wire placement

Figure 3: Schematic of stitched DCPD lead wire placement
There is a balance between how close the lead wires are placed and the amount of effort to
accurately place the leads, as well as a reliability risk the closer the leads are attached to the
hole bore. The closer the leads are to the hole edge the higher the probability of a defect casing
the weld to spark, creating weld splatter. The resulting defect becomes larger than the corrosion
pit making this new defect the most likely crack nucleation point, thus ruining the specimen. The
difference in signal between a DCPD lead with multiple welds across the specimen surface and
one with a single weld is enough to require a different specimen calibration equation.
During specimen fabrication, the machine shop did not keep the orientation of the specimen
consistent with regards to the grain direction. This misalignment resulted in a rotation of the
grain direction as it relates to the drilled hole. The longitude axis of the specimen is still parallel
to the rolling direction; however, the hole bore is no longer perpendicular to the S-T grain
direction. The result is that the grain orientation is slightly different from specimen to specimen.
7
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It is expected that crack growth through the twisted L-T plane will not differ significantly, as
crack front is still going through roughly the same grain structures as a normal fatigue crack9.
Fatigue testing was performed to verify that these specimens did not exhibit a large difference in
the crack growth rate. Similar crack growth rates would indicate that the specimens with grain
directions rotated about the L-axis can still be used to avoid rework.
Once prepared, all specimens were fatigue tested using a MTS servo-hydraulic load frame. All
fatigue testing was performed at a maximum applied stress of 125 MPa with a variable
amplitude marker spectrum at a stress ratio (R) of 0.65. The marker spectrum is a sequence of
loads applied in blocks to produce visible markers on the fracture surface. The spectrum
alternates between load cycles at 100 percent of the maximum applied load and 80 percent of
the maximum load in bands of 100 and 10 cycles. This is graphically shown in Figure 4. These
visible markers can be used to correlate crack length to cycles during post-test data analysis
allowing for a reconstruction of the crack path and growth rates.
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Figure 4: Schematic of marker spectrum
To allow for direct comparison between all data sets generated in this work as well as
comparisons to previously tested open hole data10, the marker spectrum with a maximum stress
of 125 MPa was used. Fatigue testing is split into three specimen conditions, laboratory air, full
immersion in an aqueous solution, and atmospheric testing. Baseline fatigue tests were first
conducted in lab-air using DCPD methods. Specimen loading was conducted with a variable
amplitude “marker band” test spectrum to aid in post-test crack growth reconstruction. Post-test
fracture surface reconstruction was carried out via scanning electron microscope (SEM). The
post-test reconstruction of the fracture surface provides critical information required to calibrate
the open hole test specimen. All tests were conducted at a maximum remote stress (Smax) of
125 MPa, maximum applied load (Pmax) of 4 kN at a stress ratio of R = 0.65 and a frequency of
10 Hz. After the fatigue test had concluded the fracture surface mapping coupled with known
cycle counts enabled reconstruction of the specimen crack front allowing correlation between
the crack lengths and cycles. Knowing the reconstructed crack growth history also allows the
estimation of key points of interest, such as estimation of nucleation time and periphery crack
formation during crack growth. Periphery crack (continuous crack front from the hole bore to
8
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planar surface in the width direction) formation is particularly important as this is the earliest
time that crack growth predictions can be made. Using the normalized DCPD voltage and
plotting against the marker band measured crack lengths a calibration curve relating the two can
be created. Figure 5 shows the calibration curve for the open hole specimens.

Figure 5: DCPD calibration curve for the open hole speicmen
Fitting a trend line for each of the two crack directions provides equations that relate each of the
two crack directions to a single normalized voltage. By separating the two crack directions, both
the ‘a’ and ‘c’ direction crack lengths are correlated independently removing a dependence on
relating a/c ratios. All this work performed on the lab air specimens was required to create crack
growth calculations for subsequent tests in environment. This baseline testing also validated
crack growth models in order to calculate the beta correction factors needed to calculate stress
intensity values. Laboratory air was also used for baseline testing of the twisted open hole
specimens and the comparison between the single spot weld and stitched spot welded DCPD
lead wires. This allowed the single copper DCPD lead wire to be tested and compared to the
published SIPS data and also the data generated from laboratory air testing.
The next stage in fatigue testing is to add additional environments. The first environment was
full immersion in 0.06M sodium chloride. Initial testing in full immersion found that the lead wire
protection was lacking. The salt water solution is known to accelerate crack growth significantly.
The open hole fatigue specimens tested in immersion were identical in geometry to those tested
in lab air. The only difference between the lab air and full immersion testing was a change in
test frequency. The frequency was slowed to 1 Hz in immersion from 10 Hz in lab air. The
reduction in test frequency allows more time for the environment to affect the opened crack tip.
If the test frequency is too fast it will reduce the effect of the environment driving the results
closer to those in air. This test frequency also affects the potential effectiveness of future testing
with added corrosion inhibitor and needed to be fixed at this time to account for both test
9
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conditions. The 1 Hz test frequency is ultimately a trade-off between test time and exposure, but
in these test conditions it is expected to provide the desired reduction in fatigue life. The first full
immersion test was prepared by pitting a 150 µm diameter pit at the corner of the hole. Once
pitted, the DCPD leads were spot welded to the specimen and the specimen was secured in the
test chamber and filled with 0.06M salt water solution. The specimen was then tested with the
10-4-6 marker spectrum with a peak stress of 125 MPa, and a peak load of 4.0 kN. During
post-test analysis, it was discovered that the platinum DCPD lead wires had begun to corrode at
the spot-welds. It was only by chance that the crack nucleated and grew to fracture before the
leads were corroded off the specimen. The next few full immersion tests had a different
outcome with lead wire failures within the first few hours after immersion. Effort then shifted to
protecting the DCPD leads throughout the full immersion testing. Ultimately a two-step epoxy
coating system was used to protect the leads. The first step was an epoxy that kept slightly soft
after cure to allow the bonded area a small amount of flexibility. A second epoxy was then
applied over the first. The second epoxy was a marine toughened epoxy suitable for salt water
bonding. The combination of the two epoxies proved sufficient to execute the remainder of the
open hole tests carried out in full immersion.
The next step in fatigue testing involved changing the test environment from laboratory air and
full immersion to atmospherically relevant salt film testing. The concentration of thin salt films
can be controlled via the relative humidity11. In short, as the relative humidity moves from 100
percent down to the deliquescent point, the concentration of the salt solution increases. The
increase in concentration happens until there is not enough water to form a solution essentially
making the salt a solid again. Multiple atmospheric thin film corrosion environments were
investigated during this effort and compared to baseline testing. Baseline testing consisted of
laboratory air testing followed by testing in full immersion. Full immersion testing was performed
with the open hole specimens immersed in 0.06M NaCl. The first thin film atmospheric tests
were conducted with hand deposited salt rehydrated at 80% RH and tested at a frequency of 1
Hz. Fatigue testing at atmospherically relevant humidity levels was performed to address the
potential difference between the long crack effects previously reported, and the short cracking
that occurs as the fatigue crack transitions from the pit to a fully formed corner fatigue crack.
Comparisons between laboratory air, full immersion in NaCl solution, and atmospheric
environments can be made from the resultant data.
Finally, the interaction between chromate deposited by hand on the specimen surface and the
thin salt film at both the solubility limit and at aircraft relevant levels was fatigue tested at 0.2 Hz
and at 90% RH. The two chromate levels were fatigue tested during this work to compare a
relevant level of chromium supplied by corrosion prevention coatings to a theoretical limit based
on the solubility limit of chromate in water. The solubility limit of chromate in water was used as
water is the most likely medium for the transfer of chromium under atmospheric conditions due
to its availability as condensation or rain. Other fluids could possibly wet out a part surface but
few are likely to allow higher solubility rates than water.
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Experimental Results
Material selection and spot weld performance of the DCPD leads are important for quality data
collection. In previous work, the decision was made to use platinum wire for DCPD lead wire
attachment. The platinum wire was chosen for its weldability to aluminum, and for the
minimization of heat affected damage site size. Mitigation of the damage site is important to
promote crack nucleation at the corrosion pit. Since the laboratory created corrosion pits are on
the order of 150 µm in diameter, any defect other than the pit has a high probability to nucleate
a fatigue crack. The DCPD lead wire attachment if performed improperly can have a larger
damage site than the corrosion pit. The major downside to platinum wire is its cost and
corrosion potential. While cost is always of concern, the corrosion performance is what can
really make or break a test. Since aluminum and platinum are relatively far apart on the galvanic
series, any exposure to an electrolyte can cause a fairly quick corrosion reaction. In the case of
this testing, the lead wires will be exposed to a thin film atmospheric corrosion test. While the
joint is protected by epoxy, over time the environment penetrates the epoxy and will corrode the
leads wires at the aluminum-platinum joint. Once the electrical connection is severed by
galvanic corrosion, the DCPD leads will stop sensing the change in voltage. To allow for a more
robust lead wire attachment copper can be used as the DCPD lead wire material. Copper and
aluminum are closer on the galvanic series such that under similar environments, copper will
provide a more durable connection.
Early fatigue testing during specimen geometry development suffered from crack nucleation at
the DCPD leads due to improper welding techniques. These early failures were the main reason
for the change to platinum wires. This decision was made for specimens tested in a laboratory
air environment, and it was not until salt water immersion testing that the platinum wire
limitations became evident. The fatigue testing in this program used copper DCPD leads solely.
Data has been shown that thin films at varying relative humidifies can actually produce
corrosion rates higher than full immersion; thus, the focus is on the thin film environment. As a
result, a more robust DCPD lead wire scheme was required.
Initial testing of copper DCPD lead wires in laboratory air found that with basic spot weld
settings, weld site damage could be minimized sufficiently to promote crack nucleation from the
corrosion pit. By minimizing the spot weld energy, and properly cleaning the specimen and wire
surfaces, mechanically solid welds could be made with minimal impact on damage size. Specific
settings can be found in 2.11 Appendix B: Spot Welding Protocol. The success rate throughout
all subsequent tests can be summarized in the specimen test results shown in Table 1.
From the table, the nucleating feature for each of the tests was a corrosion pit. The lone
exception was a laboratory air test that nucleated from deeper in the thickness direction just
outside the corrosion pit. The nucleation site was still in the same plane as the corrosion pit
suggesting that the DCPD lead wires had no influence on the crack nucleating feature. Each
specimen was evaluated under stereo or SEM microscopy to verify that the fatigue crack
nucleated at the corrosion pit. An example image is shown in Figure 6.
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Table 1: Fatigue test specimen overview
ID
Cycles to Failure
Failure Mode
125 Single Weld Lab Air
63,628
Pit Nucleation
125 Stitched Lab Air
41,087
Pit Nucleation
125 Twist Lab Air
52,833
Pit Nucleation
125 Twist Lab Air 2
61,957
Nucleation in Bore
125 Thin Salt 80% 1 Hz
42,722
Pit Nucleation
125 Thin Salt 80% 1 Hz 2
23,741
Pit Nucleation
125 Thin Salt 80% 1 Hz 3
39,018
Pit Nucleation
45,241
Pit Nucleation
125 Thin Salt 90% 0.2 Hz
125 Thin Salt 90% 0.2 Hz 2
45,883
Pit Nucleation
125 Thin Salt+Primer 90% 0.2 Hz
40,409
Pit Nucleation
125 Thin Salt+Primer 90% 0.2 Hz 2
40,410
Pit Nucleation
125 Thin Salt +SrCrO4 90% 0.2 Hz
54,545
Pit Nucleation

Frequecny (Hz)
1
1
1
1
1
1
1
0.2
0.2
0.2
0.2
0.2

%RH
~25%
~25%
~25%
~25%
80%
80%
80%
90%
90%
90%
90%
90%

Figure 6: SEM image of typical crack nucleation at the corrosion pit
To gain additional DCPD lead wire durability, an investigation into using multiple spot welds to
attach the DCPD lead wire across the specimen surface was performed. Spot welding the wire
in multiple locations had the potential to eliminate a single point of failure causing test stoppage
and data loss. The specimen was prepared as every other fatigue tested specimen, with the
only difference being instead of a single spot weld near the hole bore, four evenly spaced welds
were performed across the specimen ligament. A schematic shown in Figure 3 shows an
overview of the lead wire placement and weld locations. For the best sensitivity, DCPD lead
wires should be spaced evenly and attached as close as possible to the expected flaw. The
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specimen was then tested at 1Hz in laboratory air with a maximum applied stress of 125 MPa.
The resulting DCPD data is summarized by Figure 7 through Figure 10.

Figure 7: Comparison of normalized DCPD voltages between single and stitched spot welds
From the normalized DCPD voltage data shown Figure 7, it would appear that the crack growth
rates of the stitched DCPD leads is higher than the single weld. The stitched specimen has a
much steeper increase in slope as the crack accelerates to failure. This is unlikely as both tests
were done under laboratory air conditions meaning that crack growth rates should be equal.
Additionally, both pits are approximately the same size (within approximately 10 µm), however
even this difference in initial pit size is moot once the crack transitions to a periphery crack. Rate
data between a normalized voltage value of 1.04 and 1.25 (Figure 8) show similar slopes
suggesting that crack sizes near periphery crack formation show similar crack growth rates, and
it is not until the 1.5 to 2.5 (Figure 9) normalized voltage values that the rate changes again. It is
this later change when the corner crack is fully formed that suggests that the DCPD field is
changing as the crack grows beyond one spot weld and toward another. The crack growth rate
data shown in Figure 10 shows a similar increase in crack growth rate, especially at the higher
∆K values.
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Figure 8: Closer vew of normalized DCPD voltages near periphery crack formation

Figure 9: Normalized DCPD voltages beyond periphery crack formation
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Figure 10: Fatigue crack growth rate comparison between single weld and stitched DCPD leads
This is further shown in Figure 10 where a comparison between the crack growth rates of the
two specimens are shown. What is of note is that for the small crack growth up to a K of
approximately six the three plots are very similar, it is only after this point that the increase in
crack growth rate, is seen in the stitched DCPD specimen. This would correspond to the
increase in slope seen in the normalized voltage plots. The other two air specimens, the single
spot welded specimen and the validation specimen, shown in Figure 10 remain at similar crack
growth rates to the published SIPS data. What has changed is the DCPD voltage field. The
multiple spot welds have provided a more averaged sensing of the crack location. This shift due
to the averaging is sufficient to invalidate the calibration equations that were developed for a
single spot weld at specific DCPD current and gain settings. Stitching the DCPD leads may
provide a more durable DCPD connection but the loss in sensitivity and requirement for a new
calibration equation provide enough drawbacks that unless there are failures at the leads
stitching may not be useful. Additionally, the epoxy lead wire protection scheme has been
proven to provide sufficient lead wire protection throughout normal test duration. Tests in
aggressive salt environments for up to four days have been performed regularly with the current
lead wire protection scheme.
An error in machining led to a large batch of specimens that were machined improperly. Due to
time and budget constraints it was decided to verify that the specimens could still be useful for
testing. The error in machining was once the specimens were removed from the billet material,
and turned down to thickness on the lathe, the specimen orientation was not preserved with
respect to the billet block. This allowed for the grain orientation to be rotated about the L-axis.
This rotation does not affect the plane that the crack grew through, as the crack plane is still in
the S-T direction. To verify that fatigue crack growth rates would not be impacted by the grain
misalignment, two specimens were polished and etched to confirm the grain orientation. These
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specimens were then pitted and welded as normal fatigue specimens and tested at 125 MPa
stress level in laboratory air conditions. The fatigue crack growth rates of the two twisted
specimens were then compared to specimens that were machined with no grain rotation about
the L-axis. Comparisons of fatigue crack growth rates between the twisted and straight
specimens are shown in Figure 11.

Figure 11: Comparison of twisted specimens crack growth data
There appears to be no difference in laboratory air crack growth rate between the five sets of
data. The only observed difference is between the four open hole specimens and the previously
published SIPS data. All four crack rates in air dip below the SIPS data around a K of 6 then
match the increase in crack growth rate until region III. Based on the above data there appears
to be no influence from the rotation of the grain orientation about the L-axis on fatigue crack
growth rate.
To prepare the thin salt specimens, a mixture of salt and methanol was deposited by pipet onto
the two flat surfaces of a pitted and welded open hole specimen. The specimens were then put
inside a test cell. A mixture of glycerin and water was added to bring the inside of the test cell to
a stable relative humidity. The relative humidity can be controlled by altering the ratio of glycerin
to water added to the cell12. The glycerin and water mixture was separated from the specimen
by a dam. Figure 12 shows a specimen installed in the test cell and affixed to the test frame.

16

SAFE-RPT-16-045

Figure 12: Open hole specimen in test cell
Initial atmospheric corrosion testing was conducted at 80% relative humidity with a frequency of
1 Hz. The 10-4-6 marker load spectrum with a peak stress of 125 MPa was applied. Tests were
conducted until specimen failure. Figure 13 compares the fatigue crack growth rate curves
between the air specimens and the thin salt specimens.
As expected the hydrated thin salt specimens exhibited an increase in crack growth rate.
Comparing the two sets of data the specimens tested in the 80% RH environment with salt
applied showed an upward shift in fatigue crack growth rate for a given K. The increase in
crack growth rate appears to happen across the entire range of K values.
In order to get more comparison data for the thin film atmospheric corrosion tests, the
environment was changed to 90% relative humidity and test frequency slowed to 0.2 Hz. The
same stress level and marker spectrum were used to keep the loading consistent between
tests. Figure 14 shows a comparison of the fatigue crack curves between the 80% RH, 1 Hz.
specimens and the 90% RH, 0.2 Hz. specimens. The difference in relative humidity and
frequency do not appear to be significant as the plots for each the fatigue crack growth rate
curves fall on top of one another
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Figure 13: Comparison of fatigue crack growth rates between laboratory air and hydrated thin
salt film test conditions

Figure 14: Comparison of crack growth data between 80%RH at 1 Hz and 90%RH at 0.2 Hz
Figure 15 shows a comparison between a representative full immersion fatigue crack growth
curve and thin film salt application. The full immersion test was performed at the same 125 MPa
stress level with the open hole specimen geometry. The only difference was the immersed
specimen was submerged in a 0.06M NaCl solution. The acceleration of thin film cracking appears
18
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to be of a similar rate to full immersion under these test conditions. The local increase in the thin
film data (red) is most likely due to a local increase in the salt concentration.

Figure 15: Comparison between thin film salt in 90%RH and full immersion
Atmospheric testing of thin salt films over uncured primer showed an increase in fatigue crack
growth rate as compared to air. The crack acceleration was on the same order of magnitude as
the salt only data suggesting that the chromate in the primer had no effect on crack growth
rates. Figure 16 shows crack growth data for both the salt and the salt and uncured primer at
90% RH and tested at 0.2 Hz.
No discernable difference was observed between the salt film only tests and thin salt deposited
over the uncured primer. It was expected that the added chromate would inhibit cracking, and
show that chromate provided some crack inhibition on the short crack range, but the data
suggests otherwise. One possible answer is specimen heating and subsequent drying.
However, if that was the case, it would be expected that the fatigue crack growth rates would
approach air data not salt or immersion rates. The crack acceleration in all tests where salt was
deposited suggests that the salt is getting into the crack tip and assisting cracking, but for some
reason the chromium is not. This could be due to the lack of chromium available on the surface
to be transported to the crack tip, or that some geometry is preventing ingress. To eliminate the
possibility that the chromate concentration is too low in the primer an additional test was
performed with strontium chromate dissolved into distilled water at the solubility limit of
chromium in water. This chromate solution was then hand deposited by pipet in a similar
method to the salt, but since the water was the transportation medium the time to dry was
significantly increased. Fifteen doses of chromate solution were applied to each side of the
specimen to bring the total chromate to 400 µg/cm2, the same amount as the salt loading. Once
the 15 doses of chromate were applied and dried 400 µg/cm2 of salt was deposited over the
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SrCrO4. The strontium chromate was used to both increase the amount of chromium present on
the specimen surface as well as eliminate the potential issues with trying to leech chromate
from the epoxy primer system. Figure 17 shows the fatigue crack growth rates of open hole
specimens tested with salt deposited over the epoxy primer, as well as the strontium chromate.

Figure 16: Crack grwoth rate data comparing atmospheric thin film salt deposited over uncured
epoxy primer to thin salt film data
The fatigue crack growth data seen in Figure 17 shows that no change in crack growth rates
was observed between the strontium chromate specimen and primed specimens. Additionally,
the specimens with added chromate did not appear to have much change from full immersion
data.
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Figure 17: Comparison of SrCrO4 fatigue crack grwoth rates to primered and thin salt specimen
data
Discussion
Based on the results of the fatigue testing performed during this test program, it can be
concluded that copper DCPD leads perform equally to platinum leads in both laboratory
conditions and surpass them in atmospheric environments. Throughout open hole fatigue
testing, no specimen nucleated a crack at the DCPD lead wire attachment spot welds. The
added reliability coupled with the improved galvanic corrosion resistance between the copper
lead wires and aluminum specimen indicates that copper lead wires should be used to insure
DCPD lead wire longevity during environmental exposures. The durability gained with copper
lead wires is important because as soon as the lead wire attachment fails all subsequent data
from the test specimen is erroneous. The contrary is true for the multiple spot welded or
“stitched” spot welded DCPD leads. The stitched DCPD lead concept came from a desire to
have a secondary sensing path should one of the spot welds fail through poor connection or
through corrosive attack. In theory, the stitched spot welds sound good, but when put into
practice the ability of the leads to sense the small crack growth suffered with the multiple spot
welds changing the DCPD voltage field. It may be possible to create a new calibration curve that
takes into account the change in DCPD voltage field, but with all things being equal the current
lead protection has proven up to the task of adequately protecting the DCPD leads. The time
investment to test specimens solely for the new calibration curve would not be worth the added
effort unless long test durations are required and the current protection is inadequate.
Methods for hand deposition of thin film salts were tested with success. The hand deposition for
thin salts showed good results in that an even coating of salt throughout the specimen surface
was easily achieved. The challenge was the subsequent drying of the salt and methanol
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solution. Initial tests kept creating high concentrations of salt near the edges of the droplets.
After trying forced air with little added success, specimen heating was tried. Heating the
specimen with a heat gun to approximately 130°F proved to be the best solution. In this
temperature range the methanol would flash off leaving the dissolved salt to form an area of
deposited salt where the droplet made contact with the specimen surface. This process could
be repeated consistently to evenly cover the specimen surface. The resulting specimen surface
would show small water droplets spaced evenly across the salt treated surface when exposed
to the humid test cell environment. The chromate deposit methods were also successful but with
a much higher drying time. The primer was the easier of the two chromate sources to apply, but
the surface tension of the epoxy and chromate made the primer form beads if the surface finish
was either too smooth or too rough. However, one positive aspect from the primer was that it did
dry fairly quickly. When a thin coat of primer was evenly applied, the surface would no longer be
capable of running after a couple of minutes, and after a few minutes more the surface would be
dry enough for a touch up or second coat. The most difficulty was had with the strontium
chromate dissolved in water. When keeping the chromate load even with the salt load, as was
the case for the maximum solubility testing, it required 15 100 µL doses to deposit 400 µg/cm2.
The drying time for the water and chromate was roughly 10 minutes through normal
evaporation. The resulting drying also did not evenly distribute the chromate across the part
surface with each dose. Again, heating the specimen was used to help accelerate the drying
time. With a heat gun the specimen surface was heated to approximately 200°F to stay short of
boiling the water. If the water started to boil it was a sign that the specimen was too hot and the
temper could potentially be changed. It was difficult to keep an even coat of chromate
throughout all 15 doses, but after 10 doses the chromate deposited on the surface helps to
spread the new doses with the water from the new doses helping to evenly distribute the
chromate. More aggressive heating of the specimen surface will help with faster water
evaporation; however, care must be taken to ensure that the aluminum heat treatment is not
altered.
It was no surprise that laboratory air testing of open hole specimens provided similar results to
the SIPS data. Initial test development was capable of creating a calibration curve to relate the
DCPD normalized voltage to crack length. This method for crack length calibration is only
considered valid for the open hole specimen geometry, tested at specific DPCD gain settings.
Altering either the DCPD gain or the specimen geometry could require additional calibrations. It
is recommended that fracture surface marker measurements be taken to verify specimen
calibration for any change in specimen geometry or DCPD change. Air data matched the SIPS
data very well from approximately a ∆K of 4 through 11 MPam. Since these fatigue tests are
performed with more or less a constant applied load, the stress intensity is constantly
increasing. K controlled tests are possible, but the amount of time to generate threshold data is
beyond the scope of this project and do not have as much bearing on the practical crack growth
rates observed in the reported data. As a result, the stress intensity rises too quickly above 11
to generate useful data points before the ligament fractures. The thresholds seen around
4 MPam are artifacts of the testing, and should not be considered actual threshold values.
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Fatigue tests were initially conducted at 80% relative humidity, then increased to 90% relative
humidity in an effort to make sure that there was opportunity for the specimen surface to wet out
and transfer the salt from the surface into the crack tip. The first couple of atmospherically
corroded specimens seemed to have too long of a fatigue life. Fatigue lives came within fatigue
scatter of the air tested specimens and it was feared that there was no effect of the
environment. Fatigue testing was then changed to a frequency of 0.2 Hz and a humidity level of
90% RH. The thin salt specimens tested in the 90% 0.2 Hz environment were expected to show
accelerated crack growth as compared to the laboratory air specimens. This is solely due to the
presence of the sodium chloride deposited on the specimen surface. Since the 400 µg/cm2 salt
loading was developed to be an accelerated test, it would make sense that the crack growth
would be accelerated. What was not expected was that the crack acceleration would be similar
to full immersion crack growth rates. It was expected that the thin film salt would actually be
more aggressive than full immersion and show even more crack acceleration. To verify that the
salt film was hydrating and being transported into the crack, fractured specimens were analyzed
post-test for evidence of salt ingress. Salt was seen on the fracture surface of the specimen
under SEM observation and confirmed with EDS. Since sodium was found on the fracture
surface throughout the fatigue crack region it is assumed that the salt was transported from the
specimen surface. The high humidity levels that helped promote the surface wetting also
reduced the concentration of the sodium chloride solution. Thin salt films exhibit higher
concentrations at lower relative humidity. So, when the humidity was increased to promote
surface wetting a byproduct was that the effective salt concentration was lowered. Now, couple
the reduction in test frequency to the increase in relative humidity and the lack of difference in
crack growth rates makes sense. The possible explanation for the lack of crack rate change
could be the slowing down of the test frequency. Slowing the test frequency effectively
increases the effect that the environment has on the crack tip. Therefore, the two parameters
just discussed, test frequency and relative humidity were changed in opposite directions.
Meaning that instead of making a test environment more aggressive one parameter was made
more aggressive while the other was made less aggressive. In this case, it was the humidity
level that was made less aggressive while the decrease in test frequency allowed the
environment to be more effective at crack acceleration. The end result was to have similar crack
growth rates for both 80% RH at 1 Hz and 90% RH at 0.2 Hz. Future testing will attempt to
decouple these two effects as well as test in alternating humidity as these have been proven
even more severe.
Fatigue tests with thin salt over chromate also saw no change in crack growth rate when
compared to 0.06M sodium chloride full immersion data. Both chromate sources were tied to
realistic levels one would expect to find on an aircraft however these two levels may not
possess a high enough chromium content to inhibit crack growth. The epoxy primer contained
15% chromate and was considered to be representative of the typical chromate containing
aircraft coating. It was originally thought that perhaps the epoxy in the primer was trapping the
chromate and not allowing it to leech out into the crack. The strontium chromate salt dissolved
in water was meant to avoid the epoxy influence in question. However, since neither source of
chromate led to a change in crack growth rate, it is theorized that neither method may supply
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enough chromium to the crack tip in order to slow the environmentally assisted crack growth.
One additional point about the chromate fatigue tests is that they appeared to possibly delay
crack initiation. Looking at the last test performed with strontium chromate there was no change
in the crack growth rate compared to the thin salt specimens. However, the number of cycles to
failure were longer and approached air data suggesting a delay in crack nucleation. Additional
testing will be required to fully investigate the nucleation time.
Economic Summary
The economic benefit of this Task is that much of the development work for the pit to crack test
method has already been accomplished. Other researchers will not have to start from zero in
order to test various environmental effects on the pit to crack transition. The method developed
herein provides a validated specimen, validated specimen preparation methods, a robust crack
measurement method, environmental protection, and fatigue test methods to generate fatigue
crack growth data under varying environmental conditions related to the small crack growth from
corrosion pits. To develop these methods a new research effort would be forced to spend
approximately $360,000 in development costs based on a senior engineer developing the
method over the course of three years. Furthermore, the lessons learned in in material selection
DCPD wires can save approximately $50 per specimen, adding significant savings to a large
test program. Additional value is had by the publication of short crack fatigue crack growth rate
data under thin film atmospheric corrosion. This data could potentially save other researchers
from generating the data again, and spending approximately $120,000 based on a senior
engineer working for 12 months to produce the data
Implementation
To date the pitting and spot welding protocols have been distributed to other corrosion research
laboratories for use as best practices for specimen preparation. The test method itself has been
prepared with the goal of transitioning the method to a standardized test method similar to those
adopted by ASTM.
Conclusion
The goal of this work was to develop a test method to investigate the pit-to-crack transition in
aluminum alloy 7075. To that end, methods were developed and expanded to increase both the
usefulness and performance of the test method. The investigation into the use of copper DCPD
lead wires found that using 0.005 inch copper wire with optimal spot weld setting was more than
sufficient to prevent crack nucleation at the DCPD lead wire spot welds, for pits as small as 65
µm in radius. The previous lead wire material was platinum, which has a higher associated cost
that makes specimen fabrication needlessly expensive, but also exhibits poor galvanic corrosion
performance when coupled with aluminum. Throughout fatigue testing conducted during this
work no specimen nucleated a crack at a spot weld proving the earlier concerns of larger spot
weld damage sites due to the use of copper as being false. By not nucleating cracks at the spot
welds, the use of copper lead wires gives an added advantage due to the price, ease of spot
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welding, and durability while exposed to aggressive environments such as full immersion in salt
water, or thin salt films. To alleviate part of the protective burden and to increase durability of
the DCPD lead wires, an effort to look at the impact of multiple spot welds on the DCPD lead
wire sensitivity was also investigated. The result was that multiple spot welds may be used for
additional durability, but will require additional test setup throughout the test program as the
calibration equations used to relate normalized DCPD voltage to crack length are no longer
valid once the normalized DCPD voltage rises above 1.3. The added work in developing a new
calibration curve is not worth the added labor expense unless durability of the leads is in
question. Historically the epoxy covering the DCPD leads has been proven to last reliably in
atmospherically relevant conditions for upwards of four days and longer in full immersion.
Hand deposition of salt to create thin film salt layers was accomplished by dissolving sodium
chloride in methanol and dispensing via pipet in known quantities to achieve a desired salt
content on the specimen surface. The challenge was to coat the specimen surface with an even
amount of salt. Ultimately a combination of specimen heating and careful coverage of the salt
solution allowed for an even coating of salt to be deposited across the specimen surface. Hand
deposition of the chromate on the specimen surface provided an equally challenging task.
Chromate deposition was made difficult by the solubility of the chromate into methanol. Because
the solubility of chromate in methanol is so low, water had to be used as the solvent. The use of
water was required in order to coat the specimens with an even coat of chromate. To simulate
aircraft relevant levels of chromate, a water-based primer was used. To deposit the primer a
brush was used to evenly coat the specimen surface to a desired coating thickness. A second
source of chromate was used to provide a higher concentration of chromate to the specimen
surface. Strontium chromate was dissolved near the solubility limit in water and applied by pipet
to the specimen surface. The water borne chromate was then forced to dry by heating the
specimen to approximately 200 °F to promote faster water evaporation. This method presented
challenges because of the time-consuming nature of the drying time required to evaporate the
water and release the dissolved chromate.
Fatigue testing began with validation work of the open specimen design in laboratory air. The
crack growth rate data captured with DCPD was compared to previously reported air data
collected in the DARPA SIPS program. The air data collected using the pit-to-crack
methodology ultimately matched the 7075-T651 air data and was further validated by fatigue
testing in full immersion. The full immersion test data showed that the test method could also
capture the appropriate increase in crack growth rate for aluminum fully immersed in salt water.
The next series of fatigue tests investigated the test method’s ability to capture crack growth
rates of atmospherically relevant thin salt films rehydrated by humidity. Fatigue testing of thin
salt films at 80 and 90% RH showed an increase in crack growth rate over the air data, but
comparisons to full immersion data showed a similar crack acceleration, which was unexpected
as other research has shown the atmospheric thin film condition to be a more severe test
environment. It is not currently known why the thin film data appears to be lower than expected,
but two theories are proposed; 1) the 90% RH testing is too high of a humidity level and
essentially allows for too much ingress of hydrated salt which lowers the concentration of Cl in
the crack tip to full immersion levels subsequently showing cracking rates similar to full
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immersion or 2) that there is some geometric effect that is stifling the ability of the short crack
length’s crack tip to wet and dry like the longer crack lengths. Additional research will need to be
performed to answer this question. Fatigue testing with chromates also produced fatigue crack
growth rates similar to full immersion in 0.06M NaCl. Two levels of chromate were applied to
fatigue specimen surfaces and tested in 90% RH at 0.2 Hz. BR6747-1 with 15% chromate was
used to simulate relevant aircraft levels of chromate, while a solution of 4.7 mM strontium
chromate was used as a theoretical limit due to the solubility limit of chromate in water. These
two amounts of chromate were used to bound the test space. Both concentrations of chromate
produced fatigue crack growth rates that were similar to the full immersion testing. This was not
expected as the chromate acts as a corrosion inhibitor but at the small concentrations in this
testing there may not be sufficient chromium to inhibit the environmentally assisted crack
growth.
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Appendix A: Corrosion Pitting Protocol
Introduction of corrosion pit
After machining a corrosion pit is preferentially placed on the specimen surface. An example of
the open hole specimen dimensions are given in Figure 18. The corrosion pitting procedure
involves selective masking and subsequent corrosion of aluminum specimens in an acid bath
with an applied electrical current. Pit geometry is achieved by controlling the masked area
dimensions, current density, and corrosion time. When the protocol below is followed, users will
attain consistent pit depth, length and diameter. The following pitting protocol was successfully
tested on the AA 7475 and AA 7075-T651 alloys.
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Figure 18: Specimen geometry with dimensions in milimeters
Pitting current magnitude and duration
The volume of the corrosion pit is directly proportional to the mass dissolved from the material
due to the applied current. For constant corrosion current the mass loss is calculated using
Faraday’s Law:

(1)

where m is mass in grams, I is current in Amperes, t is time in seconds, M is the molar mass in
grams/mol, z is the number of electrons exchanged per ion, and F is Faraday’s constant
(96,485 coulombs/mol). The quantity M/z, called the equivalent weight, is calculated as
9.55 grams for AA 7075. Substituting the relevant numbers into equation (1) the pitting duration
‘t’ is calculated.

.

(2)

.

By fixing the applied current, the mass loss becomes only unknown. The mass of the corrosion
pit is calculated by considering the volume of the pit and density of the aluminum alloy. The
corrosion pit is a quasi-spherical flaw located on an edge of the specimen center hole. However,
for calculation purposes the volume of the pit can be idealized as a quarter-sphere.
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Figure 19: Schematic of the corrosion pit with dimensions

Figure 19 shows a schematic of the corrosion pit at the edge of the hole bore. The corrosion pit
diameter, pit length and pit depth dimensions are labeled in the figure. For example, purposes, a
pit with a diameter of 0.150 mm is shown. The volume of the corrosion pit with radius 0.075 mm,
is much smaller than the radius of the center hole (3 mm) of the open hole specimen. Therefore,
the corrosion pit is assumed to be placed at the edge of a flat rectangular bar. The volume of
the corrosion pit is exactly ¼ of the volume of the sphere:

V

V

(3)

where Vp is the volume of the pit, Vs is the volume of the sphere and rpit is the radius of the pit.
For a pit of 0.075 mm radius, the volume equals 4.42 x 10-7 cm3. The density of AA 7075 is 2.81
grams/cm3, so the mass of the corrosion pit is 12.42 x 10-7 grams. Therefore:

.

(4)

.

Table 2 gives the list of pitting times and current densities for different pit sizes for AA 7075.
Since the pit size and mass is proportional to the radius of the pit raised to the third power,
pitting time increases significantly as the pit size increases.
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Table 2: Pitting times and current densities for different pit sizes for AA 7075
Applied current (A)

I = 0.0002

Drill bit diameter
(mm)

0.10

0.15

0.20

Pit radius (mm)

0.050

0.075

0.10

Pitting time (sec)

18.6

62.7

148.6

Current Density
(A/cm2)

2.55

1.13

0.64

The current-based pitting calculations assume that the applied current is constant. Therefore, it
is critical to maintain a steady applied current by providing a clean corrosion surface and using
an adequate power supply that can quickly change the applied voltage to maintain a constant
current. Multimeters provide an optimal source of power and are useful for controlled current or
voltage operations. A multimeter is better than a simple DC power source for this protocol
because the voltage variation during the pitting process needs to be monitored to avoid
overvoltage situations.
Automatic removal of bubble formation
The electrochemical reactions of the pitting process produce hydrogen bubbles at the corrosion
site. For small pit diameters, the corrosion site can be totally obscured by hydrogen bubbles in
only a few seconds. These hydrogen bubbles must be removed from the corrosion reaction
surface to ensure that the pit surface is not insulated. Insulation of the pitting surface will stop
the pitting process, due to the lack of current flow. Pitting solution is circulated through the acid
bath with the output nozzle aimed at the pit location. This process is shown in in Figure 20.
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Figure 20: Corrosion pitting setup using circulation

Figure 21: Agilent U3606A multimeter, Masterflex® peristaltic pump and pump controller
The specimen is placed in the beaker containing the pitting solution and is connected to the
positive terminal of the power source by means of an alligator clip. A constrictive nozzle (see
Figure 20) with a 1/16 inch inner diameter is coupled to the hose outlet to aim the pitting solution
near the corrosion pit. With sufficiently high flow rate (> 200 ml/min – dial setting 5 on the pump
controller) gas bubble buildup near the corrosion pit is completely prevented by constantly
flushing the pit surface. Since the masked tape hole is 150 µm in diameter, mass transfer of

31

SAFE-RPT-16-045

ions to and from the exposed metal surface can limit the corrosion kinetics. In a non-circulating
liquid, the transfer of ions to and from the corrosion site constitutes the mass transfer rate
limitation for the corrosion process. The circulation of pitting solution eliminates this mass
transport rate limitation. In the present setup, the circulating liquid enhances the ability to control
the corrosion rate with constant applied current. A peristaltic pump circulates the pitting solution
around the specimen to minimize bubble formation. Figure 21 shows the Agilent U3606A
multimeter that is used to supply constant current, Masterflex® peristaltic pump and pump
controller to circulate the pitting solution on to the specimen at a required flow rate.
Detailed Pitting Procedure
To start, drill a hole at the center of a small piece of vinyl tape using a micro drill bit the size of
the desired pit. Creating a clean hole in the tape is important as debris can obscure portions of
the hole and affect pit geometry. To drill the hole by hand use about 25 slow rotations of the drill
bit held by a drill vise. Alternatively, a mill or drill press can be used with a micro drill chuck and
a spindle speed of approximately 2000 RPM. A piece of vinyl tape with a hole equal to the
desired pit dimensions is placed at the center of the hole bore, with half of the hole on the flat
surface of the specimen, and the other half of the hole in the bore of the specimen.
Transfer the tape to the specimen by means of two tweezers, centering the hole in the tape on
the edge of the specimen hole. Ensure that the tape is placed at the center of specimen hole
along the length (net section in the width direction) of the specimen. If unsuccessful on the first
try, the specimen needs to be cleaned thoroughly and a new tape needs to be used as tape
adhesive residue can easily block the current path through the tape hole. The specimen may be
cleaned with isopropanol using a cotton swab. When the hole in the tape is in its desired
location firmly push down on the tape to ensure complete adhesion of tape to the sample. Care
need to take to not squeeze tape adhesive into the tape hole. Squeezing adhesive into the tape
hole effectively ruins the hole and requires a new piece of tape to be replaced.
Once the tape is properly placed, the rest of the sample needs to be coated with stop-off
lacquer and allowed to dry. Make sure there are no holes or gaps in the stop-off lacquer
coverage and that the drilled hole in the tape is not covered by lacquer. More than one coat of
stop-off lacquer may be required. Ensure complete coverage as any bare aluminum exposed to
the pitting solution will corrode resulting in a change in current at the tape hole and impacting
the corrosion pit. One end of the specimen is left without coating. This end will serve as the
anode attachment point when connected to the multimeter.
To pit the specimen, place the specimen in a beaker with the acid solution. The uncoated
specimen end should remain above the solution with sufficient distance that pitting solution
cannot slosh to bare aluminum. Clip the working electrode (red wire) to the uncoated end of the
specimen. Attach the counter electrode to the platinum wire (black wire) and place into the acid.
Ensure that the anode clip is not touching the liquid. Start the peristaltic pump and set the speed
dial to 5. Make sure that one end of the pump is directed towards the tape hole. Apply a
constant current of 0.2 mA to the sample using an Agilent U3606A Multimeter. Apply the
current for 63 seconds, which should be enough time to form a pit of about 150 μm in diameter.
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Monitor the voltage variation during the pitting process. The voltage should be either stable or
increase slowly. Typically, the voltage stays in the range of 0.0 to 2.0 V. The voltage sometimes
can rise quickly; with a rate of increase between 10 to 20 mV per second. A quick increase in
voltage indicates that the circuit resistance is high as a result of the tape hole becoming
masked. In such a case, the experiment should be stopped and the tape placement procedure
on the specimen needs to be re-done. After pitting, the specimen is rinsed with water and the
hole in the masking tape is checked to ensure corrosion has occurred. The aluminum inside the
hole should be dark to indicate corrosion product formation. If no corrosion is observed inspect
the coating for defects and perform the pitting procedure again. After successful pitting, the tape
and lacquer is removed. Clean the specimen with isopropanol in an ultrasonic cleaner for 15
minutes to remove any debris from the pit.
Supplies and Step-wise Pitting Procedure
This procedure is used to create corrosion pits of 250 µm or less in diameter in AA 7075
specimens. The pitting solution was designed for aluminum alloys. The target size of the pit is
controlled by the size of the drill bit, the applied corrosion current and duration of the applied
corrosion current.
Required Supplies


DC Power Supply (Agilent U3606A Multimeter)



Two wires with alligator clips (standard size alligator clip for platinum wire and large size
clip to hold 10 mm diameter specimen)



Platinum wire for counter electrode (1 mm diameter)



400 mL beaker for pitting solution bath



Teflon sheet (6×6×1/16)



0.15 mm diameter (High Strength Steel) drill bits



Drill bit vise (STR 166A Pin Vise 0-1 mm)



Smart Stripe Tape (4.2 mils thick), 3M 471 Vinyl Tape (5.3 mils thick)



Tweezers (2) (12 cm length and broad tip stainless steel tweezers)



Micro Super XP 2000 Stop-off lacquer



Razor blade



Isopropyl alcohol



Branson B5510 Ultrasonic cleaner (Tank size: 11.5×9.5×6, Capacity: 2 ½ gallon)



Pitting Solution


0.1 M AlCl3 + 0.86 M NaCl with HCl added to make the pH 2
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Mix 50.25g NaCl and 13.34 g Anhydrous AlCl3* (or 25 g hydrated AlCl3) in
1 L of pure H2O



Add HCl until pH = 2

*Note: Anhydrous AlCl3 reacts violently with water. Consult MSDS.




Masterflex® Peristaltic pump
o

3 foot length of hose, size L/S 16 (1/8 inch inner diameter, ¼ inch outer diameter)
(L/S stands for Laboratory Science, a registered trademark of Masterflex®)

o

Nozzle with inner diameter less than 1/16 inch

Fixtures to hold the inlet and outlet hoses
Step-wise Pitting Procedure:

1. Make the pitting mask
a. Place some Smart Stripe tape on the Teflon sheet
b. Score the tape into 2 mm x 10 mm rectangular strips using a razor blade
c. Place the drill bit inside the drill bit vise and grip the bit by tightening the vise
d. Gently drill a hole in the center of each rectangle, through the tape and Teflon
sheet by applying minimum pressure
i. 25 rotations will be sufficient to form a neat hole in the tape without
forming any tape debris
e. Use a microscope (Olympus SZH microscope) to check that the hole on both
sides is perfectly circular and free of debris, as shown in Figure 22

Figure 22: Tape hole (0.15 mm) on smart stripe tape viewed from both sides
2. Transfer the tape to the specimen
a. Peel the tape with hole off Teflon sheet using two tweezers
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b. Hold the specimen at an angle under the microscope using a stand and holder
(see Figure 23)

Figure 23: Stand setup under the microscope to hold the specimen
c. Centering the hole in the tape at one edge of the specimen hole is done by the
use of two tweezers. Accurate positioning is critical
i. If unsuccessful on the 1st try, a thorough cleaning of the specimen and
new piece of tape may be necessary since the tape adhesive tends to
leave an adhesive residue on the specimen
d. Push down on the tape firmly with the tweezers and hold for about 10 seconds to
ensure 100% adhesion of tape portion near the hole
e. The remaining portion of the tape which is away from the hole is pressed with
tweezers so that the tape is completely wound around the edge of the center
hole of specimen.
f.

Ensure that the tape adhesive does not seep into the drilled hole and occlude the
bare metal. Figure 24 shows an image of good tape placement at the bore edge
of the specimen center hole. Ideally, equal portions of the metal on either surface
should be visible through the tape hole

g. Proper placement of the tape hole at one edge of the specimen center hole is
critical. Ensure that the tape hole is centered along the middle of the specimen
center hole
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Figure 24: Tape placement along the specimen hole edge
3. Paint the specimen with stop-off lacquer and let dry for at least an hour
a. Inspect the specimen after drying to ensure that the specimen is fully coated
b. Fill up any holes or gaps in the paint by applying additional lacquer and let dry for
about half hour (small amounts of lacquer dry quickly)
4. Setup the corrosion reaction
a. Prepare the liquid circulation hose and pump
b. Pour the pitting solution into the 400 mL beaker
c. Place the masked portion of the specimen in the solution
d. Hold the specimen at an angle in the beaker
e. Direct and fix the hose outlet nozzle tip so that the nozzle is directly above the
tape hole; the nozzle can rest on the specimen (see Figure 3 above)
f.

Direct and fix the hose inlet so that it is fully immersed in the solution

g. Clip the positive electrode to the specimen (working electrode)
h. Clip the negative electrode to the platinum wire (counter electrode)
i. Ensure that the clips are not touching the liquid (firstly, to ensure that
only the metal through the tape hole is exposed to the pitting solution
thereby the pitting time relates to the corrosion of the metal at the specific
location and secondly, to avoid corrosion of the clips and damage them)
i.

Engage the peristaltic pump, at 200 mL/min
i. 200 mL/min is dial setting 5 on the 600 rpm Masterflex® pump with L/S®
16 hose

5. Apply the corrosion current

36

SAFE-RPT-16-045

a. Set the applied current to 0.2 mA
b. Use constant current (CC) mode in the Agilent U3606A Multimeter
c. Press the ‘OUT/STBY’ button on the multimeter to start the experiment
d. Monitor the voltage variation during the pitting process. An overvoltage condition
(steep rise in the voltage with time, e.g., 10 to 20 mV per second) may occur if
the connections are not properly made, or if a gas bubble blocks the tape hole
e. Run the current for 5 minutes. This should yield a pit of roughly 150 µm in
diameter
6. Stop the current by pressing the ‘OUT/STBY’ button on the multimeter
7. Stop the pump
8. Disconnect the specimen from the alligator clip
9. Rinse the specimen with water
10. Observe the specimen under the microscope to ensure that corrosion did occur
a. The tape hole region looks dark due to corrosion product which indicates a pit did
form
11. Remove masking and clean the pit region with isopropanol using a cotton swab
12. Ultrasonically clean the specimen in isopropyl alcohol for 15 minutes
13. Collect the pitting solution and store it for later use. The pitting solution can be re-used
for every pitting experiment
Figure 25 shows an example of pits that were formed by following the above procedure. The
pits are less than 250 µm in diameter. With careful placement of the tape, smaller pits can be
achieved using the 0.15 mm drill hole in the tape.
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Figure 25: Specimen with 250 µm diameter pits
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Appendix B: Spot Welding Protocol
Introduction to spot welding of DCPD probe wires
A portable spot welding system was designed to perform spot welds in the range of 150 – 250
µm on AA7075 specimens with a corrosion pit. This was accomplished by using a linear
translation stage to produce repeatable positioning in the X-Y plane at a resolution of
0.001 inches. A single axis translation stage was used for Z-axis movement, with the same
0.001 inches of resolution as the X-Y plane.
AA7075 specimen with a corrosion pit at one edge of the center hole is ultrasonically cleaned in
isopropanol for 15 minutes. After cleaning, the specimen is now ready for spot welding of the
direct current potential difference (DCPD) probe wires. Polytetrafluoroethylene (PTFE) insulated
copper wires (0.005" diameter) are used as DCPD probes for the pit-crack experiments. The
copper wires are spot welded on each side of the corrosion pit equidistant from the pit
centerline. Figure 26 shows the spot welded copper wires (a) and platinum wires (b) on either
side of the corrosion pit.

Figure 26: Spot welded DCPD probe wires on either side of corrosion pit left, copper wires, right
platinum wires.
Required Supplies:


Spot welding power source (Miyachi Unitek ADP 125)



Model PHP probe handpiece



Welding electrode (Cu-Cr alloy shank with tungsten insert)



Olympus (SZH) optical microscope



Copper wire ( 0.005) with PTFE insulation, bare platinum wire ( 0.003",  0.005")



Teflon wire-spacing pulley set (2 Nos.) (Pulley groove spacing = 1000 µm or 0.0393)
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Razor blade



Wire stripper



600 grit sand paper



100 mL glass cylinder



Isopropyl alcohol (squirt bottle)



Cotton tips



Branson B5510 Ultrasonic cleaner (Tank size: 11.5×9.5×6, Capacity: 2 ½ gallon)



Liquid insulation (Liquid Tape by Performix®)



Toluene



Zero “0” size spotter paint brush
Spot welding Stage

The portable spot welder also referred to as the probe handpiece (PHP) welding electrode (CuCr alloy shank with tungsten insert) and the Dual Pulse 125 Stored Energy Power Supply are
purchased from Miyachi Unitek Corporation. Figure 27 shows the spot welding stage that has
been designed and manufactured in-house. The DCPD spot welding system consists of the
following components:
1) Aluminum welding stage base that holds
a. X-Y table for horizontal positioning
b. Z-axis table that holds the portable spot welder about the hinge
c. Z-axis knob (yellow color) that grips the Z-axis table in place
2) Portable spot welder (Miyachi Unitek Corporation)
a. Dual Pulse 125DP Stored Energy Power Supply
b. Model PHP Probe handpiece
c. Welding electrode (for copper wire: Tungsten insert in Cu-Cr alloy shank)
d. Welding electrode (for platinum wire: Dispersion strengthened copper)
3) Specimen holder
4) Brass clamping block
5) Wire positioning pulleys placed on
a. Pulley holder which can be moved by pulley positioning screws
The welding stage consists of an X-Y translation table. The X-Y translation table can be moved
in both X and Y directions with an accuracy of 1 mil (0.001"). The two-table set is fixed to the
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aluminum base. To the right end of the aluminum base another uniaxial translation table is
attached to the aluminum base by means of a hinge and controls the Z direction movement of
the spot welder. The spot welder is fixed to the Z-axis table by means of aluminum supports.
The Z-axis table along with the spot welder is together referred to as the welder-handle in this
document. The welder-handle can be rotated about the hinge toward and away from the work
piece. A plastic knob (yellow color in Figure 27: ‘Z-axis knob’) at the base of the welder-handle
is used to secure the welder-handle to the aluminum base for the spot welding operation.

Figure 27: Spot welding stage with labled componets
A specimen holder made of Teflon is fixed on top of the (X-axis, Y-axis) translation tables. The
specimen holder is grooved (diameter of the groove is same as that of the specimen threaded
ends) on the top at the center along its length. This grooved top ensures that the specimen sits
in place without rotation. The specimen is additionally held in place by means of brass clamping
block which is fastened with bolts at one end of the specimen holder. Figure 28 shows the
AA7075 specimen connected to the negative terminal of the spot welder power supply.
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Figure 28: AA7075 specimen connected to the negative terminal of spot welder
Figure 29 shows the Teflon wire-spacing pulley which is used for spacing the copper wires at a
fixed distance. The image shows the pulley with grooves spaced at 1mm (center-to-center).
There are two such pulleys positioned on either side of the specimen holder. Figure 30 shows
the two wire-spacing pulleys on each side of specimen holder. The pulleys are placed on pulley
holders which are fixed to the Y-axis table. The two pulleys can be moved up and down along
the Y-axis by means of two pulley positioning screws. Once the specimen is placed on the
specimen holder, the copper/platinum wires are placed along the pulley grooves and are held by
thumb screws on either side of the specimen. Figure 31 shows the thumb screws to the left and
right of the specimen holder.

Figure 29: 1mm wire-spacing pully

Figure 30: Wire-spacing pulleys on pulley holders on each side of the specimen holder
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Figure 31: Thumb screws: Two to the left and one to the right of the specimen holder

Figure 32: Dual Pulse 125 Stored Energy Power Supply
Figure 32 shows the Dual Pulse 125 Stored Energy Power Supply supplied by Miyachi Unitek
which is the spot welding power source. The positive terminal is connected to the spot welder
and the negative terminal is connected to the work piece. The required energy levels can be
programmed and stored in the equipment for future use.
The aluminum alloy specimen with the corrosion pit is placed on the specimen holder and is
held in place by means of the brass clamping block. The specimen is placed on the specimen
holder in such a way that the corrosion pit can be viewed from the top and that the pit is on the
left side of the central hole of the specimen. The alignment of the two wires in the Y-direction
can be adjusted by means of two pulley positioning screws attached to the pulley holders Figure
29 such that the wires are equidistant from the centerline of the corrosion pit. The distance
between the two wires is measured before welding. Now, the liquid insulation is applied to the
wires. A ‘zero (0)’ size spotter paint brush Figure 33 can be used to accomplish this task.
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Figure 33: Zero “0” size Spotter paint brush
Care must be taken not to cover the corrosion pit with the liquid insulation. The insulation coat is
then allowed to cure for about one hour. The liquid insulation coating serves two purposes, (i) to
secure the wires in place for spot welding and (ii) to provide insulation between probe wire and
aluminum alloy surface below. Since the liquid insulation dries to form a rubber like film it does
not interfere with the crack growth during fatigue testing. Once the insulation is cured, the wires
are released from the thumb screws on either side of the specimen holder. Next, the wires are
cut carefully using a razor knife with equal offset (distance of the wire from the edge of the
central hole on the specimen) for both the wires. Figure 34 shows an image of the cut copper
wires held in place with the liquid insulation. Figure 35 shows the image of spot-welded copper
wires.

Figure 34: Copper wires (left) and platinum wires (right) held in place with liquid insulation
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Figure 35: Copper wires (left) and platinum wires (right) spot welded on AA7075 specimen
The welder-handle is now flipped toward the specimen and is held tight to the aluminum base
by means of the yellow Z-axis knob. The welding electrode tip which is threaded into the spot
welder can be viewed through the microscope to assess its position on the probe wire. The spot
welding is carried out for one wire at a time. The placement of the wire under the welding
electrode is adjusted by means of the screw gauges on the X and Y axis tables. The welding
electrode is lowered by moving the Z-axis screw gauge in a counter-clockwise direction. By
adjusting the wire-spacing pulleys, and X, Y-axes tables, the electrode tip is placed exactly
above the free cut end of the probe wire. The negative terminal of the spot welding power
supply is now connected to the specimen itself. The power switch is turned ‘ON’ and the energy
level for the spot welding is set to the appropriate saved energy level. Energy levels that have
been optimized for the electrode tips are given in Table 3.
Table 3: Optimized weld energy levels for spot welding on AA7075 specimens

Tungsten electrode

Copper electrode

Copper wire (0.005")

Platinum wire
(0.005")

Platinum wire
(0.003")

6.3% – 6.5%

7.2% – 7.4%

5.4% – 5.6%

Figure 36 shows the two types of electrodes used for spot-welding. Tungsten insert in a Cu-Cr
shank is used for spot welding copper wire and copper electrode is used for spot welding
platinum wires on AA7075 alloy. This energy level is optimized for spot welding AA 7075-T651
and with the current electrode tip dimension as shown in Figure 37. The spot weld energy levels
listed in Table 3 will need to be checked, adjusted and optimized if the electrode tip dimension
changes since a change in electrode tip dimension changes the current density at the weld joint
during spot welding. The switch on the power supply unit that enables welding is set to ‘NO
WELD.’ Before welding, the contact point of the weld tip on wire is verified by lowering the
welder-handle toward the probe wire by turning the screw gauge in a counter-clockwise
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direction. Once the welder is engaged, the weld tip and wire alignment is checked. Then the
welder-handle is raised by making two to three clockwise turns on the screw gauge. The welder
switch is now flipped to ‘WELD’ position and the welder handle is slowly lowered by turning on
the screw gauge in the counter-clockwise direction. The welder tip is held in this position for one
clock second after the ‘click’ sound (this sound indicates the weld is made) and is then slowly
lifted by a clockwise movement of the screw gauge. The welder switch is now turned to the ‘NO
WELD’ position. The weld is viewed under the microscope by moving the Y-axis screw gauge. A
nice weld bead around the probe wire without deforming the wire indicates a good spot weld. If
the weld is considered good, the same is carried out on the other probe wire as well by following
the same procedure.

Figure 36: Electrodes used for spot welding. Tungsten insert in Cu-Cr shank (left) and Copper
(right).

Figure 37: Electrode tips: Tungsten (left) and copper (right) used to spot welding probe wires on
AA7075
After spot welding both the probe wires on each side of the corrosion pit, the power supply unit
is switched OFF and the negative terminal is disconnected from the specimen. The welderhandle is flipped away from the specimen by unscrewing the yellow knob on the aluminum base
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and lifting the handle. The wire-spacing (between centerlines of both wires), weld dimensions
(length, width), and lengths from the centerline of the corrosion pit to those of the two wires are
measured using the measuring software of the Olympus SZH optical microscope 64X
magnification measuring software. The brass clamping block is unscrewed and the AA7075
specimen with the spot welded wires is carefully released from the specimen holder base and
stored for future testing.
Spot welding Procedure
Specimen preparation:
In this step the specimen is cleaned to remove contaminants and dust as they are detrimental to
achieving a high quality spot weld.
1. Place the specimen with a center hole and corrosion pit at one edge of the center hole in
a 100 mL cylinder and pour isopropyl alcohol until the center hole is covered.
2. Place the cylinder in a Branson ultrasonic cleaner and clean the specimen for 15
minutes.
3. Remove the specimen from the 100 mL cylinder and dry in air.
Specimen setup:
In this step the cleaned specimen is properly oriented and restrained in the spot welder stage.
1. The specimen is aligned with the corrosion pit to the left side of the central hole.
2. Place the brass clamping block on the specimen and bolt the block to hold the
specimen firm on the specimen holder.
Wire preparation:
In this step the DCPD probe wires are prepared for spot welding.
1. If using copper wires as probe wires:
a.

Cut two wires (0.005" diameter) to a length of 1.5' using a wire
stripper.

b.

Inspect the copper wire after stripping the insulation to ensure
that the wire is not damaged (small cuts or dents).

c.

Strip 3" of insulation from one end for both wires.

2. If using platinum wires as probe wires:
a.

Mark two platinum wires (0.005" diameter) at 1.5' length using a marker pen.

b.

If using already cut platinum wires, hold both wires close together by means of a small
piece of scotch tape.

c.

Then place the free ends of the platinum wires (held by scotch tape) as close as
possible to the corrosion pit.
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Probe wire setup:
In this step the two wires are positioned on the specimen for spot welding.
1. Mount the wires over the wire-spacing pulleys (black pulleys; 1 mm spacing)
a. Secure the free ends of the wires using the thumb screw to the right of specimen
holder.
b. Feed the wires inside the pulleys.
c. Secure the other ends of the wires using the thumb screws.
d. Gently tighten the wires, until the slack is taken up.
e. Adjust the thumb screws so that the wires are parallel to each other and also the
center line of the corrosion pit.
2. Adjust the pulley positioning screws by viewing through the optical microscope s so that
the wires are positioned such that each wire is equidistant from the center line of the
corrosion pit.
3. Coat the wires with liquid insulation using a zero “0” size spotter paint brush
a. Care must be taken not to cloud the corrosion pit
b. Enough bare copper wire is left un-coated so as to facilitate welding
4. Let the coating dry for about one hour
5. Ensure that the insulation is dry and is holding the wires intact
Spot welding:
This step relates to the actual spot welding process.
1. Release the wires from the wire spacing pulleys by loosening the thumb screws
2. Cut the copper wires (one after another) using a razor knife
a. Care must be taken to keep the offset equal on both wires
3. Clean the welder (electrode) tip with a cotton tip soaked in isopropyl alcohol.
4. Move the X, Y axis tables to position one wire directly under the welder tip.
5. Check all alignments under the optical microscope.
6. Clip the negative terminal to the nut on the brass clamp or to the specimen itself.
7. Flip the welder switch to “NO WELD” position.
8. Slowly lower the welder tip until a “click” sound is heard. (Turn the Z-axis knob in
counter-clockwise direction)
9. Turn the Z-axis screw gauge clockwise three revolutions
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10. Power ON the spot welder power supply.
11. Select the appropriate energy setting with single pulse when welding 0.005” copper wire
to AA7075 alloy
12. Again, slowly lower the welder tip toward the copper wire to make the spot weld.
13. Make contact for one second after hearing the ‘click’ sound from the welder tip.
14. Flip the welder switch to “NO WELD” position.
15. Raise the welder tip and inspect the weld.
16. Repeat steps 23 to 26 for the second copper wire.
17. Power OFF the spot welder power supply.
18. Unscrew the yellow knob and flip the welder handle out of the way. (Figure 1)
19. Measure the wire spacing between the welded copper wires by means of Optical
microscope.
20. Unscrew the brass clamping knob and release the specimen out of the specimen holder
and store for future use.
Success criteria:
The spot weld shall be inspected for the presence of a weld bead on both sides of each wire.
Check for the connectivity and continuity of the DCPD probe wires spot-welded to the specimen
by using a portable multi-meter.
a. Set the multi-meter to ‘resistance’ and connect the two free ends of the probe
wires to the two leads of multi-meter – the reading displays a small resistance
value (non-zero, e.g. 1.9, 2.6 etc.)
b. Set the multi-meter to ‘voltage’ and the reading should display zero (0)
Troubleshooting:
In case of spark/arcing:
1. Examine the specimen to see if the damage is localized and removable with sand paper.
2. If the damage is similar or larger in depth and width compared to the corrosion pit,
discard the specimen.
3. Examine the weld electrode tip surface for damage. If damaged, re-shape with sand
paper and clean with iso-propanol.
If the wire ‘falls-off’
1. Examine the specimen and identify an ideal re-attachment point.
2. Use new set of wires and repeat the spot welding procedure.
3. Take care that the weld is on a clean surface.
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Appendix C: Stress Intensity Factor Solutions for Corner Cracks at the Edge of a
Hole in a Narrow Plate
Motivation/Background
Many damage tolerance analysis codes1,2,3 use the readily available Newman-Raju4 semiempirical stress intensity factor (SIF) equations for elliptical corner cracks emanating from a
centrally located hole in a flat plate. These solutions were developed by equation fits to a
relatively small amount of finite element analysis (FEA) crack scenarios; and are typically
employed for their ease of use in repetitive computations typical in damage tolerance analyses
(DTA). However, with the continual advancement in the computational speed of analysis
systems the DTA community is ever more reliant upon more exact simulations, which can be
obtained using a more robust cracking scenario data set.
The Newman-Raju solutions4 were developed for a range of through-thickness crack depth, a,
to crack length in the transverse direction, c, ratios (or crack aspect ratios) of 0.2 ≤ a/c ≤ 2.0, a
range of hole radius, R, to plate thickness, t, ratios of 0.5 ≤ R/t ≤ 2.0. Furthermore, limitations on
the crack length are such that the combined crack length and hole radius should be less than
one-quarter of the plate width, W, (i.e. (R + c) < W/4). Basic plate and crack geometry is
identified in Figure 38. These solutions are further corrected for the effect of the plate’s finite
width4. These single value corrections, which were determined from through-crack scenarios,
are calculated for a given crack and plate geometry and multiplied to the SIF value at every
location along the crack front. From the current investigation results discussed later, it is clear
that the semi-empirical equation fits and single-valued finite width correction can produce
significant errors in the calculated SIF versus the crack driving forces in actual structure.
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Figure 38. Plate and crack geometry definitions
Small errors in the SIF can lead to significant errors in the life prediction, and therefore
presumed safety factors of real structure. The well-known Paris Law, equation (1), is commonly
used to represent the phase-II log-log linear fatigue crack growth (FCG) rate regime, which can
be seen in Figure 39.
∆

(1)

where a is the crack length increment per load cycle, N, C is the crack growth rate coefficient,
∆K is the stress intensity range, and n is the growth rate exponent.5 The error in ∆K is amplified
to the power n, which commonly ranges from 2-6 for a wide range of structural metals. With a
modest error of ±5% in K, and thus ∆K, and a growth rate exponent of 4 the FCG rate will differ
by nearly ±20%.
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Figure 39. Typical fatigue crack growth phases
The aim of the present effort is to determine stress intensity factors (SIF) for elliptical corner
cracks emanating from centrally located holes in finite width plates to a better degree of
accuracy than that currently available in the damage tolerant community. The information
obtained through this study will be available to the industry-at-large in order to obtain more
accurate life predictions which are critical to the safe operation of numerous structures and
equipment.
In particular, one of the primary aims of the current effort was to generate more accurate SIF
solutions for the TCC Corrosion Specimen which is significantly impacted by the extreme finite
width effects; and thus, potentially erroneous crack driving force and life predictions. The TCC
specimen and its geometry can be seen in Figure 40.
Theoretical Background
Several techniques are commonly used to extract the energy release rate, G, for a cracked
body using FEA. Some of these techniques include finite crack extension, which requires two
separate complete analyses, and equivalent domain integral method, which requires integration
of secondary variables along prescribed boundaries. Another technique was developed by
Shivakumar, Tan, and Newman as a more computationally efficient manner of calculating G for
a cracked body using FEA6. The method is known as the three-dimensional virtual crack closure
technique (3D VCCT), or simply VCCT. Because the method is based on a stepped
approximation, the accuracy of the results is primarily controlled by how well the crack front is
segmented. A rule of thumb is to select larger elements in a nearly uniform stress field region
and smaller segments in a high stress gradient region. The SIF, K, is calculated from G using
the 2D plane stress or plane strain relationships shown in equation (2)
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Figure 40. TCC Specimen with dimensions (mm)
√

plane stress

(2a)

plane strain

(2b)

where E is the elastic modulus and ν is the Poisson’s ratio of the material.
Solution Space
Because the FEA model generation process for TCC specimen geometry SIF calculations was
intended to be automated, it was decided that a vastly larger database could be produced with
minimal additional effort. Not only does the current effort seek to increase the accuracy of SIF
calculations within the Newman-Raju data space, but aims to also greatly expand the solution
space to preclude solution extrapolation. The range of crack and plate geometries is extensive.
Table 4 shows the large geometric solution space covered for the single corner crack (SCC)
models.
Table 4. Geometric solution space

Variable
Range

W/D

D/t

a/t

a/c

L

t

[1.1, 20] [0.2, 20] [0.1, 0.99] [0.1, 10] max(2W, 2t) 1.0

where D is the hole diameter, and L is the plate length (see Figure 38). The specific a/t, a/c, r/t,
and W/D ratios are given in Table 5.
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These plate geometries cover many of the short edge distance to hole diameter (e/D) ratios
commonly found in aerospace structures. However, many of the combinations of geometric
parameters produce invalid geometry and are excluded from the study. For example, a crack
scenario with an a/t value of 0.5 and a/c value of 0.1 would mean a crack c length of 5. If the D/t
value is 1 and W/D is 5, the remaining ligament and maximum c length would be 2, which is less
than 5. Therefore, this geometric cracking scenario produces invalid geometry and is not
considered for analysis. The net result is approximately 50,000 crack and plate geometries for
each load case; uniaxial tension, out-of-plane bending, and bearing (pin) load cases (see Figure
41).
Table 5. Specific solutions space

a/t

a/c

r/t

W/D

0.01
0.05
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.95
0.99

0.1000
0.1110
0.1250
0.1428
0.1667
0.2000
0.2500
0.3330
0.5000
0.6670
0.7500
0.8000
1.0000
1.2500
1.3330
1.5000
2.0000
3.0000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000

0.1000
0.1110
0.1250
0.1428
0.1667
0.2000
0.2500
0.3330
0.5000
0.6670
0.7500
0.8000
0.9375
1.0000
1.2500
1.3330
1.5000
2.0000
3.0000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.0000

20.000
10.000
4.000
3.000
2.000
1.667
1.500
1.250
1.100
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Figure 41. Load cases investigated
Solution Process
Well-structured, fully hexahedral, cracked half-plate finite element models, similar to the one
seen in Figure 42, are automatically generated and interrogated for mesh quality. Note that the
models in Figure 42 are actually quarter-plate meshes for better clarity. Over 50,000 individual
crack models are used to generate a sufficiently high-fidelity solution space as to minimize
interpolation error in SIF extraction at intermediate crack and plate geometries.
The FEA models are generated by a multi-step process aimed to reduce the total number of
degrees-of-freedom (DoF), which is a major driver in the computational time required to achieve
a solution. However, maintaining a sufficiently dense mesh to minimize the discretization and
numerical error inherent in FEA and ensure the applicability of VCCT is the foremost priority.
Two of the main drivers of the mesh element sizes along the various crack fronts are: 1) the
proximity of the crack tip to free surfaces; and 2) the curvature of the crack tip. All of the mesh
density data is defined through several MATLAB7 subroutines which creates the input files for
mesh and boundary condition application in the preprocessor, TrueGrid8. Many other typical
“rules-of-thumb” checks are performed to ensure mesh quality prior to model execution (e.g.
element aspect ratio, skew, and Jacobian checks).
After the mesh generation, the mesh geometry and boundary condition files are uploaded onto
one of several Department of Defense (DoD) high performance computing (HPC) centers for
execution. The FE analysis solver used thus far in the project is ZIP3D.9
After successful execution of the solver, the results files are interrogated in order to extract the
needed crack front nodal forces and crack wake nodal displacements used in the determination
of the strain energy release rate, G, and subsequently the SIF, as presented in Eqn. 2, along
the entire crack front.6
Due to the manner in which the FE mesh is generated, there exists the potential for very thin
“sliver” elements along the crack front near the hole bore. While these elements have an aspect
ratio of nearly 1:1 in the crack plane, the element surface width to thickness aspect ratio can be
significantly different (e.g. 1:100). Poor element aspect ratios (i.e. departures from 1:1) can have
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a significant impact on the accuracy of the solution. This led some of the investigators to
propose a “splitting” routine which would be carried out automatically through a newly generated
algorithm10 for the FE models with large out-of-plane element aspect ratios. The resulting FE
models, with better aspect ratio elements, would then be solved with a p-order FEA solver
known as STRIPE11 with a polynomial order of no less than 2.

Figure 42. One quadrant of a plate FE model showing the crack plane

56

SAFE-RPT-16-045

Figure 43. Close-up of the crack front on crack plane
Model Validation
Multiple models were generated at the onset of the program to determine the mesh density
parameters needed to ensure acceptable accuracy in the calculated SIFs. Several different
model results are presented as a function of the normalized parametric angle, Φ, as defined in
Figure 44. These models are all loaded in uniform tension with the geometry values shown
within Figure 45 and three different crack aspect ratios are investigated. Each crack aspect ratio
is plotted with three levels of mesh density resulting in 50, 74, & 110 elements along the crack
front.
Note that all of the mesh density cases lie nearly perfectly on top of one another for each crack
aspect ratio. The only significant differences occur at the crack vertices, where the crack front
intersects the free surfaces. It appears that the coarsest mesh still adequately captures the
variation in SIF along the crack front and completely contains the boundary layer effect at the
free surfaces where the SIF must go to zero.
Comparisons to available industry results were also performed for several cases. The results
are shown in
for several double symmetrical corner crack (DSCC) cases. Note that these cases where
chosen to reduce the number of DoF and to avoid use of the Shah Correction factor typically

57

SAFE-RPT-16-045

employed to extract single corner crack SIFs from double corner crack solutions.12 A wide plate
geometry, W/D = 20, was also chosen to reduce any finite width affects. Results of the
Newman-Raju solutions4, the AFGROW Advanced solutions1, which employ the FawazAndersson13 solutions, and the current effort’s solutions are presented in
.

Figure 44. Parametric angle definition
As can be seen in
, there is excellent agreement between the AFGROW Advanced solutions and the current work
for the given geometry. However, there is a larger difference in the Newman-Raju solutions
when compared to the others for these likely crack scenarios, especially near the crack vertices.
It should be noted that the vertex behavior displayed in
for the AFGROW Advanced solutions is more pronounced in the raw data sets than the data
displayed here, which are curve fits used in the DTA simulations.14
Results
Because there are over 150,000 different plate and crack geometry models investigated in this
effort, only a small sampling of the analysis results are presented here.
The most dramatic differences between the results of the present investigation and those
available in industry are expected to exist at the extreme crack and plate geometries (e.g. very
large or small crack aspect ratios, significant portions of the crack plane occupied by a crack,
crack tip(s) near the free surface(s)). Therefore, in order to gain further confidence in the new
numerical results, several comparisons are made with existing industry solutions. Note that only
AFGROW Advanced solutions are presented here, as many of the crack scenarios investigated
are well outside of the reported solution space of the Newman-Raju equations.
Figure 47 shows several cracking scenarios with a fixed crack size and aspect ratio of a/c = 1.0,
with decreasing plate widths. As can be seen from the figure, good agreement is seen between
the AFGROW Advanced solutions and the present investigation’s results when the plates are
relatively wide. However, as the plates begin to narrow, changes are seen; especially near the
crack’s c-tip. Note that the differences in the solutions are much greater at the crack’s c-tip for
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the narrowest plate. This is mainly due to the encroachment of the crack’s c-tip on the free
surface along the side of the plate.
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Figure 45. Mesh density determination models’ results
Figure 46. Comparison of SIF solutions for several DSCCs
Some results for the TCC specimen geometry are presented in Figure 48. These crack
scenarios are for a fixed through-thickness crack ratio of a/t = 0.5. Note that the SIF values
shown in Figure 48 will differ from that shown when a 1.0 ksi tension stress is applied to the
actual specimen since the FEM uses a 1.0 in thick specimen; however, the trends and percent

Figure 47. Results comparisons with a/c = 1.0
differences between the newly generated solutions and the AFGROW Advanced solutions are
identical. The results shown in Figure 48 are obtained from the linear ZIP3D solutions.
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Significant differences can be seen in Figure 13 between the dataset values as well as the trend
changes as the c-tip length changes.
The representative STRIPE results are shown in Figure 49. A comparison between the STRIPE
and AFGROW results cannot be made since the latter does not have the Fawaz/Andersson
multipoint solutions for a single corner crack at a hole.
Due to DoD HPC computer access issues beginning in Jan 2016, only 20 of the 26 r/t ratios
have been computed by the end of the period of performance. The entire K database will be
delivered once the final six r/t ratios are computed although a date for which is unknown due to
the current file system instability on ERDC/garnet.
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Figure 48. TCC specimen results comparisons with a/t = 0.5

Figure 49. STRIPE Results
Impact / Conclusion
The potentially large differences between the commercially available SIFs for corner cracks
emanating from centrally located holes in finite width plates and the results of the present
investigation can have a significant effect on the structural integrity community. Typical
inspection protocols within the aerospace community set initial and recurring inspection intervals
based upon the results of DTAs.
As an example of the potentially drastic differences in the life predictions, an example is
presented in Figure 50 for the laboratory corrosion fatigue TCC specimen with a significant finite
width effect. An aircraft wing, tension only, block spectrum is applied in the simulation. The
geometric variables of the part are detailed in Table 6.
Table 6. Example geometry – TCC specimen (Inches)

W/D

R/t

a0/t a0/c0 L/W

1.667 0.9375 0.1

1.0

2.0

t
0.126

Note that the “Classic” curve in Figure 14 is the AFGROW implementation of the Newman-Raju
solutions and the “Advanced-2pt” are from the AFGROW Advanced module, both of which
include the standard finite width correction1. The “VCCT” curve is developed by using data taken
from the present investigation and parsed into an AFGROW usable format for user-defined SIF
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life predictions. As can be seen in Figure 50, a non-arbitrary difference in the DTA life
predictions is visible.

Figure 50. DTA life prediction comparisons
Clearly, accurate DTA life predictions are critical to the safe operation of valuable resources and
most importantly, personnel safety. It should be noted that not all of the current effort’s findings
indicate an increase in SIF values and thus to shorter inspection intervals and serviceable life.
Rather, the converse was presented to highlight the need to develop better tools for the
engineering community at-large.
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3. Inhibition of Environmental Fatigue of Airframe Aluminum Alloys
Summary
This task focused on the effects of the inhibitor chromate and a chromate replacement
molybdate on corrosion fatigue damage. Building on prior work showing that high levels of
highly soluble salts containing chromate and molybdate could slow fatigue crack growth rates in
sodium chloride (NaCl) solutions an effort was designed and executed that related inhibitor
leaching rates to corrosion fatigue inhibition using inhibitive salts that would be present in
corrosion preventative primers coatings. Leaching studies were examined and related to
aircraft structures to determine the appropriate concentration of inhibitors to place into solution.
It was determined that low levels of strontium chromate can inhibit corrosion fatigue damage
below a ∆K of 10 MPa√m with the effect being highly dependent on mechanical loading
parameters.
Introduction and Background
As the Department of Defense (DoD) extends the life of current weapon systems, corrosion
damage becomes a larger concern to the structural integrity community. Corrosion damage can
act as a stress raiser in areas of high stress concentration and nucleate fatigue crack. At the
same time the DoD has moved to phase out the use of chromates as a corrosion inhibitor due to
the environmental and personnel risks1 . Chromates are used in a variety of corrosion
prevention coatings including conversion coatings and primers. While it has been documented
that high levels of chromate and a chromate replacement inhibitor, molybdate, added to a bulk
solution can inhibit fatigue crack propagation, it has not been shown that these inhibitors
leaching from a coating can do the same.2,3,4,5 . However, if chromate does provide protection
that slows corrosion fatigue crack propagation, current systems have unaccounted for corrosion
fatigue protection. If that protection is not documented, then the protection will be lost in
replacement chromate-free systems. Furthermore, chromate is considered the benchmark for
all other corrosion inhibitors to meet, so an understanding of the protection current chromate
coatings provides to corrosion fatigue is needed.
Lessons Learned





The use of high solubility inhibiting pigments in corrosion fatigue testing can lead to
misestimating the effect of an inhibitor
Strontium chromate in levels able to leach from a polymer coating (0.05mM and 4.7mM)
is able to slow fatigue crack growth rates for AA7075-T651 in 0.06M NaCl solution below
a ∆K of 5 MPa√m for fatigue loading with a maximum stress (σmax)=150 MPa, stress ratio
(R)=0.65, frequency (f) of 0.2Hz.
Strontium chromate in levels able to leach from a polymer coating (0.05mM and 4.7mM)
is able to slow fatigue crack growth rates for AA7075-T651 in 0.06M NaCl solution below
a stress intensity (∆K) of 10 MPa√m for fatigue loading with a maximum stress
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(σmax)=150 MPa, stress ratio (R)=0.02, frequency (f) of 0.2Hz.
Calcium molybdate in levels able to leach from a polymer coating (0.05mM) is able to
slow fatigue crack growth rates for AA7075-T651 in 0.06M NaCl solution below a ∆K of
2.5 MPa√m for fatigue loading with a maximum stress (σmax)=150 MPa, stress ratio
(R)=0.65, frequency (f) of 0.2Hz.
The use of a single edge notch sample for constant ∆K testing is not recommended due
to the load being nonlinearly related to stress intensity leading to misapplied loads which
affect the crack growth rate making it not constant.
At low maximum stress (σmax) =55 MPa at a R of 0.1, frequency of 1 Hz, Sphingomonas
paucimobilus can slow fatigue crack growth rates.
Technical Investigations
Inhibitor Leaching

Most prior corrosion fatigue work with aluminum alloys was completed using inhibitors added to
a bulk NaCl solution or deliquesced onto the surface of a sample rather than the migration of
inhibitors from polymer matrix coatings.2,3,4,5,6 The inhibitors used for most of these fatigue
studies were high rather than low solubility inhibitors, the latter of which are typically used in
corrosion prevention military aviation coatings.2,3,4,5,6,7,8 This difference may be of importance as
the leaching of inhibitors is purposely controlled in organic coatings via salt solubility in order to
make the life of the coating acceptable. That said, this inhibitor leaching would be the source of
any inhibitor that could affect fatigue crack propagation. All of these variables make
understanding the leaching rate of known coatings and inhibitors critical to designing
appropriate fatigue test criteria. An understanding of the chromate leaching rate from coatings
and how chloride concentration and pH could change the amount of chromate present in a
solution was needed. To answer these questions a literature review of chromate leaching rates,

inhibitor pigment solubility effects and leaching studies was performed.
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Figure 51: Single edge notch (SEN) specimens were made of 7xxx series aluminum alloy. All
dimensions in millimeters.
The leaching of inhibitors from coatings is affected by many things: nature of the polymer matrix,
inhibitor loading, inhibitor pigment and inhibitor solubility, and chemical composition of the
leaching solution including the pH.7,8,9 The polymer matrices typically used with chromate and
molybdate pigments include epoxies, polyurethanes, and acrylics. In the studies reviewed, the
epoxy primers leached at higher rates than the polyurethane but lower than acrylic coatings,
which are typically used with a topcoat.7-9
For commercial coatings the loading amounts of inhibitors can vary, but are designed such that
the coating is not depleted of inhibitor during a maintenance cycle, typically 6 to 8 years.8,9,10
Organic coatings with inhibitors are understood to readily absorb water or other liquid
environments through inherent defects in the coating resulting in interconnected pores which
allows inhibitor pigments within the coating to dissolve and dissociate in electrolyte within the
coating itself.7,8,9,11,12 Table 7 gives the properties desired for inhibitor pigments for loading into
a polymer coating.8,7 Typically, pigments with low water solubility are selected for use in
coatings so that (a) osmotic pressure-induced blisters are avoided, and (b) the inhibitor remains
in the coating over long times rather than rapidly dissolving out when first in contact with
corrosive environments..7,8 Because of the low solubility, inhibitor leaching would be expected
to only allow low concentrations of inhibitors to be reached in the surrounding solution before
precipitation occurs. For the bulk solution fatigue testing previously completed, Na2CrO4 and
Na2MoO4 were typically used, which are salts with much higher water solubility than typical in an
inhibitor pigment loaded into a coating.8,7 Table 8 shows the solubility of typical coating
pigment, SrCrO4 and CaMoO4, pigments in water compared to those of Na2CrO4 and Na2MoO4.
Note, all other physical properties of Na2CrO4 and Na2MoO4 are within the acceptable limits for
coating use other than solubility.8 The high water solubility can cause blistering of the polymer
and cause the inhibitor to leach from the polymer too quickly which also make them undesirable
for use in coatings.7,8 However, these salts have advantages in studies of corrosion fatigue
inhibition in that the high solubility prevents precipitates that cause crack closure, allowing for a
better understanding of the crack tip passivation mechanism.
Table 7. Property requirements of inhibitor pigments.8
Inhibitor Pigment Parameter
Solubility in Water
pH of Saturated Solution
Specific Gravity
Particle Size Distribution
Solubility in Organic Medium
Vapor Pressure at 20 C
Melting Point

Desired Value
< 2g/100mL
7-9.5
1.5-5
2-6 µm
Practically Insoluble
<1/10,000 mmHg
>100 C
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Table 8. Solubility in water for typical chromate and molybdate pigments
compared to Na2CrO4 and Na2MoO4.13 It should be noted sodium chromate is
within acceptable ranges for all of the other parameters in Table 1.
Inhibitor Pigment
SrCrO4
Na2CrO4
CaMoO4
Na2MoO4

Solubility in Water
0.096 g/100mL
87.6 g/100mL
0.0011 g/100mL
65.0 g/100mL

For our previous leaching studies, Luna Innovations developed four coatings containing different
loading amounts of SrCrO4 (either 12 or 17 weight percent) and epoxy bases. The leaching
studies were completed by exposing the free-standing films in 100 mL of deionized (DI) water
for 2 and 4 days. The surface area in contact with water for each film was 29 cm2. The leached
liquid samples were then examined using UV-Vis Spectroscopy using 0.001299 M and
0.00033 M CrO42- standards serially diluted from a 1000 ppm CrO42- (0.0065 M) purchased
standard solution (K2CrO4 was used for the standards) to determine the amount of CrO42present. The leaching data from the free films were extrapolated from the standards by the
WinUV software on the Varian Cary Series spectroscope.
The results of the leaching from the SrCrO4 films appear in Table 9 in terms of mg CrO42-/cm2 of
coating. Table 10 gives the leaching data converted into mol/L of CrO42- to allow comparison
with published results. Based on the leaching results, Film 1 was selected for fatigue crack
growth testing given the high leaching amount and relatively high remaining CrO42- remaining in
the film, both desired for fatigue testing.
Table 11 shows the expected leaching concentrations of CrO42- based on the film leaching
results for the different testing geometries used in the program. Figure 52 shows the single
edge notch (SEN) sample and three different test configurations. The Bulk Testing label refers
to a standard test cell filled with 500 mL of solution with a SEN sample primed on all four sides
(Coating Surface Area: 7.92 cm2). The Restricted Volume refers to a very small cell containing
approximately 0.1 mL of solution covering a 2 cm high portion of the flat on the SEN sample
(Coating Surface Area: 5.28 cm2) which seeks to mimic areas such as lap joints and other
occluded regions of aircraft. The Coating Surface Area to Volume ratio for the reduced volume
cell was determined using aircraft components at USAFA. Thin Film refers to salt deliquesced
to form a 100 µm thickness film (8x10-5 L) onto the four flat surfaces of the SEN sample
(Coating Surface Area: 7.92 cm2). The Thin Film environment is used to mimic how
atmospheric corrosion is understood to occur on aircraft structure rather than a large pool of
liquid around the sample.
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Table 9. Leaching results for SrCrO4 primer films with 29 cm2 surface
area leached into 100 mL DI water. Original leaching data obtained
by UV-Vis Spectroscopy.
Film Number

1
2
3
4

Concentration
(mg/cm2)
2 Days
0.310
0.241
0.483
0.310

Concentration
(mg/cm2)
4 Days
0.414
0.310
0.552
0.379

Table 10. Leaching results for SrCrO4 primer films with 29 cm2
surface area leached into 100 mL DI water converted into millimol/L
(mM) CrO42-. Original leaching data obtained by UV-Vis
Spectroscopy.
Film Number
1
2
3
4

Concentration (mM)
2 Days
0.4
0.3
0.7
0.4

Concentration (mM)
4 Days
0.6
0.4
0.8
0.5

Table 11. Expected leaching results for SrCrO4 primer films converted to the test three
geometries. All concentrations are in terms of mol/L (M) CrO42-. Original leaching data
obtained by UV-Vis spectroscopy.
*above the SrCrO4 solubility limit of 0.0047 M CrO42Film Number

1
2
3
4

Expected
Concentration (M)
Bulk Solution
(500mL)
4 Days
3.21 x 10-5
2.41 x 10-5
4.28 x 10-5
2.95 x 10-5

Expected
Concentration (M)
Restricted Volume
(0.1 mL)
4 Days
0.021*
0.016*
0.029*
0.020*
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13

Expected
Concentration (M)
Thin Film
(0.1 mL)
4 Days
0.201*
0.151*
0.268*
0.184*
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Bulk Solution Test Cell
(500 mL)

Reduced Volume Test
Cell (0.1 mL)

Atmospheric (Thin Film)
Exposure3

Figure 52. Sample Volumes used for Concentration Calculations
The leach rates from the model films were compared to that expected from published CrO4-2
leaching in Table 12 and Table 13.7,8,9 To make the comparison, the published leaching data
were converted to molarity using the geometries and volumes of the Luna film leaching
experiments and the testing geometries reviewed above. The Luna films were able to leach
about 6-20 times more chromate into solution than the commercial epoxy primer. This result
suggests that the Luna film is likely more porous than the commercial primer as the loaded salt
was the same (SrCrO4). Also, a 12-17% loading amount is on the low end for chromate, so that
is unlikely to be the cause of the leaching differences.7,8 Porosity and how the pores are
connected in a polymer greatly affects leaching of inhibitors, so porosity differences could
account for the observations.7,8 The porosity is related to the pigment volume concentration
present in a coating and the resin used in the polymer9 Often these parameters are not
reported. However, pore size, crosslink density binders and other polymer matrix information
that would be helpful to understanding the mechanism behind the porosity effect were not
provided.7,8
Table 12. Chromate leaching data from a commercial epoxy primer in different chloride
solutions 9. Original leaching data obtained by capillary ion analysis spectroscopy.
*above the SrCrO4 solubility limit of 0.0047 M CrO42-

Chloride
Concentration

0.1 M
0.01 M
0.001 M
0.0001 M

Expected
Concentration
(M)
per Film
Dimensions
(0.1L)
225 Hours
8.5 x 10-5
7.0 x 10-5
8.5 x 10-5
10.0 x 10-5

Expected
Concentration
(M)
Bulk Solution
(500mL)
225 Hours
4.7 x 10-6
3.8 x 10-6
4.7 x 10-6
5.4 x 10-6
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Expected
Concentration
(M)
Restricted
Volume
(0.1 mL)
225 Hours
0.003
0.003
0.003
0.004

Expected
Concentration
(M)
Thin Film
(0.1 mL)
225 Hours
0.029*
0.024*
0.029*
0.034*
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Table 13. Leaching data from a SrCrO4 commercial epoxy primer. Original data obtained by
atomic absorption spectroscopy 8.
*above the SrCrO4 solubility limit of 0.0047 M CrO42- 13

Solution

H2O
0.85 M NaCl

Expected
Concentration
(M)
per Luna Film
Dimensions
(0.1L)
50 Days
5.1 x 10-5
8.7 x 10-5

Expected
Concentration
(M)
Bulk Solution
(500mL)
50 Days
2.8 x 10-6
4.8 x 10-6

Expected
Concentration
(M)
Restricted
Volume
(0.1 mL)
50 Days
0.002
0.003

Expected
Concentration
(M)
Thin Film
(0.1 mL)
50 Days
0.012*
0.020*

Interestingly, in the published data on the leaching of four commercial epoxy primers in Table
12-Table 15 studied varied by about 16 times between the high and low leaching
coatings.7,8,9The loading amount of chromate for all of the coatings can vary, however as the
porosity of the film can also greatly affect the leaching rates there may be some difference in the
polymer filler between the two primers.7,8 More research is needed into how the polymer matrix
changes the leaching rates.
Table 14. Chromate leaching data from a commercial epoxy primer in 0.85 M NaCl adjusted
to different pH levels11. Original leaching data obtained by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).
*above the SrCrO4 solubility limit of 0.0047 M CrO42-

pH adjusted
0.85 M NaCl

1
3
5
7

Expected
Concentration
(M) per Luna
Film
Dimensions
(0.1L)
60 Days
3.6 x 10-4
3.6 x 10-4
3.6 x 10-4
3.6 x 10-4

Expected
Concentration
(M)
Bulk Solution
(500mL)
60 Days
1.9 x 10-5
1.9 x 10-5
1.9 x 10-5
1.9 x 10-5

71

13

Expected
Concentration
(M)
Restricted
Volume
(0.1 mL)
60 Days
0.013*
0.013*
0.013*
0.013*

Expected
Concentration
(M)
Thin Film
(0.1 mL)
60 Days
0.121*
0.121*
0.121*
0.121*
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Table 15. Chromate leaching data from a commercial epoxy primer in 0.85 M NaCl adjusted
to different pH levels 11. Original leaching data obtained by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).
*above the SrCrO4 solubility limit of 0.0047 M CrO42-

pH adjusted
0.85 M NaCl

1
3
5
7

Expected
Concentration
(M) per Luna
Film
Dimensions
(0.1L)
60 Days
8.5 x 10-4
4.1 x 10-4
3.1 x 10-4
3.6 x 10-4

Expected
Concentration
(M)
Bulk Solution
(500mL)
60 Days
4.7 x 10-5
2.3 x 10-5
1.7 x 10-5
1.9 x 10-5

13

Expected
Concentration
(M)
Restricted
Volume
(0.1 mL)
60 Days
0.031*
0.015*
0.011*
0.013*

Expected
Concentration
(M)
Thin Film
(0.1 mL)
60 Days
0.291*
0.141*
0.107*
0.121*

From the data in Table 12, there is no significant difference in leaching rates with the variation of
chloride content, which are all relatively low concentrations (0.1 M or less NaCl). In Table 13
however, the higher chloride content (0.85 M) makes a large difference, nearly doubling the
amount of CrO42- leached from the coating. This result suggests there could be a threshold of
chloride content over which the chloride is detrimental to the polymer matrix allowing for more
inhibitor release. Because the baseline leaching rates for the two commercial primers are
different it is difficult say what the overall effect of chloride has, but some publications state that
chloride content affects leaching because chloride is detrimental to the polymer matrix.7,8
In the primers shown in Table 14 and Table 15, the change in pH does not cause large changes
in the amount of chromate leached. There is some suggestion in Table 15 that more acidic
environments cause more leaching for that coating, but the change in the amount of chromate
leached is about the same as the scatter with NaCl concentration changes, which is less that
the leaching amount changes from one epoxy primer to the next11.
The University of Southern Mississippi (USM) developed three CaMoO4 containing primers.
Each primer had a different loading amount of MoO42- (20.8%, 28.7%, 36.9% weight percent).
USM coated and scribed AA 7075 panels (Surface Area: 6.45 cm2) prior to completing leaching
experiments in 100 mL DI water. The leaching results appear in Table 16 along with the
concentrations expected for the three test conditions. Table 16 shows that the higher the
loading amount of MoO42-, the lower the leaching amount. This result is highly unexpected, and
the mechanism behind this result is currently not understood. USM originally thought they might
be exceeding the solubility limit between the CaMoO4 and solution, but that is not the case as
the leaching values are always below the solubility limit of 0.05mM13. Also, as the inductively
coupled plasma mass spectrometry (ICP-MS) is capable of detecting 1 part per billion, it is
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unlikely they are having trouble measuring the molybdate leaching from the coating. The
explanation for these results remains to be determined.
Table 16. Leaching results for the CaMoO4 coatings developed by USM. Original leaching
data produced by inductively coupled plasma mass spectrometry (ICP-MS).
*above solubility CaMoO4 limit of 0.055mM 13

Loading
Amount

Leaching
Concentration
(100mL)
4 Days

Expected
Concentration
(M)
Bulk Solution
(500mL)
4 Days

Expected
Concentration
(M)
Restricted
Volume (0.5 mL)
4 Days

1.8 x 10-6

4.3 x 10-7

2.9 x 10-4*

4.1 x 10-7

1.0 x 10-7

6.7 x 10-5*

4.7x 10-7

1.1 x 10-7

7.7 x 10-5

20.8%
MolyWhite
28.7%
MolyWhite
36.9%
MolyWhite

Expected
Concentration
(M)
Thin Film
(0.1 mL)
4 Days
0.003*
6.0 x 10-4*
7.0 x 10-4*

Based on the leaching results presented, the plan was to move forward with the test matrix in
Table 17 for all corrosion fatigue inhibition testing. This testing was to determine the effect of
the corrosion inhibitors chromate and molybdate on fatigue crack growth rates in amounts that
could be leached from a coating. Another theory to be tested was if low solubility inhibitors
could inhibit fatigue crack propagation by forming solids within the crack and causing crack
closure. The above leaching results led to the following test matrix, Table 17. Even though
coatings from Luna Innovations were produced, once the final inhibitor leaching levels were
determined the choice was made to proceed with low levels of salts added to a bulk solution.
Table 17. Proposed test matrix to determine the effect of chromate and molybdate in
leached concentrations.

Inhibitor

Inhibitor Form

Environment

Amount
(concentration in
solution or wt % in
coating)

Na2CrO4 /Na2MoO4

Salt

Bulk Solution NaCl

<0.5/0.002mM

SrCrO4 /CaMoO4

Salt

Bulk Solution NaCl

<0.5/0.002mM

SrCrO4 /CaMoO4

Salt

Bulk Solution NaCl

>4.7/0.05mM

SrCrO4 /CaMoO4

Primer

Reduced Volume
NaCl (< 0.1 mL)

17%/20.8%
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Fatigue Testing
To determine the effect chromate or a proposed chromate replacement inhibitor, molybdate, has
on corrosion fatigue damage in DoD-relevant materials, a single edge notch tension (SENT)
specimen, shown in Figure 51, was used for all inhibitor fatigue testing. The samples were
made from a peak-aged, legacy age-hardenable Al-Zn-Mg-Cu aluminum alloy and temper
(7075-T651). The specimen design, see Figure 51, was chose to be similar with the wealth of
data for this type of specimen generated at the University of Virginia (UVa). The UVa specimen
uses a thickness of 2.5 mm whereas the one used here is 3.2 mm 3,4,14. Table 18 shows the
material composition for the AA7075-T651measured with optical emission spectroscopy (OES)
and Figure 53 shows the etched microstructure (Keller’s reagent). The samples were fatigue
tested using a computer-controlled MTS servo-hydraulic test frame with a 11 or 22 kip capacity
and the crack growth rate was measured using a direct current potential drop (DCPD) system
with Fracture Technology Associates software. All samples tested in an environment other than
laboratory air, full immersion 0.06M NaCl or atmospheric conditions, were placed into the
environment for a minimum of two hours prior to starting the fatigue precracking procedure.
This hold time in environment was to ensure that the test had electrochemically stabilized prior
to fatigue testing.
The early fatigue testing protocol focused on using a constant stress intensity (∆K) test, where
the sample was precracked for 0.5 mm using a constant ∆K of 6 MPa√m with a stress ratio (R)
of 0.1 at a frequency (f) between 0.02 and 20 Hz based on the frequency during testing. For the
evaluation of the effect of inhibitors on fatigue crack growth the fatigue crack growth rate tests
were completed at a constant ∆K of 6 MPa√m, R of 0.65 at frequencies between 0.02 Hz and
20 Hz. Theses parameters were selected for the test conditions based on a large body of
published data on the corrosion fatigue inhibitive effects of high concentrations of inhibitors
which used a constant ∆K at 6 MPa√m, R of 0.65 at various frequencies [Jen ref]. As will be fully
discussed later in this document this protocol was found to have flaws and was abandoned.
The final testing to evaluate the effect of inhibitors on corrosion fatigue was completed using a
increasing K. Each sample was pre-cracked to a 0.5 mm crack length using a K-shed protocol
starting at a ∆K of 6 MPa√m and ending at a ∆K of 2 MPa√m frequency of 10Hz. The test was
completed under a constant maximum stress (σmax) of 150 MPa, with a stress ratio (R) of 0.65
or 0.02. Testing was completed at a frequency between 1 and 0.2Hz, with most testing being
completed at 0.2 Hz to allow for the best inhibition measurement.

Table 18. Material Composition AA7075-T651, measured with OES, average of three
readings listed.
Al

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Ca

V

Pb

Zr

90.0
5

0.062
9

0.218
1

1.45
0

0.025
6

2.13
7

0.187
9

5.67
5

0.026
1

0.004
2

0.014
2

0.027
3

<0.00
2
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LS
Figure 53. Microstructure of the legacy AA7075-T651 used for all corrosion fatigue
testing. Showing the short-transverse (ST), longitudinal-short (LS) and longituditnaltransverse directions. Etching was completed with Keller’s reagent.
Bacteria Testing
In 2011, stress life corrosion fatigue tests were completed at varying stress levels and stress
ratios (R) of either 0.1 or 0.65 to examine the effect of a modern alloy and temper (AA7475-T7351)
on the initiation of a crack from corrosion damage (pit) compared to a legacy alloy and temper
(AA7075-T651) at a frequency (f) of 1 Hz. Figure 54 shows the sample and test chamber used
for this testing. Bacteria grew on some of the samples appearing to increase the fatigue life.
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All dimensions in mm
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Figure 54. (a) Fatigue sample with a preferential pit for crack initiation used in stress life
corrosion fatigue testing. (b) Environmental test chamber used for corrosion fatigue testing. (c)
Single edge notch (SEN) specimens were made of 7xxx series aluminum alloy. All dimensions
are in millimeters (mm).
After the stress life testing was completed, the bacterial effect was examined using the direct
current potential drop (DCPD) method to measure the effect on the crack growth rate. All
fatigue crack growth rate testing was completed using a SENT, shown in Figure 51 and Figure
54c. The fatigue test was completed at a constant stress intensity ∆K (6 MPa√m) at a
frequency of 1 Hz and at a stress ratio (R) of 0.10. The test parameters were selected to
compare the crack growth rates to published inhibited corrosion fatigue crack growth rates using
chromate 2. The corrosive environment was 0.06 M NaCl. The bacteria were allowed to grow
naturally or intentionally added to solution to quantify the effect. To add bacteria to solution,
colonies of wild R. pickettii were grown on R2A agar and single colonies were added to the 0.06
M NaCl solution. Figure 55 shows the possible growth of the bacteria on the aluminum sample.
R. pickettii is known to build biofilms and the growth is thought to be a biofilm.15, 16, 17, 18
The original stress life testing was completed using samples that initiated a fatigue crack from a
corrosion pit meaning the cycles to failure includes crack nucleation time. The stress-life tests
were repeated using precracked SENT samples to make a better determination on the effect of
the bacteria. For this testing the samples were precracked to 1 mm in air, then placed into 0.06
M NaCl either with or without bacteria. The samples were left in solution for 3 days to allow the
bacteria to grow. Then the stress life tests were repeated with a maximum stress (σmax) of 55
MPa, 94 MPa and 125 MPa with a stress ratio (R) of 0.1 at a frequency of 1 Hz. For this testing
there was also a concern about bacterial misidentification so testing was also completed on
Sphingomonas paucimobilis which as a nonferemiting bacteria has been misidentified as R.
pickettii using standard laboratory identification methodologies19. All testing was completed at
open circuit potential, which was not measured. It should also be noted that the use of the
DCPD system has shown no effect on bacteria growth.
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A final round of testing with both Ralstonia pickettii and Sphingomonas paucimobilius was
completed using DCPD to measure the fatigue crack growth rate compared to clean samples
using a test protocol maximum stress (σmax) of 55 MPa, 94 MPa and 125 MPa with a stress ratio
(R) of 0.1 at a frequency of 1 Hz, in this case crack growth rate curves were produced. For
these tests the samples were precracked to 1 mm using the protocols in Table 19. All
precracking was completed in laboratory air, the sample was then placed into the test cell and
autoclaved prior to having autoclaved 0.06M NaCl added to the chamber. Then one mL of a
three McFarland of bacteria was added to each chamber. A McFarland is a unit related to the
turbitity of the bacteria suspension. Three McFarland is approximately 9x108 colony forming
units (CFU)/mL, in this case a colony forming unit is considered to be one bacteria cell. The
chamber was allowed to sit for 3 days prior to testing. For the clean tests the same pre-cracking
and cleaning procedure was completed prior to testing.
Testing was also completed on the ATCC Ralstonia pickettii by Cadet Sarah Collins on a
Summer Research project. The bacteria was grown in DifcoTM nutrient broth for 24 or 48 hours,
the temperature (10, 30, 37 C), pH (6, 7, 8), metal in suspension (Ni, Fe, Mn, Cu) or sample
alloy (AA2024, AA7075, steel 4130) was varied. The samples were then stained with a live
(green)/dead (red) dye and examined using confocal microscopy. The optical density (OD) of
the solution was measured post test to determine the amount of growth in solution. A scanning
electron microscope was used to evaluate the growth on the samples.

Figure 55. Bacterial growth ("fuzz" at bottom of samples) on the 7xxx series aluminum alloy in
0.06M NaCl solution. The white on the DCPD wires is a protective coating. The fuzz continues
up the entire length of the sample.
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Table 19. Pre-cracking parameters for effect of bacteria testing.
Test Parameters (σmax)

Pre-cracking Parameters
K-shed from a ∆K of 5.8MPa√m
to a ∆K of 3 MPa√m
Constant ∆K of 5.0 MPa√m at
an R=0.1
Constant ∆K of 6.0 MPa√m at
an R=0.1

55 MPa
94 MPa
125 MPa
Experimental Results
Constant ∆K Testing

The baseline test results, Figure 56, show a decrease in fatigue crack growth rate (FCGR) with
increasing crack length. This behavior was not expected for a constant ∆K test which should
result in a constant FCGR for all crack lengths. To investigate this behavior, several potential
causes were hypothesized.
1. Notch geometry
2. Grip kinematics
a. Grip geometry
b. Specimen to grip degrees of freedom
c. Thread pitch of specimen
d. End fixity of specimen
3. Specimen manufacturing facilities
4. Machining techniques
5. Test labs
6. Electrical isolation with respect to DCPD system
7. Specimen Material
8. Spot-weld procedure
9. Clevis pin size
10. Crack Closure
As shown in Figure 51, the SENT sample width is 10 mm (0.197in * 2 / 25.4 mm/in); thus
discussions below may also be in terms of crack length divided by specimen width (a/W) to
make comparisons with specimens of other geometries easier. Figure 56 shows the baseline
result of the constant change in stress intensity (∆K) of 6 MPa√m test completed at a stress
ratio (R) of 0.65 at a frequency (f) of 1 Hz. All tests below are completed with the same loading
parameters unless otherwise noted.
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Figure 56. Baseline constant ∆K test, SENT

Notch Geometry
The first hypothesis for the decreasing FCGR with a constant ∆K was the notch root radius.
Serendipitously, this was the best result to date, see Figure 57. Sharp Notch refers to the
notch geometry where the notch root radius of 0.0015 in (0.0381 mm) was maintained. The
Sharp Notch results show the FCGR is decreasing slightly between a/W of 0.12 and 0.35, but
the decreasing slope increases for a/W ≥ 0.35. In addition, the variation in the magnitude of
the crack growth rate implies a difference in the applied ∆K whereby the crack growth rate is
approximately proportional to ∆K3. The sharp notch does improve the results when compared
to the baseline, but the magnitude of decreasing FCGR is still unacceptable. The magnitude
of the decrease is of the same order of FCGR inhibition being studied in other corrosion
fatigue experiments; thus, when analyzing those results, the decrease in FGCR from the lab
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air test cannot be separated from the decrease in FCGR from the inhibitors. For this reason, a
constant ∆K test that produces a constant FCGR is essential.

Figure 57. Effect of sharp notch on constant ∆K testing.

Effect of Specimen/Grip Interface
The second hypothesis for the decreasing FCGR with a constant ∆K was compliance (aka
“slop”) in the specimen/grip interface. The original grip design is shown in Figure 58 and is
based on the design used at UVa. To remove the compliance of the specimen/grip interface,
the following changes were made.





Added a spherical bearing at the pin/clevis interface
Added a jam nut to remove rigid body motion between specimen and grip
Increased thread pitch from UNF 20 to UNEF 28 and added a jam nut
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Figure 58. Standard pin/clevis interface
With the pin/clevis arrangement and orientation of the specimen, rotation is permitted about
the axis perpendicular to the specimen width. With a spherical bearing used at the pin/clevis
interface, see Figure 59, all three rotational degrees of freedom are permitted. The results of
these three tests are shown in Figure 60.

Figure 59. Spherical bearing pin/clevis interface.
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Figure 60. Effect of specimen grip interface.
All of the spherical bearing results except for “Spherical Bearing, Fine Thread, Jam Nut” show
a lower FCGR than the sharp notch results at the same ∆K level. Furthermore, all the
spherical bearing results and results reported below have a sharp notch. In addition, the
negative slope is slightly larger for the spherical bearing at an a/W approximately 0.4. The
spherical bearing with the jam nut start at the same crack growth rate and have a roughly
constant negative slope larger than the sharp notch. Switching to specimens with the fine
threads does reduce the rigid body motion of the specimen in the grip but without positive
effect in the FCGR results. The fine thread starts at the same crack growth rate and has a
larger negative slope than the sharp notch. Similarly, adding the jam nut to the fine thread
specimen did not show any improvement. The FCGR is initially somewhat higher and appears
to have a slightly larger negative slope compared to the sharp notch results. In addition, the
variation in the magnitude of the crack growth rate implies a difference in the applied ∆K
whereby the crack growth rate is approximately proportional to ∆K3. The specimen/grip
compliance has no effect on removing the decreasing FCGR with increasing crack length
behavior.

Specimen Manufacturer
The third hypothesis for the decreasing FCGR with a constant ∆K was the specimen
manufacturer. Two firms, Majer Precision Engineering and Sabreliner Aviation, manufactured
the SENT specimens from the same drawing, geometry, shown in Figure 51. All results in
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Figure 61 show the same trend. CAStLE CNC 2 and 3 results are consistent but still different
than the other three results. The lack of consistent repeatability amongst identical test
conditions is also of concern. Lastly, the variation in the magnitude of the crack growth rate
implies a difference in the applied ∆K whereby the crack growth rate is approximately
proportional to ∆K3. Specimen manufacturer has no effect on removing the decreasing FCGR
with increasing crack length behavior.

Figure 61. Effect of manufacturer.
Testing Facilities and Personnel
The fourth hypothesis for the decreasing FCGR with a constant ∆K was the testing facilities and
personnel. A series of tests were also run at Fracture Technology Associates (FTA) and UVa.
All test labs use closed loop computer controlled servo hydraulic fatigue test frames with the
FTA Fatigue Crack Growth Testing hardware and software. The hardware varies slightly but are
functionally the same. All test labs use the same version of the FTA DCPD software. The results
are shown in Figure 62.
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Figure 62. Effect of laboratory and operator.
The baseline data again is shown for reference. The FTA data were from specimens that were
machined on a digital mill, not on a CNC; thus, it is possible that the notch tolerances were not
achieved. The FTA data is repeatable for tests FTA 1, 2, and 4 although the decreasing FCGR
with increase crack length is still pronounced. Furthermore, the FTA 5 result has no range of
crack lengths for which the FCGR is constant and has the most negative slope of all tests to
date. The FTA tests were run by SAFE personnel under the guidance of FTA personnel. FTA
commented that they did not see any errors, omissions, or shortcomings in the procedure used
in executing the tests. Dr. Bush is a faculty member at the United States Air Force Academy,
Department of Engineering Mechanics. He ran this test while on sabbatical at UVa and even
though his work was not part of this study, the results are similar, a small amount of constant
FCGR followed by a decrease in FCGR with increasing crack length. The signal noise seen in
the UVa Data 1 and 2 has not been seen in any other lab air test and the source of the noise is
unknown. In the UVa 1 data, the FCGR appears somewhat constant up to a/W = 0.35 followed
by a decrease in FCGR with increasing crack length. Similarly, for UVa 2, there appears to be a
somewhat constant FCGR up to a/W = 0.3 followed by a decrease then increase in FCGR with
increasing crack length. The UVa Aermet data uses the standard UVa specimen design
(thickness of 2.5 mm) and Aermet 100 material which is an ultra-high strength martensitic alloy
steel. This test result is presented here to show that it is possible produce a constant FCGR for
a constant ∆K test. Lastly, the variation in the magnitude of the crack growth rate implies a
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difference in the applied ∆K whereby the crack growth rate is approximately proportional to ∆K3.
The effect of the test facility and personnel is varied and has no effect on removing the
decreasing FCGR with increasing crack length behavior.
Electrical Isolation
The fifth hypothesis for the decreasing FCGR with a constant ∆K was the effect of electrical
isolation on the FTA control system. For the tests using isolation, the specimen was electrically
isolated from the rest of the fatigue frame; thus, the only current path was through the
specimen. For the non-isolated tests, the specimen was not isolated from the rest of the fatigue
frame; thus, a secondary current path through the fatigue frame was possible. However, the
resistance through the fatigue frame is estimated to be several orders of magnitude greater than
the resistance through the test specimen; thus, all the current will go through the specimen. A
direct comparison can be made between the two CAStLE results which are nearly identical, see
Figure 63. Lastly, the variation in the magnitude of the crack growth rate implies a difference in
the applied ∆K whereby the crack growth rate is approximately proportional to ∆K3. Electrical
isolation in this test configuration has no effect on removing the decreasing FCGR with
increasing crack length behavior.

Figure 63. Effect of electronic isolation.
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Specimen Material
The sixth hypothesis for the decreasing FCGR with a constant ∆K was the location in the source
material from which the specimen was cut. The New Plate data in Figure 64 was the same lot of
AA7075-T651 from the DARPA SIPS program; however, unlike the other specimens, this
specimen was cut from a new plate and not at the ends of the plate. In this test, the FCGR is
decreasing from the start of the test. In addition, the variation in the magnitude of the crack
growth rate implies a difference in the applied ∆K whereby the crack growth rate is
approximately proportional to ∆K3. Specimen material has no effect on removing the decreasing
FCGR with increasing crack length behavior.

Figure 64. Effect of material location

Spot Weld
The seventh hypothesis for the decreasing FCGR with a constant ∆K was the contact area of
the spot weld of the DCPD probe wires to the specimen. In the baseline data in Figure 65, the
probe wire is welded across the entire thickness of 3.2 mm. For the Single Spot Weld data,
the probe is only attached at a single point roughly the diameter of the 0.005 in probe wire.
The trend of decreasing FCGR for increasing crack length remains. There appears to be less
signal noise in the Single Spot Weld data as compared to all other data presented above.
Lastly, the variation in the magnitude of the crack growth rate implies a difference in the

86

SAFE-RPT-16-045

applied ∆K whereby the crack growth rate is approximately proportional to ∆K3. Spot weld size
has no effect on removing the decreasing FCGR with increasing crack length behavior.

Figure 65. Effect of spot weld location.
Specimen Preparation
The eighth hypothesis for the decreasing FCGR with a constant ∆K was the specimen thickness
and how the flat portions of the specimen were machined. The two “Ground” data sets in Figure
66 had the specimen flats (width dimension) ground with a grinding machine in the CAStLE lab.
“New” refers to a sample made from the new SIPS plate mentioned above, but with ground flats.
All other specimens had the flats machined with a digital mill or CNC. The New Ground Flats
sample has a relatively constant FCGR from a/W = 0.15 to 0.3, but the decreasing behavior is
again present for a/W ≥ 0.3. The Thin Sample had a specimen thickness of 2.5 mm instead of
3.2 mm as shown in Figure 51. The thinner sample is the standard thickness used at UVa. The
Ground and Thin results are quite different in terms of magnitude of FCGR which implies a
difference in the applied ∆K whereby the crack growth rate is approximately proportional to ∆K3.
Grinding and using a thinner sample have no effect on removing the decreasing FCGR with
increasing crack length behavior.

87

SAFE-RPT-16-045

Figure 66. Effect of specimen preparation.
Size of Pin
The ninth hypothesis for the decreasing FCGR with a constant ∆K was the diameter of the pin
used i99n the clevis for which the specimen is attached. The baseline data uses a large pin,
diameter of 0.50 in, and the Small Pin has a diameter of 0.40 in. The small pin data, Figure 67,
does have a smaller negative slope than the baseline data; however, the decreasing FCGR with
increasing crack length remains. In addition, the variation in the magnitude of the crack growth
rate implies a difference in the applied ∆K whereby the crack growth rate is approximately
proportional to ∆K3. Pin size has no effect on removing the decreasing FCGR with increasing
crack length behavior.
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Figure 67. Effect of pin size.
Crack Closure
The tenth hypothesis for the decreasing fatigue crack growth rate with a constant ∆K was the
effect of crack closure; thus, tests were run at a stress ratio, R, of 0.1 and 0.8. As can be seen
in Figure 68, using a low or high stress ratio does not change the trend. Crack closure has no
effect on removing the decreasing FCGR with increasing crack length behavior.
After thoroughly investigating the above, the issue remains unresolved; using the specimen
shown in Figure 51 and FTA Fatigue Crack Growth Direct Current Potential Drop (DCPD)
testing system results in a decreasing crack growth rate for increasing crack length with a
constant ∆K.
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Figure 68. Effect of crack closure.
Clamped SENT
A series of samples were tested using a clamped SENT sample rather than a pinned
connection. The goal of this test set-up was to determine if a constant ∆K test could be run at
all with the FTA software. The results of the test appear below in Figure 69. How the specimen
was gripped in the test frame was not fully investigated in the previous test campaign and is the
focus of this experimental investigation. A series of FCGR tests were run using 4 by 50 by 200
mm AA7075-T6 sheet specimens with clamped end conditions. The clamping was provided by
MTS Corporation 647.10 hydraulic grips with flat diamond tipped wedges with a clamping
pressure (perpendicular to specimen width) of 2,000 psi. Recall, the previous tests, discussed,
had free rotation at the specimen ends; one rotational degree of freedom for the original
pin/clevis design and three rotational degrees of freedom with the spherical bearing
configuration. For these tests the samples had a notch of 1 mm placed into the sample. The
sample was then precracked to a length of 3 mm at a constant ∆K of 6MPa√m with a R of 0.1.
The crack growth rate test was completed at a constant ∆K of 6 MPa√m with a R of 0.65 at a
frequency of 20Hz. The results of this test are shown in Figure 69. As can be seen the data
shows a slowing in crack growth rate as the test progresses.
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After much discussion with FTA, dynamic effects from the MTS hydraulic grips at a test
frequency of 20 Hz was hypothesized to be causing the decreasing fatigue crack growth rate
with increasing a/W. Specifically, the inertial force of the grips is counteracting the applied
tensile load thereby resulting in an overall lower load applied to the specimen than the target
load calculated by the FTA DCPD control software. A test was run using a K = 6 MPam, R =
0.65, and frequency of 1 Hz. Recall, all previous clamped tests used a frequency of 20 Hz. The
results of the 1 Hz test are in Figure 70. In Figure 69 and Figure 70 the raw data coming from
FTA is plotted (_uc label), the data is then corrected by linear adjustment of the data using the
final notch and crack length as measured on the opened fatigue surface. The data can be
corrected for simply the notch (_ci), final crack length (_cf) or a combination of both (_cif). All
other data shown unless noted is the corrected data using the notch and final crack length
measurement. The notch and crack length are measured at five locations along the notch/crack
front and the average used.
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Figure 69. Effect of grip connection
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Figure 70. Clamped SENT test with a 1 Hz test frequency.
Constant Stress Testing (K-increasing)
Before any testing with the low concentrations of inhibitors could begin baseline data was
produced in laboratory air and 0.06M NaCl to ensure there was acceptable comparison data for
the inhibitor work. Figure 71 shows the baseline testing completed in laboratory air at
frequencies of 0.02, 0.2, 2, 5 and 10 Hz. A comparison was also made to a test completed in
the Center for Aircraft Structural Life Extension (CAStLE) at the United States Air Force
Academy to verify any data completed at either laboratory was comparable, Figure 72.
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Figure 71. Effect of frequency is laboratory air for test completed at a constant σmax=150MPa,
R=0.65, f=0.02, 0.2, 2, 5, 10 Hz.
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Figure 72. Comparison between laboratories with a constant σmax=150MPa, R=0.65, f=1 Hz,
the test completed at a frequency of 0.02 Hz is also shown. Agreement between the
laboratories is acceptable.
Based on the leaching rates noted previously, testing was completed with 4.7mM SrCrO4,
maximum amount expected based on solubility, and 0.05mM SrCrO4, amount based on
expected leaching rates, using constant maximum stress, 150 MPa, testing at a frequency of
0.2 Hz with an R of 0.65 in 500 mL of 0.06 M NaCl. These combined results are shown in Figure
73 with the baseline results of pure 0.06M NaCl. Prior published work with lower concentrations
of inhibitors had shown that lower frequency tests are needed to see inhibition effects, as such
the test frequency of 0.2 Hz was selected4,5,2. Figure 74 shows a highlight of the effect of low
levels of strontium chromate, 0.5mM and 4.7mM, on fatigue crack growth rates as compared to
0.06M NaCl. For both concentrations of strontium chromate inhibition of the fatigue crack growth
rates is seen below a ∆K of 5 MPa√m.
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Figure 73. The effect of strontium chromate added to 0.06M NaCl in concentrations able to
leach from polymer coatings (0.5mM and 4.7mM SrCrO4) on fatigue crack growth rates for
samples tested at a constant σmax=150 MPa, R=0.65 and a f=0.02Hz.
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Figure 74. Effect of strontium chromate (0.5mM and 4.7mM) at a frequency of 0.2Hz, constant
σmax =150 MPa, R = 0.65 in 0.06M NaCl.
The effect of stress ratio on inhibition of fatigue crack growth was also investigated. The same
maximum stress of 150 MPa was used, with an R of 0.02. The stress ratio was selected such
that crack was sometimes closed. The precracking protocol used was a K-shed from a Kmax of
6.666 MPa√m to Kmax of 2.0 MPa√m with an R=0.1. For this testing the original plan was to
complete all testing at a frequency of 0.02 Hz as the largest effect of chromate had been noted
at that frequency. Three tests were placed into the combined 0.5mM strontium chromate 0.06M
sodium chloride solution and precracking started. Two of the tests failed to register any crack
growth after 4 weeks of testing, at with point the DCPD leads wires failed, the third test failed in
the threaded grip region after over 1,000,000 cycles with no crack growth noted. For the final
successful test the sample was precracked in air and the inhibited solution added after the
sample was precracked, the test was completed at a frequency of 1 Hz. Figure 75 shows the
results of this test as compared to testing completed in 0.06M NaCl at an R of 0.65 and 0.02,
frequency of 0.02. The comparison between the baseline 0.06M NaCl tests with different stress
ratios does not show any signs of crack closure, only the effect of mean stress. When the
0.5mM SrCrO4 is added, inhibition is observed to a ∆K of approximately 9 MPa√m.
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Figure 75. Inhibition effect of 0.5mM SrCrO4 added to 0.06M NaCl on fatigue crack growth
rates at a σmax=150MPa, R=0.02 and 0.65. Baseline testing was completed at a frequency of
0.02Hz but due to crack arrest the testing with inhibitor was completed at 1 Hz. Even with the
higher testing frequency the inhibitor shows effect up at a ∆K of 9 MPa√m.
Similar constant load fatigue testing was completed for 0.05mM calcium molybdate, the
maximum amount expected based on solubility at a frequency of 0.2 Hz and an R of 0.65. The
results of these tests are shown in Figure 76. The inhibitive effects of calcium molybdate are
only noted below a ∆K of 3 MPa√m and only for one test.
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Figure 76. Effect of calcium molybdate at a frequency of 0.2Hz, constant σmax of 150 MPa, R
of 0.65 in 0.06M NaCl.
Atmospheric testing was completed using a sodium chloride (NaCl) loading of 400 μg/cm2, this
loading amount is accelerated compared to general atmospheric chloride conditions20. The
relative humidity was held at 85% for the test meaning the chloride concentration was
approximately 4 M 21. Post testing the sample was observed in the SEM to evaluate the salt
distribution, Figure 77, energy dispersive spectroscopy analysis was also completed on the
sample, Figure 78. Figure 79 shows the crack growth rate results for the atmospheric test
condition. The crack growth rate is faster than the full immersion and laboratory air below a ∆K
of 8 MPa√m, this result is thought to be due to the high chloride concentration, however
hydrogen effects due to the thin electrolyte layer are also thought to contribute.21,22,23,24
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Figure 77. SEM image of the sodium chloride distribution on the surface of the SEN sample
tested under atmospheric conditions.

Figure 78. Energy dispersive spectroscopy analysis on the sodium chloride distribution on the
Al-Zn-Mg-Cu SEN sample tested under atmospheric conditions.
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Figure 79. Atmospheric test results tested at 2 Hz, under 85% relative humidity with
400μg/cm2 NaCl applied to the surface compared to laboratory air tests completed at 1 Hz
and full immersion 0.06M NaCl at 1 Hz. The samples were tested under a maximum stress of
150 MPa, R of 0.65.
Bacteria Testing Results
The results from the stress life fatigue testing showed that the presence of the bacteria during
the tests completed with an R=0.1 saw approximately 5-fold increase in fatigue life, Figure 80.
The samples tested with an R=0.65 saw a 6-fold increase in fatigue life. Figure 81 shows the
comparison of high and low amounts of R. pickettii when added to a 0.6 M NaCl solution to a
known corrosion fatigue inhibitor chromate (Na2CrO4) at f = 1 Hz at a ∆K of 6 MPa√m 2. The
addition of 0.03 M of chromate lowers the fatigue crack growth rate for frequencies just below 1
Hz; when 0.5 M chromate is added, the inhibition occurs over the entire frequency range (0.1-70
Hz)2 . The amount of bacteria was quantified visually, based on the amount of “fuzz” seen. For
crack lengths of 2-4 mm both the high and low bacteria concentrations slow the crack growth
rates to near that of high amounts of inhibiting pigments and better than the lower levels of
chromate.2 At higher ∆K levels (12 MPa√m) the inhibition provided by the bacteria is better or
equal to the higher levels of added chromate, shown in Figure 82.2
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Figure 80. Stress-life testing of R. pickettii compared to clean samples in 0.06M NaCl. The
bacteria growth occurred randomly during testing, accounting for the fatigue tests completed
without bacterial growth.
R. pickettii consistently shows inhibition on the order of known corrosion inhibitors as shown in
Figure 81 and Figure 81.(5) The reason for this inhibition is currently unclear however there
were three theories considered: (1) R. pickettii is sequestering metal (copper) into its cell wall
which is stabilizing the passive film at the crack tip, 25, 26 (2) the bacteria creating an environment
which promotes oxide formation protecting the crack tip, (3) the polymeric biofilm the bacteria
produces allows for protection of the crack through an inhibitive species or coating.27 R. pickettii
has been shown to uptake certain metals into its cell wall to protect itself from hazardous
environments.25,26 Based on aluminum corrosion fatigue inhibition research and R. pickettii
metal uptake literature, copper and silicon were loaded into R2A agar and R. pickettii colonies
grown on the agar were analyzed by scanning electron microscopy and electron dispersive
spectroscopy (EDS).25,26 The results did not show evidence of metal uptake. The ability of
bacteria to help repair the oxide layer is supported by the literature and could possibly be
occurring in this case 28. When the aluminum samples with bacterial growth were analyzed
using EDS, the areas with biofilm have large amounts of oxygen present, suggesting a heavy
oxide layer.
During the corrosion fatigue testing it has been shown that R. pickettii can desalinate the
sodium chloride test solution. The salinity is expected to drop by approximately half in 48 hours
when the bacteria is present. For aluminum alloys the presence of chloride can be detrimental
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to corrosion fatigue but is not a primary driving force as the presence of water vapor is sufficient
to raise crack growth rates over that of dry air or inert environments29. This suggests that the
desalination of the test solution is not the primary cause of the corrosion fatigue inhibition.
Fatigue testing was also completed using 0.03 M NaCl solution without bacteria, and no
reduction in the crack growth rate was noted as compared to 0.6M and 0.06 M NaCl solutions.

Figure 81. Comparison of the effect of R. pickettii on fatigue crack growth rates on AA7075T651 to a known corrosion fatigue inhibitor chromate at ∆K=6 MPa√m; R=0.1, f=1 Hz in 0.6 M
NaCl2.
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Figure 82. Comparison of the effect of R. pickettii on fatigue crack growth rates on AA7075T651 to a known corrosion fatigue inhibitor chromate at ∆K=12 MPa√m; R=0.1, f=1 Hz in 0.6 M
NaCl 2
Work was completed to analyze the structure of the biofilm. The early research has looked at how
the biofilm develops under varying conditions in an effort to understand why the biofilm sometimes
appears to be produced faster and thicker than at other times (14). Figure 83 shows the
development of the R. pickettii biofilm using a live/dead stain with confocal microscopy under
varying temperatures, pH, and salinities and with various alloys. The amount of growth and living
bacteria is rated from no growth/living (-) to heavy biofilm/all living (++++). It appears that a neutral
to slightly basic pH (7-8) allows for string-like bacteria formations (5a). Higher temperatures (30
and 37 °C) (5b) and low salt content (0.06 to 0.6 M NaCl) (5c), or neutral to slightly basic pH (78) cause thick biofilm formation. Formation on 4130 steel is scattered but not stringy (5d).
Interestingly these are conditions very close to what exist in the corrosion fatigue test cell.
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(a) AA2024: pH 7; 23C: Broth

10 µm

(b) AA2024: 37C: pH 7: Broth

10 µm

(c) AA2024: 0.6M NaCl: pH 7

10 µm

(d) 4130: 30C: pH 7: Broth

10 µm

48 Hr Biofilm Development

24 Hr Biofilm Development

Figure 83. Development of a R. pickettii biofilm under varying conditions; pictures and charts
(14). The amount of growth and living bacteria is rated from no growth/living (-) to heavy
biofilm/all living (++++).
At the same time, some work has suggested that R. pickettii is difficult to identify when sampled
from the wild. Sampling of the CAStLE laboratory area, as well as intentionally inoculated tests,
have consistently not been identified as R. pickettii when analyzed using the VITEK II system.
This system completes a series of tests to determine what reactions a bacterium is capable of
completing and based on the results identifies the bacteria. R. pickettii and S. paucimobilis
share many of these reactions leading to questions about mistaken identity.
Based on the questions of which bacteria was present, testing was completed using
S. paucimobilis added to solution, Figure 84. For the test completed at a maximum stress of 55
MPa the presence of the bacteria did greatly increase the fatigue life. The test was stopped at
1,000,000 cycles without noted crack growth. For the 94 MPa and 125 MPa test the presence
of the bacteria did not increase the fatigue life. The 55 MPa test takes about 12 hours to
complete in pure 0.06 M NaCl, while the 94 MPa (3 hours) and 125 MPa (2 hours) tests are
substantially shorter suggesting that the bacteria may not have time to slow the mechanical
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damage. It should be noted that there has been no research to date into the ability of
S. paucimobilis to desalinate the test solution.

Bacteria

Bacteria

Bacteria

Figure 84. Stress-life testing of S. paucimobilius compared to clean tests. Arrow denotes test
did not fail after 1,000,000 cycles.
Figure 85-Figure 90 shows the effect of environmental variations on the growth of the ATCC
purchased R. pickettii. The optical density (OD) for the R. pickettii shows that the presence of
free metals other than nickel in the broth increased the growth from an OD of 0.4,
Figure 90, to 1.2 (Fe), 0.76 (Cu) and 1 (Mn) on AA2024, Figure 86. Figure 91 shows the SEM
images of the growth of R. pickettii on the various metal samples. The pH of 8 sample on AA2024
showed the presence of fibrils coming from the bacteria to the AA2024 sample. It is unclear the
purpose of the fibrils, but there is no current literature detailing to presence of fibrils from R.
pickettii.
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Figure 85. Optical Density (OD) measurement of ATCC R. pickettii after 48 hours in
broth on AA2024 with Fe, Ni, Cu and Mn added in suspension.

Figure 86. Optical Density (OD) measurement of ATCC R. pickettii after 48 hours in
broth with Fe, Ni, Cu and Mn added in suspension.
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Figure 87. Optical Density (OD) measurement of ATCC R. pickettii after 24 hours in broth at
temperatures of 10, 30 and 37 ̊C.

Figure 88. Optical Density (OD) measurement of ATCC R. pickettii after 24 hours in broth on
AA2024 at pH values of 6, 7 and 8.
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Figure 89. Optical Density (OD) measurement of ATCC R. pickettii after 24 hours in broth on
AA2024 at different salinity levels (0.6M, 0.06M, 0.03M and pure broth).

Figure 90. Optical Density (OD) measurement of ATCC R. pickettii after 24 hours in broth on
AA2024, AA7075 and 4130 steel.
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AA7075 Broth with R. pickettii

4130 Broth with R. pickettii

Fibrils

AA2024 Broth with R. pickettii

AA2024 Broth-pH 8 R. pickettii

Figure 91. SEM images of the R. pickettii on various metals. The presence of fibrils
going to the surface of the AA2024 was noted on the pH of 8 samples.
Due to the inconsistent results with the bacteria as far as showing inhibition or not a final round
of corrosion fatigue testing was undertaken with purchased ATCC S. paucimobilus and R.
pickettii bacteria added to 0.06M NaCl solution. As noted previously the samples were
precracked in air prior to being placed into solution with the bacteria. The fatigue tests were
completed at a maximum stress of 55 MPa, 94 MPa and 125 MPa. The results for each stress
level are shown below in Figure 92. It should be noted that none of the tests appear to show
inhibition other than a mild reduction in crack growth rate for S. paucimobilius for the 55 MPa
tests.
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Figure 92. Crack growth rate testing for R.pickettii and S. paucimobilus in 0.06M NaCl
compared to pure 0.06M NaCl. Testing was completed at three σmax values, 55 MPa, 94 MPa
and 125 MPa, with an R of 0.1 at a frequency of 1 Hz.
Discussion
Constant ∆K Testing
Based on the results presented above it is clear that there is an issue with the pinned-pinned
SENT sample and the ability to properly shed the load to hold to stress intensity constant during
a fatigue test. Finite element modeling was completed to investigate the effect of the length
between the two pinned connections (L) and the small width of the sample. Modeling of the
stress intensity solution confirmed that the issue being seen during testing relates to the large
L/W. The ability to make a correction to the K-solution for the pinned SENT sample was
evaluated; however, the applied load is nonlinearly related to the K-solution as a function of the
L/W ratio. The nonlinear K’s can be calculated; however, implementing the nonlinear K’s in the
FTA fatigue testing software was not in the scope of this program. For future programs, it should
be noted that large L/W SENT samples cannot be used for constant ∆K testing. K-solution
investigations for the SENT sample are detailed in Appendix B. Figure 93 shows the error in the
beta for the linear compared to the non-linear K-solution for the pinned-pinned SENT sample.
As can be seen the beta under predicts as the a/W increases, which is in line with the observed
trend.
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Figure 93. The error accumulation is shown for the linear versus non-linear K-solution betas
for the pinned-pinned SENT sample. As can be noted from the figure on the right the beta
under predicts as the a/W matching the observed results during testing.
Based on the multiple points of investigation related to the pinned-pinned SENT sample and the
ability of the clamped SENT run it became clear there was an issue with the K-solution with
respect to the ability to properly shed the load to maintain a constant ∆K. This result has
implications for some previously published work related to inhibitors as the SENT sample was
used for testing the effect of sodium molybdate on corrosion fatigue crack growth rates3,4,5. For
these prior tests a single sample was used for testing at multiple frequencies or
concentrations3,4,5. The idea was that trends could be used to verify that all tests were being run
correctly, in these cases the slowly decreasing crack growth rate would not have been noticed
over the course of the test because a 0.5mm crack would be grown in the initial low level
inhibitor solution, then more inhibitor added for the next data point and the crack grown for
another 0.5mm. This trend is noted in Figure 94.
The decreasing crack growth rate would be captured with any inhibition effects. This makes
using a constant ∆K test with the large L/W SENT unacceptable for testing the effect of
inhibitors on corrosion fatigue, and calls into question the use of the sample for this type of
testing. Note, there are some sets of published data with the SENT using constant ∆K testing
that does not appear to have the slowing fatigue crack growth rates.14 As exact dimensions of
the L/W are not available for these cases the assumption can be made that these samples may
fall within a range of the L/W ratio or a/W where the error propagation is not sufficient to make
the test invalid, but the results of this larger test program suggests that future researchers
should be cautious when completing constant ∆K tests.
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Ralstonia pickettii-Wild

Sharp Notch-Course Thread

Ralstonia pickettii-ATCC

UVa 0.6M Na2MoO4 30Hz

UVa 0.6M Na2MoO4 20Hz

UVa 0.6M Na2MoO4 15Hz

UVa 0.6M Na2MoO4 10Hz

UVa 0.6M Na2MoO4 7.5Hz

UVa 0.6M Na2MoO4 5Hz

UVa 0.6M Na2MoO4 2.5Hz

Ralstonia pickettii 2

Figure 94. The effect of sodium molybdate (0.6M) over various frequencies compared to
baseline constant ∆K test showing the slowing of the fatigue crack growth rate. The effect of
the bacteria Ralstonia pickettii (Rp) is also shown.
Effect of Inhibitors on Fatigue Crack Growth in Environment
Several studies have been completed on the effect of chromate as a general corrosion inhibitor
and even on the effect of crack growth rate, however few researchers have examined the effect
of chromate in levels based on leaching rates from coatings2,6,7,8,9. While there is variation in the
data presented on chromate leaching rates, it was found that the amounts were bound by the
solubility limit of strontium chromate and the volume of the liquid present. Based on these
results the upper and lower bounds for testing were selected to be 4.7mM and 0.05mM
respectively.
Using inhibitor leaching estimations from chromate containing coatings, it was shown that
strontium chromate added to a sodium chloride solution was able to slow fatigue crack growth,
Figure 73- Figure 75. Concentrations of strontium chromate (4.7 mM and 0.5mM) based on
leaching rates from polymer coatings have been shown to slow fatigue growth rates below a ∆K
of 5 MPa√m in 0.06M NaCl full immersion under a constant σmax of 150, stress ratio of 0.65 and
a frequency of 0.2Hz, Figure 73 and Figure 74. For the stress ratio of 0.02 the effect of low
levels of chromate is even more pronounced, having an effect to a ∆K of almost 10 MPa√m,
Figure 75. This result is particularly critical as the DoD plans to remove chromate from corrosion
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protection systems1. The result showing that there is an effect of fatigue crack growth rates in
the lower ∆K region could mean that the chromate effect is present in most damage tolerant
models. Damage tolerant models use teardown and other damage data to estimate crack
growth rates to set inspection intervals. The damage noted on aircraft likely below a ∆K of 12
MPa√m, meaning that a large portion of the crack life is spent in a ∆K range were chromate is
effective at slowing fatigue crack growth. This means that if chromate is removed from the
corrosion protection systems, the required damage inspection interval could be underestimated.
Several of the sample that had chromate added were examined in the SEM and with EDS to
determine the chromate levels on the surface of the samples as it compares to the pure 0.06M
NaCl test, Figure 95. It was found that there is a gradient across the fracture surface for the
samples exposed to SrCrO4 which may explain the breakdown in inhibition as the crack length
increases. Interestingly the 0.05mM SrCrO4 test completed at a stress ratio of 0.02 has more
chromate at the back of the crack than the 4.7mM test at a R=0.65, likely explaining the higher
∆K inhibition. From the macro-surface photographs it can be seen that low levels of chromate
also protected against general surface corrosion.
The corrosion inhibiting pigment calcium molybdate was able to inhibit fatigue crack growth
rates below a ∆K of 2.5 MPa√m at a R of 0.65 and a frequency of 0.2 Hz. This result suggests
that while there is some inhibition from a possible chromate replacement coating, the effect on
fatigue crack growth rate cannot be inferred from high solubility salts with the same anion.
Prior researchers have found that using a higher stress ratio, 0.65 rather than 0.1, allowed for
better inhibition of the fatigue crack3. The reason for the improved performance of molybdate at
higher stress ratios was theorized to be related to complex crack chemistry changes due to
crack mouth opening displacement (CMOD) allowing for more solution with molybdate to be
available in each cycle with a higher stress ratio30,31,32. This theory ignored ignoring ion
migration and assumed perfect convective mixing. The theory suggests that the lack of
turbulent flow with the smaller crack opening brings more solution to the crack tip.31 It has also
been noted that the lower the stress ratio mass transport to the crack tip is dominated by
convective or turbulent mixing based on the R level30,32. When this type of mixing occurs, the
crack tip solution is likely more similar to the bulk solution rather than the acidified crack tip that
is traditionally expected for aluminum alloys33,34,35. For molybdate inhibition it was theorized that
when diffusion and ion migration dominate over mixing at the high R case the molydate
concentration in the crack tip is able to exceed the bulk solution and provide protection to the
crack tip 32, 3. Testing was completed at the stress ratio of 0.65 with strontium chromate and
inhibition was noted, however when the stress ratio was lowered to 0.02, allowing for the crack
to be always open, an increase in the ability of strontium chromate to inhibit the fatigue crack
growth was noted. This result suggests that chromate is a more effective against chloride in
lower concentrations and does not rely on the change from convective mixing to diffusion and
ion migration to allow for inhibition at the lower R 32,33,34,35. However, from the theory put forward
that the molybdate concentration in the crack tip increases with higher R it would be expected
that chromate would perform better at the high R as well due to increased concentration.
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SrCrO4=0.05mM, R=0.02, f=1 Hz

SrCrO4=4.7mM, R=0.65, f=0.2 Hz

0.06M NaCl, R=0.65, f=0.2 Hz

Chromium Concentration by
Location

Chromium Concentration by
Location

Chromium Concentration by
Location

1: 0.9 wt %

1: 1.15 wt %

1: 0.14 wt%

2: 0.7 wt %

2: 0.79 wt %

2:0.18 wt %

3: 0.4 wt %

3: 0.26 wt %

3: 0.14 wt %

Figure 95. Macro surface pictures and SEM micrographs of the 0.05 mM SrCrO4 test
compelted at a R=0.02, f=1 Hz, 4.7mM SrCrO4 test completed at a R=0.65, f=0.2 Hz, 0.06M
NaCl test completed at an R=0.65, f=0.2 Hz. The chromium content is listed by location of
measurement.
The prior result of molybdate performing better at the R of 0.65 in the acidified solution seems
contradictory to the known effect of molybdate polymerizing in acid environments into a noninhibiting species.36 These contradictory results with respect to prior published molybdate
inhibition data continue to raise the question about the effect of the non-linear behavior of the
SENT sample and what effect that has on the inhibiting results previously shown for molybdate.
The baseline comparison of the R of 0.02 and 0.65 in 0.06M NaCl shows the mean stress effect
of the change because of the change in R, however the addition of strontium chromate to the R
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of 0.02 test produces a change in slope of the crack growth rate curve showing a greater level
of inhibition. It should also be noted that the R of 0.02 test was completed at a frequency of 1
Hz rather than 0.2 Hz, prior work has shown that lowering the test frequency allows a better
inhibitive effects2,3,4,6,5.This would suggest that at an frequency of 0.2 Hz the inhibition level
would be even larger and possibly to a higher ∆K value.
Under the same conditions calcium molybdate showed inhibition below a ∆K of 2.5 MPa√m.
Prior research showed that sodium molybdate was able to inhibit fatigue crack growth rates in
sodium chloride to levels similar to that of sodium chromate at low frequency levels2,3 The
results using a corrosion fatigue inhibiting pigment (calcium molybdate) shows that the results
from high solubility salts cannot be directly applied to low solubility inhibitors found in coatings.
This starts to build on a larger understanding of how corrosion fatigue testing needs to be
relevant to the coating system and structural arrangement to ensure the results are applicable to
what is possible in service conditions.
Bacteria Inhibition
As the effect of bacteria on corrosion fatigue has proven to be difficult to verify based on the
results of Figure 80 - Figure 84 and Figure 92. In an effort to better isolate if the bacteria was
always present when the white film was present SEM work was completed to understand what
is present in the white film. The majority of evaluations for this case were completed on
samples that grew white film but had been tested in a laboratory that had not been exposed to
the bacteria. Figure 96 shows an example of one of these samples in solution. To complete the
evaluation the white film was removed by sonicating the sample in ethanol until the white
substance fell off the sample, then the substance was drained through a filter and coated with
palladium for examination in the SEM along with the sample with any remaining film. High
resolution electron dispersive spectroscopy (EDS) was completed on the white film as well. The
results from the SEM analysis are shown in Figure 97. As can be seen the white film is
crystalline in shape and is a mix of aluminum oxide and sodium chloride.
Another sample was evaluated and three types of structures were observed, nano-sponge like
regions with thin wires, flakey regions and hard particle crystalline regions, Figure 98 details
these structures. EDS was completed on these structures as well, Figure 99, Figure 100 and
Figure 101 show the structures are sodium chloride with some aluminum oxide.
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Figure 96. Example of a sample with white film present that was examined with the
SEM.
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Figure 97. Shows the SEM and EDX analysis completed on a sample with white film that was
not intentionally exposed to bacteria. As can be seen the white substance was a combination of
aluminum oxide and sodium chloride.

118

SAFE-RPT-16-045

Crystalline Nano-Sponge

Flakes

Hard Particles

Figure 98. Structures present in SEM analysis of white film from corrosion fatigue samples.

Figure 99. The EDS analysis of the nano crystalline sponge with wire structure. The chemical
make-up is sodium chloride (NaCl).
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Figure 100. The EDS analysis of the flakey regions. The chemical make-up is sodium
chloride (NaCl).

Figure 101. The EDS analysis of the hard particle crystalline regions. The chemical make-up
is sodium chloride (NaCl) with aluminum oxide.
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Next a SEM evaluation was completed on some samples that had been sterilized or cleaned
using a variety of methods yet had grown white film. Three samples were selected one that had
very localize white growth, a sample with fairly even white fuzz and a sample with limited white
growth. The sample with the heavy localized growth was an AA7075 sample inoculated with a
wild strain of Ralstonia that had been sterilized with dry heat by baking at 350F before being
placed into 0.06M NaCl, Figure 102. Figure 103 and Figure 104 show the SEM and EDS
analysis for this sample showing the sodium chloride and aluminum oxide structure which is
very crystalline in nature. The sample with full growth was an AA7075 sample that had been
inoculated with a wild strain of Ralstonia pickettii then plasma cleaned then placed into 0.06M
NaCl before being taken off USAFA and stored, Figure 105. Figure 106 and Figure 107 are the
SEM and EDS analysis of this sample, note the garden like structure of the growth. The growth
is confirmed to be aluminum oxide and sodium chloride with EDS. The final sample without
much while film on the sample but with white particulate in the solution was an AA6061 that was
inoculated with a wild strain of Ralstonia and autoclaved prior to being placed into 0.06M NaCl,
Figure 108. Figure 109 and Figure 110 are the SEM and EDS analysis for this sample, again
the growth is noted to be crystalline and a mix of aluminum oxide and sodium chloride. These
results mean that the presence of the “fuzz” does not mean the bacteria is there, rather all of the
various surface treatments appear to cause changes in the aluminum oxide and sodium chloride
structure. Pumping of the solution during full immersion testing was employed and the issue of
the white films appeared to resolve itself.

Figure 102. AA7075 sample, sterilized with dry heat with heavy white growth on one side.
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Figure 103. SEM analysis of are of heavy white growth, note the crystalline structure.

Figure 104. EDS analysis of white fuzzy region on sample with locatized growth. Analysis
confirms it is sodium chloride with aluminum oxide.
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Figure 105. AA7075 sample with an even layer of white film. Sample was innoculated with a
wild strain of Ralstonia pickettii followed by plasma cleaning prior to being placed into
solution, the sample was stored away from USAFA.

Figure 106. SEM analysis of are of generalized white growth, note the crystalline structure.
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Figure 107. EDS analysis of white fuzzy region on sample with localized growth. Analysis
confirms it is sodium chloride with aluminum oxide.

Figure 108. AA6061 sample that was inoculated with a wild strain of Ralstonia pickettii
followed by an autoclave cycle prior to being placed into 0.06M NaCl, the sample was
cleaned with white particulate in solution.
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Figure 109. SEM analysis of are of limited white growth and dark spots, note the crystalline
structure.

Figure 110. EDS analysis of white fuzzy region on sample with localized growth. Analysis
confirms it is sodium chloride with aluminum oxide.
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The effect of the bacteria on crack growth rate remains somewhat elusive, it is obvious from the
work completed on the ATCC R. pickettiii that the bacteria reacts to the presence of metal either
in solution or as a substrate. The biofilm structures formed by the bacteria in the broth with the
presence of both steel 4130 and the aluminum alloys 7075 and 2024 is an undocumented
phenomenon and unexplained, however when completing crack growth rate testing the R.
pickettii did not show any inhibition at any of the stress levels, Figure 92. Sphingomonas
paucimobilus appears to show a low level of inhibition of crack growth rates at the lowest
maximum stress level, 55 MPa, interestingly the Ralstonia appears to be increasing the crack
growth rate which has not been noted previously. It should be noted that none of the bacteria
tested from ATCC produced the mass of biofilm like the original samples, rather growth was
somewhat limited, however the samples appear to show less pitting on the surface, noted in
Figure 111. The samples that were tested for crack growth rate curves, Figure 92, with ATCC
Ralstonia pickettii and Sphingomonas paucimoblius, were also examined with the SEM and
EDS even though limited or no inhibition of crack growth rates was noted.

Clean 0.06M NaCl

Ralstonia pickettii

Sphingomonas
paucimoblius

Figure 111. Surface comparison for samples exposed to Ralstonia pickettii, Sphingomonas
paucimobilus, and 0.06M NaCl, all samples are the σmax=55 MPa case.
As the original bacteria (wild Ralstonia pickettii) was lost and the growth issue in the CAStLE
laboratory appeared to end it may never be known exactly what was causing the effect first
noted. Several areas appear to be like the crystalline structure previously discussed, however
some areas that looked very different from anything noted before were also seen. Those areas
are shown in Figure 113.
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Figure 112. Crystalline sodium chloride and aluminum oxide structure on sample innoculated
with Ralstonia pickettii and tested at σmax=55 MPa, R=0.1, f-Hz in 0.06 M NaCl.

Bacteria

Figure 113. SEM images of the unusal morphology on the surface of the sample innoculated
with 3McFarland Ralstonia pickettii and tested at σmax=55 MPa, R=0.1, f-Hz in 0.06 M NaCl. The
bacteria were found in the bubble-like pattern on the sample flat.
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EDS was completed on the areas that appeared more biological in nature, as can be seen in
Figure 114. It can be clearly seen that the unusual morphology falls directly on the area of high
magnesium and copper meaning there is an intermetallic particle present. The carbon content is
also high in the area of the intermetallic particle, while there is a small level of carbon in the
AA7075, it would be evenly dispersed throughout the surface. This higher level of carbon
confirms that the growth on the surface in organic in nature, likely being the bacteria.
A sample inoculated with Sphingomonaus paucimobilius was also examined with the SEM and
EDS. In this case the 55 MPa sample was selected in the case as well. This sample was
interesting in that it had some features on the surface that were originally those to be the
bacteria were oxides, Figure 115 shows an example. Eventually areas of bacteria colonies were
also noted on the surface,
Figure 116. EDS was completed on this colony as well, Figure 117, again the carbon content is
high, denoting something organic, where the iron and copper is high denoting the presence of
an intermetallic particle.
While the corrosion fatigue studies are inconclusive on the ability of the bacteria to slow fatigue
crack growth rates, there are results that show inhibition (Figure 80, Figure 81 and Figure 84)
and results that do not, Figure 92. Likewise, there are SEM results of inoculated and cleaned
samples with fuzz growing that when examined are simply covered with oxide layers or sodium
chloride salts. So, this means that the presence of the fuzz does not indicate the presence of
bacteria. At the same time the SEM evaluation on samples that were inoculated with both
Ralstonia pickettii and Sphingomonas paucimobilus and the bacteria left to grow showed
bacteria colonization on intermetallic particles on the surface of the samples, Figure
113 - Figure 117. This result is also in agreement with the increased growth observed by Cadet
Collins when she added free iron and copper to broth with Ralstonia pickettii, Figure 85 and
Figure 86. This result also is interesting because cathodic corrosion inhibitors for aluminum
alloys work by covering or passivating the intermetallic particles that cause pits to form. 2,3,6,7,9,36
The ability of the bacteria to slow this microgalvanic process by covering the more active site
may slow general corrosion for the sample. Figure 115 shows a macro photo of the sample
surface showing the samples with bacteria are less corroded supporting this theory. If the
bacteria can affect corrosion combined with mechanical damage is still unclear but it does
appear to have some positive effect on general surface corrosion.
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Figure 114. EDS of the biological morphology areas, as can be noted the oxygen and aluminum
content is low, the magnesium and copper is high pointing to an intermetallic particle (possibly
Al7Cu2Fe), the carbon content is also concentrated in this area.
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Figure 115. Feature that was thought to be bacteria and was found to be oxide on the 55 MPa
Sphingomonas paucimobilus sample tested in 0.06M NaCl.

Figure 116. Bacteria colony, Sphingomonas paucimobilus, on surface of AA7075 after fatigue
testing at a σmax=55 MPa, R=0.1, f-Hz in 0.06 M NaCl.
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Figure 117. EDS of area of suspected bacterial growth on sample innoculated with
Sphingomonas paucimobilus, on surface of AA7075 after fatigue testing at a σmax=55 MPa,
R=0.1, f-Hz in 0.06 M NaCl. Note the carbon content is high where the iron and copper values
are high noting an intermetallic particle, possibly Al7Cu2Fe
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Economic Summary
Some of the economic benefit of this Task is that there was progression of a method for the
investigation of inhibitors in concentrations relevant to leaching rates, this method would save a
new researcher approximately $120,000 in development cost based on a senior engineer
developing the method over the course of a year.
Likewise, now a body of data exists for comparison with respect to the effect of chromate at
certain loading conditions, that body of work is a savings of approximately $180,000 based on a
senior engineering working for 18 months to produce the data.
The understanding of the limitation of the SENT sample with respect to constant ∆K testing
would be an investment of approximately $200,000 based on 21 months of development and
validation of the issues related to the testing protocol.
Implementation
The work produced in this program has led to further research into understanding the effect of
corrosion inhibitors on corrosion fatigue damage. Several other programs have received
funding based on the development work completed under this program. This includes a new
program, FA7000-15-2-0012, with the Office of Naval Research (ONR) to continue to expand
these methods into new possible chromate coating replacements including aluminum rich
primers. A second program for the Corrosion Policy and Oversight office was received to
develop a protocol for examining the combined effect of complex environment and mechanical
loading on corrosion fatigue inhibition, the current program provided much of the groundwork for
this follow-on program, FA7000-14-2-0013. A SBIR was also received to complete the complex
environmental mechanical chamber for complex environmental-mechanical testing, FA8650-14M-5069.
Conclusion
In conclusion, the goal of this task was to investigate the effect of chromate and chromate
replacement inhibitors on corrosion fatigue damage. It was found that both 0.05 mM and
4.7 mM strontium chromate was able to slow fatigue crack growth rates below a ∆K of 5 MPa√m
for a maximum stress of 150 MPa, stress ratio of 0.65 at a frequency of 0.2 Hz. When the
stress ratio was lowered to 0.02 the inhibition increased to a ∆K of 10 MPa√m. Calcium
molybdate was only able to inhibit crack growth rates below a ∆K of 2.5 MPa√m for a maximum
stress of 150 MPa, stress ratio of 0.65 at a frequency of 0.2 Hz. It was also found that a SENT
sample has limitations that make it a poor choice for constant ∆K testing. The effect of bacteria,
specifically Ralstonia pickettii and Sphingomonas paucimobilus on corrosion fatigue remains
unclear, there are conflicting results. There is some strong evidence that both types of bacteria
are attracted to the more intermetallic particles which form a microgalvanic couple with the base
aluminum forming pits, leading to the idea that the bacteria likely does have a positive effect on
general surface corrosion of 7xxx series aluminum alloys..
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Appendices A-Overview of Cadet Support
A goal of the Technical Corrosion Collaboration is to educate researchers and those that will be
making decisions for the DoD related to procurement or maintenance on the importance of
environmental damage as a risk to personnel and readiness. In an effort to make the risk of
corrosion real to future Air Force officers SAFE interacted with cadets through several student
projects. The body of cadet work is detailed below.
Capstone Cadet Support
Five cadet capstone projects were overseen during this course of this program. A total of 22
cadets were supported on these Capstone Projects. A review of each project follows.
Salt Printer Design and Development (Benjamin Hoff and Daniel Henning)
Two cadets worked to design and develop a printing method for depositing a salt solution onto
SENT samples for use with the atmospheric corrosion development program. The system
designed cost less than $5,000. The method uses a CNC platform for movement control with a
piezoelectric printing nozzle. While the design was programed for use with the SENT sample, it
can be programed to coat any sample design desired. The system design has been refined and
modified for use with other programs, but remains a useful tool in examining the effects of
corrosion on mechanical damage.
Environmental Control Chamber (Erin Endres and Karen Chinnery)
Two cadets worked to design and build a chamber for environmental control of ozone, relative
humidity and UV-light during environmental testing. The program focused on the chamber
design and materials selection to allow for a minimum of a year of use before parts would need
to be replaced. The system allows for visual monitoring of crack growth by the selection of a
glass cylinder for the main containment section. The end caps were made of Zyrtec a nylon
compound. The design has been continued and refined through a SBIR and on follow-on BAA
funding through OSD.
Control System for Environmental Chamber (Sarah Collins, Davis Gray, Andrew
Fuerst, Ian Anthony)
A four cadet team worked to develop a control system for the environmental inputs to integrate
with the chamber designed the year prior. The team put forward a design for control of ozone,
UV-light and relative humidity. The team implemented the relative humidity control only based
on time constraints. The method designed uses pumps to move controlled high or low relatively
humidity air into the chamber to control within 1% the target set-point. The method was
demonstrated with the chamber over a range of sample frequencies (0.2-20 Hz) for up to 2
weeks. The method used LabVIEW to allow for a programed sequence of high/low relative
humidly levels to be applied without user intervention other than programming the initial inputs.
The method was highly successful and has been the basis for other control chambers used on
other programs.
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Large-Scale Chamber for Environmental Testing (Alexander Hooks, Joseph
Wioncek, Matthew Villanueva, John Munro and John Labuhn)
A five member cadet team designed and built a chamber for environmental mechanical testing
of a 12 ft2 sample under complex environmental conditions, UV-light, temperature, ozone, salt
spray were all environmental inputs considered. The final chamber design involved stacking
layers to allow for adjustment of the chamber size based on sample size. A quartz window was
selected for UV-light input and visual monitoring of the sample. A prototype chamber was built
and is ready for validation testing.
Inaugural University Student Design and Applied Solutions Competition
(Johannes Weinberg, Austin Ellwein, Cecelia Tuma, Jessica Horn, Casey Keilbarth,
Nathaniel Trout)
A six member team (5 seniors and 1 sophomore) completed in the first University Student
Design and Applied Solutions Competition, in Houston, Texas. The competition required an
inspection system controlled from 15 feet away to enter and inspect a complex coated metallic
structure for corrosion damage, then exit within 45 minutes. The team was successful in
entering, exiting and inspecting the structure, and won first place in the competition. The final
solution used off the shelf products to provide a robust inspection platform.
Independent Study
A total of 24 independent study projects were supported for 13 cadets over the course of this
Program. The cadet projects all supported the examination of the effect of bacteria on corrosion
fatigue and decontamination of the engineering mechanics laboratory. The results of the work of
Benjamin Hoff, Daniel Henning, Timothy Reid, Ryan Young, Joseph Drake, Daniel Derby, Henry
Binzer, John Rosenberg, Mary Mcullers, Alexander Hooks, Robert (Dan) Barbera, Johannes
Weinberg and Sarah Collins was incorporated into the main body of this report.
Instrumentation
A total of 4 Instrumentation (EM 460) projects, 9 cadets, were supported under this program.
The projects were used to evaluate instrumentation requirements for the program. A list of the
projects appears below.
1.
2.
3.
4.

Effect of loading frequency of DCPD stabilization
Effect of R. pickettii on DCPD signal quality
Effect of sample location from 2 in thick plate of crack growth rates
Effect of DCPD on the test environment
Cadet Summer Research Program (CSRP)

A total of 5 cadets were trained for their CSRP project related to corrosion by SAFE personnel.
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Appendix B: Stress Intensity Factors of Various Size Single Edge-Cracked37
Motivation/Background
The use of single edge-cracked specimens subjected to tensile loading is commonly desired for
use in experimental testing due to its ease of use and minimal amount of material needed in
specimen fabrication. Furthermore, there is an additional benefit of having a single crack tip
where only the front to back symmetry is of concern. As such, the relationship between pertinent
geometric features (e.g. height-to-width (aspect) ratio, H/W), applied loading, and the stress
intensity factor, K, at the crack tip is essential.
The primary loading, or boundary condition (BC), investigated here is the Clamped-End
scenario. This BC precludes the rotation and lateral contraction of the specimen along the upper
and lower edges, which idealizes a uniaxial loading apparatus with friction grips, as shown in
Figure 118. This specimen and loading scenario is referred to as the Modified Single EdgeCrack specimen, MSE(T), as opposed to the SE(T) designation which is commonly used to refer
to a similarly designed specimen with uniform applied remote tensile stress and tested in a
Pinned-End load fixture. SE(T) solutions for the non-dimensional geometric correction factor,
(a/W), are readily available in the literature.38,39 The eccentrically-loaded single edge-crack
tension, ESE(T), is another commonly used experimental configuration.40 The MSE(T) prevents
rotation of the specimen, which precludes significant compression at the un-cracked edge and is
thus ideally suited for thin specimens.
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Figure 118. Schematic and geometric definitions for the MSE(T) specimen.
Method/Validation
An hp-version FEA program, StressCheck41, was used to generate the K solutions for a range of
non-dimensional crack lengths, a/W, of 0.01 to 0.975, and a range of plate aspect ratios, H/W,
from 0.8 to 10.0 for the MSE(T) specimen and an H/W = 20.0 for the SE(T) specimen. The finite
element mesh consisted of highly shape controlled tetrahedral elements of polynomial order 8,
though convergence was achieved to within ±0.1% in  with polynomial order of 6 or 7, for all
models. The numerical simulations were performed using a plane stress and linear-elastic
constitutive model with a Poisson ratio, , of 0.33. Geometrically non-linear considerations were
ignored; and are believed to have minimal impact on high-cycle fatigue crack growth rates. The
simulations’ degree-of-freedom, DOF, counts ranged from 78k to 274k. The K values are
automatically extracted from the program using the contour integral method (CIM)42,43, also
known as the J-integral. The K values and applied axial load levels are reported from the FEA
software.

136

SAFE-RPT-16-045

The accuracy of the present FEA method is benchmarked against the well-known analytical
form presented38 for the SE(T), pin-loaded, specimen configuration. The benchmark solution is
reported to be accurate to within 0.5% for any a/W. The relative difference in the present FEA
method results as compared to the benchmark solution is shown in Figure 119 as a function of
a/W. The SE(T) FEA simulations DOF counts ranged from 104k to 177k.

Figure 119. Percent difference between39 and present work for SE(T).
Results
The variation of  values as a function of a/W and H/W can be seen in Figure 120 and Figure
121 for both the MSE(T) and SE(T), from [38] configurations. It is apparent that there are
marked differences between the MSE(T) and SE(T) specimen loading configurations, as the
clamped edges of the MSE(T) specimen tend to reduce the crack mouth opening, or prying,
action. This is especially true above a/W values of about 0.20. Figure 121 shows the effect of
H/W on small cracks, and the general convergence to a single point value of 1.1215 for H/W
values  3.0. As Figure 121 and Figure 122 show, this is not true for sufficiently small H/W plate
geometries where significant influence of the BCs is felt at the crack tip. This phenomenon is
easily attributable to the well-known St. Venant’s principle of characteristic loading influence
decay lengths.44
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Figure 120. Effect of a/W and H/W on the geometric correction factor, , for MSE(T).

Figure 121. Extreme values of the geometric correction factor, , for MSE(T).
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Figure 122. Effect of plate aspect ratio, H/W, on short crack  values.
Discussion
The existence of an asymptotic limit of the geometric correction factor as the crack length tends
towards zero, a/W0.0, is to be expected. As the crack shrinks, the effective position of the
load line returns to the mid-plane, at x =W/2, of the specimen, and thus, no secondarily induced
in-plane bending moment is generated. The commonly quoted geometric correction factor value
of 1.12239 is found to be 1.1215 by both45 and the present effort, 1.12 in46, and 1.118 in14.
Though, all of these values are identical when rounded to two decimal places of precision. It
should be noted that the asymptotic value is applicable for H/W  2.0 per [45] and H/ W  0.2
per 46, whereas the present work indicates that this value is only obtained with H/W  3.0,
approximately, for the MSE(T) specimen.
As presented in39, the presence of a starter notch will decrease the stress intensity factor of
short cracks due to the ability of the load to more smoothly transfer around the crack tip. The
length of influence of the starter notch is on the order of the length of the notch itself. This
phenomenon was not explored herein.
It should be noted that the solutions presented herein are independent of the elastic modulus of
the material since a linear-elastic constitutive material model is utilized. Furthermore, variation in
the value of Poisson’s ratio over typical structural metal ranges, 0.2–0.4, produces negligible
variations in the results.
The solutions presented herein have been generated with the basic assumption that the loaded
edges of the specimen are unable to rotate or slip within a loading fixture causing a change in
the effective plate aspect ratio. The relative stiffness of the test specimen should be weighed
against that of the test apparatus to ensure the relative rigidity of the BC imposed in the FEA
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solutions is appropriate. Furthermore, the proper plate height must be determined in the
experimental setup, which may not be at the initial specimen/loading apparatus interface.
The assumptions of linear-elastic fracture mechanics (LEFM) require that the plastic zone size
of the loaded material’s crack tip region be appreciably small compared to any geometric
feature of the specimen (e.g. crack length, remaining ligament length (W - a)). As such, a
practical use of the asymptotic value of the geometric correction factor at a/W = 0.0 may be
non-existent.
Impact / Conclusion
Non-dimensional geometric correction factor, , data for stress intensity factor, K, calculations
have been generated and collected from the literature for axially loaded single-edge cracked
plates with rotationally free and constrained loaded edges. The solutions are valid for a wide
range of a/W and H/W ratios which are typical of common laboratory specimens. Comparisons
were made between the literature reported data and the present effort’s results with generally
satisfactory correlation. However, significant differences were found for short cracks and plate
aspect ratios of H/W < 3.0 for the rotationally constrained specimen.
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4. Task 3: Environment Spectra Effects on Fatigue of Airframe Aluminum Alloys:
Laboratory Data and Mechanism-based Modeling
Focus Area 1: “Effect of low temperature on fatigue crack formation and
microstructure-scale propagation in legacy and modern Al-Zn-Mg-Cu alloys
Summary
Temperature dependence of fatigue crack formation and microstructure-scale growth from
constituent particles in AA7075-T651 and AA7050-T7451 is quantified via load induced fracture
surface marker-bands. Larger and more abundant particles in AA7075-T651 lead to increased
crack formation frequency and decreased life. Crack growth rates are similar between alloys
and decreased with decreasing temperature, paralleling crack formation behavior. The
temperature dependence is attributed to hydrogen environment embrittlement, but is not
sufficiently understood to fully model the observed behavior.
Introduction
Integration of environmental effects into fatigue damage prognosis and structural management
is critical to the accuracy of life prediction, and requires understanding of material response in
the microstructure-scale crack (MSC) size regime 1,2. Significant airframe loading cycles occur
at high altitudes where operating temperatures are low (-5 to -60°C). Even in instances where
component temperature does not equilibrate with the atmosphere, the surrounding water vapor
pressure is drastically reduced3,4,5. The reductions of water vapor pressure6,7,8 and
temperature9,10,11,12 increase the fatigue resistance of airframe aluminum alloys via retardation
of the hydrogen (H)-embrittlement processes which dominate crack tip damage. Comprehensive
studies utilized high fidelity fracture surface characterization to quantify13 and analyze14 fatigue
crack formation and MSC growth kinetics15 from corrosion damaged and pristine surfaces to
better understand factors governing the H-embrittlement process9 and enabled environment
specific prognosis of AA7075. In parallel finite element analysis of a representative
polycrystalline AA7075 microstructure using an elastic-viscoplastic crystal plasticity model
investigated the micro-mechanical failure criteria for crack formation from constituent
particles16,17,18. The present work quantifies and analyzes crack formation and MSC growth from
constituent particle sites on pristine surfaces of a modern aluminum alloy (AA7050-T7451)
compared to legacy composition AA7075-T651. The effect of loading environment, from room
temperature high-humidity to low temperature dry conditions, is emphasized.
Experimental Methods:
Rolled, 50.8 mm thick plates of AA7075-T651 and AA7050-T7451 from the DARPA Structural
Integrity Prognosis System (SIPS) program stock were investigated1,19. The average grain size
ranges for AA7075 were 1-2 mm, 50-74 µm and 8-19 µm in the longitudinal (L), transverse (T)
and short-transverse (S) directions, respectively14,20. For AA7050, grain sizes were 180 µm (L),
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47 µm (T), and 11 µm (S). Monotonic tensile yield strengths (σys) were 508 and 469 MPa (Loriented), ultimate tensile strengths (UTS) were 598 and 524 MPa, and plane strain fracture
toughnesses were 33 and 35 MPa√m (L-T), for AA7075-T651 and AA7050-T7451,
respectively19. Fatigue experiments were performed on two-holed uniaxial-tensile specimens
machined with the thickness centered 19 mm from the L-T surface of each plate. Machined
specimen dimensions were 47.4 mm wide and 5.7 mm thick, with two 4.8 mm diameter holes
drilled through the L-T surface (perpendicular to the tensile direction, L) centered 13 mm from
either L-S surface20. The bore-hole surfaces only were electropolished using 8% perchloric acid
in methanol electrolyte at 20 volts for 60 seconds to remove surface roughness and machining
damage that may influence initiation behavior.
Constant amplitude fatigue testing was performed by Northrop Grumman in accordance with
ASTM E46621 at 23°C in ambient air or at -50°C in dry N2 at σmax= 276 MPa, R (minimum/maximum)
= 0.5 and loading frequency (f) = 5 (23oC) or 10 Hz (-50oC). The ratios of water vapor pressure
to frequency (PH2O/f) at 23°C and -50°C are 140 and 0.4 Pa-s, respectively. The low
temperature value assumes that contaminant water vapor in nominally dry N2 concentrates as
ice on the specimen, with the vapor pressure (PH20-ICE) in equilibrium with ice at -50oC20,22.
A programmed loading sequence was periodically interspersed to mark the fracture surface
consistent with prior work13,15. Marker loading in ambient air consisted of up to 40
repetitions of: 1,000 baseline loads (σmax= 276 MPa, R = 0.5) followed by 10 marker cycles at
σmax= 276 MPa and R = 0.1. For -50oC testing, 3,000 baseline cycles and 30 marker cycles
were used. Consistent with prior efforts it is reasonably assumed that the low-R marker
sequence does not induce load history effects27 or overload retardation15,28; prior studies show a
second order impact on specimen life when using marker banding compared to baseline
loading29. These fracture surface marks were observed by scanning electron microscopy (SEM)
to determine the crack formation life to the first resolved marker-band and MSC growth
rate9,13,15. An elastic-plastic finite element analysis (FEA) of the hole using a multi-linear isotropic
hardening curve based on standard cyclic properties for AA7075-T65130, shows that the
material immediately adjacent to the holes and subject to cracking strain hardens to 560 MPa
during the first loading cycle; subsequent cyclic loading at a stress ratio (R) = 0.5, elastic stress
concentration (kt-e) = 3, and σmax = 276 MPa does not cause compressive yielding and a
continuum plastic strain range does not develop13. This result justifies the use of an elastic
stress intensity (K and K = Kmax – Kmin) analysis, recognizing important microscopic
considerations discussed elsewhere9.
23,24,25,26,

Results and Discussion:
Crack Formation
For both alloys and temperatures, multiple fatigue cracks formed from constituent particle
clusters (Al7Cu2Fe and Mg2Si) on hole surfaces14,15,20, these cracks were oriented 90° from the
loading axis, and propagated as Mode I cracks on T-S planes15. In Figure 123b, the highly
irregular constituent cluster at the fatigue crack surface initiation site is represented by the white
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outline with associated-radiating marker bands and near-vertical grain boundaries (dark lines).
In limited instances fatigue cracking progressed about the periphery of a regularly shaped
constituent particle with a nearly semi-circular aspect ratio; however, initiation generally
occurred at a point along the perimeter of a constituent cluster and grew radially before
intersecting the L-S surface. This demonstrates the inherent error associated with characterizing
formation and growth of small-scale cracking via free surface measurements (e.g. Figure 123a)
and highlights the advantage of detailed characterization of the 2-dimensional crack front
position versus load cycles. Table 20 presents crack formation characteristics verified by
independent analyses of identical specimens 20, which validated the rigor of the marker-band
method. Ni is the number of load cycles associated with the first-resolved marker at the
specified distance from the perimeter of the constituent cluster, and Nf is total life of the fatigue
specimen. For many of the cases in Table 20, crack formation life fraction is less than 0.1;
however, crack formation at some particles required a substantially larger number of cycles. In
the limit fatigue cracks were not observed adjacent to large constituent clusters as observed on
the L-S surface. Three trends in the crack formation data were observed.

Figure 123: Fatigue crack progression in AA7075-T651 viewed from (a) the polished L-S plane
(hole surface) and (b) the T-S fracture surface. In (b) the nucleating constituent particle cluster
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is outlined in white, and the crack progression and local grain structure are delineated with dark
lines.
Table 20: Crack formation characteristics for fatigue in high humidity (23°C) and dry-N2 at 50°C.

Alloy

Temperature
(PH2O/f)

23°C
(140 Pa-s)
AA7075T651
Mean

-50°C
(0.4 Pa-s)

Mean

AA7050T7451

23°C
(140 Pa-s)
Mean
-50°C
(0.4 Pa-s)
Mean

Formation
Site Size
(m)*

Formation
Site Area
(m2)*

Ni
(cycles
)

1st
Marker
Distance
(µm)

Ni/Nf
(%)

18 x 59

834

<1,000

3

9

14 x 22
16 x 28
8x5
4 x 12
4 x 14
16 x 24
4 x 23
**
**
11 x 23
12 x 11
17 x 12
20 x 11
21 x 12
**
**
18 x 12

242
352
31
38
44
302
72

170

<1,000
<1,000
6,000
5,000
5,000
<1,000
<1,000
2,000
<1,000
2,000
<3,000
24,000
12,000
15,000
<3,000
<3,000
9,600

2
1
7
2
3
2
5
25
8
6
6
1
11
2
11
14
8

9
9
53
44
44
9
9
18
9
21
8
65
32
40
8
8
27

9x5

71

12,000

2

28

8x8
32 x 11
11 x 4
12 x 5
14 x 7
**
**

101
553
69
94
178

8,000
7,000
15,000
15,000
11,400
36,000
15,000
25,500

2
2
1
2
2
46
11
29

18
16
35
35
26
51
21
36

199
104
160
173
198

* -Surface width, 2c, x depth, a
** - Specimens were independently analyzed by Mr. Sean Mullane.

First, AA7075 exhibits a higher average number of separate crack formation sites per hole-side
(8 at 23°C and 17 at -50°C) compared to AA7050 (3 at 23°C and 7 at -50°C), and lower
formation lives for both environments (Table 20). This observation is consistent with more
abundant constituent particles and clusters in the legacy AA7075 (area density of particles
greater than ≈1 µm2 areal size is 2075/mm2)31,32 compared to modern, low impurity AA7050
(area density <400/mm2)33. Crack formation is governed by cyclic plastic strain accumulation
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and the local stress necessary for decohesion18,34,35. As such crack formation will occur where
these governing factors are enhanced by features such as deleterious local grain structure,
severe proximate microstructural features, a high macro-stress field, and/or an initiation feature
with a severe geometry/orientation13,36,37. The increased density of particles in AA7075 present
at the high stress location within the hole increases the probability that a confluence of local
features will result in sufficient strain accumulation and local stresses to nucleate fatigue at
multiple locations.
Second, decreasing temperature (and PH2O/f ) from 23°C (140 Pa-s) to -50°C (0.4 Pa-s) results
in two-fold (AA7050) and five-fold (AA7075) increases in mean crack formation life (Table 20),
as well as a modest increase in Ni/Nf for both alloys. The beneficial effect of temperature on the
absolute crack formation cycles is physically most meaningful since it does not include
temperature dependent propagation effects inherent in Nf. The large degree of scatter and
slightly different crack formation feature metrics associated with a single alloy at different
temperatures complicates the validity and interpretation of these trends. However, if real, this
decrease in formation life is understood by the temperature dependence of H environment
embrittlement. Environmentally produced H can influence the formation process by either
enhancing damage accumulation via increased dislocation mobility38,39 and/or decreasing the
stress necessary for decohesion by local embrittlement40,41. As temperature falls, the crack tip
process zone is starved of H due to reduced water vapor pressure at the crack mouth and
flanks coupled with temperature dependent reduction in the surface reaction rate to produce
atomic H, H diffusivity to the process zone, and/or the dislocation dynamics9. As such increased
resistance to fatigue formation is reasonable at low temperatures. The increases in Ni at low
temperatures (Table 20) are directionally consistent with trends in formation life from corrosion
damage at 23°C and -50°C; however corrosion-based formation life increased more significantly
(order of magnitude) and a strongly faceted slip band-like morphology was produced which
suggested no environmental H contribution9. The current results have a less significant change
in crack formation life (Table 20) and fracture plane orientations are similar to humid tests and
are never parallel to <111> (thus not slip-band based)14, suggesting that there is a strong
contribution of H. The reason for this discrepancy is not understood, but may be associated with
either higher concentrated loading (kt-elastic * σmax = 828 and 400 MPa√m for the current and
corrosion based tests13, respectively), a change in testing frequency (current testing, 10 Hz;
corrosion based tests, 20 Hz), or a unidentified discrepancy in laboratory methods used to
establish the -50oC environment.
Third, for ambient temperature humid air and both alloys, Table 20 and Figure 124 show the
general trend of increasing Ni with decreasing constituent cluster area (calculated based on the
2D fracture surface observations assuming a half-elliptical shape). This observation is
consistent with fracture mechanics based analyses that suggest crack formation is controlled by
2D cross-sectional metrics of the initiating feature29,42,43,44 (specifically cross-section
area45,46,47,48). Such models successfully capture the crack formation trends at an engineering
level, but do not address instances where this trend is not upheld, as typified by the high
variability illustrated in Figure 124. These deviations are highlighted in a detailed statistical
analysis of constituent nucleated cracking in AA707536, which established that it is not possible
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to use the spatial and geometric properties of the constituent particles to predict crack formation
location or life a priori. Table 20 provides further examples of this behavior, specifically: (1)
despite similar alloy and constituent compositions, similar sized features in AA7050 produced
longer fatigue lives than observed for AA7075, and (2) for both alloys there is significant scatter
in the formation lives associated with crack formation features with areas below 100 µm2. These
data underline the importance of the composition and elastic properties of the constituent
particle36,49,50, 3D shape of the initiating feature at the macro- and micro-scale13,50,51, orientation
of the local grain and misorientation of the surrounding grains49,50,52, and proximity to other
deleterious microstructure features (constituents, pores, etc.)13,49; specifically, how each
influences the accumulation of plastic strain and development of local tensile stresses that
govern crack formation behavior. For loading at low temperature, where there is a diminished
environmental effect, the interaction between the stochastic microstructure features and
localized mechanical driving force (detailed above) become increasingly important. As such a
higher degree of scatter would be expected in these inert environments, which would further
degrade the correlation between the crack formation life and constituent area; as is observed for
the limited low temperature results in Figure 124. If more extensive low temperature data were
available, it is expected that substantial Ni variability would emerge as expected based on a
dominance of the local mechanical driving force over the H-environment contribution.

Figure 124.Crack formation life versus area of the initiating constituent feature measured from
the fracture surface and calculated assuming a semi-elliptical shape for either water saturated
air at 23°C or dry N2 at -50°C
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These findings support two important conclusions with respect to modeling crack initiation and
growth from constituent particle features on an uncorroded surface. First, the general trend of
decreased life with increased constituent area supports such inputs into engineering level
fracture mechanics-based modeling at 23°C humid air conditions. However, prior to
incorporation into a structural life management strategy it is important to recognize (a) that such
techniques will not accurately provide quantitative predictions of the absolute value and
statistical distribution of formation life or delineate the crack formation feature a priori, and (b)
the inherent inaccuracies associated with assuming an initial flaw size distribution that
corresponds to constituent metrics can result in overly-conservative estimates of total life.
Second, high variability and deviations from a single trend (Figure 124) demonstrate that higher
fidelity characterization and modeling at the microstructure level is necessary to inform next
generation quantitative modeling of crack formation.
Crack Propagation:
Next generation fatigue life prediction in the microstructurally small crack regime requires
quantification of crack growth rates for cracks sized below approximately 1000 µm. The fatigue
crack growth rates (da/dN) in Figure 125 for AA7075-T651 at 23°C (o) and -50°C () were
gathered with crack depth (a) referenced to the intersection of a vector perpendicular from the
deepest point of the nucleating feature and the marker-bands (see Figure 126b), the values of
which ranged from 1 to 500 µm15. The driving force, K, was estimated using an elastic Ksolution for a single offset hole in a finite plate with a semi-elliptical surface crack emanating
from the hole center. Total crack size was used for K calculation, including particle depth and
width, and the aspect ratio evolved with crack progression15,53. Crack growth rate data were
limited to a 500 µm depth due to crack interaction and coalescence at longer crack lengths.
Similar results were obtained for crack lengths determined from the intersection of vectors and a
smooth ellipse fit to the irregular marker band; this da/dN versus K trend is given by the
dashed line for each temperature in Figure 125 and data are presented in an ensuing section.
The population of growth rates in Figure 125 was obtained for a total of 14 crack formation sites
on the surfaces of four holes. The mean, standard deviation (SD) and percent variation
associated with da/dN were calculated for several ∆K levels following prior analysis15. The twofold variation in mean da/dN at the different temperatures, and +30-120% variation about the
mean at each temperature, are consistent for the full range of ∆K measured, and are similar to
those observed for MSC about corrosion damage9,15. Figure 125 shows that da/dN data for
multiple cracks are reasonably correlated with power-law functions of K for each temperature.
Figure 125 also includes growth rates from constant Kmax-decreasing K loading of compact
tension (CT) specimens, these data provide a reasonable estimate of the MSC rates at higher
∆K for each environment; however a false threshold for the CT data precludes comparison at
low ∆K15,54.
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Figure 125: Fatigue crack growth rate vs. ∆K data from marker-band analysis of AA7075-T651
specimens tested at σmax = 276 MPa and R=0.5. Crack length is measured to either the markerband front (data points) or a smooth ellipse fit to the marker-band shape (dashed lines). Also
included are high constant Kmax (16.5 MPa√m)-decreasing ∆K relationships obtained from
compact tension experiments using the same lot of AA7075-T651 (L-T orientation). Tests were
performed in either water saturated N2 at 23°C or nominally dry N2 at -50°C.
A closer examination of the variability associated with two -50°C cracks in AA7075 is shown in
Figure 126, where the da/dN versus distance from initiation site perimeter data are presented
with corresponding fractographs. The red line indicates the vector along which the crack depths
were gathered; these plots illustrate the complex shape of the crack front as it progresses
through the microstructure. Such crack front irregularity is reasonably attributed to effects of
local microstructure15,55, but a full characterization (e.g., electron backscatter diffraction) of grain
orientation, constituent morphology, etc. proximate to crack front perturbations is necessary to
develop a complete understanding of such behavior. Figure 126 highlights the effect of crack
coalescence on the growth rates; at the fifth marker-band, the current crack and a crack present
on the left (out of the field of view) coalesced as demonstrated by the horizontal marker-bands
on the left of the fractograph. The larger coalesced crack corresponds to a large increase in
calculated K and da/dN (Figure 126); however, the simple da/dN vs. distance from initiation
site relationship is not drastically changed.
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Figure 126. (a) Fatigue crack growth rate vs. crack length data from marker-band analysis of
single cracks at two holes in a pristine specimen of AA7075-T651 tested at -50°C (σmax= 276
MPa and R = 0.5) illustrating high and low growth rate variability. The fractographs illustrate the
crack growth direction (arrow) and morphology of fatigue growth progression (blue lines) that
leads to either (b) high or (c) low variability da/dN.
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Results of an alternate analysis of MSC rates from the same fracture surface marker-banding
represented in Figure 124 and Figure 126 are reported in Figure 126 for each alloy and
temperature combination. In this approach da/dN variability is reduced by eliminating crack front
undulations using a linear least-squares method56 to fit the crack front with an elliptical shape.
Crack growth is analyzed for depths up to ≈1,000 µm. Growth rates are gathered at the depth
(normal to hole surface) and along vectors +30° about this normal to capture the variation in
driving force along the crack front. The driving force is calculated for each crack front location
using the standard K-solution53 coupled with measured values of crack depth (including the
constituent particle) and aspect ratio referenced to the hole surface. Each data set is reasonably
described by a single power-law trend (da/dN = C ∆Km); constants from a regression analysis,
along with confidence intervals (CI) at a 95% level, are presented in Table 20. The power law
constant ranges for the two data collection methods are similar, but do not overlap suggesting a
statistically significant difference. While this protocol masks microstructure induced variability
(Figure 125 and Figure 126), it enables efficient comparison of the trends associated with the
different alloys and environments, as demonstrated by the on-average tighter CI for ellipse-fit
data (Table 20).
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Figure 127: Fatigue crack growth rate vs. ∆K data from marker-band analysis of specimens
stressed at σmax = 276 MPa (R=0.5) in either (a) water saturated air at 23°C or (b) dry N2 at 50°C, with the effect of environment given for (c) AA7075-T651 and (d) AA7050-T7451. Crack
depth is measured to a smooth ellipse fit to the marker-band shape and along intersecting
vectors either normal to the hole surface (φ=0°) or at +/- 30°.
Table 21. Regression fit parameters for the MSC growth data plotted in Figure 127 for K as
MPa√m and da/dN in m/cycle.
Alloy

Temperature
23⁰C

AA7075-T651
-50⁰C
AA7050-T7541

23⁰C
-50⁰C

Type
Ellipse
Marker-band
Ellipse
Marker-band
Ellipse
Ellipse
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C (x10-10)
5.78 + 0.71
10.04 + 1.38
5.66 + 0.87
3.00 + 0.54
4.56 + 0.16
3.96 + 0.76

m
2.54 + 0.11
2.10 + 0.17
2.14 + 0.12
2.35 + 0.13
2.58 + 0.03
2.21 + 0.13

SAFE-RPT-16-045

Statistical analysis of the MSC growth rates between AA7075-T651 and AA7050-T7451 (Table
20) at 23°C and -50°C reveal subtle differences. There is no statistical difference between the
Paris law exponents for AA7075 and AA7050 at either temperature. The intercept differences
suggest a consistent difference in da/dN over a range of ∆K. The AA7075 intercepts are 1.2and 1.4-fold higher (statistically significant) at 23⁰C and -50°C, respectively, than the C-values
for AA7050. The marginally larger discrepancy between the two alloys at low temperature
suggests an increased role of microstructure as the environmental severity decreases, as
observed for crack formation and other aluminum alloys57. Temperature and microstructure
dependent damage evolution was previously shown to influence fatigue in age-hardened
aluminum alloys, related the interaction of cyclic strain localization and H-embrittlement12. The
slight difference in da/dN between alloys (1.2 to 1.4-fold) is consistent with literature results of
long-crack fatigue experiments which show similar growth rates for each alloy stressed in humid
air and over low to intermediate ∆K58,59. For ultra-high vacuum (UHV), long crack da/dN are
equal for each alloy, but the comparison with AA7050-T7451 is limited to K above about 11
MPam (R = 0.1)60,61. Similar da/dN over a wide-range of K were also observed for AA7075T651 vs. 7055-T745129. The present results show that, while fatigue formation largely depends
on differences in constituent particle density, size and shape (Table 20), there is little influence
on fatigue propagation resistance (Figure 125 and Figure 127).
At ∆K greater than 3 MPa√m, both alloys exhibit a two-fold decrease in MSC da/dN with
reduced temperature from 23°C to -50°C (Figure 127c and d). This growth rate improvement is
diminished at lower ∆K, as reflected by the lower exponent and intercept values in Table 19.
Pre-cracking parameters for effect of bacteria testing.. This modest reduction in MSC rates is
consistent with recent work, where 23°C and -50°C fatigue crack surfaces showed similar
morphologies and facet orientations proximate to constituent particle crack formation sites;
these features suggest a still strong contribution of H-embrittlement at -50°C14. The current
decrease in MSC da/dN for low temperature loading is small compared to the CT results shown
in Figure 127 for this heat of AA7075-T651, where testing at -50oC (nominally dry N2) reduced
da/dN to UHV levels1 and exhibited a slip band-like morphology. Direct comparison of markerband and CT data is biased by the test method induced thresholds in the CT data15,54. A strong
effect of reduced temperature on da/dN was also reported for 2024-T35110, and for companion
studies of the same lot of AA7075-T651, where marker-band data gathered within 500 µm of
corrosion damage demonstrated an order of magnitude decrease in growth rates going from
23°C to ≈-50°C2 and a slip band-like morphology4,9. These studies proposed that the crack
growth rate temperature dependence is governed by reduced contribution of hydrogen
embrittlement upon reduced temperature9.
A full investigation of the mechanics that govern the varying magnitude of the temperature
effects observed between the current results and prior studies is beyond the scope of this
1

Growth rates below UHV levels are attributed to temperature dependent intrinsic material properties (e.g. σys, E)3.

2

In this analysis, it is important to realize that the starting H content is enhanced proximate to pit-topography
compared to constituent particle crack initiation sites4.
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paper. Such analysis would involve consideration of the temperature, mechanical loading
parameters, frequency, and water vapor pressure dependencies of H environment
embrittlement (HEE) for these various experimental situations62,63. (Of note, different laboratory
methods were used to establish the N2 environment at -50oC, which may have caused water
vapor pressure to deviate from the simple assumption of the value in equilibrium with ice at this
temperature.) The effects of varying PH2O/f and hydrogen diffusivities in the HEE framework
reasonably explain the temperature dependence of environment-sensitive da/dN9, but a
quantitative model that fully captures this behavior has yet to be developed. Additional MSC
data for constituent particle and corrosion pit nucleated fatigue cracks at various temperatures
and vacuum-system controlled water vapor pressures are necessary to more firmly establish the
mechanistic cause for the observed discrepancy in the constituent particle and corrosion pit
associated fatigue crack growth rates for the -50oC water vapor exposure.
Conclusions:
-

Load induced crack surface marker-bands quantified the beneficial effects of low temperature
and alloy purity on fatigue crack formation life and microstructure scale crack growth kinetics
in Al-Zn-Mg-Cu. Fracture surface measurement of fatigue crack formation and MSC growth is
superior to that based on polished surface observations of cracking.

-

Larger and more abundant constituent particles in AA7075-T651 cause increased fatigue
crack formation frequency and decreased crack formation life compared to AA7050-T7451 for
both 23°C high humidity and -50°C dry N2 environments.

-

For both alloys, crack formation life, quantified via a two-dimensional marker-band technique,
increases at -50°C.

-

Microstructure-scale crack growth rates are similar for each alloy stressed in ambient and low
temperature environments.

-

For both alloys, crack growth rates decrease with decreasing temperature, as explained by
reduced hydrogen environment embrittlement and correlated in part by the temperature
dependence of the water vapor pressure above ice.
Focus Area 2: Effect of Water Vapor Pressure on the Fatigue Crack Propagation

Rates in Aerospace Aluminum Alloys AA7075-T651 and AA2199-T86
Summary
The overarching objective of this research is to examine the effect of high purity water vapor on
fatigue crack growth rates (da/dN) in aluminum alloys AA7075-T651 and AA2199-T86.
Specifically, focusing understanding the interacting effects of PH20, crack wake roughness, and
∆K on crack closure and water vapor transport to the crack tip
For decreasing ∆K testing (either at a constant stress ratio of R = 0.5 or constant maximum
stress intensity of Kmax = 16.5 MPa√m protocols), growth rates declined with decreasing water
vapor pressure over a wide range of K-values. This behavior demonstrated consistency with
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current environmental theories where crack growth is limited by molecular flow or H-diffusion in
the crack tip process zone. A local minimum in da/dN, referred to as the threshold transition
regime (TTR), was observed for low ∆K and low to intermediate ranges of water vapor
pressures64. An initial decline in growth proceeded towards the UHV threshold before
transitioning to increasing da/dN with further decreases in ∆K before merging with growth rates
typical of high water vapor pressures at very low ∆K. This behavior was observed for
decreasing ∆K at both constant Kmax and constant R testing conditions. The dip in growth rates
corresponded to a transition from flat-transgranular cracking to crystallographic slip band
cracking (SBC) for decreasing da/dN64.
It is proposed that the da/dN minimum is attributed to roughness-induced changes in the mass
transport behavior that alters the PH20 at the crack tip. As the ∆K decreases in low PH2O
environments the cross-slip becomes limited which leads to a higher degree of slip band
cracking. This increased crack wake roughness impedes the flow of water vapor molecules from
the crack mouth to the crack tip, resulting in a decreased crack tip PH20 when compared to the
PH20 of the bulk environment at the crack mouth. The subsequent rise in da/dN with decreasing
∆K in the TTR is explained based on an increased supply of water vapor to the crack tip due to
turbulent-convective mixing. Specifically, after a certain critical level of roughness is reached in
the crack wake, the PH20 transport mechanism changes to convective turbulent mixing as a
result of crack wake asperity contact. The convective mixing increases the supply of PH20 to the
crack tip that helps to reignite the hydrogen environment embrittlement process and results in
the subsequent rise in da/dN rates.
This research addresses four primary objectives to validate and extend the threshold transition
regime hypothesis presented in the Burns et al. paper [64]. First, quantitatively investigate the
crack front evolution in the threshold transition regime to evaluate the proposed molecular
transport based explanation. Second, further investigate the interaction between molecular flow
and the degree of roughness using targeted experimental evaluation. Third, quantitatively
evaluate the degree of asperity contact in the crack wake, as pertinent to the proposed turbulent
mixing hypothesis and the post-minima regime behavior. Fourth, extend to characterize the
environmental fatigue crack growth behavior of a third-generation Al-Cu-Li alloy (AA2199-T86)
with a different slip character than AA7075-T651. In toto, this work focuses on understanding
the interacting effects of PH20, crack wake roughness, and ∆K on crack closure and water vapor
transport to the crack tip.
The TTR behavior is an environmental effect; specifically associated with the enhanced
transport of water vapor molecules from the bulk environment to the crack tip. This process is
dependent on crack wake history and bulk PH2O. The first objective was investigated by
completing programed loading sequences at specific ∆K of interest to create marks on the
fracture surface in order to track the crack front evolution during the threshold transition region.
The results showed an irregular crack front evolution in the TTR which suggests that molecular
transport in the through thickness dimension controls the environmental influence, particularly in
the TTR regime. The results also showed that changing the specimen thickness, and by
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extension, the through thickness dimensions, influences the environmental crack behavior at
intermediate exposures.
The second objective investigated the interaction between molecular flow and the degree of
roughness through using a test method that kept the bulk PH2O, ∆K, and initial crack length
constant, but allowed for different initial spans of crack wake roughness. Constant ∆K, PH20/f
experiments served to show that the interaction between the roughness on the fracture surface
and the molecular transport can result in an order of magnitude change in growth rates directly
following crack growth of increased roughness. Additionally, the fractography suggests an
environmentally affected irregular crack front driven by the interaction of molecular transport,
closure, asperity based mixing, and position dependent ∆K.
The degree of asperity contact in the crack wake, as pertinent to the proposed turbulent mixing
hypothesis and the post-minima regime behavior was investigated through developing a
quantitative method to indicate the presence of crack wake asperity contact based on
comparing the localized roughness and crack opening displacement was developed. These
results suggest that the start of crack wake asperity contact does not correspond directly to an
increase in da/dN; counter to the proposed molecular transport hypothesis which stated that
enhanced crack growth rates corresponded to the start of crack wake asperity contact
occurring. The chosen contact metric indicates the presence of crack wake asperity contact, but
the role it plays in controlling the upturn in da/dN rates until the Mode II displacement occurring
is accurately measured. These results do suggest that the upturn in da/dN is driven by the
interaction of molecular transport, crack closure, asperity based mixing, and position dependent
∆K.
Finally, the environmental fatigue crack growth behavior of a third-generation Al-Cu-Li alloy
(AA2199-T86) was characterized using a decreasing ∆K at a constant R loading protocol.
Fatigue crack growth rates in AA2199-T86 (L-T) were seen to decrease with decreasing water
vapor pressure over a wide stress intensity range (∆K). Despite different global cracking
morphology, the similarities in the scope and span of the roughness transition in AA2199-T86
suggest a similar threshold transition regime that depends on ∆K and the environment similar to
the molecular transport based theory developed for AA7075-T65.
Analysis detailed above indicates that the threshold transition behavior observed in AA7075T651 and AA2199-T86 is governed by molecular transport that can be affected by the loading
protocol, specimen geometry, and/or testing configuration. While the false threshold behavior
resulting in the dip in da/dN is real and repeatable, such behavior is sample geometry and
molecular flow path dependent and should not be incorporated into fracture mechanics based
predictions. Following appropriate testing procedures would help to ensure data that accurately
represent the increased fatigue resistance of AA7075-T651 and AA2199-T86 at high altitudes.
The understanding developed in this investigation will better inform protocols in selecting
environment appropriate crack growth rates for LEFM modeling.

157

SAFE-RPT-16-045

Introduction
Crack progression under fatigue loading is governed by cyclic plastic damage accumulation that
can be described by the stress intensity range (∆K=Kmax – Kmin) or the maximum stress intensity
(Kmax)64,65,66,67,68. The stress intensity factor, K, can be used independent of sample geometry to
describe the crack tip driving force69. From the principle of similitude, fatigue cracks grow at an
equal rate (da/dN) when subjected to equal ∆K, implying that the stress intensity factor range
uniquely defines the crack-tip stress field69. Laboratory crack growth rate data are often coupled
with linear elastic fracture mechanics (LEFM)-based approaches to predict the crack extension
in engineering components using an assumed initial flaw size and loading representative of the
service conditions. Essentially, fatigue crack progression (FCP) life prediction integrates the
da/dN associated with a given crack size and stress (thus ∆K) in order to predict the amount of
crack extension. LEFM prognosis models have made substantial progress in modeling crack
growth, but remain limited in regards to incorporating metallurgical factors, transient loading
conditions, and the environment7,12,70,71,72.
Airframe structures experience a substantial amount of fatigue loading during operation.
Depending on the aircraft type, a significant portion of this loading takes place at high altitude
where the external environment is at low temperatures and low water vapor pressures. In flight
loading for airframe components occurs in environments ranging from ambient surface
temperature and high humidity (low altitudes) to low temperature and low water vapor pressure
(high altitudes)7. Specifically, recent work has focused on characterizing the operational
environment of military and transport aircraft to help better inform and guide laboratory testing of
aluminum aerospace alloys73. Similar work has also been performed to obtain a relevant
coupled loading-environment spectrum (ENSTAFF) to assist in the prognosis of composite
structures74. Researchers found that a majority of fatigue loading in fighter aircraft wings
occurred during aggressive maneuvering performed at high altitudes (~30,000 ft)73, 75,76.
Takeoffs, landings, and wind gusts provide the highest amount of fatigue loading on the wings
for transport vehicles75,77,78,79. De Jonge et al. found that 17% and 42% of transport aircraft wing
loads exceeding 0.3G’s occur above 30,000 and 10,000 feet, respectively, suggesting a
significant amount of loading is taking place in environments where low temperatures and low
water vapor pressures are prevalent75,79. The expected temperature and water vapor pressure
(taken as the water vapor pressure in equilibrium above ice at a given temperature) are -5°C
and 402 Pa at 10,000 ft and -44°C and 7 Pa at 30,000 ft.
For precipitation hardened aluminum 7xxx-series alloys, moist gaseous environments have
been shown to significantly impact fatigue crack propagation (FCP) rates (da/dN) under varying
loading conditions1,2,80,81,82. Crack growth is strongly influenced by chemical and electrochemical
considerations within the crack83. Both temperature and water vapor pressure impact fatigue
crack formation and propagation64,75. Specifically, decreasing the temperature and/or water
vapor pressure results in an orders-of-magnitude decrease in fatigue crack growth rates for the
aerospace aluminum alloys AA7075-T651 and AA2199-T86 64,75. The dependence of da/dN on
the effective water vapor pressure (PH20/f) has been quantified and modeled based on the
hydrogen environment embrittlement (HEE) perspective on crack growth kinetics put forth by
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Wei and coworkers. Specifically, the crack growth kinetics are affected by the slowest step in a
sequence of events involving water-molecular transport from crack mouth to crack tip, crack
surface reactions, and the diffusion of atomic hydrogen into the microstructure2, 72. Researchers
propose that at high altitudes, moisture will condense to form an ice layer on the surface of a
component resulting in a local water vapor pressure at the surface that is given by the gas
equilibrium above solid ice at a given temperature (PH20-ice)18,75. While prior work has shown that
the water vapor pressure over frequency (PH2O/f) exposure parameter does not fully capture the
effect of temperature, it can be used as a conservative proxy to model the environmental
influence on fatigue cracking3,84. Efforts are underway to investigate the beneficial effect of low
temperature on the fatigue crack growth behavior beyond that associated with the reduction in
the PH2O84. However, this work will focus on establishing and understanding the effect of varying
PH2O at room temperature (23°C) on the cracking kinetics.
Research has established that for high strength aerospace aluminum alloys, da/dN is
dependent on the interaction of ∆K, Kmax, and PH20/f 64. An extensive amount of work has been
completed to understand and incorporate variable amplitude loading effects into lifetime
modeling of fatigue damage64,75,85. However, there remains a need to increase understanding of
the strong influence of the environment on fatigue cracking75,85. Specifically, there remains a
deficiency in incorporating the effect of a coupled load-environment spectrum (specifically,
variable environments and variable amplitude loading) into LEFM based modeling64.
Incorporating the effect of high altitude environments on da/dN rates in LEFM models would
increase accuracy and reduce over-conservatism in current real world applications. Current
fracture mechanic-based prognosis methods often use ambient temperature-moist air fatigue
properties to predict cracking in these high-altitude environments, which can lead to highly
conservative life predictions86,87. It is necessary to quantify and understand the effect of these
loading environments on the crack growth kinetics in order to reduce this over-conservatism by
incorporating such environmental effects into LEFM modeling approaches.
In that pursuit, work performed by Burns and coworkers examined the mechanistic
understanding of fatigue crack propagation growth rate response to wide-ranging stress
intensity protocol interactions with water vapor exposure in the legacy aluminum alloy AA7075T65164. The authors set out to validate that the parameter, PH2O/f, accurately captured the
relationship between loading duration and the hydrogen embrittlement process (HEE) kinetics.
Secondly, they focused on exploring the effects of mechanical loading on environmental fatigue
through looking at R-ratio effects on environment induced crack closure and the ∆K-dependent
environmental influence for various PH20 at 23°C64,75.
Fatigue crack growth rates in AA7075-T651 (L-T) were shown to decrease with decreasing
water vapor pressure over a wide stress intensity range (∆K) (Figure 128)64; the growth rates
converge at ≈16 MPa√m. For PH2O above 4 Pa, da/dN decreased with decreasing ∆K in four
power law segments that agreed with governing steps in the hydrogen environment
embrittlement (HEE) process and literature1,64,80,81. Most basically, the hydrogen environmental
contribution to da/dN is governed by the concentration of atomic hydrogen produced on the
crack tip surfaces and subsequent diffusion into the crack tip process zone 1,2,64. Current crack
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growth kinetics models for aluminum alloys suggest that this process can be limited by: (1)
water vapor molecule transport from the crack mouth to crack tip as governed by Knudsen
diffusion, (2) the rate of the Al-H2O surface reaction to produce atomic H, (3) H diffusion into the
crack tip fracture process zone, and (4) H-plasticity stress interaction58,60,62,88,89,90,91,92, 93,94. In the
low water vapor exposures, fatigue crack growth is governed purely by crack tip plasticity due to
limited hydrogen uptake. At intermediate exposures, da/dN is proportional to the exposure
parameter based on the water vapor transport via the Knudsen flow model64,84. The da/dN
dependence on PH20/f and ∆K in Figure 128 indicates that the HEE process and crack growth
kinetics are sensitive to lowering the water vapor pressure64.

Figure 128. Fatigue crack growth rate versus decreasing ∆K at constant R of 0.50 (f = 20 Hz)
for AA7075-T651 (L-T) at various-constant water vapor exposure levels from ultra-high vacuum
(0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa)64.
For decreasing ∆K testing (both at constant stress ratio (R = 0.5)) and constant maximum stress
intensity ((Kmax = 16.5 MPa√m) protocols), a novel minimum in da/dN, referred to as the
threshold transition regime (TTR), was observed for low ∆K and low to intermediate ranges of
water vapor pressures (1.8, 0.5 and 0.2 Pa)64. An initial decline in growth proceeded towards
the UHV threshold before transitioning to increasing da/dN with further decreases in ∆K before
merging with growth rates typical of high water vapor pressures at very low ∆K64. This behavior
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was observed for decreasing ∆K at both constant Kmax and constant R testing conditions. The
dip in growth rates corresponded to a transition from flat-transgranular cracking to
crystallographic slip band cracking (SBC) for decreasing da/dN64. The authors proposed that the
da/dN minimum is attributed to roughness-induced changes in the mass transport behavior that
alters the PH20 at the crack tip. As the ∆K decreases in low PH2O environments, the cross-slip
becomes limited which leads to a higher proportion of SBC in those low PH2O cases where H
production is limited. This increased crack wake roughness impedes the flow of water vapor
molecules from the crack mouth to the crack tip, resulting in a decreased crack tip PH20 when
compared to the PH20 of the bulk environment at the crack mouth. Optical and scanning electron
microscopy (SEM) images were used to show that the density of faceted features in the TTR
increased with decreasing PH2O, but a more quantitative comparison is needed. The decreased
PH20 at the crack tip results in higher amounts of slip band cracking which self-perpetuates the
steep decrease in da/dN. Variations in the da/dN minima behavior occurred for different testing
protocols (constant Kmax-decreasing ∆K, constant R-decreasing ∆K); highlighting the importance
of the R-dependent crack wake opening displacement on the mass transport of water vapor to
the crack tip64. After the initial onset of SBC, H diffusion and subsequent cracking inwardly from
the crack faces could become a contributing factor to the threshold transition region due to the
thickness dimension being the pertinent distance for molecular transport to the crack tip. As
such, the effect of the pertinent diffusion distance on the crack front progression within the
threshold transition regime requires further investigation.
The subsequent rise in da/dN with decreasing ∆K in the TTR is explained based on an
increased supply of water vapor to the crack tip due to turbulent-convective mixing. Specifically,
after a certain critical level of roughness is reached in the crack wake, the PH20 transport
mechanism changes to convective turbulent mixing as a result of crack wake asperity contact.
The convective mixing increases the supply of PH20 to the crack tip that helps to reignite the
hydrogen environment embrittlement process and results in the subsequent rise in da/dN rates.
Further research is needed to quantitatively evaluate the hypothesis that increasing roughness
spans will result in the molecular flow transitioning from being impeded to enhanced.
Additionally, better understanding is needed about the controlling mechanisms in the postminima regime of the TTR; specifically addressing why there is a transition back to
transgranular fracture with decreasing ∆K and why a second minima is not observed.
Due to the importance of the crack wake morphology in the threshold transition regime, it is of
interest to investigate the relevancy of this mechanism for a 3rd generation Al-Cu-Li alloy
(AA2199-T86). Al-Cu-Li alloys have shown a strong dependence on moist environments and
exhibit a superior fatigue performance when compared to Al-Zn-Mg-Cu alloys for a wide range
of environmental exposures53, 95, 96, 97. These initial trends could be linked to the shearable δ’phase (Al3Li) in AA2199-T86 that enables homogenous reversible planar slip53,95-98. Slip band
cracking is able to occur at a wide range of ∆K, which could result in a different environmental
dependence at low ∆K and low water vapor pressure as seen for AA7075-T651. Such
differences may alter the molecular flow path that was hypothesized to be critical to the
environmental cracking behavior, specifically in the threshold transition regime.
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This research will address four detailed objectives to validate and extend the threshold transition
regime hypothesis presented in the Burns et al. paper64. First, quantitatively investigate the
crack front evolution in the threshold transition regime to evaluate the proposed molecular
transport based explanation. Second, further investigate the interaction between molecular flow
and the degree of roughness using targeted experimental evaluation. Third, quantitatively
evaluate the degree of asperity contact in the crack wake, as it is pertinent to the proposed
turbulent mixing hypothesis and the post-minima regime behavior. Fourth, extend to
characterize the environmental fatigue crack growth behavior of a 3rd generation Al-Cu-Li alloy
(AA2199-T86) with a different slip character than AA7075-T651. This work will help to further
understanding of the interacting effects of PH20, crack wake roughness, and ∆K on crack closure
and water vapor transport to the crack tip.
Experimental Methods
Material Parameters
The fatigue performance of two aluminum aerospace alloys (AA7075-T651 and AA2199-T86)
was investigated. A 50.8 mm thick plate of AA7075-T651 was used for experimentation. The
AA7075-T651 plate had a grain size in the rolling-longitudinal (L) direction from 20 to 100 μm,
30 to 300 μm in the width (transverse, T) direction, and 10 to 70 μm in the thickness (S)
direction64. The tensile yield and ultimate strengths in the rolling direction were 508 and 598
MPa, respectively64. AA7075-T651 has a plane strain fracture toughness of 33 MPa√m64. For
AA2199-T86, the tensile yield and ultimate strengths in the rolling direction were 423 and 461
MPa, respectively. AA2199-T86 has a plane strain fracture toughness of 59.5 MPa√m in the L-T
orientation and 47 MPa√m in the T-L orientation99. The grain sizes and texture of the AA2199T86 plate were undocumented.
Fatigue crack growth experiments for AA7075-T651 were performed on compact tension (C(T))
specimens machined in the L-T orientation centered at 8.5 mm from the plate surface (T/7.3)64.
The specimens had a width and thickness of 50.8 and 7.62 mm respectively, with a notch depth
12.7 mm ahead of the load line. The fatigue crack growth rate tests were guided by ASTM E647
with the crack length being calculated using unloading compliance from a clip gauge measured
crack mouth opening displacement100. Testing was performed using two different loading
formats to characterize the effect of PH2O/f on da/dN. Both testing protocols were run at a
frequency (f) of 20 Hz and a constant stress ratio (R=Kmin/Kmax) of 0.5.
Mechanical Loading Parameters
The first loading protocol measured growth rates under a decreasing ∆K protocol in accordance
with ∆K= ∆Ko exp[C(a-ao)] where ∆Ko = 14.85 MPa√m, a0=12.7 mm, and C = 0.08 mm-1 64, 100.
Loading decreased from 10 MPa√m to a threshold da/dN value equal to approximately 5 x 10-8
mm/cycle or when ∆K reached 2 MPa√m. Next, an increasing ∆K (C-value of 0.2 mm-1)
segment was run from a ∆K of approximately 4 MPa√m to 12 MPa√m. Growth rates were
calculated at a specific ∆K using a 7-point incremental polynomial curve fit [100]. The second
loading format measured growth rates at low-constant ∆K (3.5, 4.5, and 5.5 MPa√m). A single
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C(T) specimen was used for each ∆K level and da/dN rates were measured for varying PH2O/f
exposures ranging from ultra-high vacuum (UHV) to relative high humidity (~2668 Pa). Each
exposure was held constant for approximately 1 mm of crack growth and a linear regression of
crack length versus cycles was utilized to calculate the steady state growth rate.
A third loading protocol was designed to examine the effect of crack wake roughness on da/dN.
Two AA7075-T651 samples were tested using a constant ∆K = 5 MPa√m (R=0.5, f=20 Hz)
testing protocol at a PH20 =0.5 Pa. Before starting the constant ∆K-testing segment, samples
were fatigue cracked at UHV (∆K = 4.5 MPa√m, R=0.5, f=20 Hz) for specific amounts of crack
length (0.5 mm and 3 mm) to produce SBC. These spans of increased crack wake roughness
were determined based on examining the fracture surface of the 0.5 Pa exposure under a Kshed loading protocol. The 0.5 Pa fracture surface, produced from the K-shed loading protocol
listed above, had a roughness span of SBC covering the entire width of the fracture surface that
was approximately 0.75 mm long. The magnitude of crack wake roughness for experimentation
was selected to target the da/dN behavior with a roughness span smaller and larger than this
critical roughness span (0.75 mm) as determined from the K-shed testing. The constant ∆Ktesting segment started at the same crack length (a=18 mm) for each specimen to ensure
similar crack opening displacements throughout both experiments.
A fourth loading protocol was performed on an AA7075-T651 sample using a constant ∆K = 3
MPa√m (constant Kmax, R=0.5, f=20 Hz) testing protocol at PH20 =0.5 Pa. Unlike the previous
tests, this sample started constant ∆K loading at 0.5 Pa directly after completing the pre-crack
at a crack length a=13.7 mm. This test was performed to investigate the effect of no loading
history, and by extension no crack wake roughness, on da/dN at a ∆K lower than the threshold
transition regime.
The fifth loading protocol measured growth rates under a decreasing ∆K protocol (C-value of
0.08 mm-1) from 10 MPa√m to a threshold da/dN value similar to the first loading protocol.
During K-shed loading, three marker-bands were inputted into the fracture surface at ∆K of 5, 4,
and 3 MPa√m by maintaining a constant Kmax value (10, 8, or 6 MPa√m respectively), but
alternating between R=0.1, f=10 Hz and the baseline R=0.5, f = 20 Hz. For the ∆K = 5 MPa√m
loading sequence, a three time repeating sequence (50 marker cycles + 5000 baseline cycles)
was completed to create a total marker-band series 10 microns in width. At ∆K = 4 and 3
MPa√m, a three time repeating sequence (50 marker cycles + 200 baseline cycles) for ∆K = 4
MPa√m and (50 marker cycles + 2000 baseline cycles) for ∆K = 3 MPa√m was completed. The
loading sequence produced a change in the fracture surface morphology that enabled the crack
front at each location of interest to be identified. By inputting markers into the surface, this
loading protocol was utilized to target crack front progression during the threshold transition
regime.
Environment
Loading protocols 1 and 2 were performed at 2668, 340, 165, 38, 18, 4, 1.8, 0.5, 0.2 and 5 x 107 (UHV) Pa; corresponding with the equilibrium water vapor pressures above water or ice at
roughly 23°C (relative humidity of 95%), -4°C, -15°C, -30°C, -37°C, -50°C, -57°C, -65°C, -73°C,
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and -90°C, respectively, according to the Clausius-Clapeyron equation84. Loading protocols 3-5
were performed only at 0.5 Pa (-65°C). Experiments were completed in a Cu-gasket-sealed
stainless steel UHV chamber where varying levels of pure water vapor were introduced through
a sealed glass flask via a leak valve64. The total pressure in the chamber was maintained at the
desired level through balancing the water vapor input and the pumping of the vacuum system.
Analysis Techniques
4.6.3.4.1 Crack Closure Metrics
For each loading protocol and testing condition, the effective stress-intensity factor range (∆Keff)
was calculated using the compliance-based methods outlined in ASTM E647-08 to quantify the
degree of crack closure occurring during testing100. Crack closure is the phenomenon where
fracture surfaces come into contact during the unloading portion of a loading cycle, transferring
force across the crack101. Crack closure results in a situation where the applied ∆K (∆Knom) is
reduced, which results in an effective stress intensity factor (∆Keff). The closure ratio reported in
this work for ASTM 2% and adjusted compliance ratio (ACR) both reflect the ratio of ∆Keff /
∆Knom, but define ∆Keff differently resulting in differing values at the same crack length. Both
methods will be presented in this study, though it is debated as to which method presents a
more rigorous and accurate representation of the presence of crack closure. The difference
between the ASTM 2% and ACR closure correction methods (outlined in Appendix X2 and X4 of
ASTM E647-08) is that the ASTM 2% method assumes that the stress range below the opening
stress does not affect crack growth behavior, whereas the ACR assumes it does102, 103,104. The
effective stress intensity factor in the ASTM 2% ratio is calculated by using a least-square fit to
the graph of the applied load vs. the corresponding crack mouth opening displacement. The
compliance value is determined by the slope of this line and is subsequently used to calculate
the compliance offset. The opening force is determined based on a 2% offset criterion and used
to calculate the effective force range that can be directly related to the effective stress intensity
factor range (∆Keff)100. The ACR is determined by equation 1 below:
ACR = (Cs – Ci) / (Co – Ci) Eqn.1
where Ci is the inverse slope of the applied load-crack mouth opening displacement plot prior to
initiation, Cs is the secant compliance, and Co is the compliance above the opening load. This
ratio considers the bulk shielding mechanism in the wake of the crack and the effect on the
cyclic strain field in front of the crack101. The effective stress intensity factor range can then be
calculated by equation 2:
∆Keff = ACR * ∆Knom Eqn. 2
The ACR method will generally indicate less closure when compared to the ASTM 2% due to
the reduced sensitivity to local crack tip contact. The adjusted compliance ratio and ASTM 2%
indicate no crack closure effects occurring when the ratio is equal to ∆Keff /∆Knom = 1. As ∆Keff
/∆Knom decreases, this represents an increasing effect of crack closure that is reducing the
overall effective stress intensity that is being felt at the crack tip. This work normalized the

164

SAFE-RPT-16-045

calculated ∆Keff by the nominal ∆K as a means to qualitatively compare the degree of crack
closure occurring during different testing conditions.
4.6.3.4.2 Fractography
Each fracture surface produced by K-shed loading was examined under low magnification
optical microscopy. Additionally, SEM (Scanning Electron Microscope) fractography was
performed for all exposures looking at key ∆K values before, during, and after the threshold
transition region. These locations were identified based on the compliance indicated crack front
location at the ∆K of interest. All SEM images taken were secondary electron images using a 10
kV accelerating voltage with a working distance ranging from 10 to 20 mm. The fracture
surfaces of the 0.2, 0.5, 1.8, 4, and 2668 Pa exposures were examined using the Zygo WhiteLight 3D Surface Profilometer to enable 3-D characterization of the fracture surface and
corresponding surface roughness. A 3-D characterization of the fracture surface for the
threshold transition region (approximately 8 mm x 10 mm) was examined for each sample that
exhibited a dip in growth rates (0.2, 0.5, 1.8 Pa). The roughness scans of the 4 and 2668 Pa
fracture surfaces were used for baseline comparisons. Each sample was leveled and filtered
using a Robust Gaussian filter.
Results
AA7075-T651
4.6.4.1.1 Fatigue Crack Growth Kinetics
Fatigue crack growth rates in AA7075-T651 (L-T) were shown to decrease with decreasing
water vapor pressure over a wide stress intensity range (∆K) and presented in depth in a
previous paper64. Figure 128 presents the dependence of da/dN on ∆K and PH2O for the L-T
orientation of AA7075-T651 measured under decreasing ∆K at a constant R of 0.5 and a
frequency of 20 Hz64. For PH2O above 4 Pa, da/dN decreased with decreasing ∆K in four power
law segments that are consistent with rate governing steps in the hydrogen environment
embrittlement (HEE) process and literature1,64,80,81. A novel da/dN versus ∆K trend was
observed for PH2O values of 1.8, 0.5, and 0.2 Pa, where da/dN decreased rapidly between a ∆K
of 6-5 MPa√m. The da/dN minima occurred for a ∆K range of 4.7 to 5.0 MPa√m, before
systematically increasing with decreasing ∆K. This region is referred to as the threshold
transition regime64.
The effect of water vapor exposure on da/dN for constant ∆K (R=0.5) (Figure 129) shows strong
dependence on both PH2O and ∆K with the following considerations: (1) fatigue crack
propagation rates at UHV and low-rising PH2O/f below 10-4 Pa-s, which are environment
independent, (2) molecular flow limited da/dN, directly proportional to PH2O/f up to about 10-2 Pas, and (3) a reduced dependence on exposure perhaps including possibility of an exposure
independent da/dN plateau controlled by the saturation of the surface reaction occurring on the
crack surface64,72,81,88.
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Figure 129. Effect of high purity water vapor exposure parameter on fatigue crack growth rate in
AA7075-T651 (L-T) stressed at various-constant K levels, each at fixed R of 0.50 and f = 20
Hz, taken from the wide-range decreasing ∆K data in Figure 12864.
Fracture Surface Morphology
Each fracture surface produced by K-shed loading was examined under low magnification
optical microscopy and is presented in Figure 130 with the decreasing ∆K portion of the fracture
surface indicated by the red box. For all decreasing ∆K experiments between 1.8 and 0.2 Pa
(Figure 130b - Figure 130d), the specimen’s fracture surface showed a transition from a smooth
fracture surface to a rough surface in the middle. The roughened region transitioned back to a
similar smooth crack surface with increasing crack length and decreasing ∆K. The change in
morphology correlates with the threshold transition region and is shown for the fracture surface
of an L-T specimen stressed at PH2O = 0.5 Pa in Figure 131. Lines of matching style between
the optical fractograph and the da/dN plot correspond to the compliance indicated crack front
location at the ∆K of interest; post-test optical crack length corrections varied less than 5% from
the final compliance measured crack length for all of the completed tests. The decrease in the
da/dN rates correlates to the increased roughness portion of the fracture surface. For testing
completed at a PH20 of 4 Pa or higher, the fracture surface had a nearly uniform macroscopic
fracture pattern for the entirety of the K-shed loading segment (Figure 130e - Figure 130k). The
roughness transition seen for the exposures between 1.8 Pa and UHV suggests a mechanism
transition that depends on ∆K and the environment64.
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Figure 130. Optical fractographs for decreasing ∆K at constant R of 0.50 (f = 20 Hz) for
AA7075-T651 (L-T) at various-constant water vapor exposure levels: (a) Ultra-high vacuum, (b)
0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, (h)165, (i) 340, (j) 2668, and (k) 2668 Pa (f=20 Hz).
Crack growth is from left to right in each image.
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Figure 131. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically smooth to rough topography on the fatigue crack
surface of AA7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.5 Pa. For
constant R, K decreased with increasing crack length from right to left in this image
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Previous work on precipitation hardened Al alloys showed that the rough faceted features
present in inert environments at low ∆K (Figure 132a) were characteristic of slip band cracking
(SBC) parallel to the {111} slip planes37,53,64. Slip band cracking was not present at higher ∆K
(Figure 132b, Figure 132d) for UHV and high humidity, which has been attributed to the
activation of multiple slip systems as the stress intensity range and crack tip plasticity
increases64. A non-crystallographic transgranular morphology that also included flat void-like
features, suggestive of fatigue cracking around constituent particles, was observed in the
fracture surface at higher ∆K and high humidity (Figure 132d)64,105.

Figure 132. SEM images of the fatigue crack surface of AA7075-T651 tested at constant R =
0.5, f = 20 Hz (from Figure 128) for an L-T oriented specimen exposed to PH2O of: UHV (a-b)
and high humidity (c-d) with a ∆K of: (a, c) ~5, (b, d) ~9 MPa√m. Crack growth is from left to
right in each image.
The fracture surface morphology varied with water vapor pressure ranging from UHV to relative
high humidity (2668 Pa) (Figure 133) when compared at a ∆K = 5 MPa√m. The fraction of
faceted features systematically decreased with increasing water vapor pressure. SBC-like
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features were first observed at PH2O = 1.8 Pa (Figure 133d and Figure 134d) with increasing
occurrence as PH2O decreased to UHV. At higher exposures (>1.8 Pa, Figure 133e - Figure
133k and Figure 134e - Figure 134k), the crack morphology is fully non-crystallographic
transgranular, which is typical of H-assisted cracking. Additionally, the fracture surface
morphology was compared before and after the threshold transition regime at ∆K = 9 and 3
MPa√m, respectively. The fracture surface morphologies before the threshold transition regime
showed transgranular fracture patterns for all tested exposures at ∆K = 9 MPa√m (
Figure 135). The fracture surface morphologies after the threshold transition regime at ∆K = 3
MPa√m showed transgranular fracture patterns for exposures greater than 0.2 Pa (Figure 136).
For the UHV exposure, the stress intensity range was below crack growth threshold, so no
image was available for comparison. In summary, prominent variations in the fracture surfaces
between the exposures were only seen at an intermediate ∆K (5 MPa√m) and low water vapor
pressures (Figure 133b - Figure 133d and Figure 134b - Figure 134d).
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Figure 133. SEM images of the fatigue crack surface of AA7075-T651 tested at constant R =
0.5, f = 20 Hz and constant ∆K = 5 MPa√m (from Figure 128) for an L-T oriented specimen
exposed to PH2O of: (a) UHV (b) 0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, (h) 165, (i) 340, (j) 2668,
and (k) 2668 Pa (f =2 Hz). Crack growth is from left to right in each image.
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Figure 134. Higher magnification SEM images of the fatigue crack surface of AA7075-T651
tested at constant R = 0.5, f = 20 Hz and constant ∆K = 5 MPa√m (from Figure 128 and
Figure 135) for an L-T oriented specimen exposed to PH2O of: (a) UHV (b) 0.2, (c) 0.5, (d) 1.8,
(e) 4, (f) 18, (g) 38, (h) 165, (i) 340, (j) 2668, and (k) 2668 Pa (f =2 Hz). Crack growth is from left
to right in each image.
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Figure 135. SEM images of the fatigue crack surface of AA7075-T651 tested at constant R =
0.5, f = 20 Hz and constant ∆K = 9 MPa√m (from Figure 128) for an L-T oriented specimen

177

SAFE-RPT-16-045

exposed to PH2O of: (a) UHV (b) 0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, (h) 165, (i) 340, (j) 2668,
and (k) 2668 Pa (f =2 Hz). Crack growth is from left to right in each image.

178

SAFE-RPT-16-045

Figure 136. SEM images of the fatigue crack surface of AA7075-T651 tested at constant R =
0.5, f = 20 Hz and constant ∆K = 3 MPa√m (from Figure 128) for an L-T oriented specimen
exposed to PH2O of: (a) 0.2, (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, (g) 165, (h) 340, (i) 2668, and (j)
2668 Pa (f =2 Hz). Crack growth is from left to right in each image.
As shown in prior work64, the fracture surface morphology has been used to interpret the
threshold transition behavior as an occurrence related to a limitation in the governing
mechanisms of the HEE process. The fracture surface morphology in the threshold transition
regime showed a transition from transgranular fracture to SBC-like morphology that was
consistent with the low-magnification optical images (Figure 130 and Figure 131)64. Figure 137
shows SEM images of the fracture surface for the 0.5 Pa exposure at specific ∆K across the
threshold transition regime. Flat transgranular fracture patterns were seen at ∆K values of 7 and
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6 MPa√m (Figure 136a and Figure 136b), which corresponded to growth rates slightly before
the onset of the dip in da/dN. SBC-like features were present at a ∆K value of 5 MPa√m that
corresponded to the minimum of the dip in da/dN (Figure 137c). As the ∆K decreased to 4
MPa√m (Figure 137d), the crack surface morphology showed decreasing amounts of SBC-like
features before transitioning to fully flat transgranular fracture and higher growth rates for low
∆K. The more severe dips in growth rate corresponded to lower PH2O values and a higher
fraction of SBC-like features. Since the degree of SBC increases with decreasing HEE, the
microscopic feature changes during the threshold transition regime are indicative of a minimum
amount of HEE occurring at the da/dN minima64.

Figure 137. SEM images of the fatigue crack surface of AA7075-T651 tested under decreasing
∆K loading at constant R = 0.5, f = 20 for an L-T oriented specimen exposed to PH2O = 0.5 Pa
with ∆K of: (a) ~7, (b) ~6, (c) ~5, and (d) ~4.0 MPa√m. The direction of crack growth is left to
right in each image.
4.6.4.1.2 Crack Front Evolution in the Threshold Transition Regime
The crack front evolution during the threshold transition region was examined by completing
programed loading sequences at ∆K of 5, 4, and 3 MPa√m to create marks on the fracture
surface. Figure 138 is an overview image of the complete fracture surface with the crack fronts
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(blue lines) calculated from the compliance and the experimental crack front found from markerbanding (green/yellow lines) for each of the three ∆K values. The green lines correspond to
marker-bands identified in the fracture surface and the yellow lines are the inferred crack fronts
used to connect the observed marker-bands and identify the continuous crack front. Example
marker-bands produced at each ∆K location are provided below the overview fracture surface
for each ∆K value. The calculated and experimental crack fronts for ∆K = 5 MPa√m are similar
in location and shape suggesting strong correlation between the compliance calculated crack
front and the experimental data at the start of the threshold transition region. The experimental
crack fronts for ∆K = 4 and 3 MPa√m are more elliptical in nature suggesting faster cracking on
the sides then in the middle of the sample. The crack front found from the ∆K =4 MPa√m
marker-bands has a steeper radius of curvature than at a ∆K = 3 MPa√m.
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Figure 138. SEM overview of fracture surface produced from a Kshed loading protocol at a PH2O
= 0.5 Pa with vertical compliance calculated crack fronts (blue) and 3 experimental crack fronts
identified by marker-bands (green/yellow lines). The green lines correspond to marker-bands
identified in the fracture surface and the yellow lines are the inferred crack fronts used to
connect the observed marker-bands. Example marker-bands produced at each ∆K location are
provided below the overview fracture surface for each ∆K value. For constant R, K decreased
with increasing crack length from left to right in this image. The blue lines correspond to the
compliance crack lengths associated with a ∆K of: (a) 5, (b) 4, and (c) 3 MPa√m.
The irregular crack shape seen at ∆K = 4 and 3 MPa√m could lead to inaccurate compliance
and stress intensity solutions during the threshold transition regime. Figure 139 plots the
dependence of da/dN on ∆K and PH2O for the L-T orientation of AA7075-T651 measured under
decreasing ∆K (R=0.5, f = 20 Hz); specifically highlighting the low ∆K behavior of the 0.5 Pa
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exposure. A rapid increase or spike in da/dN on the order of two magnitudes occurred for a ∆K
range of 3.7 to 4.0 MPa√m. After the spike, growth rates returned to systematically decreasing
da/dN with decreasing ∆K. Figure 139 correlates the location of the spike in growth rates to the
optical fractograph of the 0.5 Pa exposure. Lines of matching style between the optical
fractograph and the da/dN plot correspond to the compliance indicated crack front location at
the ∆K of interest. The rapid spike in the da/dN rates correlates to the vertical span of the crack
face with approximately 0.75 mm of SBC in the center of the specimen surrounded by
transgranular fracture from both crack flanks. Growth rates after the spike correlate to a fracture
surface that is fully transgranular. The subsequent spike in da/dN after the TTR was also
observed for the 0.2 Pa exposure and plotted in Figure 140. The spike in da/dN for the 0.2 Pa
sample had a similar magnitude as the 0.5 Pa sample, but occurred for a ∆K range of 3.3 to 3.7
MPa√m. Unlike the 0.5 Pa sample, the growth rates after the spike did not systematically
decrease, but instead fluctuated with decreasing ∆K. The difference between the compliance
calculated and experimental crack fronts at these post da/dN minima ∆K values will be
addressed in the Discussion as well as the potential impact of inaccurate compliance and stress
intensity solutions on da/dN during the TTR.
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Figure 139. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically rough to smooth topography on the fatigue crack
surface of AA7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.2 Pa. For
constant R, K decreased with increasing crack length from right to left in this image. The 0.2
Pa exposure showed a spike in da/dN approximately at ∆K = 3.6 MPa√m.
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Figure 140. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically rough to smooth topography on the fatigue crack
surface of AA7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.5 Pa. For
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constant R, K decreased with increasing crack length from right to left in this image. The 0.5
Pa exposure showed a spike in da/dN approximately at ∆K = 3.9 MPa√m.
4.6.4.1.3 Impeded/Enhanced Molecular Flow Experimentation
Two AA7075-T651 samples with different magnitudes of crack wake roughness were tested
using a constant ∆K = 5 MPa√m (R=0.5, f=20 Hz) loading protocol at a PH20 = 0.5 Pa to study
the effect of roughness on da/dN. The selection process for the different magnitudes of crack
wake roughness (0.5 and 3 mm) was described previously in the Experimental Methods section.
Figure 141 and Figure 143 plot the da/dN behavior vs crack length for each specimen with the
corresponding fracture surface underneath (scaled to match the crack lengths in the plot
above). Both experiments show that a steady state da/dN growth rate was not achieved in the
long term, but instead showed oscillating trends with growing crack length. The growth rate for
∆K = 5 MPa√m, estimated from the K-shed experiment (Figure 128), is da/dN = 4.0 x 10-6
mm/cycle and was used as the comparison to determine whether the roughness experiments
were experiencing impeded or enhanced growth rates. For the 0.5 mm sample, da/dN rates
were impeded and slowly increased for approximately 2 mm before beginning to oscillate
around a steady state growth rate approximately 3.0 x 10-6 mm/cycle. For the 3-mm sample,
da/dN rates were impeded for approximately 1 mm before becoming enhanced for 1 mm. After
the first two millimeters of crack growth, growth rates began to oscillate around a steady state
growth rate approximately 2.0 x 10-6 mm/cycle in a more symmetric pattern than seen in the 0.5
mm sample. Both samples showed an increased amount of SBC corresponding to subsequent
decreases in the da/dN shown in Figure 142 and Figure 144.
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Figure 141 (a) Fatigue crack growth rate versus crack length at constant ∆K =5 MPa√m and R
of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. 0.5 mm of crack wake roughness
was imparted into the surface before beginning the exposure testing. (b) Optical fractograph of
the test specimen corresponding to the crack length scale of the above and below plots. Crack
growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack
length.
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Figure 142. Optical fractograph of the 0.5 mm of crack wake roughness test specimen tested at
PH2O = 0.5 Pa. The SEM images below correspond to the number location where the red dots
are on the optical fracture surface. Crack growth occurred left to right.
Figure 141 and Figure 143 also plot the closure ratios associated with the ASTM 2% and ACR
methods vs crack length for each specimen scaled to match the crack lengths in the fracture
surface and da/dN plot above. The ACR results for the 0.5 mm sample (Figure 141c) show that
crack closure is accounting for approximately a 5 to 15% reduction in the stress intensity factor
for the entire duration of the test, whereas the ASTM 2% only indicates the presence of crack
closure for a crack length range from 26 to 30 mm. The ACR results for the 3 mm sample
(Figure 143c) show that crack closure is accounting for approximately a 5 to 13% reduction in
the stress intensity factor for the entire duration of the test, whereas the ASTM 2% indicates a
20% reduction in the stress intensity factor only for the first four millimeters of crack growth. The
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fluctuations in da/dN and the corresponding fracture surfaces will be addressed in the
Discussion.

Figure 143. (a) Fatigue crack growth rate versus crack length at constant ∆K =5 MPa√m and R
of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. 3 mm of crack wake roughness was
imparted into the surface before beginning the exposure testing. (b) Optical fractograph of the
test specimen corresponding to the crack length scale of the above and below plots. Crack
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growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack
length.

Figure 144 Optical fractograph of the 3 mm of crack wake roughness test specimen tested at
PH2O = 0.5 Pa. The SEM images below correspond to the number location where the red dots
are on the optical fracture surface. Crack growth occurred left to right.
A third AA7075-T651 sample with no prior loading history, and by extension no crack wake
roughness, was tested using a constant ∆K = 3 MPa√m (R=0.5, f=20 Hz) loading protocol at
PH20 =0.5 Pa to study the da/dN behavior at a ∆K lower than the threshold transition regime. A
plot of the da/dN behavior vs crack length for the specimen with the corresponding fracture
surface underneath (scaled to match the crack lengths in the plot above) showed a near steady
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state, but mildly increasing da/dN approximately equal to 1.0 x 10-6 mm/cycle over 18 mm of
crack growth (Figure 145a).

Figure 145. (a) Fatigue crack growth rate versus crack length at constant ∆K =3 MPa√m and R
of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at PH2O = 0.5 Pa. No crack rack roughness or load
effects were imparted into the surface before beginning the exposure testing. (b) Optical
fractograph of the test specimen corresponding to the crack length scale of the above and
below plots. Crack growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio)
versus crack length.
This steady state growth rate equaled the growth rate, da/dN = 1.0 x 10-6 mm/cycle, estimated
from the K-shed experiment at a ∆K = 3 MPa√m (Figure 128). The fractography of the surface
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revealed transgranular fracture for the duration of the test (Figure 145b). A plot of the ASTM
2% and ACR closure ratios vs crack length (Figure 145c) showed a less than 3% reduction in
the applied ∆K suggesting minimal effects of closure for the duration of the test.
4.6.4.1.4 Roughness Profiling
Key AA7075-T651 fracture surfaces were examined using the Zygo White-Light 3D Surface
Profilometer to enable 3-D characterization of the fracture surface and corresponding surface
roughness pertaining to the TTR. Figure 146a, Figure 147a, and Figure 148a show the 3-D
characterization of the fracture surface and the corresponding optical fractograph for the 1.8,
0.5, and 0.2 Pa samples, respectively. Figure 146b, Figure 147b, and Figure 148b highlight
example horizontal line scans, oriented with respect to the C(T) center line in the notch
direction, which correlate to the plot of the localized topography of the corresponding crack face.
The distance on the x-axis of the plot corresponds with the length of the horizontal line segment
and the y-axis is the localized roughness for the selected segment width. Amplitude parameters
are provided for each line segment and corresponding crack face topography plot. For each
sample, the crack length of highest roughness was determined by identifying the highest
arithmetic average roughness (Ra). The Ra parameter is the arithmetic average height of the
peaks and valleys as determined from a mean line within the sampling length106. The geometric
average roughness (Rq) was also used as a comparison tool during characterization. Rq is the
geometric average height of the roughness-components from a mean line within a sampling
length. The Rq parameter is more sensitive to extremely high or low peak/valley values resulting
in a reading that will be approximately 11% higher than the Ra value for a given surface106. For
this study, the Ra and Rq parameters were used as lower and upper bounds respectively for the
roughness of features in the fracture surface at a given crack length.
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Figure 146. (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 1.8 Pa sample produced under decreasing ∆K
loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 1.8 Pa sample with a
horizontal line scan (shown by the black line). The plot on the right graphs the localized
topography of the crack face corresponding to the horizontal line segment. From this plot, the
local roughness parameters (Ra – average roughness, Rq – geometric average roughness, Rp average peak height, Rv- average valley height) can be gleaned for the horizontal line segment
of interest.
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Figure 147. (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 0.5 Pa sample produced under decreasing ∆K
loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.5 Pa sample with a
horizontal line scan (shown by the black line). The plot on the right graphs the localized
topography of the crack face corresponding to the horizontal line segment. From this plot, the
local roughness parameters (Ra – average roughness, Rq – geometric average roughness, Rp average peak height, Rv- average valley height) can be gleaned for the horizontal line segment
of interest.
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Figure 148 (a) 3D characterization and the corresponding optical fractograph of the threshold
transition regime area for the AA7075-T651 0.2 Pa sample produced under decreasing ∆K
loading at constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.2 Pa sample with a
horizontal line scan (shown by the black line). The plot on the right graphs the localized
topography of the crack face corresponding to the horizontal line segment. From this plot, the
local roughness parameters (Ra – average roughness, Rq – geometric average roughness, Rp average peak height, Rv- average valley height) can be gleaned for the horizontal line segment
of interest.
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The average Ra and Rq values for the three dip exposures (0.2, 0.5, and 1.8 Pa) and two higher
humidity exposures (4 and 2668 Pa) are presented in Table 22 through Table 24. In order to
more accurately represent the average Ra and Rq values for the entire width of the crack face,
the total horizontal width (7.56 mm) was broken into approximately 0.5 -1 mm subsections each
with corresponding amplitude parameters. The amplitude parameters from the small
subsections were used in a weighted average to calculate the total average Ra and Rq for the
total segment (Table 22 through Table 24). Table 22 shows that crack face topography
roughness increased with decreasing PH2O. After the threshold transition regime, the surface
roughness of the 0.2, 0.5, and 1.8 Pa exposures decreased to values similar to the average
roughness measured for the 4 and 2668 Pa exposures (Table 23 and Table 24).
Table 22. Weighted average Ra and Rq values taken in the threshold transition regime for 0.2,
0.5, and 1.8 Pa
PH20 (Pa)

Ra (μm)

Rq (μm)

0.2

20.0

23.9

0.5

10

12.2

1.8

8.4

10.3

Table 23. Weighted average Ra and Rq values taken after the threshold transition regime for
0.2, 0.5, and 1.8 Pa
PH20 (Pa)

Ra (μm)

Rq (μm)

0.2

5.4

7.0

0.5

7.2

8.7

1.8

9.2

11.2

Table 24. Weighted average Ra and Rq values taken for 4 and 2668 Pa
PH20 (Pa)

Ra (μm)

Rq (μm)

4

7.7

10

2668

6.7

8.2

The local crack face topography was examined to determine the average height of crack
asperities. The roughness parameters Rp and Rv (average height of the peak/valley from a
mean line within a sampling) were taken at the location of highest roughness and listed in Table
25. The Rp and Rv values were added together to represent the average total height of a crack
wake asperity; listed as “Rpv” (Table 25). The average Rp and Rv values increased with
decreasing PH2O, which agreed well with the previous roughness measurements above (Table
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22). Additionally, the span of the localized roughness was measured for each the three TTR
exposures and presented in Table 26. The magnitude of the roughness span increased with
decreasing PH2O. The depth and roughness profile information is used in conjunction with crackopening displacement (COD) calculations and ASTM 2%/ACR closure ratio analysis to evaluate
the proposed roughness induced molecular transport theories in the Discussion.
Table 25. Largest Rp and Rv values observed in the threshold transition regime for 0.2, 0.5, and
1.8 Pa. Rpv is the sum of Rp and Rv and reflects the total magnitude of the crack face
roughness.
PH20 (Pa)

Rp (μm)

Rv (μm)

Rpv (μm)

0.2

45.3

46.5

91.8

0.5

46.0

24.6

70.6

1.8

23.2

26.6

49.8

Table 26. The magnitude of the fracture surface roughness span for the 0.2, 0.5, and 1.8 Pa
exposures
PH20 (Pa)

Span of SBC (mm)

0.2

5.1

0.5

3.1

1.8

2.5

AA2199-T86
4.6.4.2.1 Fatigue Crack Growth Kinetics
Fatigue crack growth rates, as a function of ∆K and PH2O, are shown for AA2199-T86 in Figure
149; plot scales are similar to those used in Figure 128 to enable direct comparison of the TTR
trends between AA7075-T651 and AA2199-T86. Figure 149 presents the dependence of da/dN
on ∆K and PH2O for the L-T orientation of AA2199-T86 measured under decreasing ∆K at a
constant R of 0.5 and a frequency of 20 Hz.
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Figure 149. Fatigue crack growth rate versus decreasing ∆K at constant R of 0.50 (f = 20 Hz)
for AA2199-T86 (L-T) at various-constant water vapor exposure levels from ultra-high vacuum
(0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa).
Initial AA2199-T86 specimens demonstrated out of plane cracking, associated with inherent
anisotropy and the high constraint (thus out of plane T-stress) inherent to C(T) specimens, for
low and intermediate water vapor exposures107. As such, a side-grooving protocol was
performed on the C(T) specimens consistent with ASTM standard E399107. In addition, a small
notch was added to the preexisting C(T) notch through electrical discharge machining (EDM) to
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mitigate crack formation along the notched flanks (

Figure 150). Verification testing of the AA2199-T86 side-grooved specimens was conducted at
38 Pa and UHV to investigate the procedure’s effect on the crack growth rate date between
exposure levels (Figure 151). The side-grooved and non-side-grooved specimens showed
identical crack growth rate behavior at UHV suggesting that the crack mechanics and ∆K
solutions are accurate for the new specimens. However, side-grooved specimens tested at
intermediate exposures (open circles in

Figure 150. Optical image of the notch for the AA2199-T86 un-grooved (left) and side-grooved
(right) C-T specimens. Additionally, a small notch was added to the preexisting CT notch
through electrical discharge machining (EDM) for the side-grooved specimens. The sidegrooving process reduced the overall thickness of the specimen in the crack plane
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Figure 151. Fatigue crack growth rate versus decreasing ∆K comparison for the AA2199-T86
side-grooved and un-grooved C-T specimens at constant R of 0.50 (f = 20 Hz) for three
constant water vapor exposure levels from ultra-high vacuum (0.25-0.50 Pa-s) to 165 Pa. The
growth rate data for the side-grooved specimens are open circles and the un-grooved
specimens are labeled as “regular” and are shown as crosses.
Figure 151) showed faster crack growth rates than the non-grooved specimens (crosses in
Figure 151). The da/dN rates at 38 Pa for the side-grooved specimen showed similar rates to
the non-grooved specimen data tested at 165 Pa. The data presented in Figure 147 were
completed with all side-grooved specimens except for the two tests completed at 2668 Pa.
Fatigue crack growth rates in AA2199-T86 (L-T) were seen to decrease with decreasing water
vapor pressure over a wide stress intensity range (∆K) (Figure 149). For PH2O above 38 Pa,
da/dN decreased with decreasing ∆K in four power law segments consistent with the HEE
process1,64,80,81. The equivalence of the da/dN rates observed at 0.5 Pa and UHV in AA2199T86 illustrates the elimination of environmental influences at a higher exposure than AA7075T651. A rapid decrease in da/dN was observed for PH2O values of 18, 1.8, and 4 Pa between a
∆K of 8-7 MPa√m. The da/dN minima occurred for a ∆K range of 6.7 to 7.0 MPa√m, before
systematically increasing with decreasing ∆K. The threshold transition regime behavior for
AA2199-T86 occurred at a higher range of PH2O and stress intensity range than AA7075-T651.
A direct comparison between the data from the AA7075-T651 and AA2199-T86 samples is
complicated by the fact that the AA2199-T86 side-grooved samples have different watermolecular transport distances. For PH2O below 38 Pa, a strong environmental dependence
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between da/dN and PH2O was observed. Figure 152 plots the da/dN minimum value in the TTR
as a function of PH2O for AA7075-T651 and AA2199-T86. Both the AA7075-T651 and AA2199T86 data demonstrate that the magnitude of the drop increases with decreasing PH2O. The
mechanisms responsible for the da/dN vs ∆K differences in the threshold transition regime
between AA7075-T651 and AA2199-T86 will be addressed in detail in the Discussion.
4.6.4.2.2 Fracture Surface Morphology
Each AA2199-T86 fracture surface produced by ∆K-shed loading was examined through similar
low magnification optical microscopy and SEM fractography (Figure 153). For all decreasing ∆K
experiments between 4 Pa and 0.5 Pa (Figure 153b - Figure 153d), the specimen’s fracture
surface showed a transition from a smooth fracture surface to a rough surface in the middle.
The change in morphology correlates with the threshold transition region for the 18, 1.8, and 4
Pa exposures and is shown for the fracture surface of a L-T specimen stressed at PH2O = 1.8 Pa
in Figure 154. Lines of matching style between the optical fractograph and the da/dN plot
correspond to the compliance indicated crack front location at the ∆K of interest. The decrease
in the da/dN correlates to the increased roughness portion of the fracture surface. This transition
from a smooth to rough fracture surface occurred for the 0.5 Pa sample, but is not reflected in
the corresponding growth rates seen in Figure 149 where da/dN systematically decreased with
decreasing ∆K. For testing completed at a PH20 > 18 Pa, the specimen’s fracture surface had a
nearly uniformed macroscopic fracture pattern for the entirety of the K-shed loading segment
(Figure 153f - Figure 153g). The roughness transition seen for the exposures between 0.5 and
18 Pa suggests a potentially more complex mechanism transition that depends on ∆K and the
environment.
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Figure 152. Effect of water vapor exposure on the observed crack growth rate minima in the
threshold transition regime for AA7075-T651 loaded under constant Kmax (16.5 MPa√m)decreasing ∆K in both L-T and T-L orientations as well as constant K-constant R (0.5) loading
in the L-T orientation (Figure 128) as shown in previous work64. Additionally, the effect of water
vapor exposure on the observed crack growth rate minima in the threshold transition regime for
AA2199-T86 loaded under decreasing ∆K in the L-T orientation (Figure 149) is plotted.
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Figure 153. Optical fractographs for decreasing ∆K at constant R of 0.50 (f = 20 Hz) for
AA2199-T86 (L-T) at various-constant water vapor exposure levels: (a) Ultra-high vacuum, (b)
0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is left to right in each image.
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Figure 154. Crack growth rate versus K (a) and corresponding optical fractograph (b)
illustrating the transition from macroscopically smooth to rough topography on the fatigue crack
surface of AA2199-T86 (L-T orientation) stressed in pure water vapor at PH2O = 1.8 Pa. For
constant R, K decreased with increasing crack length from right to left in this image.
SEM fractography of the K-shed fracture surfaces was performed for all exposures looking at
key ∆K values before, during, and after the threshold transition region as shown previously for
AA7075-T651. The AA2199-T86 fractographic surfaces showed faceted cracking (SBC-like
features) in inert environments for all ∆K (Figure 155). At higher ∆K and high humidity (Figure
155b and Figure 155d), the fracture surface transitioned to a combination of SBC and
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transgranular cracking. The fracture surface morphology varied with water vapor pressure
ranging from UHV to relative high humidity (2668 Pa) (Figure 156 and Figure 157) when
compared at ∆K = 7 MPa√m. The fraction of faceted features systematically decreased with
increasing water vapor pressure. SBC-like features were first observed at PH2O = 4 Pa (Figure
156d and Figure 157d) with increasing occurrence as PH2O decreased to UHV. At higher
exposures (>4 Pa, Figure 156e - Figure 156g and Figure 157e - Figure 157g), the crack
morphology became more transgranular; typically associated with H-assisted cracking64. The
fracture surface morphologies before the threshold transition regime showed transgranular
fracture patterns for exposures greater than 1.8 Pa at ∆K = 9 MPa√m (Figure 158). A small
degree of SBC was found at UHV and 0.5 Pa at ∆K = 9 MPa√m (Figure 158a - Figure 158b).
The fracture surface morphologies after the threshold transition regime ∆K = 5 MPa√m showed
transgranular fracture patterns for high humidity exposures (Figure 159f - Figure 159g). SBClike features were first observed at PH2O = 18 Pa (Figure 159e) with increasing occurrence as
PH2O decreased to UHV.

Figure 155. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 (from Figure 149) for an L-T oriented specimen exposed to PH2O of: UHV (a-b) and high
humidity (2668 Pa) (c-d) with a ∆K of: (a, c) ~5, (b, d) ~9 MPa√m. Crack growth is from left to
right in each image.
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Figure 156. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 7 MPa√m (from Figure 149) for an L-T oriented specimen exposed
to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from
left to right in each image.
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Figure 157. Higher magnification SEM images of the fatigue crack surface of AA2199-T86
tested at constant R = 0.5, f = 20 Hz and constant ∆K = 7 MPa√m (from Figure 149) for an L-T
oriented specimen exposed to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668
Pa. Crack growth is from left to right in each image.
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Figure 158. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 9 MPa√m (from Figure 149) for an L-T oriented specimen exposed
to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from
left to right in each image.
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Figure 159. SEM images of the fatigue crack surface of AA2199-T86 tested at constant R = 0.5,
f = 20 Hz and constant ∆K = 5 MPa√m (from Figure 149) for an L-T oriented specimen exposed
to PH2O of: (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from
left to right in each image.
The fracture surface morphology in the threshold transition regime for the 1.8 and 4 Pa samples
showed a transition from transgranular fracture to SBC-like morphology that was consistent with
the low-magnification optical images (Figure 153 and Figure 154). Figure 160 shows SEM
images of the fracture surface for the 1.8 Pa exposure at specific ∆K across the threshold
transition regime. Transgranular fracture patterns were seen at ∆K= 9 MPa√m (Figure 160a),
which corresponded to growth rates slightly before the onset of the dip in da/dN. SBC-like
features were present at ∆K=7 and 6 MPa√m, which corresponded to the minimum of the dip in
da/dN (Figure 160b and Figure 160c). As the ∆K decreased to 5 MPa√m (Figure 160d), the
crack surface morphology showed decreasing amounts of SBC-like features. Previous work
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investigating the fatigue behavior of peak-aged AA2090 (L-T) in various environments108
supports the expected fracture morphology differences and complexity seen when comparing
AA2199-T86 to AA7075-T651. In AA2090, SBC was found in inert environments at all ∆K and
relatively flat crystallographic100 cracking was seen in H-producing environments. While different
alloy classes, both AA2090 and AA2199-T86 contain the same shearable δ’-phase (Al3Li)
particle which can dictate slip behavior37,53,98. The mechanisms responsible for the fracture
surface morphology differences between AA7075-T651 and AA2199-T86 and the effect on the
threshold transition regime will be addressed in the Discussion.

Figure 160. SEM images of the fatigue crack surface of AA2199 – T86 tested under decreasing
∆K loading at constant R = 0.5, f = 20 for an L-T oriented specimen exposed to PH2O = 1.8 Pa
with ∆K of: (a) ~9, (b) ~7, (c) ~6, and (d) ~5 MPa√m. The direction of crack growth is left to right
in each image.
Discussion
Experimental results reinforced the expected strong water vapor dependence of da/dN across a
wide range of ∆K for AA7075-T651 and AA2199-T86. Increasing the water vapor pressure
resulted in increased da/dN at all ∆K levels and a substantial reduction in the cracking
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threshold64. This behavior is well known and has been addressed based on hydrogen
environment embrittlement1,2,64,80,81,109. Additionally, a novel effect of water vapor on the ∆K
dependence of da/dN in the near-threshold regime was exhibited for low water vapor
exposures64. These data provide a solid foundation for incorporation into engineering prognosis
to predict cracking in these high altitude environments, but further mechanistic and scientific
knowledge of the near-threshold regime behavior is needed before final integration.

One of the first areas of interest was the effect of surface roughness on molecular transport
from the crack mouth to the crack tip. Specifically, the interaction between molecular flow and
the degree of roughness and the subsequent effect on da/dN will be addressed. The crack front
evolution in the threshold transition regime will be examined as a means to evaluate the
proposed molecular transport based explanation for the threshold transition regime. Next, the
post minima behavior for AA7075-T651 will be investigated as it relates to the proposed
turbulent mixing hypothesis. The environmental fatigue crack growth and near-threshold regime
behavior of AA2199-T86 will also be examined. Finally, the context of how these experimental
results and understanding can be applied to engineering fatigue life prognosis will be discussed.
The Effect of Surface Roughness on Molecular Transport
4.6.5.1.1 Molecular transport mechanisms
The crack growth kinetics and rate controlling reactions occurring within a crack depend on the
local environment, which is determined by the mass transport of water vapor molecules
between the bulk solution and the crack tip110. Mass transport, also described as the molecular
flow, from the crack mouth to crack tip will occur by the combination of fluid flow and diffusion 83.
As the crack grows, the increasing diffusion distance and the limited space within the crack can
result in a limitation in the movement of the water vapor molecules from the crack mouth to the
crack tip53. Wei and coworkers proposed that the PH2O at the crack tip is lower than the bulk PH2O
due to the impeded diffusional (Knudsen) flow of water molecules interacting with crack walls.
They modeled the corrosion fatigue contribution to crack growth in this molecular-flow regime as
2,53,60,62,64,72,80,89,91:
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Eqn. 3

where f is frequency, N is the density of surface reaction sites (1019 Al atoms/m2) in the Al-H2O
reaction to produce a surface layer of absorbed-atomic H, k is the Boltzmann constant, d is
distance from the crack tip at which the crack opening displacement (COD; used to approximate
the flow channel dimensions) is calculated, T is absolute temperature, E is Young’s modulus, M
is the molecular weight of water vapor, f(R) is a function of stress ratio, and α and β are
empirical constants related to surface roughness of the crack increment formed during the
previous cycle and flow geometry, respectively64. This value is not fully predictive, rather it is
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scaled to fit the da/dNcf-Sat value which is the growth rate at the highest exposure level that is still
rate-limited by molecular flow to the crack tip. In this molecular flow-based regime, the growth
rates are directly related to the PH2O /f and the surface roughness of the crack face (α and β)
which suggests that variations in the crack surface roughness could have differing effects on
subsequent growth rates.
The impeded molecular transport hypothesis proposes that the onset of the threshold transition
minimum in da/dN is caused by roughness-induced changes in the mass transport behavior that
governs the PH2O at the crack tip64. This hypothesis applies when the molecular transport of
water vapor molecules from the crack mouth to crack tip is governed by diffusional (Knudsen)
flow. Turnbull proposed an alternative laminar flow transport mechanism, called advection, to
describe the movement of molecules. In fatigue cracking, the cyclic movement of the crack walls
helps to induce bulk flow from the crack mouth to the crack tip110. Turnbull defined a critical
crack distance (lcrit) where molecular transport switches from being diffusion supplied to
advection supplied for deeper cracks. When the molecular transport is advection supplied at a
crack length > lcrit, the molecular flow can be viewed as diffusion limited. This critical distance
(lcrit) is the location where diffusion and advection are equally effective transport processes for
an idealized smooth-surface trapezoidal crack of blunted tip opening displacement and elastic
mouth opening displacement111,112:
lcrit  (DH2O/f )1/2 / (1 – R1/2)

Eqn. 4

where DH2O is the diffusivity of water vapor molecules. The DH2O for pure water vapor is 0.28
cm2/s at 23oC and 100 kPa pressure113. DH2O decreases with increasing water vapor pressure
proportional to 1/PH2O, in addition to decreasing for restricted channel volumes with dimensions
that fall below the mean-free path of the molecules as given by the Knudsen flow
64,114,115,116,117,118,119. For loading conditions typical of the threshold transition regime, C(T)
specimens have a crack opening displacement that is on average orders of magnitude smaller
than the mean-free path for water molecules which results in a modified DH2O64,115. The DH2O
modified for diffusional (Knudsen) flow in an idealized channel with a height equal to the
average COD (5 μm for R=0.5 testing) is 8 cm2/s64,120. Based on these values and presented
previously64, the lcrit value was found to equal 43 mm for K-shed/constant R testing. The crack
depth before the onset of the threshold transition regime was 22 – 30 mm ahead of the C(T)
specimen notch root (<lcrit = 43 mm) suggesting that the threshold transition regime is within the
diffusion supplied region of molecular transport.
As seen in Wei’s equation for crack growth rates in diffusion-based regimes, the growth rates
are directly related to the PH2O /f and the surface roughness of the crack face (α and β). As the
crack surface becomes rougher with increasing proportions of SBC, the diffusion-based
Knudsen flow of water molecules becomes increasingly impeded; resulting in decreased β and
thus decreased local PH2O and da/dN30,31,33. Researchers have found that increasing crack wake
roughness, and by extension, crack asperity topography, will result in a reduction in the effective
crack opening for the molecular flow path64,121,122,123. Increasing the height and decreasing the
spacing between crack wake surface features has shown to increase the impedance of the
molecular (Knudsen) flow through micro-channels64,121-123,124,125. This roughness induced
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impeded flow would augment the likely contributions of roughness induced closure to cause a
decrease in the da/dN.
Previous work64 has proposed that when a critical span and/or magnitude of roughness is
reached, the water vapor transport mechanism changes from diffusion or advection based flow
to a fully convective mixing due to crack wake asperity contact. The asperity contact helps to
initiate turbulent flow that imparts momentum into the crack tip water vapor molecules. These
enhanced-flow molecules raise the PH2O at the crack tip back to the bulk PH2O. This hypothesis
agrees with the ideas presented by Somerday and coworkers who examined the flow of H2 gas
along a flat crack without faceted roughness 64,115. After studying the flow properties of H2 in
relation to its low Reynolds number, they recognized the possibility of turbulent flow occurring
due to crack wake asperity contact helping to equilibrate the crack tip pressure64,115. Taunt and
Charnock proposed that the pumping action of C(T) specimens may accentuate environmental
effects by increasing the supply of species to the crack tip; specifically suggesting that large,
frequent load cycles would result in increased fluid turbulence that would enhance mixing116. A
quantitative analysis of the occurrence of crack wake asperity contact will be presented later,
but there remains a need to quantify the effect of crack wake roughness on the da/dN behavior;
specifically, how it relates to impeding or enhancing molecular transport from the crack mouth to
the crack tip.
4.6.5.1.2 Initial influences of crack wake roughness on da/dN behavior (< 5 mm of crack growth)
The interaction of the bulk PH2O, ∆K, and crack wake roughness can have differing effects on
crack closure and water vapor transport in the crack wake leading to deviations from the unique
da/dN versus ∆K relationship for constant intermediate water vapor exposures, as established
in Figure 12864. A quantitative interpretation of the interaction between surface roughness and
molecular transport is difficult to reach using the K-shed experiments (Figure 128), because the
load history, crack wake roughness, and ∆K are all varying simultaneously. In order to isolate
and target this relationship, a test method was designed to change the crack wake roughness
while keeping constant the bulk PH2O, ∆K, and initial crack length. The roughness spans were
selected to represent a crack tip that would experience impeded-molecular (0.5 mm) or
enhanced (3 mm) turbulent convective flow based on the molecular transport hypothesis which
presented the idea that a critical magnitude of roughness is needed to initiate turbulent mixing
and enhance growth rates64. Based on the molecular transport hypothesis, the 0.5 mm of crack
wake roughness would represent a subcritical amount of roughness that would initially impede
the molecular transport and retard crack growth rates. The 3 mm of crack wake roughness
experiment would represent the condition where the magnitude of roughness is large enough to
encourage turbulent convective mixing resulting in enhanced crack growth rates. This
information will be inferred by the da/dN behavior; elevated levels of da/dN will suggest
continued enhanced crack tip PH2O, while a consistent or steady state da/dN will suggest a
diminished effect of turbulent convective mixing. The results of these varying roughness span
experiments will be critical to understanding (1) whether subcritical spans of roughness lead to
impeded growth and longer spans will lead to enhanced crack growth, and (2) the extent to
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which crack wake roughness will continue to influence the crack growth behavior as the crack
tip moves further away from these features.
For each crack wake roughness experiment, the da/dN behavior was plotted as a function of
crack length with the corresponding fracture surface underneath (Figure 141 and Figure 143).
The growth rate for ∆K = 5 MPa√m, estimated from the K-shed experiment (Figure 128), is
da/dN = 4.0 x 10-6 mm/cycle and was used as the comparison to determine whether the
roughness experiments were experiencing impeded or enhanced growth rates. The da/dN
behavior of the 0.5 mm of crack wake roughness experiment was initially impeded (da/dN < 4.0
x 10-6 mm/cycle) for 2 mm before increasing to reach a steady state da/dN = 5.0 x 10-6
mm/cycle that was maintained for 2 mm of crack growth. The da/dN behavior for the first 4 mm
of crack growth agreed well with the molecular transport hypothesis that suggested the crack
wake roughness would impede water vapor transport from the crack mouth to the crack tip. The
ACR and ASTM 2% ratio were plotted to account for the possible effects of crack closure on
da/dN (Figure 141c). The highest contribution of crack closure (closure ratio = 0.8) would
reduce the ∆Keff from 5 to 4.0 MPa√m, corresponding to a steady state da/dN = 1.0 x 10-6
mm/cycle. The impeded growth rates observed for the first millimeter of crack growth for the 0.5
mm sample start at da/dN = 1.0 x 10-7; rapidly increasing before reaching a steady state da/dN.
While the initial lower growth rate trend is consistent with the ACR ratio change, an additional
influence of environmental cracking is suggested since the magnitude of the ∆K change is not
sufficient enough to explain the initial impedance in growth rates. Additionally, at longer crack
lengths (> 22 mm) the changes in the ASTM 2% and ACR ratios do not directly correspond to
changes in the da/dN behavior of the 0.5 mm sample indicating that crack closure is not the
controlling mechanism.
The da/dN behavior of the 3 mm of crack wake roughness experiment was initially impeded
(da/dN < 4.0 x 10-6 mm/cycle) for 2 mm of crack growth before increasing to a maximum da/dN
= 1.0 x 10-5, signifying enhanced growth rates when compared to the ∆K-shed growth rate.
Again, the ACR and ASTM 2% ratio were plotted to account for the possible effects of crack
closure on da/dN (Figure 143c). The 3 mm of roughness experiment also produced a 20%
reduction in the ∆Keff corresponding to an adjusted steady state da/dN = 1.0 x 10-6 mm/cycle.
Similar to the 0.5 mm sample, the low da/dN values correlate with similar trends in the ASTM
2% and ACR plots for the 3 mm sample, however the magnitude of the ∆K reduction would not
fully describe the initial impedance in da/dN and the trends for longer cracks do not directly
correspond to changes in the da/dN behavior.
These results tend to generally support the hypothesis that shorter spans of crack wake
roughness will impede subsequent crack growth due to Knudsen flow limitation, while longer
spans can enhance crack growth due to turbulent convection. However, the initial impedance in
the longer span test is only partially attributed to closure; the remaining cause of this reduction
is not known and may compromise this conclusion. The fracture surface corresponding to the
region of crack growth prior to the onset of the first fluctuations in da/dN and surface roughness
was examined to investigate the initial impedance before increasing to elevated crack growth
rates for the 3 mm sample (Figure 144). For this initial region, the fracture pattern from the sides
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(Figure 144 B.1 and Figure 144 B.3) show cracking inwardly from the sides. The fracture
surface in the middle of the sample at the same crack length showed a crack progression from
left to right (Figure 144 B.2). The macroscopic overview of the fracture surface for this region
suggests that cracking in from the sides may be dominating over crack growth in the notch
direction. Cracking from the sides would result in an irregular crack front that could alter the
relationship between the recorded compliance and the applied load to achieve the programed
∆K value.
One theory to explain the increase in da/dN from being initially impeded to elevated in the 3 mm
sample could be related to the mechanics associated with an irregular crack. Specifically, an
irregular crack front (similar to that reported in Figure 138) would result in a higher ∆K driving
force at the center portion of the specimen. The increased driving force could combine with high
levels of constraint in the center of the specimen, resulting in enhanced da/dN in order for the
center crack portion to “catch up” to the environmentally enhanced cracking along the sides.
Based on this theory and the molecular transport hypothesis, the proposed crack front
progression during the first 4 mm of crack growth following the crack wake roughness is
illustrated in Figure 161 for the 0.5 and 3 mm roughness experiments. The crack wake
roughness performed at UHV is indicated by the blue lines and the green lines represent the
crack front as it progresses left to right corresponding to the numbers above each continuous
crack front. As the crack wake roughness impedes molecular transport in the notch direction,
environmental contributions from the crack faces results in faster cracking inwardly than in the
notch direction. As the irregular crack front becomes more pronounced, the slower cracking
portion in the center experiences an increased applied load and an increased potential for
further contributions of H diffusion from the crack faces (crack fronts 2-3 in Figure 161a and
Figure 161b). Both of these factors contribute to enhanced growth rates as the middle portion of
the crack front catches up to the sides and a regular crack front is resumed (crack front 4 in
Figure 161a and b). The differences in the crack front progression between the two roughness
experiments is a result of the 3 mm of roughness completely impeding diffusion from the notch
direction and diffusion inwardly from the sides dominating, whereas the 0.5 mm of crack wake
roughness only partially impedes diffusion from the notch direction resulting in a combination of
diffusion inwardly from the sides and from the notch.
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Figure 161. (a) Schematic of crack front progression and corresponding optical fractograph
stressed in pure water vapor at PH2O = 0.5 Pa at constant ∆K =5 MPa√m and R of 0.50 (f = 20
Hz) for AA7075-T651 (L-T). 0.5 mm of crack wake roughness was imparted into the surface
before beginning the exposure testing. (b) Schematic of crack front progression and
corresponding optical fractograph stressed in pure water vapor at PH2O = 0.5 Pa at constant ∆K
=5 MPa√m and R of 0.50 (f = 20 Hz) for AA7075-T651 (L-T). 3 mm of crack wake roughness
was imparted into the surface before beginning the exposure testing. Crack front evolution
progresses left to right and each number corresponds to a continuous crack front. The
increased roughness portion of the crack front is represented by triangles and the
transgranular/flat portion of the crack front is identified by a straight line. The black line in both
images outlines the increased roughness portion of the fracture surface.
These constant ∆K, PH20/f experiments serve to show that the interaction between the
roughness on the fracture surface and the molecular transport can result in an order of
magnitude change in growth rates directly following crack growth of increased roughness.
Additionally, the fractography suggests an environmentally driven irregular crack front that is
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driven by the interaction of molecular transport, closure, asperity based mixing, and position
dependent ∆K. These findings will be extended upon through examining the crack front
evolution in the threshold transition regime during K-shed loading and the effect of the initial
roughness span on the da/dN behavior vs. crack length as the crack continues to grow will be
addressed in a subsequent section.
Crack Front Evolution in the Threshold Transition Regime
The results of the crack wake roughness experiments suggested that different magnitudes of
roughness could have an effect on crack front evolution and subsequent da/dN behavior. This
finding indicates that the observed surface roughness in the 0.2 Pa and 0.5 Pa exposures
(Figure 130a and b) could also be producing an irregular crack front during the threshold
transition region. To that end, initial fracture surface morphology for low exposure ∆K-shed
testing in the post-minimum region (Figure 130a and b) showed the possibility of a complex
crack front where environmentally enhanced transgranular fractures dominates inwardly from
specimen surfaces and SBC continues in the center of the specimen64. Figure 138 shows the
crack front evolution during the threshold transition region with marker-band loading sequences
at ∆K of 5, 4, and 3 MPa√m. The calculated and experimental crack fronts for ∆K = 5 MPa√m
are similar in location and shape suggesting a strong correlation between the compliance
calculated crack front and the experimental data at the start of the threshold transition region. At
this location, there is no SBC in the crack wake to initially impede the molecular transport. As
∆K continues to decrease, the experimental crack fronts for ∆K = 4 and 3 MPa√m become more
irregular, suggesting cracking inwardly from the crack faces is dominating over crack
progression in the middle of the sample. Since the half-thickness dimension is small compared
to the crack depth it is reasonably assumed that the pertinent molecular transport distance is
inward from the specimen faces. For diffusion-based flow, the crack wake roughness will further
decrease the molecular transport from the notch direction. As such the shorter flow distances
from the specimen surfaces facilitates hydrogen enhanced cracking (thus faster da/dN) near the
edges as opposed to the specimen center that is starved of crack tip PH2O due to the longer and
more impeded diffusional flow64. As the crack surface near the specimen face becomes
rougher, the diffusion based flow becomes more difficult, and the transport from the surface to
the center is harder. The resulting reduction in PH2O at the center results in retarded crack
growth in the center compared to faster cracking on the edges.
From a purely mechanics perspective, researchers have investigated the influence of free
surfaces on fatigue crack behavior and resulting variations in the stress intensity
distribution102,103,126. Work by Lin and Smith showed that during crack progression, the presence
of free surfaces made it increasingly difficult for a constant, i.e., iso-K profile to be maintained
across the thickness direction of the sample103,127. Garcia-Manrique and coworkers used a
model to numerically evaluate the stress intensity distribution along the thickness for an AA
2024-T35 C(T) specimen under Mode I nominal loading. They found that curvature of the crack
front (where the crack flanks lagged behind) could result from a non-uniform K distribution along
the thickness of the specimen. They postulated two mechanisms that would contribute to an
uneven load distribution along the crack front: (1) crack closure effects near the free surface of
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the specimen resulting in a smaller ∆Keff and slower growth rates near the exterior and (2) a
decrease in the plastic zone size in regions closer to the surface resulting in a smaller ∆Keff near
the sides than in the middle126. Both these mechanisms would imply an irregular crack front
shape that is retarded on the sides when compared to the middle of the sample. The
experimental crack fronts observed at ∆K = 4 and 3 MPa√m for the 0.5 Pa exposure show
retarded growth in the center when compared to the exteriors of the sample, suggesting that the
plastic zone and crack closure effects are not the controlling mechanisms for this behavior, but
instead that this irregular crack front is mechanistically controlled by the environment and the
molecular transport from crack mouth to crack tip.
The irregular crack shape observed at ∆K = 4 and 3 MPa√m results in non-uniform stress
intensity values along the crack front (which would be compounded by inaccuracies in
compliance readings and the applied load due to the assumption of a straight crack front during
testing). As the crack shape becomes more irregular, compliance readings (which assume a
straight crack front) may erroneously report the crack length. It is not clear how such an irregular
crack front will influence the compliance measurement, but if the true crack length is longer than
crack size calculated via compliance, an erroneously high ∆K load would result. Figure 139 and
Figure 140 plotted the dependence of da/dN on ∆K and PH2O for the L-T orientation of AA7075T651 measured under decreasing ∆K (R=0.5, f = 20 Hz); specifically highlighting the low ∆K
behavior of the 0.5 and 0.2 Pa exposures. The rapid increase or spike in da/dN two orders of
magnitude occurred for a ∆K range of 3.7 to 4.0 MPa√m. After the spike, growth rates returned
to systematically decreasing da/dN with decreasing ∆K. The irregular crack front developed
during the threshold transition regime likely causes this spike in the data. Similar to the
roughness experiments, the proposed crack front progression during the threshold transition
regime of the 0.5 Pa K-shed experiment is shown in Figure 162. Based on the interaction
between an irregular crack front and the molecular transport hypothesis, as the crack wake
roughness impedes the molecular transport in the notch direction (crack fronts 1-2 in Figure 162
an environmental contribution from the crack faces results in faster cracking inwardly compared
to cracking in the notch direction. As the crack shape becomes more irregular (crack fronts 3-5
in Figure 162), the driving force at the center would continue to increase resulting in an upswing
in growth rates, thus the spike in da/dN, as the middle portion of the crack front catches up to
the sides and a regular crack front is resumed (crack fronts 6-7 in Figure 162) at the conclusion
of the TTR. This behavior is consistent with the results of Branco et al. that showed that the K
profile is dependent of the geometry of the component and the applied load which can ultimately
affect crack shape evolution82. The K distribution along a crack front was the driving force for
crack shape variations and that a crack shape with a lagging center will result in a higher
applied stress intensity at that center128. The optical fractograph of the 0.5 Pa exposure showed
fully transgranular cracking at ∆K =3 MPa√m corresponding to the return of the systematically
decreasing da/dN with decreasing ∆K.
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Figure 162. Schematic of crack front progression and corresponding optical fractograph
stressed in pure water vapor at PH2O = 0.5 Pa. For constant R, K decreased with increasing
crack length from right to left in this image. Crack front evolution progresses left to right and
each number corresponds to a continuous crack front. The increased roughness portion of the
crack front is represented by triangles and the transgranular/flat portion of the crack front is
identified by a straight line. The black line in both images outlines the increased roughness
portion of the fracture surface.
The subsequent spike in da/dN after the TTR was also observed for the 0.2 Pa exposure and
plotted in Figure 140. The spike in da/dN observed for the 0.2 Pa sample had a similar
magnitude as the 0.5 Pa sample, but occurred for a ∆K range of 3.3 to 3.7 MPa√m. Unlike the
0.5 Pa sample, the growth rates after the spike did not systematically decrease, but instead
fluctuated with decreasing ∆K, indicating a high degree of scatter. Both these exposures
exhibited similar TTR behavior, but showed different da/dN behavior in the post-minima regime
suggesting that the magnitude of roughness and the morphology of the subsequent cracking
along the side of the specimen can affect post-TTR da/dN behavior. The fluctuations may be
attributed to either of two things. First, if a fully regular crack front were not achieved, a simple
mechanics explanation would suggest that the non-crack area in the center would be

219

SAFE-RPT-16-045

experiencing a high driving force and would quickly crack in response to the varying stress
intensity along the non-uniform crack front. The fluctuations observed for 0.2 Pa K-shed results
in the post TTR regime may be due to this process repeating to various degrees. Second, the
0.5 Pa exposure had a smaller roughness span and less crack asperity roughness when
compared to the 0.2 Pa exposure (Table 22 and Table 26). Based on the molecular transport
hypothesis, a higher magnitude of roughness may affect crack tip PH2O for longer periods of
crack growth. This would suggest that the scatter in growth rates after the TTR for 0.2 Pa
sample could be a result of the irregular crack front experiencing enhanced PH2O for a longer
period of crack growth when compared to the 0.5 Pa sample.
In summary, the K-shed marker-band experiment showed that cracking after the bands of
roughness will initiate at the specimen surface and propagate as an elliptical crack toward the
center and along the crack flanks. This behavior is uniquely explained by a molecular transport
mechanism, thus an environmentally based effect. Further, this reinforces the assertion that the
through thickness direction is the pertinent molecular transport distance, particularly for post
roughness cracking where the SBC morphology further impedes crack flow in the cracking
direction. Molecular transport in the through thickness dimension controls the environmental
influence, particularly in the TTR regime. The non-uniform crack front that is developed has
varying stress intensity along the crack front. The spike in growth rates and the change in
fracture morphology suggest a mechanics based "fast" cracking mechanism that is responsible
for the observed spike and fluctuations in the post TTR for the 0.2 and 0.5 Pa K-shed tests.
Errors in the compliance based interpretation and the K-solution associated with the irregular
crack front likely also contribute to the spike behavior. A better understanding of the controlling
mechanisms in the post-minima regime is needed and will be examined next to better
understand how long the surface roughness and irregular crack front will affect da/dN behavior
after the threshold transition regime.
Post Minima Regime Behavior for AA7075-T651
The results of previous experimentation have shown that the magnitude of surface roughness
can have an effect on crack front evolution and da/dN behavior at low exposures and
intermediate ∆K, but there remains a need to explain and quantify the controlling mechanisms
for the increase in crack growth rates following the da/dN minima. Specifically, investigating why
the fracture surface transitions back to fully transgranular facture and increasing da/dN, instead
of continuing to slip band crack. The Burns et al. paper proposed three hypotheses to explain
the continued elevated crack growth kinetics after the crack grows 10-15 mm beyond the crack
wake roughness: (1) for low PH2O exposures, SBC is only active at intermediate ∆K and
becomes limited at low ∆K, (2) discontinuous cracking shifts the relevant exposure parameter
out of the molecular flow controlled regime and allows more time/cycles for molecular transport,
or (3) a continued strong contribution of turbulent mixing is maintained keeping elevated PH2O64.
The first hypothesis proposed that the transition back to fully transgranular cracking is due to
SBC being active only at intermediate ∆K and limited at low ∆K for low PH2O exposures. To test
the validity of this hypothesis, a constant ∆K=3 MPa√m (Kmax =6 MPa√m, f=20 Hz, R=0.5) test
was completed to examine the ability of AA7075-T651 to slip band crack at low ∆K and
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exposures with no load effects in the fracture surface. The lack of SBC at ∆K above 6 MPa√m
transitioning to SBC at intermediate ∆K (4-5 MPa√m), is postulated to be caused by the ability
for cross-slip at higher ∆K64. Specifically, in UHV and low PH2O environments, there are many
active slip systems at higher ∆K (7-9 MPa√m)(Figure 133 and Figure 136) and sufficient local
driving force to enable cross-slip and facilitate a non-crystallographic crack path along the notch
direction64. However, at intermediate ∆K (4-5 MPa√m), cross slip is hindered due to the small
number of active slip systems, leading to the localization of slip on a limited number of slip
systems and particle shearing, resulting in cracking occurring along planar slip bands104.
For decreasing ∆K testing at low PH2O exposures, the low ∆K behavior (which exhibited a flat
non-crystallographic morphology) may be influenced by the interaction of the molecular
transport with the crack wake roughness, so a low exposure (0.5 Pa) at constant low ∆K (3
MPa√m) test was performed to investigate the morphology of the cracking in the ∆K regime
below the UHV threshold without prior load effects. The results in Figure 145 show that in this
low ∆K and exposure regime, the cracking morphology is flat and non-crystallographic, despite
the fact that SBC will occur at higher ∆K values, as observed in
Figure 134c and Figure 136. At ∆K = 3 MPa√m with no prior load effects, SBC is limited at low
∆K for low PH2O exposures. There remains a need to investigate if SBC could initiate at this low
∆K if crack wake roughness was input into the surface initially which could lead to further
insights into the influence of crack wake roughness on turbulent mixing, however this work is
outside the scope of the current study.
These finding suggests either that at the lower ∆K values: (1) there is a mechanically based
change in the mechanism from cracking along the slip bands to non-crystallographic
transgranular cracking, or (2) the crack growth rate is discontinuous thus altering the governing
exposure parameter. Discontinuous crack growth occurs when an increasing number of cycles
(∆N) are needed between each crack advance. As the number of cycles increases, the time
available for water vapor molecules to diffuse over the crack path increases. The discontinuous
crack growth alters the effective frequency to f /∆N, which drives the effective exposure
parameter from PH20 /f to PH20 / (f /∆N); corresponding to a higher effective exposure that is
potentially outside the molecular flow rate limited regime of the H-embrittlement
process64,93,111,112. If discontinuous crack growth was occurring at these low ∆K, da/dN vs ∆K
behavior would be nearly independent of the exposure parameter64,93,111,112. When considering
the post minima regime of the TTR, these results show that low ∆K slip behavior and
discontinuous crack growth behavior could be contributing to the mechanisms responsible for
the increase in growth rates. The third hypothesis suggesting that elevated growth rates are a
result of the continued strong contribution of turbulent mixing maintaining higher PH2O will be
addressed next.
Crack Wake Induced Turbulent Mixing
The Burns et al. paper proposed that after a certain critical level of roughness is reached in the
crack wake, the PH20 transport mechanism changes to convective turbulent mixing as a result of
crack wake asperity contact64. The convective mixing increases the supply of PH20 to the crack
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tip which helps to reignite the hydrogen environment embrittlement process and results in the
subsequent rise in da/dN rates. Specifically, it is critical to establish the extent to which asperity
contact is possible as the crack tip progresses and the SBC-based region of roughness is
moved further behind in the crack wake. In order to do so, it is necessary to quantify how the
crack wake opening profile evolves for the specific loading protocol used in the decreasing ∆K
experiments.
4.6.5.4.1 Crack Opening Displacement Calculations
Crack-opening displacement along the entire crack wake was calculated using a combination of
methods in accordance with the work of Newman and Saxena113,129. Newman utilized a
boundary collocation method to calculate the theoretical opening displacement at positions
along the crack wake. The boundary collocation method incorporated an analytical solution that
used boundary conditions where the complex-series stress functions were satisfied exactly on
the crack surfaces113. Newman developed polynomial functions of crack length–width ratio to
calculate the crack opening displacement at five locations along the crack profile starting at 12.7
mm (corresponding to the location V2 in Figure 163a) to the right of the load line and ending at
the crack mouth opening (12.7 mm to the left of the load line and corresponding to V0 in Figure
163a)113. Newman represented the crack face profile from the crack tip to the load line as a
straight line and did not incorporate crack tip opening displacement into the overall COD
calculation (Figure 163a). Saxena expanded on Newman’s method by incorporating an “axis of
rotation” in the specimen crack profile to more accurately describe the elastic behavior of crack
growth near the crack tip (Figure 163b)129. The axis of rotation factors into consideration crack
tip constraint and instead uses a larger fictitious crack length known as ao calculated by:
ao/W = 0.0924/ (1 – V1/V0 ) – 0.25 Eqn. 5
where W is the specimen width, V1 and V0 are the crack opening displacements at two locations
along the crack wake profile, shown in Figure 163b, calculated using Newman’s crack length
polynomial functions. The red line in Figure 163b represents the crack face profile for a crack of
length ao, compared to the crack profile in black which represents the crack face corresponding
to the standard compliance calculated crack length.
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Figure 163. (a) C(T) specimen geometry and various locations where crack-line displacements
were calculated according to the Newman method [75]. Newman represented the crack face
profile from the crack tip to the load line as a straight line. (b) C(T) specimen geometry and
various locations where crack-line displacements were calculated according to the Saxena
method129. The red lines represent the crack face profile for a crack length of a0 which is used to
represent the elastic behavior of crack growth near the crack tip. V0 corresponds to the crack
mouth opening for both diagrams. (c) Crack profile schematic of the combined model and C(T)
specimen geometry that calculates crack mouth opening displacement (CMOD) using elastic
theory and linear modeling of the crack surface: x is a specific crack length location of interest
along the crack wake, a0 is the current crack length factoring in the axis of rotation described
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previously, and θ is the angle of displacement between the crack surface and the crack tip
opening displacement (CTOD).

For this work, the Newman/Saxena method was combined with elastic-plastic theory to
accurately model the total crack opening displacement at a specific crack length. Figure 163c
provides a crack profile schematic of the combined model that calculates crack mouth opening
displacement (CMOD) using elastic theory and linear modeling of the crack surface. The angle
of displacement (θ in Figure 160c) was calculated by utilizing the equation below:
θ = tan-1 (0.5 CMOD/ao) Eqn. 6
where CMOD is the crack mouth opening displacement as calculated from the experimentally
measured compliance data. By calculating the angle of displacement for any given loading
condition, the crack opening displacement at any specific location of interest along the crack
wake (labeled as “x” in Figure 163c) can be identified. This combined method makes it possible
to graph the full crack wake profile for each crack length, based on the exact loading protocol
used during testing. The total crack opening displacement at a specific location of interest (x)
was calculated using equation below:
CODTOTAL x = 2(ao – x)*tan(θ) + CTOD Eqn. 7
where x is the crack length of interest, a0 is the apparent crack length factoring in the axis of
rotation described above, θ is the angle of displacement between the crack surface and the
crack tip opening displacement. The crack tip opening displacement (CTOD) is calculated
using69:
CTOD = 0.6*Kmax2/ (2σys*E) Eqn. 8
where Kmax is the maximum stress intensity factor, E is Young’s modulus, and σys is the yield
stress.
Crack-opening displacement calculations for the 1.8, 0.5, and 0.2 Pa exposures, tested under
K-shed loading, were completed at locations corresponding to the start and end of the
roughness span to investigate the possible effect the roughness magnitude could have on
maintaining asperity contact. Each specimen exhibited a different crack length span of
roughness corresponding to the threshold transition regime (listed in Table 26) and the
roughness span increased with decreasing PH2O. Figure 164 provides a schematic of a C(T)
fatigue crack growing with increased crack wake roughness. As the crack continues to grow, the
COD calculations reflect the crack-opening displacement at the location of roughness indicated
by the red line. Only the COD locations corresponding to the start of the span of roughness
have been plotted in Figure 166, Figure 168, and Figure 170. The black arrows in the optical
fractographs serve to visually highlight the location corresponding to the COD calculations.
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Figure 164. Schematic of a C(T) specimen107 and a C(T) fatigue crack growing with a portion of
increased roughness in the crack wake. As the crack continues to grow (left to right in the
diagram above), the COD calculations still reflect the crack-opening displacement at the location
of roughness indicated by the red line.
The crack-opening displacement at the location corresponding to the start of increased
roughness (a=27.5 mm) for the 1.8 Pa specimen was plotted as a function of crack length and
shown in Figure 166. While the x-axis plots increasing crack length, the y-axis is plotting the
increasing crack-opening displacement at the location of a = 27.5 mm. The crack opening at a
crack length of 27.5 mm steadily increased for maximum and minimum loading as the crack
grew to a length of 42 mm. Similar COD calculations were completed for the location of a = 30.0
mm, corresponding to the end of any SBC or rougher portions of cracking. The crack-opening
displacement calculations for the 0.5 Pa exposure were completed at crack lengths a=21.9 and
25 mm, with the COD results from a=21.9 being plotted in Figure 168. The crack-opening
displacement calculations for the 0.2 Pa exposure were completed at crack lengths a=29.6 and
34.7 mm, with the COD results from a=29.6 being plotted in Figure 170. Both exposures
experienced increasing crack-opening displacement for maximum and minimum loading with
growing crack length, but each profile had roughness spans that occurred at different crack
lengths. As such, these COD values are specific for each exposure and the corresponding
specific decreasing K loading protocol. Experimentally measured CMOD compliance data
helped to ensure that a specific crack length was associated with the correct crack wake profile
and crack-opening displacement. These specific locations were selected to enable direct
comparison between observed roughness values in the crack wake and the crack opening at
that location.
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Figure 165. (a) Crack asperity schematic illustrating a condition where the Mode II displacement
is equal to the Mode I displacement. This condition would represent the minimum or lower
bound of Mode II displacement that would cause asperity contact. (b) Crack asperity schematic
illustrating a condition where the amount of Mode II displacement results in 80% of the crack
asperity height remaining in contact with the opposing face during loading. This situation was
quantified as having a magnitude of 20% of the total crack asperity height (0.2*Rpv). (c) Crack
asperity schematic illustrating a condition where the Mode II displacement results in opposing
crack asperities that are directly aligned, resulting in peaks and valleys directly opening and
closing on top of each other. This condition would represent the maximum or upper bound of
Mode II displacement that would cause asperity contact. The magnitude of the total crack
asperity height (Rpv) was used to quantify this displacement condition with the localized
roughness.
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Figure 166. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=27.5 mm) for the 1.8 Pa exposure specimen plotted as a
function of crack length under maximum and minimum loading. Additionally, the respective
height of the crack asperities under two Mode II displacement conditions (0.2 Rpv and 0.0069
Rpv) are plotted. (b) Optical fractograph of the test specimen corresponding to the crack length
scale of the above and below plots with the black arrow indicating the location where the COD
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was calculated. Crack growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR
ratio) versus crack length.

Figure 167. The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at
the maximum load - COD at the minimum load) is plotted as a function of crack length for two
Mode II displacement conditions (0.2 Rpv and 0.0069 Rpv) and two locations (a=27.5 and 30.0
mm) for the 1.8 Pa specimen. The optical fractograph of the test specimen, corresponding to the
crack length scale of the above plot, indicates the two locations where the COD was calculated.
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Figure 168. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=21.9 mm) for the 0.5 Pa exposure specimen plotted as a
function of crack length under maximum and minimum loading. Additionally, the respective
height of the crack asperities under two Mode II displacement conditions (0.2 Rpv and 0.0037
Rpv) are plotted. (b) Optical fractograph of the test specimen corresponding to the crack length
scale of the above and below plots with the black arrow indicating the location where the COD
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was calculated. Crack growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR
ratio) versus crack length.

Figure 169. (a) Crack-opening displacement (COD) calculations at the location corresponding to
the start of increased roughness (a=29.6 mm) for the 0.2 Pa exposure specimen plotted as a
function of crack length under maximum and minimum loading. Additionally, the respective
height of the crack asperities under two Mode II displacement conditions (0.2 Rpv and 0.0069
Rpv) are plotted. (b) Optical fractograph of the test specimen corresponding to the crack length
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scale of the above and below plots with the black arrow indicating the location where the COD
was calculated. Crack growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR
ratio) versus crack length.
4.6.5.4.2 Roughness Characterization in the Threshold Transition Regime
In order to fully characterize the potential for crack wake asperity contact to occur, an
accurate representation of the localized roughness for each fracture surface in the TTR was
needed. Figure 146a, Figure 147a, and Figure 148a show the 3-D characterization of the
fracture surface and the corresponding optical fractograph for the 1.8, 0.5, and 0.2 Pa samples,
respectively. The average Ra and Rq values for the three exposures (0.2, 0.5, and 1.8 Pa) with
a TTR regime and two higher humidity exposures (4 and 2668 Pa) are presented in Table 22
through Table 24. Table 22 shows that crack face topography roughness increased with
decreasing PH2O. Additionally, the span of this localized roughness increased with decreasing
PH2O as shown in Table 26. After the threshold transition regime, the surface roughness of the
0.2, 0.5, and 1.8 Pa exposures decreased to values similar to the average roughness measured
for the 4 and 2668 Pa exposures (Table 23 and Table 24). These findings support the optical
fractograph conclusions that the magnitude of SBC and faceted features increased with
decreasing PH2O64. Additionally, the local crack face topography was examined to determine the
average height of crack asperities. The average Rp and Rv values increased with decreasing
PH2O, which agreed well with the previous roughness measurements above. To summarize, the
localized roughness area associated with the TTR increased in magnitude and span, as well as
average asperity height, with decreasing PH2O.
In comparing the COD to the measured asperity metrics, it is critical to recognize that the
degree of contact will depend on both the measured topography and the Mode II displacement
that will offset the features on either side of the crack wake and cause contact130. To compare
the surface roughness characterization and the crack-opening displacement calculations, three
different Mode II displacement conditions were considered. Figure 165 shows example crack
asperity schematics for the upper and lower bounds considered (Figure 165a and c), as well as
a condition that would be representative of the middle (Figure 165b). First, Figure 165a
illustrates a condition where the Mode II displacement is equal to the CTOD, representing the
minimum or lower bound of Mode II displacement that would cause asperity contact. Figure 165
illustrates a condition where the Mode II displacement results in opposing crack asperities that
are directly aligned, resulting in peaks and valleys directly opening and closing on top of each
other. This condition would represent the maximum or upper bound of Mode II displacement
that would cause direct asperity contact. The magnitude of the total crack asperity height (Rpv)
was used to quantify this displacement condition with the localized roughness. Second, Figure
165b illustrates a condition where the amount of Mode II displacement results in 80% of the
crack asperity height remaining in contact with the opposing face during loading. This situation
was quantified as having a crack asperity height magnitude of 20% of the total crack asperity
height (0.2*Rpv).
The final condition was selected based on the findings of Suresh and Ritchie that suggested
that the Mode II displacement may be as much as 30% of the Mode I displacement at near231
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threshold stress intensities for 1018 steel with no environmental effects78. This study also
established a model for predicting crack closure induced by surface roughness which
established that crack wake roughness and some degree of Mode II displacement are required
for asperity contact to occur. It is acknowledged that extrapolating the Mode II/Mode I = 0.3
relationship to a different material and environment may not provide the most accurate
representation of Mode II displacement in AA7075-T651, but it will enable a comparison to build
on. A reasonable measure of the Mode I displacement at the crack tip given by the CTOD value
which is estimated as69:
CTOD = 0.6*Kmax2/ (2σys*E) Eqn. 9
where Kmax is the maximum stress intensity factor, E is Young’s modulus, and σys is the yield
stress. The corresponding Mode II displacement was calculated by multiplying the CTOD by
0.3.
At the location of highest roughness, the maximum CTOD was used to calculate the Mode II
displacement. This value (shown in Table 27) was then divided by Rpv to allow for direct
comparisons to be made within the conditions. The CTOD values and Rpv values were different
for each exposure which results in each condition having a different percentage of Rpv to signify
when the Mode II/Mode I displacement ratio equaled 0.3. Table 28 summarizes the three
different Mode II displacement conditions (Rpv, 0.2*Rpv, Mode II/Mode I = 0.3) and the
corresponding magnitudes in meters for each of the conditions that were used in comparison
with the COD. Figure 166 - Figure 168, and Figure 170 plot the respective magnitude of the two
middle conditions for Mode II displacement (listed in Table 28) in addition to the COD at the
start of the roughness for each of the three exposures.
Table 27. The CTOD, Mode II displacement, and the corresponding percentage of Rpv for the
condition where Mode II/Mode I=0.3 for the 0.2, 0.5, and 1.8 Pa exposures. These values were
calculated at crack lengths corresponding to the start of the roughness span.
PH20 (Pa)

CTOD
maximum (m)

Mode II
Displacement (m)

Rpv (m)

Mode II
Displacement/Rpv

0.2

7.2 x 10-7

2.4 x 10-7

9.2 x 10-5

0.00259

0.5

8.8 x 10-7

2.7 x 10-7

7.1 x 10-5

0.00375

1.8

1.1 x 10-6

3.4 x 10-7

5.0 x 10-5

0.00689

4.6.5.4.3 Comparison of the Crack Wake Roughness Topography and the Crack Opening
Displacement
In order to quantitatively evaluate the degree of asperity contact in the crack wake, as pertinent
to the proposed turbulent mixing hypothesis, crack opening displacement measurements were
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Table 28. The 3 Mode II displacement conditions and the corresponding magnitude of the crack
asperities for the 0.2, 0.5, and 1.8 Pa exposures.
PH20 (Pa)

Rpv (m)

0.2 Rpv (m)

(Figure
141(c))

(Figure
141(b))

0.2

9.2 x 10-5

1.8 x 10-5

0.00259*Rpv

2.4 x 10-7

0.5

7.1 x 10-5

1.4 x 10-5

0.00375*Rpv

2.6 x 10-7

1.8

5.0 x 10-5

1.0 x 10-5

0.00689*Rpv

3.4 x 10-7

Mode II/Mode I =0.3
(in terms of Rpv)

Mode II/Mode I =0.3
(m)

(Table 25)

coupled with characterization of the fracture surface roughness in order to better understand the
extent of crack wake asperity contact occurring in the post-minima regime.
A metric to determine the presence of crack wake asperity contact during the threshold
transition regime was illustrated by plotting the effective crack opening (δeff ) over the nominal
crack opening (δnom = COD at the maximum load - COD at the minimum load). These values
were calculated at two fixed positions in the crack wake, corresponding to the start and end of
the roughness, for values of increasing crack length and measured stresses observed during
the decreasing ∆K protocol. The effective crack opening was defined as the difference between
the maximum COD occurring during the loading cycle and asperity contact height calculated for
each of the Mode II displacement conditions listed in Table 28. According to this metric, crack
wake asperity contact is occurring when δeff /δnom < 1. When Rpv is larger than the maximum
opening at that crack length, δeff /δnom is a negative number indicating asperity contact is
occurring over the entire loading cycle; in theory the more negative the number the more load
transfer or closure would be occurring. When 0 < δeff /δnom <1, crack wake asperity contact is
occurring over a portion of the loading cycle. When δeff /δnom > 1, crack wake asperity contact at
the positions of interest in the crack wake is not occurring. According to the proposed
hypothesis when δeff /δnom > 1, the molecular transport would not be influenced by turbulent
mixing and would revert to being controlled by diffusion based (Knudsen flow) or advectionbased molecular transport. The δeff /δnom metric enables quantification of the degree of asperity
contact that can be expected in the rough region as the crack continues to grow; evaluating this
metric for large (Rpv and 0.2Rpv) and small (0.00256*Rpv for 0.2 Pa, 0.00375*Rpv for 0.5 Pa,
and 0.00689*Rpv for 1.8 Pa) Mode II displacements will provide upper and lower bound
estimates of the degree of contact. Additionally, the span over which asperity contact is acting,
indicated by looking at δeff /δnom at both the beginning and end of the roughness region, is
identified for each loading protocol and environment of interest.
Figure 167, Figure 169, and Figure 171 show the relationship between δeff /δnom, calculated at
both the beginning and the end of the roughness span (measured from Figure 146 through
Figure 148) plotted versus the location of the growing crack tip for the 1.8, 0.5, and 0.2 Pa
exposures, respectively. When comparing the magnitudes of the three Mode II displacement
conditions to the COD for each exposure, the upper bound (Rpv in Figure 165c) was 3-5 times
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larger than the crack opening displacement which would indicate that high levels of crack wake
asperity contact are occurring for the duration of the TTR. The changing trend in the da/dN
behavior does not support this high level of asperity contact, so work focused on characterizing
the δeff /δnom behavior for the 0.2*Rpv (Figure 165b) and the Mode II/Mode I =0.3 lower bound
conditions (Ritchie and Suresh).
The δeff /δnom behavior for the 1.8 Pa exposure plotted for the 0.00689*Rpv Mode II displacement
condition showed values greater than 1 for the entire duration of the TTR for both the start and
end of the roughness, suggesting that crack wake asperity contact was not taking place under
these conditions (Figure 166). The δeff /δnom behavior plotted for the 0.2*Rpv Mode II
displacement condition showed that, at the location near the start of the roughness (a = 27.5
mm), δeff /δnom was between 0 and 1 for crack lengths a= 27.5 – 31 mm, indicating that some
degree of crack wake asperity contact was occurring over a portion of the loading cycle at this
location for 3.5 mm of crack growth. At a roughness location of a= 30 mm (the end of the
roughness span), δeff /δnom was between 0 and 1 for crack lengths a= 30 – 38 mm. The
combination of the results from these two locations show that for the 0.2*Rpv Mode II
displacement condition, partial asperity contact is occurring for 10.5 mm of crack growth (a =
27.5 – 38 mm) for PH2O = 1.8 Pa and ∆K-shed loading.
The δeff /δnom behavior for the 0.5 Pa exposure plotted for the 0.00375*Rpv Mode II displacement
condition also showed values greater than 1 for the entire duration of the TTR for both the start
and end of the roughness, suggesting that crack wake asperity contact was not taking place
under these conditions (Figure 169). The δeff /δnom behavior for the 0.2*Rpv Mode II
displacement condition showed that at the location near the start of the roughness (a = 21.9
mm), δeff /δnom was between 0 and 1 for crack lengths a = 21.9 – 30 mm, indicating that some
degree of partial crack wake asperity contact was occurring for 3.5 mm of crack growth. At a
roughness location of a = 25 mm (the end of the roughness span), δeff /δnom was less than zero
for crack lengths a = 25 – 29 mm followed by δeff /δnom behavior between 0 and 1 for crack
lengths a = 29 – 33 mm (the end of the K-shed loading segment). This plot suggests that at the
location a = 25 mm, asperity contact was occurring over the entire loading cycle between a =
25-27 mm and transitioned to partial asperity contact for the duration of the testing segment.
The combination of the results from these two locations show that for the 0.2*Rpv Mode II
displacement condition, 11.5 mm of crack growth is experiencing some form of partial asperity
contact during crack growth from a = 21.9 - 34 mm.
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Figure 170. The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at
the maximum load - COD at the minimum load) is plotted as a function of crack length for two
Mode II displacement conditions (0.2 Rpv and 0.0037 Rpv) and two locations (a=27.5 and 30.0
mm) for the 0.5 Pa specimen. The optical fractograph of the test specimen, corresponding to the
crack length scale of the above plot, indicates the two locations where the COD was calculated.
The δeff /δnom behavior for the 0.2 Pa exposure plotted for the 0.00259*Rpv Mode II displacement
condition also showed values greater than 1 for the entire duration of the TTR for both the start
and end of the roughness, suggesting that crack wake asperity contact was not taking place
under these conditions (Figure 171). The δeff /δnom behavior for the 0.2*Rpv Mode II
displacement condition showed that at the location near the start of the roughness (a = 29.6
mm), δeff /δnom was below zero for crack lengths a= 29.6 – 36 mm followed by δeff /δnom behavior
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between 0 and 1 for crack lengths a= 36 – 38 mm (the end of the K-shed loading segment). At a
crack surface location of a = 34.7 mm (the end of the roughness span), δeff /δnom was less than
zero for the entire duration of crack growth from a =34.7 – 38 mm. This plot suggests that the
location corresponding to the start of the roughness experienced asperity contact occurring over
the entire loading cycle between crack growth from a= 29.6 - 36 mm before transitioning to
partial contact from 36 mm to 38 mm. The crack location at the end of the roughness (a=34.7
mm) experienced asperity contact during the full load cycle from crack growth from 34.7 – 38
mm. The combination of the results from these two locations show that for the 0.2*Rpv Mode II
displacement condition, 8.4 mm of crack growth is experiencing some form of asperity contact
starting with full asperity contact occurring from a = 29.6 – 36 transitioning to partial asperity
contact occurring for 36-38 mm.
When comparing the crack wake asperity contact behavior for each exposure, the Suresh and
Ritchie proposed amount of Mode II displacement yielded no crack wake asperity contact.
According to the proposed hypothesis64, molecular transport would continue to be controlled by
diffusion based (Knudsen flow) or advection-based molecular transport without asperity contact.
These results would not explain the upturn in da/dN rates. When using a higher amount of Mode
II displacement (0.2*Rpv), each exposure exhibited varying degrees of crack wake asperity
contact. This analysis is complicated by the uncertainty associated with the value of Mode II
displacement to investigate; however, further analysis in this study uses the results for the
0.2*Rpv displacement condition to represent a reasonable Mode II displacement to show the
crack wake asperity contact behavior during the TTR.
The span of affected crack growth for the three exposures is difficult to compare, because each
exposure ended the K-shed loading protocol at different ∆K values. While a direct comparison
cannot be made between the duration of affected crack growth, the extent (full vs. partial) of
crack wake asperity contact can be considered across the three exposures. The 0.2 Pa
exposure was the only sample to show a high degree of asperity contact during the entire load
cycle throughout the TTR (6.4 mm of partial contact and 2 mm of full contact). The 0.5 Pa
exposure experienced 12.1 mm of crack growth with 4 mm of full asperity contact and 8.1 mm of
partial asperity contact. The 1.8 Pa exposure experienced 10.5 mm of crack growth
corresponding with partial asperity contact occurring during loading. As PH2O increased, the
severity of the crack wake asperity contact (full vs. partial contact) decreased presumably due to
a reduced fraction of SBC facets.
For the 0.5 Pa sample, the crack front experienced partial crack wake contact transitioning to
full asperity contact for the crack lengths a = 21.9 - 25 mm. The crack lengths that had asperity
contact correlate to the roughness span and the drop and upturn in da/dN rates for the TTR.
The 0.5 Pa crack front then experienced full asperity contact during the total load cycle (a = 2529 mm) before transitioning to partial crack wake asperity contact and ultimately unimpeded
flow. The spike in da/dN (Figure 139) occurred at a crack length (a = 25.6 mm) just following
this period of increased contact asperity contact. For the 0.2 Pa sample, the crack front
experienced full crack wake asperity contact for the entire duration of the TTR corresponding to
a = 29.6 – 38 mm. Figure 140 showed that the spike in da/dN rates occurred at a crack length
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Figure 171.The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at the
maximum load - COD at the minimum load) is plotted as a function of crack length for two Mode
II displacement conditions (0.2 Rpv and 0.0025 Rpv) and two locations (a=29.6 and 34.7 mm)
for the 0.2 Pa specimen. The optical fractograph of the test specimen, corresponding to the
crack length scale of the above plot, indicates the two locations where the COD was calculated.
a=34.4 mm, corresponding to this region of full asperity contact occurring. If the Mode II
displacement value is reasonable, then this correlation between the degree of asperity contact
and the up-turn would support the proposed turbulent mixing hypothesis.
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The ACR and ASTM 2% ratio were plotted for each exposure to investigate whether strong
crack closure could affect da/dN behavior during the TTR. The 1.8 Pa exposure started to
exhibit the effects of crack closure at a = 33 mm (5.5 mm after the start of the SBC cracking)
with a 5% reduction in the ∆Keff increasing to a 15% reduction for the ACR and a 20% reduction
in the ∆Keff increasing to a 30% reduction for the ASTM 2% at the end of the K-shed loading
protocol (a = 43 mm) (Figure 166). The 0.5 Pa exposure started to exhibit the effects of crack
closure starting at a = 25 mm (3.1 mm after the start of the SBC cracking) with a 5% reduction
in the ∆Keff increasing to a 15% reduction for the ACR and a 20% reduction in the ∆Keff
increasing to a 45% reduction for the ASTM 2% at the conclusion of the K-shed loading protocol
(a = 34 mm) (Figure 168). The 0.2 Pa exposure started to exhibit the effects of crack closure
starting at the start of the roughness (a = 29.6 mm) with a 5% reduction in the ∆Keff increasing to
a 30% reduction for the ACR and a 30% reduction in the ∆Keff increasing to a 65% reduction for
the ASTM 2% at the conclusion of the K-shed loading protocol (a = 34 mm) (Figure 170). These
plots indicate that closure is playing an increasing role during the threshold transition
progression, but the da/dN behavior does not scale with the rise in da/dN suggesting that crack
closure is not the controlling mechanism for the increasing portion of the TTR. As the observed
roughness increased with decreasing PH2O, the amount of roughness induced crack tip closure
increased as well. Roughness induced closure could serve as a possible indicator of the
presence of crack wake asperity contact. For the 0.2 and 0.5 Pa exposures, the points where
crack closure effects are detected (a = 29.6 and 25 mm, respectively) for the ASTM 2% ratio
correspond directly to the beginning of full crack wake asperity contact experienced by both
maximum and minimum loading. The closure data presented in Figure 166c, Figure 168c, and
Figure 170c were used to make an informed selection for the Mode II displacement condition
that would be modeled. The 0.2Rpv condition (Figure 165b) calibrated the δeff /δnom behavior to
agree with observed closure trends. All three exposures showed increasing effects of crack
closure as the crack progressed which could indicate lingering effects of crack asperity contact
or simply be a function of the longer crack, lower loads, thus decreased crack tip angle (Figure
166c, Figure 168c, and Figure 170c).
Comparing the crack wake asperity contact behavior for each exposure indicates that there is
some degree of crack wake asperity contact occurring from the start of the roughness for all
three exposures. The molecular transport hypothesis argued that once a sufficient degree of
crack wake asperity contact started to occur, turbulent mixing would increase the crack tip PH2O
and da/dN would begin to rise. The observed crack wake asperity contact behavior for each
exposure would imply that there is crack wake asperity contact occurring during the impeded
crack growth segment, instead of relying on a certain amount of roughness being achieved.
These results indicate that the interaction between the surface roughness, crack wake asperity
contact, and turbulent mixing may be more intricately connected then simply the onset of first
the asperity contact. The role crack wake asperity contact plays in controlling the upturn in
da/dN rates cannot be fully determined until the Mode II displacement occurring is accurately
measured.
The correlation between when both the start and end of roughness experienced δeff /δnom values
greater than zero was examined for the three exposures. This point would represent when the
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localized roughness is not larger than the magnitude of the crack opening (i.e. there is no
asperity contact at Kmax), so water molecules would be able to travel into the crack channel to
the crack tip. Both the 0.5 and 1.8 Pa exposures had δeff /δnom values that transitioned to being
greater than zero at a crack length that corresponded to the da/dN behavior at the start of the
systematically decreasing da/dN portion that mirrored higher exposures after the TTR (Figure
139 - dotted line for 0.5 Pa). δeff /δnom values were greater than zero starting at a crack length of
a = 31.5 mm for the 1.8 Pa exposure and a = 28.5 mm for the 0.5 Pa exposure. Both 0.5 and
1.8 Pa began to resume expected da/dN versus ∆K trends as the channel became open (δeff
/δnom >0) to allow the flow of water vapor molecules. These results suggest that a certain amount
of channel opening is needed to allow molecules to travel before the presence of asperity
contact can help to impart momentum to the water vapor molecules. The chosen contact metric
indicates the presence of crack wake asperity contact, but the role it plays in controlling the
upturn in da/dN rates and the potential effect of molecular transport from the sides is not
sufficiently understood. These results do suggest that asperity contact will be maintained even
as the crack progresses 10-15 mm beyond the roughness, but the degree to which this contact
will influence the molecular flow behavior to the crack tip is still in question.
As established with the crack wake roughness experiments and marker-band experiments, the
molecular flow from the sides is critical and could play a role in controlling the rise in da/dN out
of the TTR. It appears that a certain amount of crack extension inwardly from the sides is also
required in order to interact with the roughness at the center of the sample and initiate turbulent
mixing. Results suggest that the upturn in da/dN is more complicated than initial molecular
transport hypothesis64. Testing indicates that the upturn in da/dN is driven by the interaction of
molecular transport, closure, asperity based mixing, and position dependent ∆K. The
fluctuations in the da/dN behavior of the 3 mm crack wake roughness experiment showed a
similar transition from impeded to enhanced crack growth rates that was first observed for the
post-minima regime in the K-shed loading protocol. The possible correlation between the
surface roughness and the enhanced growth rates could help in identifying the controlling
mechanisms in the post-minima regime for the K-shed loading experiments.
Influence of crack wake roughness 10-15 mm behind the crack tip on molecular
transport
Insights into the degree to which crack wake roughness that is 10-15 mm behind the crack tip
influences the molecular flow can be considered by analyzing the two AA7075-T651 samples
with different magnitudes of crack wake roughness. These growth rate data showed that as the
crack continued to grow, the da/dN behavior began to fluctuate; directly corresponding to
changes in the fracture surface morphology (Figure 141 and Figure 143). Both samples
exhibited da/dN behavior that began to fluctuate after the initial 4 mm of crack growth. The 3
mm experiment showed 5 cycles of da/dN decreasing for 1 mm before increasing for another 1
mm to reach a similar maximum da/dN (Figure 143). This self-perpetuating cycle showed near
perfect repeatability four times during the course of testing while PH20/f and ∆K were held
constant. The fluctuations seen for the 0.5 mm span of roughness were not repeatable in shape
or occurrence (Figure 141). The results of these varying roughness span experiments will be
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addressed in regards to investigating: (1) the difference in growth rate data and corresponding
fracture surface between the 0.5 and 3 mm samples and (2) the fluctuations in the context of the
crack wake asperity contact hypothesis presented above.
The reason for the difference in the da/dN fluctuations between the two experiments is unclear
and it is difficult to tell if this deviation is systematic and repeatable or if this is just experimental
variation. The repeatability of the fluctuations within the 3 mm experiment would support the
idea that this is a systematic and repeatable effect of roughness on da/dN. If this behavior is
real, the differences in the fluctuation behavior between the 0.5 mm and 3 mm data would
suggest that the crack wake roughness continues to influence the molecular transport and crack
growth behavior even after the crack grows well beyond the roughness. As described in a
previous section, the initial impedance in growth rates for the 3 mm sample is suggested to be a
result of an irregular crack front. The center of the specimen is initially impeded resulting in
environmentally enhanced cracking along the sides. As the crack front at the center “catches
up, ” the crack front becomes more regular in shape and the center is once again impeded
resulting in the initiation of SBC-like features (Figure 144.D2); resulting in a repetition of the
crack front progression sequence shown in Figure 161. This cycle was repeated four times in
sixteen millimeters of crack growth (Figure 143). The irregularity in the fluctuations in the 0.5
mm sample could be explained by diffusion distances (notch or inwardly from the sides)
competing for dominance resulting in unsystematic oscillations in da/dN. Completing additional
experiments with this same subcritical roughness and other additional magnitudes of SBC
would help to further investigate the deviation in da/dN vs crack length, however this work is
outside the scope of the current study
Next, the roughness experiments were examined to see if the fluctuations in da/dN and the
fracture surface morphology could be explained in relation to the crack wake asperity contact
hypothesis presented above. Both the 0.5 mm and 3 mm sample showed 2 mm of crack
extension from the sides following different initial area sizes of SBC that covered the entire
thickness of the specimen. It appears a certain amount of crack extension inwardly (1 – 2 mm)
from the sides as well as the presence of crack wake asperity contact is required in order to
initiate turbulent mixing. This could support the claim that a certain amount of channel opening
is needed for molecules to be able to travel to the crack tip before the presence of asperity
contact can help to impart momentum. Further research would need to investigate and quantify
the possible molecular transport effects of having crack wake asperity contact occurring only in
the center of the specimen and cracking dominating in from the sides. These constant ∆K, PH20/f
experiments serve to show that the interaction between the roughness on the fracture surface
and the molecular transport continues to affect crack growth rates as the crack wake roughness
moves 10-15 mm behind the crack tip.
PH2O/f Dependence of Crack Growth for AA2199-T86
Al-Cu-Li alloys have shown superior fatigue performance when compared to Al-Zn-Mg-Cu alloys
for a wide range of environmental exposures53,95-97. Researchers have attributed this increased
fatigue resistance due to the beneficial interaction of slip with microstructural features and the
resulting influence on the crack tip driving force84. The superior fatigue resistance is controlled
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by two factors: (1) increased extrinsic shielding as a result of crack closure and (2) reduced
environmental embrittlement when compared to AA7075-T651 [98]. The primary strengthening
phase in the 7xxx-series alloy equilibrium is incoherent η-phase (or the semi-coherent
metastable η’-phase) (Mg(Zn, Al, Mg)2)84. This non-shearable incoherent phase encourages
dislocation looping and heterogenous slip. In Al-Cu-Li alloys, the shearable δ’-phase (Al3Li)
enables homogenous reversible planar slip which serves as an extrinsic toughening mechanism
that helps to reduce the crack tip driving force53,95-97. Peak aged Al-Li microstructures are
hardened by the presence of ordered coherent precipitates that dictate the localized planar and
reversible slip character of the alloy53. The Al-Li based alloys exhibit faceted cracking (SBC-like
features) in inert environments, regardless of ∆K and temper131; suggesting that AA2199-T86
would also have a different environmental dependence at low ∆K and low water vapor pressure
than that seen for AA7075-T65198,131. The different crack morphology in AA2199-T86 is of
particular importance to the potential of a similar threshold transition regime. The threshold
transition regime for AA7075-T651 is predicated on the fact that SBC-like features are promoted
at low water vapor pressures/low temperatures at intermediate to low ∆K values. The extent of
this environmental threshold is also affected by the amount of roughness interacting with the
molecular transport from the crack mouth to crack tip. As such, it would be expected that the
AA2199-T86 data would behave differently since faceted cracking can persist to higher ∆K
values.
Fatigue crack growth rates in AA2199-T86 (L-T) were seen to decrease with decreasing water
vapor pressure over a wide stress intensity range (∆K) (Figure 149). For PH2O above 38 Pa,
da/dN decreased with decreasing ∆K in four power law segments consistent with the HEE
process1,64,80,81. The equivalence of the da/dN rates observed at 0.5 Pa and UHV in AA2199T86 illustrates the elimination of environmental influences at a higher exposure than AA7075T651. A rapid decrease in da/dN was observed for PH2O values of 18, 1.8, and 4 Pa between a
∆K of 8-7 MPa√m. The da/dN minima occurred for a ∆K range of 6.7 to 7.0 MPa√m, before
systematically increasing with decreasing ∆K. The threshold transition regime behavior for
AA2199-T86 occurred at a higher range of PH2O and stress intensity range than AA7075-T651.
For all decreasing ∆K experiments between 4 Pa and 0.5 Pa (Figure 153b-d), the AA2199-T86
fracture surfaces showed a transition from a smooth fracture surface to a rough surface in the
middle. The change in morphology correlates with the threshold transition region observed for
the 18, 1.8, and 4 Pa exposures. Unlike AA7075-T651, the AA2199-T86 fractographic surfaces
showed SBC in inert environments for all ∆K (Figure 155 through Figure 159). At higher ∆K for
UHV (Figure 156a, Figure 157a, and Figure 158a), the fracture surface maintained a SBC
morphology, whereas AA7075 showed flat void-like features at higher ∆K. The similarities in the
scope and span of the roughness transition in AA2199-T86 suggest a similar threshold
transition regime that depends on ∆K and the environment similar to the molecular transport
based theory developed for AA7075-T6164.
The da/dN vs ∆K behavior of the AA2199-T86 specimens with reduced thickness also
supported the molecular transport hypothesis proposed for AA7075-T651. By reducing the
thickness, the molecular flow distance from the sides was decreased resulting in faster growth
rates. The side-grooved sample tested at UHV did not show a shift in the da/dN vs ∆K, showing
241

SAFE-RPT-16-045

that the thickness dependence of da/dN was only observed in the molecular flow controlled
regime (Figure 151). Additionally, the threshold transition regime for the 1.8 and 4 Pa sidegrooved tests was similar in magnitude and shape, but occurred at higher ∆K when compared
to the TTR behavior for the thicker specimens. The side-grooving process reduces the crosssectional area for the Mode I crack and reduces the molecular flow distance for diffusion,
resulting in faster growth rates at similar ∆K values. The pertinent diffusion distance for
molecular transport to the crack tip is the through thickness direction, as such, changing the
specimen geometry reasonably influences the environmental crack behavior at intermediate
exposures. This behavior supports that the molecular transport in the through thickness
dimension controls the environmental influence, particularly in the TTR regime as previously
seen with AA7075-T651. The differences in crack morphology for AA2199-T86 could result in a
differing effect of surface roughness and crack wake asperity contact on da/dN behavior. It
would be beneficial to complete similar COD vs asperity height analysis to determine if any
more information can be gleaned on the post-minima regime.
Impact on Fatigue Life Prediction
The AA7075-T651 and AA2199-T86 da/dN versus ∆K data for varying PH2O illustrated that there
can be a significant reduction in crack growth rates in high altitude environments pertinent to
airframe operations. The water vapor pressure over frequency (PH2O/f) exposure parameter is
used as a conservative proxy to model the environmental influence on fatigue cracking, but
does not fully capture the effect of temperature on fatigue growth rates3,84. To that end, efforts
are underway to investigate the beneficial effect of low temperature on the fatigue crack growth
behavior beyond that associated with the reduction in the PH2O84. Analysis detailed above
indicates that the threshold transition behavior observed in AA7075-T651 and AA2199-T86 is
governed by molecular transport that can be affected by the loading protocol, specimen
geometry, and/or testing configuration. While the false threshold behavior resulting in the dip in
da/dN is real and repeatable, such behavior is geometry and molecular flow path dependent
and should not be incorporated into fracture mechanics based predictions. This behavior at
intermediate ∆K and PH2O will vary with crack geometry, loading ratio, ∆K, and environmental
exposure and should not be incorporated in lifetime prognosis for real airframe structures.
Several potential solutions are available. First, develop a protocol for crack growth rate
generation that limits the threshold transition regime behavior. One example of such protocol
could be to include a K-rise protocol that has a compression precrack, but the effect of the
testing protocol on the da/dN versus ∆K data is needed before incorporation. Second, use of an
interpolation from high ∆K cracking to low ∆K cracking that will capture the broad non-TTR
influenced effect of the environment, but eliminate the TTR behavior. This method is currently
being implemented in a companion study that uses these data to augment LEFM modeling tools
(AFGROW) with the ability to incorporate environmental effects. The interpolated data provided
to colleagues for this effort are included in Table 29 and Figure 172.
Table 29. AFGROW formatted fatigue crack growth rate versus decreasing ∆K at constant R of
0.50 (f = 20 Hz) for AA7075-T651 (L-T) at various-constant water vapor exposure levels from
ultra-high vacuum (0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa. The data (plotted in Figure
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169) represents 30 data point sets that are taken from the results in Figure 128. The threshold
transition regime has been removed for the 1.8, 0.5, and 0.2 Pa exposures.
2668 Pa (2 Hz)

2668 Pa
da/dN

340 Pa
ΔK

165 Pa

da/dN (mm/cycle)

ΔK (MPa√m)

da/dN

ΔK

1.44E‐06

1.94

3.74E‐06

2.69

3.33E‐07

2.08E‐06

2.06

4.75E‐06

2.80

2.52E‐06

2.19

5.32E‐06

2.91E‐06

2.33

3.36E‐06

38 Pa

da/dN

ΔK

da/dN

1.80

1.22E‐07

1.82

2.39E‐07

6.15E‐07

1.86

1.64E‐07

1.84

2.89

9.19E‐07

1.93

3.13E‐07

5.70E‐06

2.98

1.1E‐06

2.03

2.48

6.29E‐06

3.08

1.35E‐06

4.28E‐06

2.65

7.19E‐06

3.17

5.19E‐06

2.82

7.22E‐06

6.53E‐06

3.00

9.71E‐06

18 Pa
da/dN

ΔK

1.89

3.02E‐07

1.81

6.65E‐07

1.97

7.44E‐07

2.00

1.89

8.69E‐07

2.05

1.01E‐06

2.15

6.04E‐07

1.98

1.14E‐06

2.15

1.40E‐06

2.32

2.17

1.11E‐06

2.05

1.75E‐06

2.35

1.45E‐06

2.50

1.81E‐06

2.34

1.28E‐06

2.16

1.99E‐06

2.55

1.97E‐06

2.63

3.26

2.01E‐06

2.47

1.37E‐06

2.27

2.27E‐06

2.74

2.01E‐06

2.86

8.85E‐06

3.36

2.07E‐06

2.62

1.58E‐06

2.36

2.72E‐06

3.00

2.28E‐06

2.95

3.19

9.52E‐06

3.51

2.5E‐06

2.77

1.82E‐06

2.50

3.15E‐06

3.26

2.58E‐06

3.08

1.22E‐05

3.40

1.02E‐05

3.60

2.94E‐06

2.94

2.03E‐06

2.61

3.84E‐06

3.53

2.69E‐06

3.32

1.36E‐05

3.50

1.05E‐05

3.64

3.01E‐06

3.10

2.54E‐06

2.82

5.45E‐06

3.84

3.12E‐06

3.51

1.72E‐05

3.62

1.44E‐05

3.70

3.63E‐06

3.25

2.81E‐06

3.01

7.69E‐06

4.00

4.22E‐06

3.89

2.75E‐05

3.85

1.59E‐05

3.72

3.98E‐06

3.43

3.31E‐06

3.26

1.12E‐05

4.23

5.09E‐06

4.01

3.37E‐05

4.11

1.65E‐05

3.75

7.02E‐06

3.88

3.56E‐06

3.38

2.01E‐05

4.69

5.42E‐06

4.21

4.01E‐05

4.20

1.79E‐05

3.87

1.1E‐05

4.09

4.22E‐06

3.62

3.73E‐05

5.00

7.91E‐06

4.51

5.98E‐05

4.37

2.10E‐05

3.95

1.6E‐05

4.33

5.74E‐06

3.88

4.25E‐05

5.22

1.07E‐05

4.73

7.55E‐05

4.65

2.58E‐05

4.04

2.27E‐05

4.52

9.50E‐06

4.11

6.00E‐05

5.49

1.84E‐05

4.99

8.50E‐05

4.84

3.09E‐05

4.22

3.23E‐05

4.80

1.99E‐05

4.66

6.25E‐05

5.72

2.82E‐05

5.30

9.48E‐05

4.95

4.74E‐05

4.39

4.09E‐05

5.07

2.80E‐05

4.89

6.63E‐05

6.04

4.39E‐05

5.83

1.11E‐04

5.27

6.54E‐05

4.66

5.14E‐05

5.35

3.78E‐05

5.21

7.70E‐05

6.30

5.21E‐05

6.10

1.31E‐04

5.61

8.91E‐05

4.89

6.81E‐05

5.66

4.83E‐05

5.52

8.78E‐05

6.57

5.65E‐05

6.39

1.36E‐04

5.69

1.03E‐04

5.11

7.29E‐05

5.90

5.73E‐05

5.75

9.27E‐05

6.89

6.36E‐05

6.62

1.54E‐04

5.97

1.57E‐04

5.95

8.75E‐05

6.18

6.28E‐05

5.86

1.08E‐04

7.05

7.08E‐05

6.81

2.34E‐04

6.68

2.04E‐04

6.45

9.8E‐05

6.46

6.99E‐05

5.97

1.33E‐04

7.32

9.62E‐05

7.07

3.62E‐04

7.85

2.51E‐04

6.95

0.000112

6.79

7.13E‐05

6.15

1.41E‐04

7.71

1.03E‐04

7.37

5.41E‐04

9.23

3.00E‐04

7.50

0.000118

7.00

8.40E‐05

6.25

1.80E‐04

8.03

1.30E‐04

7.71

9.12E‐04

10.85

3.65E‐04

8.00

0.000129

7.32

8.54E‐05

6.42

1.96E‐04

8.34

1.48E‐04

8.08

1.65E‐03

12.74

4.04E‐04

8.37

0.000144

7.58

9.64E‐05

6.61

2.35E‐04

8.77

1.87E‐04

8.47

2.07E‐03

13.26

7.50E‐04

10.48

0.000188

7.99

1.02E‐04

6.92

2.74E‐04

9.13

2.05E‐04

8.88

9.00E‐04

11.00

0.000401

9.70

1.15E‐04

7.14

3.33E‐04

9.64

2.84E‐04

9.78
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4 Pa

1.8 Pa
da/dN

0.5 Pa
ΔK

0.2 Pa

da/dN (mm/cycle)

ΔK (MPa√m)

da/dN

ΔK

7.69E‐07

1.96

1.04E‐07

1.71

2.77E‐07

1.01E‐06

2.10

1.87E‐07

1.81

1.16E‐06

2.24

3.65E‐07

1.32E‐06

2.39

1.50E‐06

UHV

da/dN

ΔK

da/dN

2.09

2.11E‐07

2.64

7.96E‐07

5.25

5.34E‐07

2.27

3.00E‐07

2.71

1.28E‐06

5.52

1.89

7.31E‐07

2.45

4.89E‐07

2.83

2.30E‐06

5.80

4.94E‐07

2.01

8.82E‐07

2.61

6.00E‐07

3.01

4.66E‐06

5.97

2.55

6.40E‐07

2.14

9.33E‐07

2.66

7.00E‐07

3.17

6.60E‐06

6.08

1.78E‐06

2.76

7.32E‐07

2.30

1.00E‐06

2.90

9.50E‐07

3.39

9.02E‐06

6.31

1.90E‐06

2.80

9.53E‐07

2.47

1.21E‐06

3.08

1.10E‐06

3.58

1.27E‐05

6.46

2.00E‐06

2.89

1.22E‐06

2.61

1.30E‐06

3.29

1.30E‐06

3.78

1.75E‐05

6.81

2.12E‐06

3.08

1.36E‐06

2.78

1.50E‐06

3.50

1.50E‐06

3.87

2.23E‐05

6.99

2.57E‐06

3.29

1.40E‐06

2.97

1.75E‐06

3.60

1.60E‐06

4.00

2.69E‐05

7.17

2.79E‐06

3.50

1.55E‐06

3.10

1.80E‐06

3.85

2.00E‐06

4.21

2.82E‐05

7.40

2.98E‐06

3.60

1.61E‐06

3.21

2.40E‐06

4.20

2.10E‐06

4.37

3.01E‐05

7.45

3.23E‐06

3.74

1.70E‐06

3.41

2.80E‐06

4.40

2.30E‐06

4.56

3.56E‐05

7.75

4.01E‐06

4.02

2.00E‐06

3.57

4.50E‐06

4.80

2.75E‐06

4.80

4.01E‐05

8.01

5.29E‐06

4.29

2.75E‐06

3.78

5.00E‐06

4.90

3.50E‐06

5.05

4.32E‐05

8.11

6.63E‐06

4.45

3.50E‐06

3.99

6.00E‐06

5.22

4.00E‐06

5.17

5.63E‐05

8.50

6.86E‐06

4.58

4.00E‐06

4.35

9.00E‐06

5.47

5.60E‐06

5.33

6.79E‐05

8.75

8.55E‐06

4.89

5.00E‐06

4.56

1.33E‐05

5.93

7.21E‐06

5.40

8.40E‐05

9.25

1.53E‐05

5.22

6.50E‐06

4.89

2.00E‐05

6.10

8.90E‐06

5.57

9.20E‐05

9.50

2.85E‐05

5.57

8.50E‐06

5.07

2.75E‐05

6.42

1.29E‐05

5.95

1.11E‐04

10.00

3.15E‐05

5.64

2.00E‐05

5.60

3.91E‐05

6.95

2.27E‐05

6.31

1.19E‐04

10.22

4.73E‐05

5.94

3.02E‐05

6.05

4.50E‐05

7.12

3.05E‐05

6.79

1.72E‐04

10.75

6.01E‐05

6.34

5.05E‐05

6.61

5.31E‐05

7.53

3.61E‐05

7.08

1.91E‐04

11.08

7.58E‐05

6.77

6.24E‐05

6.93

6.42E‐05

8.12

4.96E‐05

7.66

2.32E‐04

11.50

8.59E‐05

7.18

6.95E‐05

7.30

9.04E‐05

8.66

7.20E‐05

8.02

2.58E‐04

12.02

9.66E‐05

7.22

9.00E‐05

7.78

1.00E‐04

9.00

8.11E‐05

8.48

3.45E‐04

13.03

1.27E‐04

7.71

1.04E‐04

8.32

1.29E‐04

9.43

9.33E‐05

8.91

3.53E‐04

13.03

1.54E‐04

8.23

1.14E‐04

8.57

2.30E‐04

10.61

1.11E‐04

8.92

5.02E‐04

13.75

1.79E‐04

8.78

1.50E‐04

9.04

5.40E‐04

12.94

1.19E‐04

9.22

6.52E‐04

14.50

2.36E‐04

9.38

1.75E‐04

9.28

1.17E‐03

15.39

1.24E‐04

9.35

8.71E‐04

15.28
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Figure 172:LEFM modeling (AFGROW) formatted fatigue crack growth rate versus decreasing
∆K at constant R of 0.50 (f = 20 Hz) for AA7075-T651 (L-T) at various-constant water vapor
exposure levels from ultra-high vacuum (0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa). The
plotted data represents 30 data point sets (Table 29) that are taken from the results from Figure
128. The threshold transition regime has been removed for the 1.8, 0.5, and 0.2 Pa exposures.
Failure to recognize the “apparent threshold” behavior could lead to highly non-conservative
LEFM predictions if experimental tests are concluded in the threshold transition regime. A
common stopping experimental cracking threshold is 1.0 x 10-6 mm/cycle, which falls in the
middle of the threshold transition regime for lower exposures. Concluding an experiment at this
growth rate would imply that crack growth would not occur for ∆K < 4 MPa√m. Testing to a
crack growth threshold of 1.0 x 10-7 mm/cycle shows that cracking occurs to ∆K = 2 -3 MPa√m
for low PH2O. Following a test protocol that uses a crack growth threshold of 1.0 E-7 mm/cycle
will help to reduce the chance of using non-conservative growth rates. Additionally, these
experiments show that component geometry influences the molecular flow path and by
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extension, crack growth rates for a given stress intensity factor. From the principle of similitude,
fatigue cracks grow at an equal rate (da/dN) when subjected to equal ∆K, implying that the
stress intensity factor range uniquely defines the crack-tip conditions. This principle allows
experimental data taken from lab specimens to be used in life prediction for real components.
These experimental results suggest that similitude is compromised by the environment and
geometry dependency. To mitigate for this concern, test specimens should be selected that are
representative (similar flow path) of the airframe component to be modeled. Following these
testing procedures would help to ensure data that accurately represent the increased fatigue
resistance of AA7075-T651 and AA2199-T86 at high altitudes.
Conclusions
Compliance-based characterization of AA7075-T651 and AA2199-T86 C(T) specimens fatigued
under ∆K-shed and constant ∆K loading protocols for various high purity PH2O exposures
representative of high altitudes yielded a novel set of fatigue crack growth rates. Lower
exposures exhibited a novel threshold transition regime that was analyzed with respect to
prominent environmental fatigue theories. The following conclusions are established:


The TTR behavior is an environmental effect; specifically associated with the enhanced
transport of water vapor molecules from the bulk environment to the crack tip, this process
is dependent on crack wake history and bulk PH2O

•

Constant ∆K, PH20/f experiments served to show that the interaction between the
roughness on the fracture surface and the molecular transport can result in an order of
magnitude change in growth rates directly following crack growth of increased roughness.
Additionally, fractography suggests an environmentally driven irregular crack front driven
by the interaction of molecular transport, closure, asperity based mixing, and position
dependent ∆K.

•

The pertinent diffusion distance for molecular transport to the crack tip is the through
thickness direction, as such, changing the specimen geometry reasonably influences the
environmental crack behavior at intermediate exposures.

•

A quantitative method to indicate the presence of crack wake asperity contact based on
comparing the localized roughness and crack opening displacement was developed.
These results suggest that the start of crack wake asperity contact does not correspond
directly to an increase in da/dN; counter to the proposed molecular transport hypothesis
which stated that enhanced crack growth rates corresponded to the start of crack wake
asperity contact occurring. The chosen contact metric indicates the presence of crack
wake asperity contact, but the role it plays in controlling the upturn in da/dN rates until the
Mode II displacement occurring is accurately measured. These results do suggest that the
upturn in da/dN is driven by the interaction of molecular transport, crack closure, asperity
based mixing, and position dependent ∆K.

•

Despite different global cracking morphology, the similarities in the scope and span of the
roughness transition in AA2199-T86 suggest a similar threshold transition regime that
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depends on ∆K and the environment similar to the molecular transport based theory
developed for AA7075-T65.
Analysis detailed above indicates that the threshold transition behavior observed in AA7075T651 and AA2199-T86 is governed by molecular transport that can be affected by the loading
protocol, specimen geometry, and/or testing configuration. While the false threshold behavior
resulting in the dip in da/dN is real and repeatable, such behavior is geometry and molecular
flow path dependent and should not be incorporated into fracture mechanics based predictions.
Following appropriate testing procedures would help to ensure data that accurately represent
the increased fatigue resistance of AA7075-T651 and AA2199-T86 at high altitudes.
There is a certain level of duplication between some data presented in the following Focus Area
3 and those in Focus Area 4. The following report has the overarching focus of investigating the
efficacy of the PH2O/f parameter; this effort is the reported using a published paper that uses
similar data but analyzes this data in a manner specific to the above goal.
Focus Area 3: Effect of water vapor pressure on the fatigue crack propagation of
aerospace aluminum alloys 7075-T651 and 2199-T86
Summary
Fatigue testing over a wide range of ∆K-values, extending to the threshold regime, at various
water vapor pressures (PH2O) applicable to airframe operation yielded a novel set of fatigue
crack growth rates for two aerospace aluminum alloys (AA7075-T651 and AA2199-T86). Data
were analyzed with respect to prominent environmental fatigue theories and used to inform next
generation prognosis aimed at incorporating the effects of loading environment. AA2199-T86
exhibited enhanced fatigue crack growth rate resistance compared with AA7075-T651 over a
wide range of environmental exposures and ∆K. The da/dN-∆K data for both alloys shows the
expected decrease in crack growth rate with decreasing exposure parameter (PH2O/f). Plotting
the growth rate data versus PH2O/f demonstrates consistency with prominent environmental
theories where the crack growth is limited by either molecular flow or H-diffusion in the crack tip
process zone. In both alloys, ∆K-shed data at intermediate-low exposures shows an apparent
threshold followed by an increase in growth rates with falling ∆K. Speculatively, this is due to
development of crack wake roughness that initially impedes molecular flow, increasing
roughness then causes convective mixing which enhances flow and increases growth rates. A
protocol to select environment appropriate crack growth rates for linear elastic fracture
mechanics (LEFM) modeling is presented.
Introduction
Next generation fracture mechanics-based prognosis modeling of airframe fatigue damage can
increase accuracy (and reduce over-conservatism) by coupling the substantial progress in
understanding and modeling mechanical loading spectra85 with similar efforts to capture the
strong influence of an environmental spectrum. Significant airframe loading occurs at high
altitude74,79,87,132 which is typified by low temperature (down to ≈ -70°C) and low water vapor
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pressure environments6,18. Recent work has established that the water vapor pressure over
frequency (PH2O/f) exposure parameter does not fully capture the effect of temperature but can
be used as a conservative proxy to enable engineering level modeling of the effect of time
dependent environmental exposure on fatigue cracking3. Such modeling requires: (1)
development of a coupled mechanical (stress, stress intensity range (∆K), frequency (f), etc.)
and environmental spectrum (temperature, water vapor pressure (PH2O), time of wetness,
inhibitor concentration, etc.) that is representative of airframe component operational conditions.
Such a spectrum would be akin to the generic mechanical loading spectra for fighter wings
(FALSTAFF), transport lower wing root (TWIST), and helicopter rotors (Helix)133 (2) Quantitative
characterization of environment specific fatigue crack growth properties for use in linear elastic
fracture mechanics (LEFM) prognosis models (e.g. AFGROW, FASTRAN, etc.). (3) Developing
an understanding of the governing mechanisms to inform a life prediction methodology that
captures the environmental effect without a prohibitive experimental burden.
Fatigue crack progression is governed by cyclic plastic damage accumulation coupled with grain
level local tensile stresses to cause decohesion;14,30,31 H is postulated to enhance this process
by facilitating increased dislocation mobility34,35 and/or decreasing the local cohesion strength in
the crack tip process zone36,37. As such the deleterious effect of the loading environment is
dependent on the per cycle local concentration of H in the process zone which is set by the
loading frequency and the rate limiting step in the H embrittlement process. For aluminum alloys
in a moist environment H ingress to the process zone consists of: (a) impeded transport of
molecular H2O from the crack mouth to the crack tip, (b) surface reaction to produce atomic H
on the crack tip surface and H absorption, and (c) H diffusion into the crack tip process zone
53,63,94. Models have been proposed that relate da/dN to each of these potential rate limiting
steps, despite the change in the controlling process many of these models suggest that crack
growth rate is either an explicit or implicit (through setting the atomic H concentration at the
crack tip surface) function of PH2O/f60,63,88,89,91,94,134. These models, and environmental
dependence in general, are typically informed by data obtained at constant-high ∆K and
variable levels of PH2O/f; characterization over a wide range of ∆K is generally only performed at
isolated exposures98 and/or does not extend to the near-threshold regime94. Such data
collection techniques enable efficient analysis of the governing mechanisms and model
development/validation however are insufficient to fully understand the interaction of ∆K and
environmental effects necessary for prognosis efforts. Quantitative crack growth rates over a
wide range of ∆K at various exposure levels are necessary inputs to a LEFM-based
environmental fatigue life prediction tool; such extensive data-sets will also inform interpolation
functions between exposure levels to ease future experimental burdens.
Legacy airframe components rely heavily on 7xxx-series aluminum alloys for structural
components. Also of interest are 3rd generation Al-Cu-Li alloys which have remedied the
property anisotropy, low toughness, poor corrosion resistance, and manufacturing issues
inherent in previous Al-Li alloys95. As such the light-weight, high strength/toughness, and
enhanced fatigue properties position this alloy class to compete with composites for replacing
the incumbent AA2024 alloys for high stress airframe structural components. Quantification and
comparison of the growth rates and fracture morphologies of legacy (7xxx-series) and next
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generation (3rd generation Al-Cu-Li) aluminum alloys over a wide range of ∆K and PH2O/f will
augment the current understanding of environmental effects in these pertinent aerospace alloys.
The goal of this work is to quantify the crack growth rate (da/dN) behavior of a legacy (AA7075T651) and modern (AA2199-T86) aerospace alloy over a wide range of mechanical (∆K) driving
forces and exposures (PH2O/f) pertinent to airframe operations. The influence of ∆K on the
environmental crack growth behavior will be discussed in the context of both the Hembrittlement process and a fracture mechanics based life prediction methodology.
Experimental Methods
Fatigue crack growth rate tests were performed on L-T oriented compact tension (CT)
specimens (width 50.8 mm; thickness 7.62 mm) in accordance with ASTM E647, using a
computer controlled servo-hydraulic machine to apply a sine waveform. Crack length was
calculated from clip gauge measured crack mouth opening displacement using unloading
compliance; post-test visual crack length measurements were always within 10% of compliance
values and used for data correction. Testing was performed at constant stress ratio (R) of 0.5
and frequency (f) of 20 Hz (with one test at 2 Hz) under a decreasing ∆K protocol (C-value of
0.08 mm-1) from 10 MPa√m to threshold, then an increasing ∆K (C-value of 0.2 mm-1) segment
from approximately8 MPa√m to 16 MPa√m. Testing was performed at 2668, 340, 165, 38, 4,
0.54 and 5x10-7 (UHV) Pa; which corresponds with the equilibrium water vapor pressures above
water or ice at roughly 23°C (relative humidity of 95%), -7°C, -15°C, -30°C, -50°C, and -65°C,
respectively, according to the Clausium-Clapeyron equation (note that a temperature equivalent
is not given for UHV). The 2688 Pa environment was maintained within a sealed Plexiglas cell
fed with water saturated nitrogen while the temperature and humidity was continuously
monitored to ensure >95% humidity. The remaining tests were performed in an ultra-high
vacuum system where varying levels of purified water is introduced through a sealed glass flask
via a leak valve; the pressure was dynamically maintained by balanced water vapor input and
turbo pumping. The water vapor pressure was monitored throughout testing and a mass
spectrometer confirmed better than 95% (by partial pressure) H2O purity through all tests (the
impurities in the vacuum chamber were a mixture of gaseous CO2 and N2). All reported data
was collected at 23°C
Results and Discussion
Alloy Comparison at High Humidity and UHV
The superior fatigue performance of Al-Cu-Li alloys compared to traditional Al-Zn-Mg-Cu (and
Al-Cu-Mg) alloys over a range of environmental exposures is well documented53,95-97. This
behavior is shown in Figure 173 where elevated growth rates are observed for AA7075
compared to AA2199 in both high humidity (≈134 Pa-s) and UHV testing conditions. This
behavior is attributed to the interaction of slip with microstructural features and how the resulting
crack morphology influences the local crack tip driving force. The primary strengthening phase
in peak- and over-aged 7xxx-series alloys is equilibrium incoherent η-phase (or the semicoherent meta-stable η’-phase) (Mg(Zn, Al, Mg)2). In alloys with >1.6% Cu the non-shearable
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incoherent phase promotes dislocation looping and heterogenous slip, which limits slip
reversibility and crack path tortuosity. Conversely, the shearable δ’-phase (Al3Li) (and perhaps
T1-phase (Al2LiCu)98) in Al-Cu-Li alloys enables homogenous reversible planar slip and
enhances crack closure via increased roughness associated with highly faceted cracking, crack
deflection, and mode II displacements53,97,98. Such extrinsic toughening mechanisms reduce the
local crack tip driving force and are hypothesized to govern the enhanced fatigue performance
in the Al-Cu-Li alloys 97. The convergence of the UHV data in the near-threshold regime is
consistent with prior work that showed highly facetted (rough) slip band cracking (SBC) in
AA7075-T651 at low ∆K and inert environments;3,57 this morphology may cause extrinsic
toughening similar to that observed in AA2199-T86. Similarly the convergence of AA7075 and
AA2199 high humidity growth rates in the near threshold regime is consistent with the transition
from the tortuous slip band cracking to relatively flat sub-granular and/or near-{100} cleavage
cracking observed in peak-aged AA2090 alloy (LT) at low ∆K and moist environments98. Such
features would produce similar levels of extrinsic toughening as the flat transgranular high-index
features observed in AA7075 high humidity testing at low ∆K10. Such ∆K dependent behavior
coupled with the order of magnitude increase in fatigue resistance in UHV highlights the need to
quantify the crack growth behavior over a range of exposures and mechanical driving forces.
Future characterization of the fracture surface morphology and analysis of the measured levels
of closure are needed to conclusively establish the controlling mechanisms.
7075-T651 Growth Rates at Variable PH2O/f
Fatigue crack growth rates are shown in Figure 174 for AA7075-T651 as a function of ∆K and
the exposure parameter PH2O/f. These growth rates demonstrate the expected decrease in crack
growth rate with decreasing water vapor exposure. The similarity in crack growth rates for 1334
(f=2 Hz) and 134 (20 Hz) Pa-s demonstrate that at this exposure the crack growth rate is
independent of loading frequency. Furthermore, the growth rates for 1334 and 133 Pa-s are
consistent with the maximum critical growth rate observed for AA7075-T651 (L-T; R=0.1) tested
in 3.5% NaCl, where diffusion controlled crack growth is limited by a mechanics based
parameter that governs the maximum increment of growth and is controlled by the location of
the maximum tensile stress ahead of the crack tip for a given Kmax134. Decreasing exposure
levels from 17 to 1.9 Pa-s correspond to a reasonably systematic decrease in growth rates at all
∆K. This systematic decrease is also observed for 0.2 and 0.027 Pa-s exposures at ∆K above 6
MPa√m and below 4 MPa√m; however, there is a more significant reduction in growth rates
between 4 and 6 MPa√m that increases with magnitude going from 0.2 to 0.027 Pa-s. A
consistent threshold value of ≈1.8 MPa√m is observed for exposures between 1334 and 0.2 Pas, the threshold increased to 2 and 5.3 MPa√m at 0.027 and UHV, respectively.
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Figure 173. Fatigue crack growth rates vs ∆K for two airframe aluminum alloys tested in a water
saturated N2 environment and at ultra-high vacuum.

Figure 174. Fatigue crack growth rates vs. ∆K for 7075-T651 tested at R=0.5 in a K-shed and Krise protocol at various levels of environmental exposure.
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During the K-shed portion of the loading protocol 0.027 Pa-s data show the onset of an
apparent threshold at 6 MPa√m that reaches a minima (3x10-7 mm/cycle) at 4.9 MPa√m, then
reverses such that crack growth rate increases as ∆K decreases to 4 MPa√m; this is termed the
threshold transition. With further reduction below 4 MPa√m the growth rate plateaus before
hitting the true threshold at 2 MPa√m. During the K-rise protocol the growth rate follows a
similar plateau up to 4.4 MPa√m and then shows a drastic increase without exhibiting the strong
minima seen in the K-shed data. The K-shed minima is consistent with constant Kmax (16.5
MPa√m)-decreasing ∆K results for this lot of AA7075-T651 tested in both the L-T and T-L
orientations at 3x10-4, 2.7x10-3, and 6.5x10-3 Pa-s at 4 MPa√m; where the magnitude of the dip
increased with decreasing PH2O/f. A less severe reduction in growth rate was also observed in
constant Kmax data at 0.013 Pa-s similar to the current 0.2 Pa-s results135. Fractography of these
constant Kmax-decreasing ∆K specimens showed that the threshold transition behavior directly
correlates with changes in the fracture surface morphology; severe dips exhibited a high density
of SBC-like features (high roughness) as compared to a lower density for less severe dips, and
no SBC-like features at higher exposures. Fracture surface morphologies not within the dip
regions were exclusively flat-transgranular features. The development of SBC-like features are
critically dependent on the level of H-enhanced cracking; in inert environments SBC has been
observed at low ∆K levels in AA7075, at high ∆K slip is homogenized across multiple slip
systems and SBC features are not observed3. The apparent threshold behavior was
hypothesized to be due to a reduction in diffusion governed molecular flow (Knudsen flow)
caused by the onset of surface roughness development136 associated with SBC that occurs
when the K-shed reaches sufficiently low ∆K. This roughness starves the crack tip of molecular
water causing the initial drop in growth rates. However once a critical level/distance of
roughness was achieved the dominant means of molecular transport switches from diffusion to
convective mixing137,138,139, which may be fully turbulent due to crack surface contact. Such
mixing would provide enhanced water vapor transport, thus causing the increase in growth rate.
The current data are consistent with the above molecular transport based hypothesis in two
ways. First, the minima for the constant Kmax-data occurred at a lower ∆K value (5 MPa√m) and
showed a less severe dip despite a lower exposure (6.5x10-3 Pa-s) compared to the current
data at 0.027 Pa-s. This is consistent with the anticipated effect of the increased R (≈0.7-0.8 at
3-5 MPa√m) in the constant Kmax test. Specifically, the increased crack opening associated with
higher R would (a) delay the onset of roughness impeded diffusion-based flow to lower ∆K and
(b) decrease the threshold exposure level for this behavior and the magnitude of the dip for a
given exposure. Second, since the apparent threshold behavior is hypothesized to be due to a
crack wake morphology effect it is reasonable that the K-rise data do not exhibit the strong dip
observed in the K-shed data. The mechanistic cause for the plateau in the low ∆K regime of the
K-rise portion of the 0.027 Pa-s data is not yet fully understood. While the current data are
consistent with previous experimental work, the applicability of this mechanistic interpretation
needs to be validated via fractography, study of the closure behavior, and analysis of the
roughness versus opening displacement. It is necessary to establish if this apparent threshold
behavior is inherent to the material or is a crack wake effect associated with a K-shed protocol
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because (a) it is a scientifically novel observation, and (b) the former would be incorporated into
a life prediction protocol, however the latter would require modification of the data collection
methods to eliminate this behavior.
Growth rates taken from Figure 174 are plotted versus exposure at constant ∆K in Figure 175
(filled symbols), along with growth rates for this lot of material previously generated at several
levels of constant applied ∆K and R=0.5 where the exposure was varied at a single frequency of
20 Hz (open)57,135. Trend lines are fit to the data and reflect theoretically based models63,134.
These data illustrate three distinct regimes typical of such exposure plots. Specifically, (1) at low
exposures there is insufficient water vapor to enable HEE so the crack growth is governed fully
by mechanical damage accumulation and independent of PH2O/f, (2) crack growth is limited by
molecular transport to the crack tip, in instances where such transport is governed by Knudsen
flow this da/dN is directly proportional to PH2O/f, and (3) at higher exposures there is a mild
dependence on PH2O/f which is controversially attributed a change in the rate limiting process to
H diffusion within the process zone63,94,134. These data illustrate a large (three order of
magnitude) increase in da/dN with increasing exposure level from UHV to 1334 Pa-s at low ∆K
(3 and 4.5 MPa√m). While still significant, this increase incrementally decreases in magnitude
as the ∆K rises to 10 MPa√m where there is a 10-fold increase in da/dN. This is due to a large
increase in the low exposure levels at higher ∆K, which is consistent with a larger contribution of
purely mechanical damage accumulation. Comparison of current results with data from constant
∆K segments (open) show excellent agreement at both 3 and 4.5 MPa√m, with the only outlier
being 0.027 Pa-s at 4.5 MPa√m which is within the threshold transition region in Figure 174.
This outlier is expected since the dip is hypothesized to be caused by crack wake impeded flow
that is not present in the constant ∆K segment testing. Furthermore the direct relationship
between da/dN and PH2O/f is based on the assumption of Knudsen flow controlled molecular
transport, these models include empirical constant α and β related to surface roughness and
flow. As such direct comparison of values is only rigorous for constant values of surface
roughness and flow properties (i.e. α and β) which is not realized for the outlying data point.
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Figure 175. Fatigue crack growth rates (Figure 150) vs. exposure parameter for 7075-T651
(filled symbols), also included are prior data obtained at R=0.5, f=20 Hz and constant ∆K
segments at various exposures (open symbols)74,87.
2199-T86 Growth Rates at Variable PH2O/f
Fatigue crack growth rates are shown in Figure 176 for AA2199-T86 as a function of ∆K and the
exposure parameter PH2O/f. Similar to the AA7075-T651 data, there is no frequency dependence
seen between 95% RH tests at 2 and 20 Hz. Above 9 MPa√m decreasing exposure from 133 to
UHV shows a systematic decrease in fatigue crack growth rate; similar decreases are also
observed below 5 MPa√m prior to threshold. The threshold values show a strong environmental
dependence; no threshold is observed for the 1334-17 Pa-s (down to 2 MPa√m) and values of
2.3, 2.7, and 5 MPa√m are observed for 8.25, 1.9, and 0.027/UHV, respectively. The
correspondence between the 0.027 Pa-s and UHV data demonstrates the elimination of
environmental influences at higher exposures than observed for the AA7075-T651. The 0.2 Pas, and to a lesser extent the 1.9 Pa-s, show more significant decreases in growth rate between
9 and 5 MPa√m. The apparent threshold (minima) and subsequent increase observed at 0.2
Pa-s is akin to the threshold transition behavior observed in the AA7075-T651. However,
fractography of peak-aged AA2090 (L-T) tested in various environments98 suggests that the
expected fracture morphology is different and more complex for the AA2199 compared to
AA7075-T651. Specifically, in AA2090 SBC was found in inert environments at all ∆K, whereas
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in H-producing environments relatively flat crystallographic {100} cracking is expected below ≈3
MPa√m transitioning to a combination of SBC and sub-boundary cracking (which is flat) at
higher ∆K98. Fractography of the current specimens and closure analysis are necessary to
establish the true fracture surface morphology and to determine if the observed behavior is
governed by a mechanism similar to that proposed for the AA7075 or if other extrinsic
toughening or environmental dependent mechanisms govern this behavior.

Figure 176. Fatigue crack growth rates vs. ∆K for AA 2199-T86 tested at R=0.5 in a K-shed and
K-rise protocol at various levels of environmental exposure.
Growth rates from Figure 176 are plotted versus exposure at constant ∆K in Figure 177 (filled
symbols), along with the trend (black line) from a separate lot of 2199-T86 at 7 MPa√m, R=0.58,
and f = 20 Hz where segments of various exposures were tested on a single sample53. Data at
3 and 4.5 MPa√m reflect cracking below the threshold at UHV and 0.27 Pa-s, and the remainder
of the data fall within the diffusion controlled regime. The data show a ≈25-, 20-, and 8-fold
increase in growth rates going from UHV to 1334 Pa-s at 5.5, 7 and 10 MPa√m, respectively;
this trend is consistent with the increased role of mechanical damage. The magnitude of these
increases are similar to that observed in AA7075 (but slightly lower at 5.5 MPa√m). The current
data aligns well with prior constant ∆K variable exposure data (black line), particularly at low
and high exposures. The lack of alignment at 1.9 and 0.2 Pa-s suggests that the dip in growth
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rate observed between 9 and 5 MPa√m in Figure 176 is due to a crack surface morphology
history effect. Similar constant ∆K variable exposure tests are justified to further investigate the
mechanistic process that governs the dip observed in Figure 176 and to inform if and how such
behavior is incorporated into fracture mechanics based life predictions.

Figure 177. Fatigue crack growth rates Figure 176) vs. exposure parameter for AA 2199-T86,
also included are prior data obtained at ∆K=7 MPa√m, R=0.58, and f=20 Hz at various
exposures (solid black line) [53]. The purple dashed line represents a direct interpolation
approach detailed in the text.
Relevance to Prognosis
The data presented in Figure 174 and Figure 176 demonstrate that there can be a significant
reduction in crack growth rate associated with PH2O values that are relevant to airframe
environments. These material property data are a necessary input for a fracture mechanics
based model to achieve life predictions that reflect changes in loading environment. An
algorithm could easily be incorporated into a software-based life prediction tool to select a
growth rate that is specific to a coupled environment (i.e. PH2O/f) and loading condition (∆K); this
growth rate would then be used in the iterative integration protocols that are currently employed.
However, this work highlights two issues with such an approach: (1) ensuring testing protocol
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specific behavior does not compromise data fidelity and (2) experimental burden. First,
preliminary analysis detailed above suggests that the threshold transition behavior observed in
both AA2199 and AA7075 is governed by impeded/enhanced molecular flow that may be
specific to the loading protocol, specimen geometry, and/or testing configuration. While the
effect of fracture morphology on the H-embrittlement process is real and scientifically important,
this behavior will vary with crack geometry, loading ratio, ∆K, and environmental exposure; as
such these beneficial effects, should not be included in growth rates for prognosis until they are
fully understood and can be systematically incorporated. This approach will ensure the
conservatism of the life prediction models. Further study is necessary to conclusively determine
the governing mechanisms for the threshold transition behavior, however current data suggest
that a K-rise loading protocol may preclude this behavior. Second, despite the potential to
significantly increase the fidelity of life predictions methods and extend inspections intervals, the
significant experiment burden associated with generating the data in Figure 174 and Figure 176
is a barrier to acceptance in the structural integrity community.
A simplistic approach to reducing the experimental burden would be gathering full da/dN-∆K
data at a PH2O commensurate with the lowest expected temperature (e.g. 0.54 Pa at -65°C) and
at high humidity then linearly interpolating at the ∆K of interest between these two data sets to
get a growth rate associated with the exposure of interest. Such an approach would be
successful if the lowest exposure is within the diffusion controlled regime (e.g. Figure 175; 5.5
MPa√m) or if molecular flow regime spans a small range of da/dN (e.g. Figure 175; 10 MPa√m).
However, if these conditions are not meet then this approach would yield non-conservative
da/dN values as demonstrated by the purple-dashed line in Figure 6 for AA2199-T86 at 7
MPa√m. An alternate approach would be to leverage limited full da/dN-∆K data-sets with
testing at isolated constant ∆K values and various exposure level segments (as presented in
Figure 175 and Figure 177) where a single specimen can efficiently yield ≈20-30 data points
and environmental fatigue trends a single ∆K. In this paradigm, the full da/dN-∆K data-sets
would be gathered at high humidity and UHV to establish bounding conditions over the entire
∆K range (and R) of interest. The constant ∆K variable exposure segment data would be used
to generate trend lines that are consistent with the governing theories (i.e. direct proportionality
in the Knudsen flow regime) as shown in Figure 175, Figure 177 and Figure 178. These lines or
linear interpolation between these lines (for ∆K not tested) would be used to determine the
reduction in growth rate associated with a given exposure below the high humidity level. For
example, to determine the AA7075-T651 growth rates associated with 10 Pa-s and ∆K of 4
MPa√m, first you would linearly interpolate between the 3.5 and 4.5 MPa√m trend lines at both
high humidity and 10 Pa-s to get values at 4 MPa√m (stars in Figure 178). These values would
be used to establish a percent reduction in growth rate below the high humidity level. Next the
full high humidity da/dN-∆K relationship would be used to obtain the baseline humid da/dN
value, which would be multiplied by the percentage calculated in the previous step to give the
desired da/dN for a ∆K of 4 MPa√m and 10 Pa-s. For low ∆K and exposure values the threshold
may not be exceeded, as such a conservative approach would be to use the low exposure trend
line from the higher stress level. Details such as what constant ∆K values to probe, the details
of the trend line interpolation, the R-ratio of interest, and testing protocol to obtain the full da/dN257

SAFE-RPT-16-045

∆K relationships can be customized based on the needs of the application. This strawman
algorithm demonstrates an approach that could be reasonably incorporated into a LEFM
prediction code with a non-prohibitive experimental burden for developing the material
properties.

Figure 178. Fatigue crack growth rate trends vs. exposure parameter for AA7075-T651. A
process for calculating the ∆K and exposure specific da/dN is schematically outlined consistent
with the scenario described in the text.
Conclusions
Compliance-based characterization of CT specimens fatigued under K-shed and K-rise loading
protocols at high R (0.5) and water vapor pressures applicable to airframe operation yielded a
novel set of fatigue crack growth rates that extended to the threshold regime for two aerospace
Al alloys (AA7075-T651 and AA2199-T86). These data were analyzed with respect to prominent
environmental fatigue theories and used to inform a next generation prognosis approach that
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increases rigor and accuracy by incorporating the effects of loading environment. The following
conclusions are established:
-

The Al-Cu-Li alloy AA2199-T86 exhibited enhanced fatigue crack growth rate resistance
compared with 7075-T651 over a wide range of environmental exposures and ∆K, consistent
with literature expectations.

-

The wide range da/dN-∆K data for AA7075-T651 and AA2199-T86 shows the expected
decrease in growth rate with decreasing exposure parameter of PH2O/f. Plots of crack growth
rate versus exposure parameter show that current data reasonably conform to prominent
environmental theories where the crack growth is limited by either molecular flow or Hdiffusion in the crack tip process zone.

-

Threshold transition behavior was observed in both AA7075-T651 and AA2199-T86, where
K-shed data show an apparent threshold followed by an increase in growth rates with falling
∆K. Speculatively, this is due to development of crack wake roughness that initially impedes
molecular flow; subsequent increasing roughness then causes convective mixing which
enhances flow and increases growth rates.

-

A strawman approach to selecting environment appropriate crack growth rates for LEFM
modeling protocol is put forth that is justified by experimental data, incorporates mechanism
based assumptions, and limits the experimental burden associated with developing the crack
growth rate database.
Appendice A: Efficacy of the PH2O/f parameter

Two additional fatigue tests were performed for comparison with the work performed in Jones’
Master Thesis, shown previously in this report (See Task 3: Focus Area 2). The goal of these
tests was to investigate the efficacy of the PH2O/f parameter that has been considered the
controlling exposure parameter for environmental cracking. Comparisons were made between
tests performed at similar PH2O and PH2O/f, but with varied frequency. The behavior of the
threshold transition regime was also examined at a given PH2O/f with varied frequency.
The fatigue tests were performed on two aluminum AA7075-T651 specimens. Specimens were
compact tension specimens with a notch depth of 12.7 mm ahead of the load line. The
specimens were machined in the L-T orientation with a width of 50.8 mm and a thickness of
7.62 mm. Crack growth was measured during the fatigue test using unloading compliance
determined by a clip gauge measuring crack mouth opening displacement.
For both tests, crack growth rates were measured during a decreasing ∆K loading protocol (Cvalue of 0.08 mm-1). Growth rates were calculated using a seven-point incremental polynomial
curve fit. The first test was performed at a PH2O=1.8 Pa and f=9Hz (PH2O/f=0.2 Pa-s). Figure 179
shows the results from this test alongside two other tests, one at PH2O=1.8 Pa, f=20 Hz
(PH2O/f=0.09 Pa-s) and one at PH2O=4Pa, f=20 Hz (PH2O/f=0.2Pa-s). The results clearly show
similarities between the tests at similar PH2O/f rather than similar PH2O. While the test at 0.09 Pas is at the transition point where the threshold transition regime begins to occur, the 0.2 Pa-s at
f=9 Hz test shows no signs of threshold transition regime and has similar crack growth rates as
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the 0.2 Pa-s at f=20 Hz test.
The second test was performed at a PH2O=0.27 Pa and f=10 Hz (PH2O/f=0.027 Pa-s). At this
PH2O/f, previous tests had shown a strong threshold transition regime. Figure 180 shows the
comparison of this test with the previous results. In both, a strong threshold transition regime
was found, and similar crack growth rates at a given ∆K.
These results verify that PH2O/f is a valid parameter to use as the exposure parameter for
environmental cracking tests. Regardless of PH2O and f independently, tests performed at similar
PH2O/f result in similar crack growth rates vs ∆K. The onset and magnitude of the threshold
transition regime is also captured by the PH2O/f parameter.

Figure 179. Comparison of fatigue crack growth rates vs. ∆K for AA7075-T651 specimens
tested at R=0.5 in a K-shed protocol. Primary test was performed at 0.2 Pa-s with a f=9 Hz and
was compared with tests at f=20 Hz at the same PH2O/f, as well as a test at the same PH2O.
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Figure 180. Comparison of fatigue crack growth rates vs. ∆K for AA7075-T651 specimens
tested at R=0.5 in a K-shed protocol. Both tests were performed at 0.027 Pa-s, one with an f=20
Hz, the other at 10 Hz.
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5. Environmental Effects in Component Cracking Prediction Methods for DoD
Applications
Focus Area A: Environmentally Sensitive Fatigue
Summary
The objective of this proposed task is to establish specific transitions/validations of recently
developed crack growth modeling methods and mechanistic insights into crack progression
modeling codes tied to specific Department of Defense (DoD) programs and components. The
fatigue portion of this work specifically aimed on: (a) an experimental program that validated the
upper-bound corrosion modified equivalent initial flaw size (CM-EIFS) approach to linear elastic
fracture mechanics (LEFM) prediction for “field” corroded specimens and variable amplitude
loading, and (b) engaging DoD and DoD contractors to allow technical exchange of cutting edge
advances in the modeling of corroded components and incorporation of loading environment
into LEFM prediction software, (c) development of a short-course for DoD personnel.
The experimental program (Aim (a)) of this effort was accomplished via an experimental testing
and analysis program that investigated field corroded AA7075-T651 specimens obtained from
Bill Abbott of Battelle. These specimens were tested under both constant amplitude and
variable amplitude loading and a series of LEFM predictions using the crack growth code
AFGROW were completed with a variety of material property, initial flaw size, and component
geometry inputs to test the validity of previously proposed modeling approaches. This effort
was completed by an University of Virginia (UVa) undergraduate student (Douglas Bae) and a
post-doctoral research assistant (PDRA) (Mike McMurtrey) under the supervision of Prof. Burns.
This technical work was disseminated via presentation at each of the Technical Corrosion
Collaboration (TCC) program reviews, one conference (planned for Nov 2015), and in one
literature publication, with one additional publication in progress.
The exchange of information with DoD on modeling of corroded components effort (Aim (b))
centered on outreach discussions to convey the results of research from other TCC tasks and
DoD-sponsored programs conducted at the UVa. The central areas of discussion are modeling
remaining fatigue life of a corroded component and capturing the effect of loading environment
on the fatigue crack propagation of an aerospace aluminum alloy. The level of TCC support for
this task was sufficient to initiate this outreach and initial technology transition, but new funding
must be obtained to support implementation in specific DoD applications.
The short course development effort (Aim (c)) is captured in a series of lectures that make up a
short course available to educate engineers and service academy cadets/midshipmen on the
occurrences and control of deleterious modes of environmental degradation relevant to the
structural integrity of high performance metallic alloys in DoD applications. Within this focus
Prof. Burns developed two lectures of environmental fatigue, and co-authored (with Dr. Fawaz)
another lecture dealing with modeling of environmental fatigue.
Three technical activities are presented in this final report.
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A technical conference paper details the experimental method/results, the fracture
mechanics modeling, and the pertinent conclusions from the experimental procedure effort
(aim (a)) of the Task. This paper is augmented by detailed experimental data provided in
a separate electronic format.



This Task centered on interactions with DoD laboratories and engineering groups, as well
as with industry groups that are involved with either DoD systems or projects. The
discussions were successful in communicating the recent advances in the understanding
of the environmental fatigue process and how it can be used to impact material component
prognosis. The hope is that the work accomplished in Task 5 has planted seeds that will
lead to future applications and approach customization as important to environmental
fatigue in DoD components. The tools exist from this research to enable an applicationspecific analysis of relevance and impact in a given application.



A short course entitled Environmental Effects on Structural Integrity was developed by
Professors Richard Gangloff, James Burns and Robert Kelly, and by Dr. Scott Fawaz.
The objective of this course is to educate engineers and service academy
cadets/midshipmen on the occurrences and control of deleterious modes of environmental
degradation relevant to the structural integrity of high performance metallic alloys in DoD
applications. The elements of electrochemistry, fatigue, and fracture mechanics are
introduced at a basic level. With this foundation, important modes of environmental
degradation are discussed, including stress corrosion cracking, hydrogen embrittlement,
corrosion-fatigue, and environmental fatigue. Basic principles, damage modes, and
modern modelling approaches are reinforced by student-problem solving which uses
modern desktop software to simulate fatigue and stress corrosion cracking situations
governed by environmental interaction. Seven lectures were produced, each in a Power
Point format with 40 to 70 slides per lecture and a supporting bibliography. While
discussions on implementation are ongoing, this course has to date not been offered at a
DoD facility.
Background and Approach

The proposed plan for developing and integrating environmental-fatigue research results into
the DoD airframe fatigue management framework involves several steps. The first step is
developing scientific understanding for a relevant material under loading and environmental
conditions pertinent to real world applications. This work is carried out in Tasks 1 through 4.
Second, to incorporate this understanding into engineering methods that are rigorous, simple to
implement, and are validated in laboratory conditions representative of realistic operation.
Third, it is also critical to engage and inform the airframe management community of the
methods and possible benefits to structural life prediction. Finally to support/collaborate with
DoD organizations or support contractors who interface with airframe structural managers to
perform field level validation and integrate these methods into an airframe prognosis protocol.
The result is an additional engineering tool for airframe structural prognosis community which
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can be applied to targeted environment-induced issues to help maintain fleet safety while
reducing costly over-conservatism.
Environment affects fatigue behavior in two important ways through: (1) pre-existing corrosion
damage that enhances the local stress/strain state which accelerates crack formation and
influences local growth, and (2) the interaction between the material at the crack tip and
surrounding environment concurrent with loading and which significantly enhances crack
progression. Currently the DoD Aircraft Structural Integrity Program (ASIP) community does not
explicitly model either phenomenon. Corrosion damage is immediately removed (the find and
fix approach). Additionally, both the United States Navy (USN) safe-life and United States Air
Force (USAF) damage tolerant fatigue management approaches use material properties
gathered in high humidity or laboratory air (RH ≈ 20-70%) for structural life predictions. For an
airframe relevant aluminum alloy AA (7075-T651), recent Office of Under-Secretary of Defense
(OuSD) funded research has greatly enhanced the scientific understanding of crack progression
from corrosion damage and validated a fracture mechanics approach to predicting remaining
fatigue life from a corroded surface. Whether it is corrosion-fatigue modeling to enable
continued service of a corroded component until depot input, or decreasing the inspection
burden for components that are primarily loaded in high-altitude/low-temperature environments;
both topics could significantly impact the ASIP execution.
The technical inputs for empirical modeling of crack formation and fracture mechanics modeling
of crack progression from pre-existing damage in AA7075-T651 have been established and the
modeling procedure has been validated via laboratory experiments. Due to the technical
maturity of this topic the remaining challenges are to incorporate the technical knowledge into a
life prediction tool (such as AFGROW), inform the structural management community, interface
with DoD laboratories to identify possible targeted applications, and perform field level validation
of this methodology.
At this point the dependence of fatigue on low-temperature environments has been
demonstrated via crack formation and crack growth rate data for AA7075-T651 tested at -50°C
and -90°C. This behavior is reasonably attributed to the elimination of H-environment
embrittlement, but a full mechanistic understanding has not been realized. Regardless, a
fracture mechanics approach using low temperature growth rates accurately predicted the
fatigue progression for a laboratory specimen subjected to a simple constant amplitude loading
spectrum. While these results encourage further investigation, significant scientific challenges
remain; Tasks 3 and 4 detail these challenges, as well as the proposed research to gain this
understanding. The primary engineering hurdles are gathering a coupled load-environment
spectrum, understanding this interaction, and developing an algorithm that incorporates
environment specific growth rates into a fracture mechanics framework. To address the former,
SAFE, Inc. is analyzing flight data from a US Coast Guard (USCG) C-130, the latter two will be
developed by SAFE (LexTech) and ALCOA with support from UVa. Despite being at an earlier
stage of technical maturity, it is important to disseminate these preliminary findings and engage
the ASIP community to get further feedback into real world loading and environment conditions
on different aircraft and different airframe locations.
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For both corrosion-fatigue and temperature dependent fatigue, SAFE will serve as the primary
conduit to military application and field validation. Such realistic validations require an estimate
of the component loading, characterization of the corrosion damage, understanding of the
fatigue environment, crack geometry, and reduced cross-section area due to corrosion. For
both topics the linear elastic fracture mechanics based life prediction software, AFGROW, is
capable of evaluating the effectiveness of these modeling techniques given the appropriate
operational inputs.
Objective
The objective of this proposed task is to establish specific transitions/validations of recently
developed crack growth modeling methods and mechanistic insights into crack progression
modeling codes tied to specific DoD programs and components. The fatigue portion of this
work specifically focused on: (a) validating the proposed upper-bound CM-EIFS approach to
LEFM prediction for “field” corroded specimens and variable amplitude loading, and (b)
engaging DoD and DoD contractors to allow technical exchange of cutting edge advances in the
modeling of corroded components and incorporation of loading environment into LEFM
prediction software.
SubTask A: Effects of corrosion on the fatigue life of 7075-T6511 aluminum
Summary
For aging DoD weapon systems, a critical challenge of next generation linear elastic fracture
mechanics (LEFM) modeling is to predict the effect of corrosion damage on the remaining
fatigue life and structural integrity of airframe components. Prior work coupled detailed
experimental measurements of crack progression and LEFM modeling to establish the pertinent
model inputs necessary to provide accurate life predictions for specimens pre-corroded using
various laboratory techniques and fatigued under constant amplitude loading. Current work
applied this modeling protocol to field corroded specimens (Daytona Beach, FL) and variable
amplitude loading to determine the applicability of the approach to more realistic corrosion and
loading conditions. The experimental crack formation and growth measurements were used to
evaluate various crack growth relationships (da/dN vs. ∆K) and initial flaw size inputs into the
LEFM model (AFGROW). This work found that use of the upper-bound corrosion modified
equivalent initial flaw size (CM-EIFS) consistently gave conservative lifetime estimates. Using
the corrosion feature dimensions as the initial flaw size did not always result in conservative
estimates, in particular for small initial pit sizes, due to underestimation of small crack growth
rates. This was particularly true when stock (Harter T) growth rates were used as the material
properties due to threshold regime properties. Using results collected from a constant Kmax test
of 7075-T651 plate as inputs for the model resulted in a more accurate representation of crack
growth rates. This effort has shown that LEFM lifetime predictions of corroded components
using a CM-EIFS based initial flaw size along with Kmax crack growth rate measurements
provides conservative results; additionally, the current work critiques the shortcomings of the
approach to identify the bounds for engineering application.
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Introduction and Background
Linear elastic fracture mechanics (LEFM) models are widely used to enable the damage tolerant
approach to airframe structural integrity management; specifically, to determine inspection
intervals and when component fitness for service1. This approach is applied to pristine
components, however such predictions are compromised when corrosion is present, since such
damage is well known to drastically reduce fatigue life2,3,4,5,6,7,8,9,10. Currently, for corroded
components a removal-when-detected approach is typically employed, where the deleterious
effects of the corrosion damage on structural integrity are ameliorated by either removing such
damage via mechanical grinding or component replacement. In some instances such grinding
may induced unknown stress concentrations that are more deleterious than the original
corrosion damage or replacement can be an overly conservative and expensive option to
structural life management11. As such, the extension of LEFM-based techniques to manage
and evaluate the remaining component life of corroded components is of interest for next
generation prognosis12. Such an approach requires a detailed understanding of assumptions
and inputs needed to ensure a conservative prediction13,14,15,16,17. Recent efforts have made
significant strides towards understanding the mechanistic nature of the corrosion to crack
transition and informing the assumptions necessary for engineering scale fatigue life prediction
of corroded specimens13-18. These advances need to be built upon and validated for loading
spectra that accurately reflect loading and corrosion morphologies developed in realistic
environments.
In general, proposed LEFM-based modeling approaches assume a paradigm where the
corrosion damage evolution and fatigue loading occur sequentially rather than concurrently.
This is reasonably justified by in-service conditions where corrosion likely occurs during groundbasing and fatigue loading occurs during flight in a relatively inert environment. While in-service
complexities (e.g. corrosion induced blunting of the crack-tip during subsequent ground-basing,
corrosion product induced closure within a formed crack, etc.) can complicate this assumption, it
is a reasonable first step for evaluating these LEFM approaches to corroded components.
Modeling the remaining life of a corroded component in this paradigm requires that several
critical technical challenges (beyond standard LEFM) are understood and incorporated. First,
understanding the process and mechanisms that govern the transition from blunt 3D corrosion
damage to one or many sharp 2D fatigue crack. Specifically, identifying the critical aspects of
the corrosion damage that will lead to crack formation, how these features change with applied
stress, quantification of number of cycles necessary to produce a crack, and the degree of multisite damage that is expected. While these concepts need not be explicitly modeled, it is critical
understand them to inform assumptions/models of the crack formation process. Second, the
LEFM framework requires an initial damage state from which the modeling will predict load
induced fatigue crack propagation. Currently the USAF employs a damage tolerant flaw size of
≈1300 μm for pristine components, this value is conservatively set based on inspection
capabilities19. Of importance is how this value (or distribution) of initial flaw sizes is set for a
corroded component or if the pristine damage tolerant flaw size can still be conservatively used.
Third, ∆K is calculated for component specific physical dimensions, applied stress, and crack
size; modeling of crack propagation then requires a material specific growth law to relate crack
growth kinetics (da/dN) to this ∆K. Critically, fracture mechanics similitude can be compromised
by changes in environment20 and small crack sizes21; these issues must be considered for
modeling cracking from small-scale corrosion features. Recent efforts have investigated the
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fundamental mechanisms associated with the first and third challenges15,16, this research will
focus on continuum scale aspects of the second and third challenges.
Corrosion damage primarily reduces the fatigue resistance by serving as preferential formation
sites; despite the increased stress and H-content local to the corrosion22, a significant effect on
accelerating the overall crack growth rate is not expected16. As such, a major challenge to
applying LEFM modeling to a corroded component is accurately setting the initial flaw size14,23.
Two primary approaches have been proposed to establish the appropriate initial flaw size value
(or distribution). First, setting the initial flaw size equal to a measured corrosion metric (i.e.
depth, area, aspect ratio, etc.)4,24,25. This approach makes the critical assumption that the 3D
blunt corrosion damage will be accurately represented by a 2D crack of a similar size and that
the crack will propagate about the entire periphery of the corrosion damage from the first cycle.
It has been demonstrated that these assumptions do not rigorously reflect the experimentally
observed crack formation and small crack growth processes6. However if the shortcomings of
this approach are recognized and accounted for via informed assumptions, such an approach
can provide reasonably accurate and useful engineering scale life predictions4,24,25. From an
engineering perspective the issue of quantifying these corrosion metrics for a fielded component
remains a barrier. The second approach builds on the equivalent initial flaw size (EIFS)
approach originally developed for pristine specimens23,26,27, where traditionally a backextrapolation method is used to determine the initial flaw size (e.g. crack depth and width)
needed for a LEFM analysis to predict an observed cycles to failure (or other intermediate
point)23. By careful control of the back-calculation methods researchers have established
stress-independent EIFS values can then be thought of a “material property” that indicates the
initial material quality or distribution of initial damage23,28. The EIFS values can then be used for
subsequent LEFM predictions at other conditions (stress levels, environments, etc). This
approach has been successfully extended to establish corrosion modified-EIFS (CM-EIFS)
values for various aerospace Al alloys9,10,18,29.
The CM-EIFS approach shows the potential to be a useful engineering tool that would capture
the deleterious effect of the corroded surface on the fatigue behavior in a single “corroded
materials property” parameter. However it would remain burdensome to establish this property
for the wide range of corrosion morphologies (e.g. pitting, intergranular attack, exfoliation, broad
surface recession, etc.) often observed for in-service components11. Observations on the effect
of different corrosion severities and morphologies on the overall fatigue life of a corroded
component offer a means by which this complexity can be addressed. Specifically, researchers
have demonstrated that relatively small levels of corrosion damage will drastically reduce the
fatigue life, however the influence of increasing severity or changing morphology does not
provide a substantial further reduction in the fatigue behavior9,13,17,30. This behavior is attributed
to the commonality of the crack formation feature amongst a wide range of
severities/morphologies16,31, as such the fatigue life will be nearly independent of increasing
corrosion severity provided that the calculated stress (used in the calculation of the K) value
incorporates any corrosion induced reduction in cross-sectional area. This lower-plateau of
fatigue life has been used to determine a worst case or upper-bound CM-EIFS (depth (c)=300
µm and half surface width (a)=600µm) that is proposed to be broadly applicable as a
conservative “corroded material property” for a wide range corrosion morphologies on 707531.
To date evaluation of this parameter has been limited to laboratory corrosion exposures and
constant amplitude loading, the efficacy of this approach for field corroded morphologies and
variable amplitude loading spectra is lacking.
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It is also necessary to evaluate the effect of the form of the crack growth law on the fidelity of
the modeling of the crack progression from corrosion damage (on order 100-600 μm) to failure.
It is well established that similitude will be compromised for small cracks; small cracks typically
show faster growth rates than long cracks at a constant ∆K and exhibit crack progression below
the long crack threshold32. The factors governing the elevated growth rates will vary dependent
on the specific crack size relative to the microstructure and plastic zone size; possible governing
factors include inaccuracies in the driving force calculations due to excessive plasticity,
decreased crack tip shielding (i.e. closure and deflection), non-uniform crack growth, and higher
cyclic plastic strains21. In considering the use of LEFM models to predict life from small scale
corrosion damage it is critical to understand how these small crack effects will influence model
results. Such understand will inform and guide the selection of the form of the material growth
law needed for accurate modeling.
The objective of this work is to extend the LEFM modeling approaches developed for flat
specimens, laboratory corrosion protocols and constant amplitude loading to corrosion damage
from a more complex specimen geometry, field exposure and variable amplitude loading. Both
the corrosion metric and upper bound-CM-EIFS approach will be used to set the initial flaw size
distribution for modeling; the efficacy of each as a conservative initial flaw size metric will be
tested. LEFM-based crack growth predictions will be compared to both the total measured
fatigue life and a detailed quantitative analysis of the microstructure scale crack growth. This
work will present a validation step in transitioning a laboratory developed life prediction
approach into a useful engineering approach for life-prediction of corroded components.
Critically, the aim of this effort is not to rigorously account for each mechanistic or physicsbased process that occurs during crack formation and small crack growth, rather to evaluate the
inputs and assumptions associated with existing continuum scale modeling approaches to
ensure reasonably and conservative remaining life estimates. This effort will leverage prior
mechanistic efforts15,16,17, to understand modeling inaccuracies.
Technical Investigations
Six specimens were machined from 7075-T6 aluminum (Al – 5.62 Zn – 2.29 Mg – 1.59 Cu –
9.20 Cr – 0.04 Mn – 0.13 Fe – 0.10 Si; wt%). Tensile yield strength of 7075-T6 is nominally
reported as 538 MPa (L-oriented) and the plane strain fracture toughness as 33 MPa √m (LT)13. These specimens were rectangular bars 151 mm in the rolling direction (L), 48 mm in the
transverse direction (T), and 2.5 mm in the short transverse direction (S), with 10 mm diameter
hole centered in the specimen. Prior to testing, the entire specimen was exposed at the sea
coast in Daytona, FL for six months, resulting in wide-spread pitting corrosion with some
intergranular attack. The specimen machining and corrosion exposures were executed and
supplied by Battelle Memorial Institute. The last ~38 mm of each end of the specimen is
polished to create a clean area for gripping the samples in the load frame.
Uniaxial constant amplitude fatigue experiments were performed on three specimens using a
stress ratio of 0.5 (R = σmin/σmax), a frequency of 10 Hz and a mean applied stress of 66.2 MPa.
The hole results in a local stress concentration (kt) of three times the uniform applied stress,
resulting in a stress of 265 MPa at the latitudinal center of the hole surface. Humidity was
controlled at >95% relative humidity by placing the specimens in an acrylic chamber and
pumping nitrogen gas through a distilled water and then into the chamber.
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A controlled and sequence of loading was used to periodically mark the position of the crack
front and enable post-test fracture surface analysis to determine the crack formation life and
small crack growth kinetics. The process by which crack formation life to the first markerband
and small crack growth rates are determined are detailed in Ref.15 and 16, respectively. Marker
loading sequences were applied every 10,000 cycles. The marker sequence alternated ten
cycles at a stress ratio of 0.1 with twenty cycles at a stress ratio of 0.5, this was repeated ten
times, to produce a single “markerband”. This was then followed by 10,000 cycles at the base
stress ratio of 0.5. The second marker sequence contained four iterations of the 0.1 and 0.5
stress ratio cycle, then 10,000 baseline cycles at the 0.5 stress ratio. The third marker
sequence contained six iterations of the 0.1 and 0.5 stress ratio cycle. The entirety of this
process (which is termed 10-4-6) is then repeated; this protocol is illustrated in Figure 181. Of
note, after 8 marker sequences were applied, the pattern was switched to an analogous 9-3-7
pattern to aid in the identification of the number of cycles before crack initiation.

Figure 181. Markerband profile showing the 10-4-6 sequence. Every 10,000 cycles at a stress
ratio of 0.5 (the short peaks), a markerband was place into the specimen by alternating cycles
between a stress ratio of 0.1 (tall peaks) and 0.5. Sequence repeats after the set of 6
markerbands.
Variable amplitude tests were performed on the remaining 3 specimens following the
MINITWIST protocol33, which was developed to mimic the load history of transport aircraft. The
mean stress of the variable amplitude tests was chosen to match that of the constant amplitude
tests (66.2 MPa applied stress). The maximum stress values for the variable amplitude loading
protocol ranged from 80.9 MPa to 172.1 MPa. No compressive loads were used in this test
rather compressive loads were truncated at a minimum stress of 0 MPa. Figure 182 shows the
MINITWIST loading protocol used in these tests. A markerband protocol was not implemented
in the variable amplitude tests, however, due to the changing maximum stress between cycles,
it is possible to see striations on the fracture surface and link these to cycles in the loading
protocol. Such an approach mimics quantitative fractography approaches used in similar
studies34. The colored lines in Figure 182 mark where groupings of high stress cycles are
located, fracture surface marks resulting from these loading cycles are used to track crack
progression. These variable amplitude tests were performed in a >95% relative humidity
environment.
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Figure 182. Variable amplitude test loading protocol using MINITWIST. Plotted as average
stress vs. cycle number, the average stress was 66.2 MPa, which gave an average maximum
stress of 88.3 MPa. Colored lines mark where groupings of large peaks are located.
LEFM-based modeling of fatigue crack propagation in corroded components is performed using
AFGROW35. Several simplifying assumptions are inherent in this modeling technique;
specifically, typically long crack growth rates are used which do not account for small crack
effects, the effect any internal H local the corrosion damage is not accounted for, in the current
approach a single crack is considered, the propagation modeling only accounts for crack
propagation, and the any stress gradient local to the corrosion damage is not accounted for.
The goal of this effort is not to rigorously incorporate each of these factors into the modeling
approach, rather to quantify the fidelity of these simplifications that are necessary to enable a
practical engineering tool.
The crack growth rate inputs used for AFGROW modeling were: the Harter T – 7075-T6511
extrusion where R values are scaled for constant and variable amplitude loading (stock data
provided within AFGROW) and a user defined tabular data set from constant Kmax-decreasing
∆K (16.5MPa√m (C=-0.08; this value defines the rate at which ∆K decreases)) test on an
SEN(T) specimen of 7075-T651 in water saturated N216. These are both shown in Figure 183;
Harter T values are shown at R-ratios of 0, 0.5, and 0.72. The Harter T – 7075-T6511 was
chosen to represent one of the readily available existing growth rate laws within the program,
similar data for 7075-T6x plate exists in the NASGROW database. Specifically, “Harter T –
7075-T6511 Extrusion” and “NASGROW 7075-T651 L-T Plate data (laboratory air)” have near
exact da/dN vs. ∆K relationships, consistent with the expected similarities in the wrought
microstructure. The primary difference in the stock Harter T data and the user defined tabular
data in the low ∆K threshold regime. A much sharper decline in growth rates is observed for the
Harter T, whereas the extrapolation for the user-defined data-set is set to avoid a sharp
threshold, consistent with the expected small crack growth behavior proximate to the corrosion
damage16.
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Figure 183. Comparison of 7075-T6x AFGROW inputs (Harter T and constant Kmax)
Two different initial flaw size inputs were evaluated. In the first paradigm, the initial flaw size
was determined by a best-fit semi-ellipse to the initiating corrosion pit, where the minor axis
intersected the original uncorroded surface. The second approach was to use the upper-bound
CM-EIFS value determined in previous work to be depth (c)=300 µm and half-surface width
(a)=600 µm for 7075-T65113. For each case, a single crack was modeled either as a corner
crack or a centered crack (based on the location of the primary failure location), using the
AFGROW standard solutions: “Single Corner Crack at a Hole” or “Single Surface Crack at
Hole”. The use of a single crack is fully consistent with the CM-EIFS approach where multiple
crack sites are considered to be captured by the back-calculation process thus included in this
“corroded material property”. However this assumption could skew the best-fit predictions
toward being unconservative. To understand the influence of this single crack assumption, an
AFGROW model at a maximum stress of 88.3 MPa and R of 0.5 was performed using
AFGROW standard solutions “Single Surface Crack at a Hole” and “Double Surface Crack at
Hole” for the current specimen geometry and an initial flaw size of a=300μ and c=600μm. This
evaluation represent an upper bound of the effect the single crack assumption since it assumes
two concurrently growing large cracks which is more severe than the single dominant crack and
smaller secondary cracks that are typically observed. Regardless, this analysis shows that
there the single crack geometry results in a 19% longer life than the double crack geometry; this
upper bound influence should be considered as modeling results are presented in subsequent
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sections. Addition of markerbands (small number of cycles at R=0.1) to the simulated load
profile for AFGROW modeling have a trivial influence on the modeling results, and the reported
experimental data only represent the R=0.5 cycles. The AFGROW prediction settings were set
to allow 0.25% maximum crack growth increment and a minimum crack growth after one pass of
the spectrum of 2.54×10-15m. Failure was defined by either (1) Kmax exceeds the fracture
toughness of the material or (2) net section yield failure criteria.
Results
5.1.4.4.1 Constant amplitude tests
Experimental results
The cycles to failure, cycles to the first markerband, location of the first markerband, number of
markerbands applied, and the best fit initiating pit dimensions (used in modeling) are given in
Table 30 for the constant amplitude fatigue tests. Fracture surfaces, shown in Figure 184, were
analyzed to locate the pit that nucleated cracking. Each specimen was divided into two sides by
the central hole, where cracks initiated. The over view images in 4(b-c, e-f, h-i) are labeled as
either “primary” or “secondary, referring to the side of the hole that lead to final failure or the
side that did not lead to final failure, respectively. The sites that initiated the cracking that
ultimately lead to failure are circled in red and high magnification images of these areas are
shown in Figure 184a, d, g). The corrosion features that initiated the cracking are outlined in
black and measurements from the best fit ellipse (red) over these initiating pits are reported in
Table 30. Pits that nucleated secondary cracks that did not lead to final failure are circled and
pits that did not nucleate cracking are also visible on the fractures surface in Figure 184.
Table 30. Cycles to failure, markerbanding results and initiation pit dimensions for constant
amplitude fatigue tests.
First markerband Total number
Cycles
of
Depth Number
to
markerbands
beyond
of
failure
pit (µm) cycles on specimen

Initiation pit
Width:
2a (µm)

Depth:
c (µm)

Sample 1 183,417

70

30,000

15

92.3

82.5

Sample 2 164,340
Sample 3
282,480
(CC)

144

30,000

13

278.2

250.8

99

10,000

24

(a) 172

254.2
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Figure 184. SEM images of the initiation pit (a, d, g), primary fracture surface (b, e, h), and
secondary fracture surface (c, f, i) of Sample 1 (a-c) Sample 2 (d-f), and (c) Sample 3 (g-i). On
the micrograph of the initiation pit, the red ellipse shows the best fit size for the initiation feature.
On the primary fracture surface, the primary initiation site is marked with a red circle.
Markerbands, such as the example shown in Figure 185, were located in order to determine the
crack growth rates and the number of cycles for crack initiation. The crack initiation period was
considered to be the number of cycles required to reach the first observed markerband, which is
reported in Table 30. This is simply a working definition of initiation life, as in reality, to reach
the first markerband involves both initiation and propagation. Specimen 3 was the only of the
constant amplitude specimens to initiate from the corner of the hole. Upon closer inspection, a
pit on a machining defect (bur) was found at the corner where the crack initiated, likely
influencing the fatigue behavior. In each of the three specimens tested, one primary crack was
found to propagate until failure. A few small markerbands were found at locations other than
the primary crack initiation site, suggesting that small cracks did form at other locations,
however, these were quickly consumed by the expanding primary crack.
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Figure 185. Backscatter SEM image showing an example of markerbanding found on the
fracture surface of Sample 2.
5.1.4.4.2 Modeling results
The LEFM modeling results using AFGROW for the constant stress amplitude tests are shown
in Table 31. The table is divided into four rows of modeling results and a single row reporting
experimental results. The modeling results demonstrate each of the combinations of different
initial flaw size used (either Best Fit or the upper bound CM-EIFS) and the material property
da/dN vs. ∆K used (Kmax for constant Kmax data or Harter T; Figure 183). The pit depth and
width reported in Table 30 were used as the Best Fit initial flaw sizes. The percent error is also
reported in Table 31. The values marked in red (positive error) indicate that failure occurred
earlier than the model prediction (non-conservative estimates). It was found that the upperbound CM-EIFS was either accurate or conservative in all cases. On the contrary, with the
exception of Sample 3 which took significantly longer to fracture, all the Best Fit results were
non-conservative. As stated previously, it is important to remember when comparing results
from Table 30 and Table 31, that the modeled results consider only the propagation cycles and
not initiation. From an engineering prospective, this will allow for built in conservative estimates.
Regardless, the non-conservative results shown in red in Table 31 suggest that the crack
growth rates used in the model contain significant errors.
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Table 31. Modeling results of the constant amplitude tests for each of the AFGROW
configurations.
Sample 1

Sample 2

Sample 3

Predicted life
Predicted life
Predicted
% Error
% Error
% Error
(Cycles)
(Cycles)
life (Cycles)
Kmax - Best Fit
Kmax - CMEIFS
Harter T - Best Fit
Harter T - CMEIFS

490,614
124,900
10,934,785
176,736

Experimental results:
total life (cycles)

167.5
-31.9
5861.7
-3.6

183,417

198,937
124,900
294,639
176,736

21.1
-24.0
79.3
7.5

164,340

170,244
110,797
243,374
152,485

-39.7
-60.8
-13.8
-46.0

282,480

5.1.4.4.3 Variable amplitude tests
The total cycles to failure for the variable amplitude tests using the MINITWIST loading protocol
are recorded in Table 32 for each of the three samples, showing significantly longer fatigue lives
(roughly five times longer) than the constant amplitude tests (Table 30). Initiation pit
measurements were taken from the fracture surfaces, shown in Figure 186, and are also
recorded in Table 32. While no markerbanding protocol was employed in these tests, many
striations are visible on the surface due to the constantly varying stress amplitudes of the
loading protocol. At high magnifications, a large number of striations are visible, as seen in
Figure 187. However, at lower magnifications, such as Figure 188, only the largest striations,
caused by the large stress cycles, are visible. Due to the difficulty in matching the large number
of smaller striations to stress cycles, crack progression was tracked by matching the larger
striations visible at lower magnifications with the largest stress cycles in the loading protocol,
marked with red and green lines in Figure 182. Figure 188 shows the fracture surfaces of each
of the variable amplitude test samples, marked with green and red lines corresponding to the
likely location of the groupings of high stress cycles marked in Figure 182. From this, the
initiation life and propagation life were separated and reported in Table 32.
Table 32. Cycles to failure and initiation pit dimensions for variable amplitude fatigue tests.
Cycles to
failure
Sample 4
Sample 5
(CC)
Sample 6

1,070,721

Initiation pit
Initiation
Propagation
life
Width: Depth:
life (cycles)
(cycles)
2a (µm) c (µm)
338,721
732,000
112
122

1,517,723

463,723

1,054,000

(a) 88

72

1,000,704

130,704

870,000

409

180.8
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Figure 186. SEM images of the initiation pit (a, d, g), primary fracture surface (b, e, h), and
secondary fracture surface (c, f, i) of Sample 1 (a-c) Sample 2 (d-f), and (c) Sample 3 (g-i). On
the micrograph of the initiation pit, the red ellipse shows the best fit size for the initiation feature.
On the primary fracture surface, the primary initiation site is marked with a red circle.
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Figure 187. Backscatter image taken just beyond the initiation pit of Sample 6. A large number
of striations may be seen due to the variable amplitude stress loading.

Figure 188. Fracture surfaces variable amplitude loading specimens. Colored lines correlate to
probably locations of the groupings of high stress cycles, similarly marked in Figure 182.
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5.1.4.4.4 Modeling results
The LEFM modeling results for the variable amplitude tests are shown in Table 33 along with
the experimentally measured total life and propagation life are shown as well. The error refers
to the difference between the predicted life and the total life. Each case for the model is highly
conservative. If only the propagation life is considered, since the model does not take into
account the pit-to-crack initiation life, then all of the modeled cases remain conservative (though
to a lesser degree).
Table 33. AFGROW modeling results for the variable amplitude stress cycle tests.

Kmax - Best Fit
Kmax - CMEIFS
Harter T - Best Fit
Harter T - CMEIFS
Experimental results:
Total life (cycles)

Sample 4
Sample 5
Sample 6
Predicted
Predicted
Predicted
life
% Error
life
% Error
life
% Error
(Cycles)
(Cycles)
(Cycles)
187,530
-82.5
187,048
-87.7
110,400
-89.0
67,611
-93.7
65,068
-95.7
67,611
-93.2
462,863
-56.8
565,748
-62.7
179,133
-82.1
93,138
-91.3
84,795
-94.4
93,138
-90.7

1,070,721

1,517,723

1,000,704

Discussion
5.1.4.5.1 Constant amplitude tests
The fatigue lives of the constant amplitude samples are reasonably clustered, particularly for the
Sample 1 and 2, despite the different sizes of the initiation pit. This is consistent with the
findings of prior work of a diminishing influence of increasing levels of corrosion damage13,14.
Additionally, in all cases the initiation life to the first markerband was found to be less than 20%
of life. This finding correlates with previous work as well, where for similar concentrated stress
levels crack formation occurred within the first 10-25% of the overall fatigue life13,15. This
comparison is not fully rigorous due to the different applied stress levels and different depths of
the first markerbands.
To better understand where the error in the LEFM estimates using the Best Fit data occurs, a
comparison between the model and experiments was made for the number of cycles needed to
reach the first markerband. Table 32 shows the experimentally measured number of cycles
needed to reach the first markerband (denoted MB in the table), as well as the number of cycles
needed to reach the same depth using the LEFM model (only propagation is considered). Each
case is very non-conservative, showing that the model is severely over-estimating the number
of cycles needed for the initial crack growth stages. This error is understood by examination
near threshold hold regime for the input da/dN vs. ∆K used in the LEFM modeling.
Microstructurally small crack (MSC) growth rates measured in prior work via a markerband
technique proximate to corrosion damage in 7075-T651 tested in humid air fell within the
shaded blue region in Figure 183 16,17. MSC growth rates at a ∆K=1 MPa√m fall between 10-10
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and 10-8 m/cycle. The initial ∆K values associated with constant amplitude loading conditions at
the c-tip and a-tip of the best fit initial flaw sizes (Table 30) are 0.88 and 1.35 MPa√m for
Sample 1, 1.26 and 2.15 MPa√m for Sample 2, and 2.47 and 2.1 MPa√m for Sample 3; these
values are clearly in the threshold region for the R=0.5 Harter T data. This demonstrates that
true MSC can be significantly faster than the long crack growth relationships input into the
model; particularly for the initial stages of crack growth. Consistent with the relative differences
between the input and measured MSC growth rates in Figure 183, the Harter T predictions
result in a more significant error than the Kmax inputs. This analysis highlights the importance of
understanding the interplay between the ∆K that results from small initial flaw sizes and the
near-threshold behavior of the material growth rate inputs. Critically, this high level of nonconservatism for these small crack growth rates persists despite a severe over-estimation of the
driving force. Specifically, the Best Fit assumption assumes a fully developed periphery crack
that will grow in all directions, however (consistent with prior results) the markerband data
suggest that the true crack progresses as a “bump” emanating from the corrosion feature15.
Prior efforts demonstrated that the periphery crack assumption can overestimate the crack
driving force by as much 10-fold adjacent to the formation site14. The driving force errors will
dissipate as the crack progresses 100-200 μm away from the corrosion damage.
Table 34. AFGROW modeling to the first markerband on each of the specimens tested with a
constant amplitude loading protocol

Kmax - Best Fit
Harter T - Best Fit
Experimental results:
Cycles to first MB

Sample 1: 70 µm
Predicted
cycles to first % Error
MB depth
274,770
815.9
9,803,340
32577.8

Sample 2: 144 µm
Sample 3: 99 µm
Predicted
Predicted
cycles to first % Error cycles to first % Error
MB depth
MB depth
71,110
137.0
48,588
385.9
111,970
273.2
71,871
618.7

30,000

30,000

10,000

Modeled crack propagation rates can be compared to experimental values by considering only
the cycles after the first markerband has been reached (thus removing the error shown in Table
34). Examples of this for specimen 1 and 2 are shown in Figure 189. When the model reaches
70 and 144 µm past the original pit depth for specimens 1 and 2 respectively, the cycle count is
set to 0 and only the propagation beyond initiation is compared. Using the pit size as the initial
flaw size (best fit case) with the Kmax growth rates gives reasonable predictions that match well
in both cases, however, it is not always conservative. The stock Harter-T configuration works
well for specimen 2, however, large and non-conservative errors occur when the initial flaw size
is small, due to error in the low ∆K material properties as discussed above.
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Specimen 1

Specimen 2

Figure 189. Crack propagation rates comparing specimen 1 and specimen 2 crack growth rates
beyond the first markerband.

Using the CM-EIFS configuration always gave conservative estimates. This is an important
finding since the upper-bound CM-EIFS was developed for a laboratory corrosion damage, flat
specimens and constant amplitude loading is consistently providing conservative and
reasonably accurate results for a vastly different corrosion morphology, specimen geometry,
and loading conditions. The analysis above demonstrates this is in part due to the fact that
these higher values result in initial ∆K values that avoid the complicating threshold region where
long crack growth rates do not rigorously capture the small crack behavior. For example, for a
maximum applied stress of 88.3 MPa and an R=0.5, the upper bound CM-EIFS (a=300 μm and
c=600 μm) results in an initial ∆K values of 3.25 and 2.5 MPa√m, at the c and a tips,
respectively, which are above the threshold regimes for both the Harter T and Constant Kmax
growth rate curves. The proximity to the threshold regime for the Harter T growth rates
suggests that at lower applied stresses (thus lower initial ∆K) that the upper bound CM-EIFS
begin to be influenced these aforementioned threshold effects.

290

SAFE-RPT-16-045

5.1.4.5.2 Variable amplitude tests
There is an order of magnitude higher initiation and total life for variable amplitude stress cycle
samples when compared to the constant amplitude samples. However the ratio of initiation life
to life to failure (Ni/Nf) is relatively similar for constant amplitude tests (3-18%) and variable
amplitude tests (13-32%); the rigor of this comparison is compromised by different depths of the
first markerband. When the initiation life is not considered, and the AFGROW results are
compared to only the crack propagation life, the conservative errors of the model are
decreased, but still remain significantly conservative, as shown in Table 35.
Table 35. Comparison of crack propagation life of the variable amplitude stress samples with
the AFGROW modelled results.

Kmax - Best Fit
Kmax - CMEIFS
Harter T - Best Fit
Harter T - CMEIFS
Experimental results:
Propagation life
(cycles)

Sample 4
% Error
Predicted
(propagation
life
life)
(Cycles)
187,530
-74.4
67,611
-90.8
462,863
-36.8
93,138
-87.3

Sample 5
% Error
Predicted
(propagation
life
life)
(Cycles)
187,048
-82.3
65,068
-93.8
565,748
-46.3
84,795
-92.0

Sample 6
% Error
Predicted
(propagation
life
life)
(Cycles)
110,400
-87.3
67,611
-92.2
179,133
-79.4
93,138
-89.3

732,000

1,054,000

870,000

In part, the large increase in cycles for both the initiation life and total fatigue life of the variable
amplitude tests can be explained by the large number of low amplitude cycles in the variable
stress loading protocol; specifically, cycles with an applied ∆σ that is below the constant
amplitude values. There are 31% of the loading cycles in the MINITWIST spectrum have a
maximum stress of 80.9 MPa, with an R=0.64. Clearly, lower loads will influence crack
propagation but prior efforts have also demonstrated that crack formation will life will drastically
increase as the stress decreases15,18. A rough estimate of the local driving force for these low
amplitude loading cycles can be made by using the Best Fit values to calculate the ∆K
associated with the initiating corrosion damage (Table 33) for maximum stress of 80.9 MPa and
R=0.64. For the c-tip and a-tip these values are 0.67 and 1.06 MPa√m for Specimen 4, 0.65
and 0.88 MPa√m for Specimen 5, and 1.41 and 1.40 MPa√m for Specimen 6. While
markerband growth rates indicate that small cracking can occur below the long crack threshold,
there is likely a ∆K below which small crack propagation will not occur or will be discontinuous
(i.e. multiple cycles are needed prior to crack advance) with apparent rates as slow as 10-11
m/cycle16.
While this above analysis is reasonable and directionally correct, it does not fully account for the
magnitude of the large fatigue life increases for the variable amplitude specimens. Specifically,
the majority of the cycles (60%) are similar to the constant amplitude cycles, with a maximum
stress of 91 MPa and an R=0.45; even if none of the low amplitude cycles (31%) contributed to
the fatigue life that would not account for the order of magnitude increase in life. An additional
influence may be due to overload crack retardation on the small crack behavior. The
MINITWIST specta has many instances of high σmax cycles are followed by lower σmax cycles,
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these large overloads can create a significant plastic zone ahead of the crack tip that slows the
crack growth rate for subsequent low stress cycles36,37.
Due to the low R ratio and low minimum stress of many of the loading cycles, crack closure is
also a concern and may contribute to the large number of cycles to failure of the variable
amplitude tests36. However closure effects are typically minimized in the small crack regime
due to the limited crack wake distances, so it is expected to play a minor role. All of these
effects may factor in to the differences in initiation and small crack growth behavior that critically
influence the total fatigue life of the variable amplitude test specimens.
For the variable amplitude tests, all of the modelled results show conservative estimates. The
Harter-T best fit is significantly less conservative than the other results, and based on the
constant amplitude tests, there is legitimate concern that with smaller initiation pit sizes, the
errors in the Harter-T estimate would cease to be conservative.
5.1.4.6 Implications:
This study does not aim to rigorously model all aspects of the initiation and small crack process,
rather to evaluate the extension continuum/engineering scale LEFM modeling techniques
developed for constant amplitude, flat, laboratory-corroded samples to variable amplitude
testing of a hole-in-plate geometry that is field corroded. Using experimental data to evaluate
the accuracy of modeling with different crack growth rate and initial flaw size inputs informs the
shortcomings and necessary inputs for conservative life prediction of corroded components.
The following insights are established pertinent to such modeling.
‐

The near threshold regime behavior of the material growth rate inputs are extremely
important for small initial flaw sizes and stress levels that result in an initial ∆K in the
threshold regime. This influence can outweigh the over estimation of the ∆K due to the
modeling assumption that the initial crack is the size of the corrosion damage and
behaves as a periphery crack. Recognizing this behavior and quantitatively establishing
at what initial flaw size is “too small” for a given stress/growth rate curve is critical to
engineering application of these models.

‐

The most rigorous approach to life predictions models for small cracks is to use a
statistical representation of the crack growth kinetics, as suggested in Ref [16]. However,
the use of long crack growth rates can be applied provided that the near-threshold region
adjusted (e.g. via extrapolation to lower ∆K). This phenomenon is not specific to
corrosion damage, it is critical to understand the limitations (and effects on fatigue life) of
using long crack growth rates for modeling small cracks.

‐

The current study found that the use of stock growth rates (Harter T) at a specific
(relatively high R value of 0.5) provides comparable predictions for crack from small
initiation flaws to those from using a constant Kmax generated growth law that is reported
to better capture small crack behavior31,32.
o

However, these results likely mask a strong potential issue with the use of a Rspecific growth rate for modeling cracking from small flaws at low R constant
amplitude loading. Specifically, if in reality (as literature suggests) there is little/no
closure for small crack growth then using a long crack growth rates that account
for closure will not accurately represent the reality of the small crack condition.
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Due to the nature of the constant Kmax testing the closure is minimized and
expected to better reflect the small crack behavior.
‐

The “Best Fit” metric is inherently not rigorous (3D pit is not a 2D crack, real small cracks
form as “bumps” on the corroded surfaces not as periphery cracks, multi-site damage is
not accounted for), however it can be useful and has been previously applied24,25. The
fidelity of using such a metric will critically depend on the initial ∆K associated with this
initial crack size. This value must be considered relative to the threshold region of the
input material growth rate.

‐

The concept of the CMEIFS is to account for the total damage condition and be a
“corroded” material property23. So the application of this upper bound feature to a more
broadly corroded specimen that has multi-site damage is justified. Also by design this
upper bound value is inherently conservative for many corrosion conditions. The
conservative application of this metric with both a stock Harter T and constant Kmax growth
rates is encouraging and reflects the higher ∆K of the upper-bound CM-EIFS being above
the threshold regime complications. Also the extension of this method from a flat plate
(which is was developed13) to a holed specimens is encouraging This shows the
transferability of this approach and justifies further study of this metric in the context of
engineering scale modeling of remaining life of corroded components.

‐

It is important to compare the upper-bound CM-EIFS to the current damage tolerant flaw
size. The upper-bound CM-EIFS represents a stress independent “corroded material
property”, however from a practical perspective this value is still below the USAF damage
tolerant flaw size (≈1300 μm). It is unlikely that the structural integrity community will use
an initiation feature metric for a corroded component that is below that used for pristine
components. However this work illustrates the breadth of applicability of this upper-bound
CM-EIFS. Specifically, it provides progress towards demonstrating that the corrosion to
crack transition and the small crack progression are well enough understood to inform
appropriate limitations and assumptions to conservatively enable LEFM based modeling
of the remaining life of a corroded component. In this context, the use of either this upperbound CM-EIFS or the larger damage tolerant flaw size is left to the engineering
judgement of the structural integrity community.
o

‐

Of note is that the initial flaw size discussion above simply accounts for the effect
of corrosion on the “apparent” initial flaw size distribution, however any modeling
for engineering applications would also require that any reduction in component
cross-sectional area also be accounted for. This reduction in cross-sectional area
would be accounted for in modeling by an increase in the applied stress.

Extension to variable amplitude loading demonstrated a higher level of conservatism for
both initial flaw size inputs and both crack growth rates. While the errors in the predictions
are larger than for constant amplitude loading, the current study proposes mechanisms
that account for this behavior.
o

From an engineering perspective, this additional conservatism does not detract
from the potential usefulness of an upper-bound CMEIFS approach for variable
amplitude loading conditions. Rather, provides a strong justification for further
component level validations of an LEFM-based damage tolerant approach to
management of corroded components.
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Conclusions
Fatigue life of 7075-T6 was measured for several tests at both a constant amplitude loading as
well as a variable amplitude loading using the MINITWIST protocol. Initiation life spanned a
small fraction of the total life cycles for both tests, particularly for the constant amplitude tests.
A higher number of cycles to initiation were observed for the variable amplitude tests, though
the initiation life of the variable amplitude tests was more difficult to determine without the
clearly defined markerbands used in the constant amplitude tests. Total fatigue life of the
variable amplitude tests was also found to be significantly higher than the constant amplitude
tests with the same mean stress. The higher initiation life as well as the higher total fatigue life
are likely due to a combination of effects from the significant fraction of cycles at low maximum
stress and high R, as well as crack retardation due to high overloads from the highest peak
stresses in the variable amplitude loading protocol. Crack closure is also a concern where a
significant number of cycles have a 0 MPa minimum stress.
These tests were modeled using the LEFM software AFGROW. Several modeling parameters
were introduced to determine which were most viable for use in predicting life of components.
While using the actual pit size as the initial flaw size gave reasonable results for the constant
amplitude tests, this resulted in non-conservative estimates for some of the tests. Using the
CM-EIFS always resulted in either accurate or conservative estimates. The stock Harter T
stock material properties generally resulted in conservative life estimates, except in the cases
where the initial flaw size was small; this is attributed to underestimation of small crack growth
rates. Kmax growth rates accurately or conservatively predicted fatigue life even for small initial
flaw sizes.
DoD Technology Transitions
A significant focus of Task 5 was on face-to-face discussions of technology transfer to DoD
engineers with potential environmentally sensitive fatigue problems. These meetings typically
began with a presentation by Professor Burns on the results of the corroded component
modeling and environmentally assisted fatigue crack propagation research. Discussion then
turned to the specific alloy system and environment of interest to the DoD group. An
overarching consideration was how the environmental effects (either pre-existing corrosion or
loading environment) can be incorporated into LEFM structure management approaches.
Specific discussions and technical areas are summarized as follows.
(1)

Rolls Royce, Critical Parts Lifing; Sept 2012, Jan 2013, ongoing: David Mills, Eric
Davis. The focus of this meeting was the transition of the pit-to-crack modeling
methods developed for Al to steel (17-4PH) engine blade components. This
collaboration followed directly from prior work and the Task 6 (unfunded by
CASTLE/SAFE in Dec 2012) results. These interactions have directly lead to multiple
UVa-RR collaborations working toward developing and integrating a pit-to-crack life
prediction model into Southwest Research Institutes DARWIN modeling capability that
is widely used by DoD for management of engine components. The collaborations
have been funded by internal RR money, NASA and USAF-Continuous Improvement
Programs for engine materials (Ni-based alloys and high strength steels.)
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(2)

ALCOA; Dec 2011, ongoing: Gary Bray, Bob Bucci, Jenifer Warner, Mark James. The
focus of this collaboration has been to incorporate the pit-to-crack transition models to
evaluate next generation materials (7075 and 2199) and to understand the effect of
low temperatures on the LEFM prediction of crack propagation. This collaboration is
a companion study of the efforts in Task 2; the Alcoa participation is in direct response
to interest from Airbus regarding the incorporation of low temperature material
properties into life prediction methodologies.

(3)

Defense Science and Technology Organization, Air Vehicles Division: email May
2013, visit Feb 2014: Rhys Jones, Loris Molent, Bruce Crawford. The focus of this
interaction is LEFM modeling of the remaining life of pre-corroded components. Many
of the concepts developed in prior literature papers by Prof. Burns were clarified and
built on to inform the methods applied by DSTO. These concepts will be applied to
aerospace Al alloys and airframe relevant environments.

(4)

Naval Air Development Center; Patuxent River, MD, December, 2012: Craig Matzdorf,
Steve Rusk. The focus of this meeting was to present the environmentally sensitive
fatigue work. Material was presented for airframe Al alloys, but no specific alloy
system was discussed.

(5)

Naval Research Laboratory (and US Naval Academy), Corrosion Branch; Washington,
DC, January, 2012: Pat Moran, Bob Bayles, Paul Natisian, Ferrel Martin. The
environmentally sensitive fatigue work was presented and discussions focused on
application to USN components. No specific material system and environments were
discussed.

(6)

Hill Air Force Base; Salt Lake City, UT; January, 2012: Mark L. Thomsen. The focus
of this meeting was on a series of technical presentations detailing the environmentally
sensitive fatigue work. There was particular interest in the low temperature fatigue
work; specific work was planned to generate low T fatigue crack growth rate data for
aerospace Al alloys.

(7)

NASA Langley Research Center, Hampton, VA; Feb 2012: Steve Smith, Ed
Glaessgan. The focus of this meeting was on a series of technical presentations
detailing the environmentally sensitive fatigue work. The effort resulted in multiple joint
funding proposals. The presentation was focused on aerospace Al, but no specific
material system and environments were discussed.

(8)

Air Force Research Laboratory; University of Virginia; Sept 2012: Chad Hunter, Walter
Juzukonis, Eric Lindgren, Carl Perazzola. The focus of this meeting was to assist
AFRL as they set the course of the AFRL corrosion effort. Additionally, Prof. Burns
briefed the technical impacts and possible areas of UVa-AFRL collaboration that could
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serve as a conduit to transitioning the work performed at UVa. No specific material
system and environments were discussed.
Significant progress has been made with regard to informing the DoD community (both
government, OEMs, and contractors) of the environmentally sensitive fatigue prognosis
methodologies developed in this and prior work. The strongest transitions are the following.
The Rolls Royce opportunity followed the exact vision of the TCC where detailed
scientific/academic research has been transitioned to industry to influence the structural
management of DoD assets. There has also been success in this regard with the ALCOA
collaboration where the methods developed at UVa are being validated and tailored by industry
for their specific technical challenges to inform alloy selection and maintenance protocols for
Airbus. Finally, due to the smaller and aging fleet of the Royal Australian Air Force (RAAF),
DSTO is often at the cutting edge of implementing innovative approaches in their structural
integrity program. The UVa-DSTO interactions have clarified the research concepts reported by
UVa in the literature to enable transition of these techniques to the RAAF; successful
implementation of these concepts provides critical proof of concept information for eventual
adaption by the US DoD.
Short Course
The following short course was developed by Professors Gangloff, Burns and Kelly (UVa), as
well as by Dr. Scott Fawaz (SAFE, Inc). See Task 5-Focus Area B for a more complete
synopsis of the short course and separately submitted files (previously provided to CAStLE and
provided in a separate electronic package) for each lecture.
Focus Area B: Environmental Effects in Component Cracking Prediction Methods
for DoD Applications-SCC
Summary
The objectives of Task 5 (Focus B on stress corrosion cracking) are to: (a) transition crack
growth measurement methods, fracture mechanics prediction code, and scientific understanding
to improve model simulations which predict distributions of component stress corrosion crack
(SCC) evolution in field environments, and (b) educate engineers on next-generation life
prediction, focused on control of stress corrosion cracking/hydrogen embrittlement and using
cutting edge damage tolerant fracture mechanics when justified as conservative.
The approach of this task centers on outreach discussions to convey the results of research
from other TCC tasks and DoD-sponsored programs conducted at the University of Virginia
(UVa). A laboratory test method which characterizes crack propagation, a fracture mechanicsbased component life simulation program (SCCrack), and scientific understanding of the
hydrogen environment assisted cracking (HEAC) mechanism for SCC are central elements of
these discussions. The level of TCC support for this task was sufficient to initiate this outreach
and initial technology transition, but new funding must be obtained to support implementation in
specific DoD applications.
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Three technical activities are presented in this final report of Task 5 work.




A technical paper was published which outlines the accelerated laboratory experiment and
probabilistic software program developed under separate DoD sponsorship to perform
probabilistic damage tolerant simulations of the stress corrosion cracking and hydrogen
embrittlement life of specific metallic alloy components with existing surface damage or a
crack. The conclusions of this technical work are as follows:
(1)

Stress corrosion crack growth measurements are accelerated and precisely
quantified by high resolution DCPD monitoring of a short crack under
programmed-rising K loading while immersed in an aggressive environment.

(2)

SCCrack provides probabilistic What-If? simulations of cracked geometry SCCHEAC propagation and time-to-failure distributions as a function of applied and
residual stresses, a distribution of electrochemical potential, a distribution of
initial crack size, and material-growth rate variability.

(3)

Accelerated measurement and SCCrack simulation of HEAC is validated with a
10,000 hour data base for ultra-high strength steels stressed in aqueous chloride
solution.

(4)

SCCrack simulations quantify the beneficial effects of important variables on
HEAC life for ultra-high strength martensitic steels such as AerMetTM100,
specifically: (a) reduced H diffusivity from nano-scale carbide control of H
trapping, (b) reduced crack tip H uptake from mild-cathodic polarization, (c)
compressive residual stress, and (d) surface topography control.

(5)

Work validated the approach for an aged nickel superalloy (UNS 05500, Monel
K-500) stressed in chloride solution with varying cathodic polarization.

(6)

Long lives support damage tolerance plus hydrogen embrittlement mechanism
modeling to control the risk of SCC-HEAC in high strength-high toughness alloys.

Task 5 (Focus B) centered on interactions with DoD laboratories and engineering groups,
as well as with industry groups that are involved with either DoD systems or projects.
Discussions emphasized presentations of the results of UVa research on development of
the tools to enable damage tolerant What-If? simulations of SCC performance for cracked
components. A total of six specific discussions with follow-ups were carried out with Army,
Air Force, and Navy engineers interested in controlling stress corrosion cracking and
hydrogen embrittlement in Ni, Al and Fe-based alloys. A total of 13 copies of the Windowsbased SCCrack program and User’s Manual were distributed to DoD and industry
laboratories. To date, there have been no specific implementations of the damage
tolerance-based accelerated laboratory test method and SCCrack in DoD applications.
The hope is that the work accomplished in Task 5 has planted seeds that will lead to future
applications and approach customization as important SCC and hydrogen cracking
problems appear in high performance DoD systems. The tools exist from this research to
enable an application-specific analysis of relevance and impact in a given application.
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A short course entitled Environmental Effects on Structural Integrity was developed by
Professors Gangloff, Burns and Kelly, and Dr. Scott Fawaz. The objective of this course
is to educate engineers and service academy cadets/midshipmen on the occurrences and
control of deleterious modes of environmental degradation relevant to the structural
integrity of high performance metallic alloys in DoD applications. The elements of
electrochemistry, fatigue, and fracture mechanics are introduced at a basic level. With
this foundation, important modes of environmental degradation are discussed, including
stress corrosion cracking, hydrogen embrittlement, corrosion-fatigue, and environmental
fatigue. Basic principles, damage modes, and modern modelling approaches are
reinforced by student-problem solving which uses modern desktop software to simulate
fatigue and stress corrosion cracking situations governed by environmental interaction.
Seven lectures were produced, each in a Power Point format with 40 to 70 slides per
lecture and a supporting bibliography. While discussions on implementation are ongoing,
this course has to date not been offered at a DoD facility.
Background and Introduction

Environmental effects can dominate the cracking resistance of otherwise strong and tough
materials used in many DoD systems. Iron, aluminum, titanium and nickel based alloys are
prone to such environmental degradation through the well-known damage phenomena of stress
corrosion cracking, hydrogen embrittlement, and corrosion-fatigue. Stress corrosion cracking
(SCC) control programs in DoD applications have typically focused on laboratory determination
of a threshold stress or stress intensity factor below which SCC and hydrogen embrittlement are
not likely. This approach has roots in the latter part of the 20th century when SCC prone alloys
typically exhibited rapid rates of subcritical crack growth when stressed above this threshold for
a given alloy, manufacturing method, and field environment. If such cracking initiated, then
significant component damage was likely; a situation which was guarded against happening.
However, modern alloys such as mildly overaged 7000-series aluminum alloys, high purity
secondary-hardened martensitic steels, and nickel based superalloys exhibit slow but
measureable rates of SCC and hydrogen embrittlement which often progress above relatively
low thresholds. If only the threshold is considered, then the alloy may be rejected or not used to
its full potential, thus increasing cost and reducing component readiness. For modern alloys, it
is important to develop a damage tolerant methodology that provides a prognosis of cracking for
a prescribed future-mission portfolio where slow rate-evolution of SCC or hydrogen
embrittlement may occur but can be tolerated if reliably predicted. Essentially, this approach
parallels the damage tolerant approach used by the airframe community and replaces the go-no
go alloy selection approach which is currently practiced.
A probabilistic fracture mechanics based stress corrosion crack growth prediction program,
SCCrack[38]13], has been developed under NavAir STTR sponsorship[3911] (Phase I and II,
monitored by Dr. William Frazier). This code was written by VEXTEC, guided by Prof. Gangloff,
and in essence provides a basic capability for crack growth rate prediction during SCC that
parallels the capability of AFGROW for fatigue. Inputs include distributions of: (a) materialenvironment sensitive crack growth rate versus stress intensity, (b) starting surface roughness
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or corrosion topography, and (c) applied electrochemical potential. The user also inputs the
crack geometry from among nine programmed solutions, far-field applied stress, and surface
residual stress distribution. The output is a distribution of stress corrosion crack size versus
time under stress, as well as time-to-failure versus applied stress or stress intensity.
Two important needs exist and are addressed by Task 5 research. First, this program has not
been sufficiently validated with regard to accuracy due to limited resources. Second, SCCrack
has been developed as a general damage tolerance-based prediction tool without specific
guiding inputs from a DoD application where SCC of a component in a field environment is an
issue. Examples of possible applications include Cd plated low alloy and corrosion
resistant/stainless ultra-high strength steels for landing gears and other airframe components,
Monel K-500 fasteners for naval/submarine applications, Al-Mg alloys for ship components, AlZn-Cu-Mg alloys for airframe structures, Al-Zn-Mg alloys for weldable-thick armor, and
moderate strength stainless steels for the electromagnetic aircraft launch system.
The Technical Corrosion Collaboration (TCC), and opportunity to collaborate with the
experienced structural/damage tolerant engineers in SAFE, provide an important vehicle to
enable transitions of fundamental understanding, test methods and data into elements of
existing or next generation cracking prediction codes. Stress Corrosion Cracking and Hydrogen
Embrittlement were targeted for work in this task.
Technical Results
In contrast to fatigue crack growth prognosis embodied in sophisticated fracture mechanics and
micromechanics-based programs such as AFGROW40 and DARPA SIPS41, control of stress
corrosion cracking (SCC) is largely qualitative and based on using resistant alloys for service in
aggressive environments. Alloy selection and environment chemistry control rely on smoothspecimen data often determined with a mechanical or chemical accelerant42. and justified by the
assumption that SCC is initiation controlled. If resistance to crack propagation is considered,
the approach to SCC control is often based on a go or no-go threshold stress intensity factor,
KTH, and assumed infinite-life design43,44 This approach grew out of the high rates of subcritical
SCC propagation (da/dt), reported as a da/dt versus elastic stress intensity (K) relationship, for
high strength alloys in aerospace and marine environments45. In contrast the impact of a
damage tolerant SCC control method effectively predicted SCC in low strength C-Mn and
austenitic stainless steels stressed in nuclear reactor environments46.
The SCC resistance of modern high strength-high toughness Ti, Fe, Ni and Al-based alloys has
been improved substantially by composition and thermal-mechanical processing; as well as
environment control from electrochemical and chemical considerations45. For many
environments, this behavior is understood based on production, uptake and crack tip process
zone embrittlement by atomic hydrogen (H); the hydrogen environment embrittlement
mechanism (HEAC) for SCC45. The range of fastest-reported (upper bound) SCC/HEAC
propagation rates is shown in Figure 190 for high strength alloys stressed in various
environments where H is produced at the crack tip to enable HEAC45,47. This correlation shows
that upper bound da/dt is directly proportional to hydrogen diffusivity, DH, which decreases by 5
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orders of magnitude for older martensitic steels and body-centered cubic Ti alloys, through
modern martensitic steels, to face-centered cubic Al and Ni superalloys. (Electro)chemical
control of crack tip H concentration results in da/dt values that trend well below the upper bound
in Figure 190. This behavior is amplified in Figure 191 for three ultra-high strength martensitic
steels stressed in NaCl with varying cathodic polarization. The SCC rates for legacy UNS
44220 (300M) are reduced by up to 10,000 times by alloy composition for UNS K92580
(AerMet®100) and an experimental low-cobalt alloy, coupled with mild cathodic polarization
39,48,49. These low rates of subcritical crack propagation open the opportunity to address SCC
using damage tolerance and fitness-for-mission prognosis, the fracture mechanics and
micromechanics of which are well developed for engineering applications40,41. Moreover
modern alloys may exhibit substantially slower da/dt versus K, but similar KTH, as shown in
Figure 191. As such, KTH values may be erroneously high from an accelerated measurement
and the improved resistance to SCC in service is in fact based on crack propagation. It is
therefore important to develop a measurement and modeling method that quantitatively
considers crack propagation.

Figure 190. Effect of H diffusivity on the upper bound rate of SCC for high strength alloys.47,58
Growth rates noted by  were measured in the present study and presented in the Results
section. The critical distance for crack tip H diffusion, xcrit, is discussed in an ensuing section
and equals 0.9 m for the alloys represented in this plot47.
The objective of this research is to develop an accelerated laboratory measurement experiment
which is integrated with a probabilistic fracture mechanics modeling code for engineering
analysis of SCC, focused on predictions of distributions of subcritical stress corrosion crack
growth in response to What If? condition changes. This work provides a quantitative basis for
alloy, stress level, coating, environment control, and maintenance decisions; and a first step to
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implement a damage tolerant approach for those components where crack propagation life is a
significant fraction of design life.
Model development
A crack propagation code, SCCrack38, was developed based on stress intensity similitude;
equal rates of subcritical-environmental crack growth are produced in response to equal K for a
given alloy and environment50,51,52. The modules of SCCrack were written using Microsoft C#
and Fortran 90, and the program runs on a personal computer under Windows XP, Vista, or
Windows 7 operating systems. The only external dependency of SCCrack is on the opensource graphics library, ZedGraph. The I/O module, numerical integration module, and Monte
Carlo module are proprietary.

Figure 191. K-dependence of SCC growth rate in three ultra-high strength martensitic steels
stressed in 3.5% NaCl at fixed-applied potential, EAPPLIED. From top to bottom: UNS 44220
at OCP (-690 mVSCE) and -700 mVSCE, UNS K92580 at -550 mVSCE, and a low-Co
experimental composition at -550 mVSCE (3 replicates) and at -700 mVSCE [39].
The elements of the program are summarized in conjunction with the graphical user interface
shown in Figure 192. Material-environment property input is a da/dt versus K relationship in the
form of da/dt = CKN or da/dt = 10(+K) for each stage of crack growth with C, N, , and 
material-environment dependent. Overall da/dt versus K is described by either piece-wise fits of
either function, with the faster da/dt dominating, or by a composite da/dt based on the summed301
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reciprocal rates for each stage52. SCC rates may be input as a function of an environmental
variable such as electrochemical potential, H2 pressure, temperature, or predissolved H content,
the range of which can be specified for automatic modeling. A crack geometry is selected from
a modest library of K solutions; and applied load, dimensional, and crack size parameters are
input. Geometries include several laboratory specimens, surface and corner cracks on flat plate
or hole surfaces, and thread root cracks of various geometries. Customized K solutions must
be added through SCCrack code modification38. SCCrack incorporates crack-shape change
during propagation based on either programmed aspect ratio change or in response to K
variation along the crack front. The program can model the effect of a residual stress gradient
on K computed by a weight function. SCC extension versus time is deterministically modeled
by fast-numerical integration of da/dt versus K and the K solution for the selected geometry. For
probabilistic analysis, a distribution of SCC propagation response is computed using Monte
Carlo selection from input distributions (normal, log-normal, Weibull, or exponential) of: da/dt
versus K (material variability), EAPPLIED (environment exposure variability), and starting crack
size. A correlation matrix capability accounts for the interrelation between the normal or lognormal distributions of C-N or -53.

Figure 192. Graphical user interface for SCCrack [38].
Output is provided by plots of: (a) da/dt versus K, (b) crack length versus time, and (c) initial K
versus time-to-failure (ttf). Multiple deterministic simulations, as well as multiple distributions of
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cracking, can be represented on each plot. Extensive files are written for post-processing using
a spreadsheet or plotting program, outside of SCCrack. Program execution is rapid; a 250element simulation of the distribution of SCC propagation can be computed for a given crack
geometry and 10 initial stress or K levels (2,500 models) in 1-3 minutes with a common PC.
Experimental procedure
Crack growth rate data for SCCrack are obtained from an accelerated laboratory experiment
which exploits precision measurement of crack growth, slow-rising K loading, and elastic-plastic
J-integral fracture mechanics (when necessary for lower strength alloys). Acceleration and
quantitative SCC rate measurement are enabled by high resolution direct current electrical
potential (DCPD) monitoring of a short (50 to 500 m depth) through-edge crack in a uniaxial
tension or bend specimen. (The method is also applicable to small surface or corner crack
specimens.) Specimen preparation, instrumentation, analytical calibration, and validation
results for several geometries are detailed elsewhere54. The method is applicable to any
environment. Studies of SCC, yielding data of the sort shown in Figure 191 and Figure 193,
were conducted using an EDM-micronotched (100 to 200 m deep) and fatigue precracked
(additional 100 m deep) through-edge crack specimen39,48,49,55. Alloys included ultra-high
strength precipitation hardened martensitic steels (Figure 191) with tensile yield strength (YS)
~1,700 MPa, as well as an aged nickel-based superalloy, UNS N05500 (Monel K-500, YS = 775
MPa). Alloy composition, heat treatment, and mechanical properties were previously
reported39,48,49,55. The specimen was contained in a Plexiglas chamber, with solution circulation
and gripping outside the cell to avoid spurious galvanic coupling. The solution was near-neutral
(pH 5.5-7.2) 3.5% NaCl at 25oC and the specimen was polarized at either a near-open circuit
potential (OCP) or cathodically as detailed elsewhere39,48,49,55.
As cracking progresses in this experiment, K rises from KTH toward ductile fracture. As such, a
single specimen provides the full range of da/dt versus K illustrated for each steel and EAPPLIED in
Figure 191. With computer control and measured crack length, applied-elastic K is programmed
in real time to produce constant dK/dt, step-hold K, or any pertinent K-time profile39. Loading
rate must be sufficiently slow, dK/dt between 0.1 and 10 MPam/h, to obtain rate-independent
SCC kinetics. The experiments represented in Figure 191 where conducted at constant gripdisplacement rate which yielded a constant dK/dt of 1.1 MPam/h (prior to the onset of crack
growth, after which dK/dt increased). For this loading rate in Figure 191, the experiment with
UNS 44220 (300M) required about 1 h duration, each of the UNS K92580 (AerMet®100) and
low-cobalt alloy experiments with the intermediate growth rates required 20 h, and the low
growth rate data set required about 100 h of loading. The high precision of the DCPD method
permits accurate determination of KTH and low da/dt for modern alloys, providing the critical
input necessary for SCCrack simulation.
Three points are important. First, slow-rising displacement loading yields either a value of KTH
equal to that for crack arrest under declining K for SCC-prone alloys, or a conservative value of
KTH which is less than a crack arrest value for quasi-static loading of alloys which resist
SCC45,56. The causal interaction of crack tip strain rate and H embrittlement is expected to be
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important for lower strength alloys, or for mild environments such as the low level of cathodic
polarization which inhibits HEAC (see Figure 191)44,56. For the examples of SCCrack presented
here for ultra-high strength steels in NaCl solution, experiments showed that identical da/dt
versus K results were obtained for slow-rising K compared to fast-rise step and hold K39.
Moreover, limited work shows that KTH is reduced and perhaps da/dt values are increased as
crack size declines below 2 mm, due to the effect of crack geometry on occluded crack
electrochemistry and H production/uptake at the crack tip57. The short crack specimen used
could provide this added conservatism compared to classic long-crack fracture mechanics
specimens44. As a third consideration, elastic K is accurate for the small-edge crack specimen
due to the ultra-high yield strengths (> 1,400 MPa) for the steels which were studied. For lower
strength alloys such as Monel K-500 or precipitation hardened Al, an analytical J-integral based
method was developed to compute a total K comprised of small specimen elastic plus plastic
parts55,58.
The key to accelerated and accurate measurement of the low crack growth rates necessary for
SCCrack simulation of SCC at long lives is to resolve a small-average increment of crack
growth (~0.5 m) stabilized over 10 to 100 h, yielding slow growth rates in the range of 0.0010.013 nm/s. The DCPD instrumentation is capable of this level of inherent resolution54.
However, crack tip plasticity provides a measurable and spurious electric potential through a
variety of mechanisms, including increased dislocation density for increased alloy resistivity and
crack advance by geometric blunting, and raises the effective da/dt resolution limit to 0.1 to 1
nm/s, which depends on applied K and alloy strength. An example is shown in Figure 193 for
ultra-high strength stainless steel59. This very high strength condition of martensitic UNS
S46500 (Custom® 465-H900) is susceptible to SCC and the da/dt versus K response is shown,
as determined by this test method for immersion in 3.5% NaCl solution with cathodic
polarization (-575 mVSCE). In sharp contrast an experimental alloy (Ferrium® PH48S™ produced
by Questek Innovations, LLC) is immune to SCC for the NaCl and cathodic polarization level
applied, as confirmed by scanning electron microscopy. The level of da/dt versus K shown in
Figure 193 for this alloy is false, due to crack tip plasticity, and provides a lower bound
resolution limit for the class of steels considered in this work. (The data points are for a single
slow-rising K test, while the line is the 95% confidence interval upper bound of da/dt versus K
from six replicate experiments59. The increase in da/dt at high K, near 100 MPam, is due to the
onset of stable-ductile fracture at near the plane strain fracture toughness, KIC, for this steel.)
This false da/dt scales proportionately with applied dK/dt and will rise as alloy strength falls,
perhaps proportionate to crack tip opening and plastic strain, which each scale as a function of J
and K. Other low-K artifacts, such as crack surface electrical contact, can impact da/dt;
however, such issues are correctable and do not adversely impact low K-low da/dt resolution55.
Results and Discussion
5.1.6.6.1 Crack Growth Rate Properties Measurement
The slow-rising K method was successfully applied to characterize SCC in several high strength
alloy systems stressed in aqueous NaCl, including martensitic steels39,48,49, a nickel-based
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superalloy 55, and a sensitized Al-Mg alloy [58]. Examples are cited and provide input for
SCCrack simulations.

Figure 193. SCC growth rate versus K for susceptible UNS S46500 (Custom® 465-H900) in
NaCl solution compared to plasticity-based false growth in an immune ultra-high strength
stainless steel of an experimental composition and similar strength59.
Steel composition and applied-cathodic polarization strongly affect da/dt for slow-rising K (at 1
MPam/h) in 3.5% NaCl solution, as illustrated in Figure 191. Growth rates fall as the density of
nano-scale precipitates increases from that in aged UNS 44220 (300M) with only Fe3C present
in the martensite to UNS K92580 (AerMet®100) which contains (Mo,Cr)2C 60. The low-Co alloy
likely contains both WC and VC which are presumably similar in size and distribution to
(Mo,Cr)2C; growth rates are somewhat slower than those for UNS K92580. This beneficial
composition effect is explained based on H trapping at these homogeneously distributed fine
carbides, resulting in reduced DH. This behavior is demonstrated by the  points in Figure 190;
the DH for UNS 44220 is 1 x 10-7 cm2/s while that for UNS 92580 is in the range of 1 x 10-9 to 2 x
10-8 cm2/s depending on H content61,62. The small crack accelerated test method accurately
captured the effect of this important metallurgical variable.
Applied cathodic polarization is an important environmental variable in SCC-HEAC. For steels
such as UNS 92580, da/dt dramatically declines in response to mild cathodic polarization (50 to
150 mVSCE) relative to OCP (about -530 mVSCE), but increases strongly with additional increase
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in the level of cathodic polarization48. This behavior is represented by the declining  points in
Figure 190; the lowest rate is for the low-Co steel polarized at -700 mVSCE, the two intermediate
rates are for UNS K92580 and the low-Co steel polarized at -550 mVSCE (see Figure 191), and
the highest da/dt is typical of UNS K92580 at -1100 mVSCE48. A similar effect of applied
polarization is shown in Figure 194 for aged UNS 05500 (Monel K-500)55. For loading at
constant dK/dt of 0.33 MPam/h, then 1.1 MPam/h to conserve test time, the da/dt versus K
relationship declines systematically as EAPPLIED is reduced from -1100 mVSCE to -700 mVSCE.
The fasted rate is plotted in Figure 190 at a measured DH of 1.8 x 10-10 cm2/s, and this behavior
is modeled based on occluded-crack tip H concentration55. For each of these alloys, the small
crack accelerated test method accurately captured the important effect of applied cathodic
potential.
Two fracture mechanics issues are notable. First, the da/dt data in Figure 194 are correlated
versus a total K (KJ) computed by summation of elastic and plastic J-integral components55,58.
This quantitative characterization of small specimen plasticity, which is demonstrably important
at higher K levels, provides a growth rate relationship which is likely relevant to cracking of an
elastically loaded structure, building on the principles of elastic-plastic fracture mechanics.
Second, the results of six replicate experiments with UNS 92580 steel stressed in 3.5% NaCl (550 mVSCE) presented in Figure 195 demonstrate the reproducibility of this small-crack test
method39,49. These data were modeled statistically to provide the input necessary for
probabilistic simulations using SCCrack, as detailed in an ensuing section.
SCCrack Validation
The important SCC database in Figure 196 validates the accelerated laboratory test method
coupled with SCCrack simulation. These ttf values were obtained using cantilever-beam
specimens of UNS 44220 (300M) and UNS K92580 (AerMetTM100) which were fatigue
precracked and stressed at constant load during immersion in 3.5% NaCl solution at OCP63.
Failure resulted when increasing K reached KIC of the steel; ~60 MPam for UNS 44220 and
~130 MPam for UNS K92580. These data represent 1,420 days of in situ exposure and clearly
distinguished the improved SCC resistance of UNS K92580.
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Figure 194. da/dt versus K for UNS N05500 (aged Monel K-500) stressed under slow-rising K in
3.5% NaCl solution at constant-EAPPLIED between -700 and -1100 mVSCE. da/dt is plotted vs
elastic K (open) and elastic-plastic KJ (filled). Constant dK/dt was 0.33 MPam/h for K < 43.9
MPam then 1.1 MPam/h for higher K (vertical arrow). Dotted lines show the expected range
of false da/dt following Figure 19355.
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Figure 195. da/dt versus K for 6 replicate experiments with UNS K92580 (AerMetTM100)
stressed under slow-rising K (1 MPam/h) in 3.5% NaCl at fixed EAPPLIED of -550 mVSCE39,49.

Figure 196. Measured SCC life, ttf, versus initial K for two ultra-high strength steels, UNS 44220
and UNS K92580, in the cantilever beam configuration immersed in 3.5% NaCl at OCP and
stressed at constant load63.
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SCCrack simulations were conducted to model the experimental ttf behavior in Figure 196.
Input da/dt versus K data were taken from Figure 191 and Figure 195, and SCCrack contains
the K solution for the cantilever beam specimen. The results of a deterministic prediction are
shown in Figure 197. The experimental data are reasonably predicted by SCCrack for each
steel, including the substantial increase in ttf for UNS K92580, but only the modestly increased
threshold. This result is notable because only 3 days were required to obtain the da/dt data
used for these predictions of 10,000 h (417 day) SCC life.

Figure 197. SCCrack simulated SCC life versus initial K for two ultra-high strength steels, UNS
44220 and UNS K92580, in the cantilever beam configuration fully immersed in 3.5% NaCl at
OCP and stressed at constant load. The trend lines are from Figure 196
SCCrack modeling was enhanced to include variability in the da/dt versus K data (Figure 195)
measured for UNS K92580 and modeled using a log normal distribution of correlated C and N
values in da/dt = CKN. The results of 50 simulations conducted at 15 different initial-K levels are
shown in Figure 198. The growth rate variability results in a two-fold to 20-fold variation in ttf,
with the range increasing with decreasing initial K. These simulations demonstrate the
capability of the accelerated test method, which required 10 days of experimental time to
characterize the distribution of da/dt versus K for K92580 (Figure 195). Use of the cantilever
beam experiment to establish distributions of ttf versus K for probabilistic SCC analysis would
be time-resource prohibitive. As such, the accelerated test approach better enables
probabilistic modeling of SCC. However, the results in Figure 198 do not fully validate this
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proposed method because the distribution of SCCrack predicted ttf does not precisely overlap
the long term cantilever beam measured values for UNS 92580. The difference is conservative.

Figure 198. SCCrack-simulated SCC life versus initial K for ultra-high strength UNS K92580 in
the cantilever beam configuration fully immersed in 3.5% NaCl at -500 mVSCE (left set of
single points at each K), -610 mVSCE (right data set) and -550 mVSCE (distribution of lives
predicted using the distribution of da/dt versus K input data from Figure 195). The trend lines
are from Figure 196.
Variation in OCP during the long-term cantilever beam experiment provides a likely explanation
for the difference in measured versus SCCrack predicted ttf values in Figure 197 and Figure
198. Specifically, the measured OCP for UNS 92580 declined from -500 mVSCE to -615 mVSCE
as immersion time increased from 1 h to 275 h, and additional decline to as low as -630 mVSCE
is likely for full immersion exposure approaching 10,000 h. In contrast the accelerated
experiments to measure da/dt versus K were conducted at a fixed EAPPLIED of -550 mVSCE; these
data were used for the SCCrack simulations shown in Figure 197 and Figure 198. Parallel
research shows that da/dt falls by three orders of magnitude, from -500 mVSCE to -610 mVSCE,
through a minimum up to about -700 mVSCE, then rises by 4 orders of magnitude as applied
potential falls to -1100 mVSCE48,49. The impact of this strong effect of increasingly negative
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electrochemical potential on predicted ttf for the cantilever specimen is clearly reflected by the
deterministic SCCrack simulations conducted with input da/dt versus K data measured at -550
mVSCE and -625 mVSCE (see Figure 198). Falling OCP to the range of -610 to -630 mVSCE shifts
the predicted ttf values toward and beyond the measured ttf for K levels above 16 MPam. For
lower K, SCCrack predictions of very long ttf, in excess of 105 h, are not accurate because of
two issues: (a) the accelerated test method is not presently capable of resolving da/dt levels in
the range of 0.1 nm/s and lower, when the alloy-environment condition promotes mild to nil SCC
and the Stage I da/dt versus K slope is not steep (e.g., n < 5), as shown in Figure 193, and (b)
input da/dt data for -610 mVSCE were linearly interpolated using da/dt versus K data sets
measured at -550 mVSCE and -625 mVSCE48. Such near-threshold crack growth behavior
critically governs ttf in the range of 105 h and longer; the measurement and interpolation
methods must be improved in order to simulate this very long-life regime of SCC.
Figure 199 presents the results of a probabilistic SCCrack simulation of ttf for the cantilever
beam specimen. Da/dt versus K data were accurately measured at -500 mVSCE and -550
mVSCE. The da/dt versus K resolution limit shown in Figure 193 was adjusted for an assumedhigher KTH to estimate the cracking kinetics for -610 mVSCE to -675 mVSCE, consistent with
measured-low da/dt versus K at EAPPLIED = -625 mVSCE48. For each initial K level, 250
simulations were conducted with deterministic da/dt versus K input, but with variable potential
chosen by application of the Monte Carlo method to a normal distribution with mean potential of
-575 mVSCE and coefficient of variation equal to 0.05 (-633 mVSCE < EAPPLIED < -518 mVSCE at the
+/- 95th percentiles). For a given simulation, the da/dt versus K was linearly interpolated
between the closest two input data sets; these interpolated input relationships are shown in
Figure 199a. Figure 199b shows that the predicted variation in ttf for varying EAPPLIED is
quantitatively consistent with the measured cantilever beam time-to-failure data from Figure 196
for initial K above 16 MPam. Lower K predictions are estimates due to the uncertain input da/dt
versus K and EAPPLIED for lower potentials and lower K levels (Figure 199 top).
The accelerated experimental measurement of da/dt versus K, coupled with SCCrack simulation
of cantilever beam ttf is validated. First, the method effectively distinguishes the difference in
SCC resistance of UNS 44220 and UNS K92580 (Figure 197), and illustrates the contributions
of reduced da/dt and increased KTH. Second, the method quantitatively predicts measured ttf for
cantilever specimens of UNS K92580 (Figure 199) with greatly reduced test time of 3-10 days
versus 1,420 days, and demonstrates the critical effect of varying OCP on SCC resistance.
This validated method is demonstrated to be useful in What-If? simulations of metallurgical,
residual stress, surface topography, and galvanic coupling/cathodic polarization effects on
component SCC performance.
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Figure 199. SCCrack-simulated ttf versus initial K for UNS K92580 (AerMetTM100) in the
cantilever beam configuration immersed in 3.5% NaCl. (top) Interpolated da/dt versus K
relationships for all Monte Carlo selected EAPPLIED values. (bottom) Distribution of ttf
representing variability in EAPPLIED (normally distributed with a mean of -575 mVSCE,
coefficient of variation of 0.05, and -633 mVSCE < EAPPLIED < -518 mVSCE the at +/-95th
percentiles). Trend lines are from Figure 196.
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SCCrack Simulations and What-If? Scenarios
5.1.6.8.1 Ultra-High Strength Steel
The accelerated test plus SCCrack simulation approach quantitatively demonstrates the impact
of a metallurgical variation on the SCC resistance of a specific component, in the damage
tolerance context. For example, Figure 200 contains deterministic simulations of the SCC life of
a large diameter fastener, with an elliptical thread root crack present, fabricated from three ultrahigh strength martensitic steels. Simulated specimens were loaded at various levels of constant
axial stress, that ranged from 7% to 35% of YS, while immersed in 3.5% NaCl. The elliptical
crack was initially 500 m deep and grew with a prescribed aspect ratio into a straight-front
chord-crack shape, which continued to propagate until increasing K reached KIC. The three
steels are represented in Figure 191, cracked at either fixed EAPPLIED near OCP or with mild
cathodic polarization (-700 mVSCE). The impact of HEAC is clear; KIC is about 60 MPam for
UNS 44220 and 110-130 MPam for the other two steels; subcritical crack growth occurs for K
levels as low as 12 MPam. From left to right in Figure 200, ttf at any K level increases from
UNS 44220 (300M) at near-OCP of –700 mVSCE, UNS K92580 (AerMetTM100) at near OCP of 550 mVSCE, and low-Co steel at near OCP of -550 and with mild cathodic polarization -700
mVSCE. These simulations predict that ttf at a moderate K level of 20 MPam increases from 2
h, to 200 h, to 1,500 h, to 50,000 h as the cracking resistance of the ultra-high strength steel
increases in this sequence. This improvement is attributed to reduced DH from reversible H
trapping at nano-scale metal-carbides for the near-OCP conditions, interacting with reduced H
uptake at the crack tip due to reduced crack tip acidification resulting from mild cathodic
polarization45,48.
The accelerated test with SCCrack simulation approach quantitatively demonstrates the impact
of starting crack size on the SCC resistance of a component. A typical result is presented in
Figure 201 for a wide plate, fabricated from several ultra-high strength steels and containing an
elliptical surface crack. The cracked plate is stressed at various initial K levels while immersed
in 3.5% NaCl at either near OCP or with mild cathodic polarization. Possible-initial surface
crack sizes are represented by a normal distribution of depth (a) and surface-half length (c). For
each dimension, the mean is 300 m and the coefficient of variation (standard deviation to
mean ratio) is 0.18. Crack growth was simulated, from initial K to KIC with an assumed-constant
aspect ratio (a/c). SCCrack was instructed to perform 50 simulations, with Monte Carlo
selection of starting a and c for each simulation, applied to each applied K level and steelenvironment combination. Since K was selected as the loading parameter, applied stress
differed for each initial crack size and shape. The resulting distributions of ttf are represented
by the clusters of points in Figure 201. (From left to right: UNS 44220 (300M) at OCP of –700
mVSCE, UNS K92580 (AerMetTM100) at near OCP of -550 mVSCE, low-Co steel at near OCP of 550 and with mild cathodic polarization -700 mVSCE, and UNS K92580 at -675 mVSCE). Two
points are notable. First, analogous to the simulation results in Figure 200, changes in the SCC
resistance for the material-environment-crack geometry conditions represented in Figure 201
result in a 5 order of magnitude change in ttf. For example, at K of 20 MPam, mean ttf varies
from a low for 300M (UNS 44220) of 0.2 h to a high of 10,000 h for AerMetTM100 (UNS K98250)
313

SAFE-RPT-16-045

at this same applied potential. Second, SCCrack provides a means to simulate the effect of
corrosion damage on SCC life. If pitting is present, then the distribution of starting crack size
and shape can be established by metallographic or confocal laser microscope measurements
and input to the code. If general corrosion is found, topography could be profiled and the
resulting distribution of depth and surface spreading could be input. A similar approach can
simulate the effect of wear or machining damage on SCC life. In each case predicted ttf from
the SCCrack fracture mechanics model will be conservative since the approach assumes that
surface pits and topographic change are approximated by a sharp-crack distribution; crack
formation life is assumed to be 0. Such an assumption has been justified for the effect of
precorrosion on fatigue life64, but must be critically assessed for a given SCC problem.

Figure 200. SCCrack simulations of SCC life associated with a propagating thread-root crack
(semi-elliptical to straight crack front) in several steels stressed in 3.5% NaCl solution, from left
to right: UNS 44220 (300M) at -700 mVSCE, UNS K92580 (AerMetTM100) at -550 mVSCE,
and low-Co steel at -550 and -700 mVSCE.
SCCrack simulates the effect of surface residual stress, providing a tool to quantitatively assess
the extent to which compressive stresses from shot peening mitigate SCC for a specific crack
size/shape and loading situation65. An example is presented in Figure 202 for a surface-cracked
large plate of UNS K92580. Initial crack depth and aspect ratio (mean a = 300 m and mean c
= 300 m, with coefficients of variation equal to 0.08 for each normally distributed dimension).
The plate is stressed in 3.5% NaCl at near OCP (-550 mVSCE) at three constant-remote stress
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levels, and contains a residual surface-compressive stress equal to -700 MPa, which decays to
a mild tensile field beginning at a depth into the plate of 1.0 mm. Based on 50 simulations at
each applied stress, the ttf results in Figure 202 demonstrate the strong-beneficial effect of the
surface compression for the lowest applied stress examined; this benefit decayed with
increasing remote stress. (Since applied stress was constant in these simulations, each starting
crack size resulted in a somewhat different initial K level.) The presence of compression
reduced initial K to promote SCC life. SCC was eliminated when residual compression was
sufficiently high so that the total K was less than KTH of about 10 MPam for this steel and
environment (Figure 191). The weight function embedded in SCCrack provides the capability to
examine any stress distribution, with the necessary functions included for a surface crack in a
plate, as well as for a surface or corner crack at the root of a notch.[13 ] SCCrack is not, at
present, capable of modeling the effect of residual stress for a crack at the root of a thread in an
axially loaded fastener. The necessary stress intensity analyses can be developed66.

Figure 201. SCCrack simulations of SCC life associated with a distribution of semi-circular
surface crack depths (normally distributed, mean of 300 m, coefficient of variation of 0.18) in a
plate of several alloys stressed in 3.5% NaCl solution. From left to right: UNS 44220 (300M) at
OCP of – 700 mVSCE, UNS K92580 (AerMetTM100) at -550 mVSCE, Low-Co steel at -550
and -700 mVSCE, and UNS K92580 at -675 mVSCE.
Two overarching points are relevant to the SCCrack simulation results presented in Figure 200
through Figure 202. First, the vast improvement in SCC life, up to 5 orders of magnitude due to
metallurgical or electrochemical variations, and the associated increase in ttf from ~1 hour to of
order 50,000 h, validates the fundamental notion of the accelerated test plus SCCrack
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simulation method. Reductions in da/dt due to alloy and crack environment control result in
sufficiently long component lives to justify application of a damage tolerant approach to
managing SCC. Second, these simulations showing the effect of metallurgical and cathodic
polarization variations required a total test time of 10-15 days, using the accelerated small crack
DCPD-monitored test method. The laboratory time savings compared to conventional
experimental approaches such as ASTM International Standard E1681 is obvious44. The level of
laboratory expertise required to carry out this experiment is significant, but the method is being
transitioned to commercial and government laboratories39.

Figure 202. SCCrack simulations of SCC life associated with a distribution of semi-circular
surface crack depths (normally distributed, mean of 300 m, coefficient of variation of 0.18) in a
plate of UNS K92580 (AerMetTM100) stressed in 3.5% NaCl at -550 mVSCE. Three constant
stress levels between 81% and 98% of YS were applied, in addition to residual compressive
stress that varied from 65% at the plate surface to mild tension beginning at 1 mm depth.
Nickel-Based Superalloy
SCC of precipitation hardened nickel superalloys such as UNS N05500 (Monel K-500) is a
consideration in marine applications, particularly where cathodic polarization and galvanic
coupling favor bold-surface and crack tip production of embrittling H67. The deleterious effect of
cathodic polarization, particularly at EAPPLIED below about -800 mVSCE to -900 mVSCE is
demonstrated by the data in Figure 19455. The impact of cathodic polarization is demonstrated
by the SCCrack simulations in Figure 202. Figure 203 a shows the input material property fits
for da/dt versus K, from regression analysis of each stage of SCC and using the data in Figure
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194; the da/dt fall in this order of decreasingly cathodic EAPPLIED: -1100, -1000, -900, -800, and 700 mVSCE. Figure 203b shows SCCrack predicted distributions of time-to-failure for several
initial K levels. A fastener (1/2-13 standard thread) is modeled with a 1 mm deep straight-front
thread root crack present. Applied stress is constant at several levels between 40% and 80% of
a typical YS (800 MPa) for aged UNS N05500. The crack grew to bolt failure, governed by
either very high KIC of 300 MPam, or more likely by either plastic collapse computed by
SCCrack or a programmed final crack depth of 9.9 mm. Applied potential was taken as the
random variable for 50 simulations at each applied stress. Potential was assumed to be
normally distributed with a mean of -830 mVSCE, coefficient of variation of 0.07 and +/- 95th
percentile bounds of -714 and -946 mVSCE. For each simulation, a Monte Carlo selection of
EAPPLIED lead to a linearly interpolated da/dt versus K input function that was numerically
integrated with the thread-root crack K solution. The ttf range at a given applied K is large
(Figure 203b), varying by 4 orders of magnitude. This extreme distribution is the result of the
detrimental effect of cathodic polarization; the shorter values of ttf resulted from the most
cathodic levels of EAPPLIED which were simulated, while the very long lives are associated with
the strong decrease in da/dt for EAPPLIED above about -800 mVSCE (Figure 38a). This effect of
cathodic polarization is understood based on crack tip H concentration, as modeled in the next
section55. This hypothetical SCCrack simulation demonstrates the benefit of careful control of
cathodic polarization in an SCC-prone application and this modeling approach provides a tool
for What If? simulations for various scenarios associated with cathodic protection system
design.
Extensive long-term SCC experiments are in progress to establish a data base for UNS 05500
stressed in natural seawater with different levels of cathodic polarization67. Similar to the results
for SCC-HEAC in ultra-high strength steels (Figure 196 through Figure 199), these experiments
will provide a means to further validate the accelerated test-SCCrack simulation approach. To
this end, Figure 204 presents the results of SCCrack simulations of SCC in the disk-shaped
compact tension specimen (0.50 mm deep fatigue precrack) used in these experiments. The
NaCl data base in Figure 194 provides the input since the necessary crack growth rates are not
available for UNS 05500 stressed in seawater. The distribution of ttf for specimens loaded to
various initial K levels are based on SCCrack simulation of normally distributed potential varying
about a mean of either -1060 mVSCE (Figure 204a) or -850 mVSCE (Figure 204b). The ttf values
vary by factors of 2 to 5, for a given K. The deleterious effect of increasing cathodic polarization
is apparent since shorter mean ttf values are predicted for the lower potential of Figure 204a
compared to Figure 204b. Simulations of the sort shown in Figure 204 can be compared to the
results of the ongoing seawater experiments67, in order to further validate the approach outlined
in this paper. This comparison must be supplemented by a laboratory study of the effect of
seawater versus 3.5% NaCl solution on H production and uptake, as well as on da/dt versus K
and EAPPLIED55.
SCC/HEAC Mechanism Modeling
Hydrogen embrittlement mechanism-based model predictions of KTH and da/dt are an important
element of an advanced crack growth prognosis capability68. Such models can guide, leverage,
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and validate experimental work that produces the input crack growth rates necessary for
SCCrack simulation. For example, the measured-strong effect of cathodic polarization on rates
of SCC for nickel superalloy UNS 05500 (Monel K-500) in chloride solution was explained
based on the dependence of the overpotential for crack tip H production (H) on EAPPLIED55.
Building on the results presented in Figure 190, it is reasonable to conclude that the Kindependent Stage II crack growth rate (da/dtII) for this material-environment case is directly
proportional to DH given by:47
4

1

1

2




where xCRIT is the critical distance ahead of the crack tip where H cracking nucleates, CH-Crit is
the critical local concentration of H necessary for formation of H cracking by decohesion at xcrit,
and CH is the H concentration in equilibrium with H and enhanced by crack tip hydrostatic
stresses.
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Figure 203. (top) Regression fit da/dt versus K relationships for UNS N05500 (Monel K-500,
solution treated and aged) stressed in NaCl at various EAPPLIED, based on data in Figure 655.
(bottom) SCCrack simulations of SCC life associated with a propagating straight-front threadroot crack. The distribution of ttf results from assigned variability in electrochemical potential
(normally distributed, mean of -830 mVSCE, coefficient of variation of 0.07; -946 mVSCE <
EAPPLIED < -714 mVSCE at the +/- 95th percentiles).
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Figure 204. SCCrack simulations of the SCC life of a disk-shaped compact tension specimen of
UNS N05500 (aged Monel K-500) stressed in 3.5% NaCl solution under constant applied load.
The distributions of lives represent variability in normally distributed potential with a coefficient of
variation of 0.015: (top) mean of -1060 mVSCE, -1092 mVSCE < EAPPLIED < -1028 mVSCE
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and (bottom mean of -850 mVSCE and -876 mVSCE < EAPPLIED < -825 mVSCE at the +/95th percentiles.
The DH for H in aged UNS 05500 at 25oC was reported to equal 1x10-10/cm2/s69. Figure 205 the
prediction of this model using xcrit of 1.0 m, as justified by the broad fit to the data in Figure
190, and CH-crit of 40 wppm selected to provide a best fit with the measured values of da/dt (at
K = 50 MPam) taken from Figure 19455. Crack tip CH was determined, versus EAPPLIED, by
permeation and thermal desorption spectroscopy-measurements of H solubility versus H
coupled with a crevice-scaling model of occluded-crack tip pH and potential 69.

Figure 205:H diffusion model predicted (line) and measured (,) Stage II crack growth rates
(at elastic K = 50 MPam, Figure 194) versus applied cathodic potential for aged UNS N05500
(Monel K-500) stressed in 3.5% NaCl. The OCP for this alloy and environment is ~-225
mVSCE55.
The overall fit between this theory and experiment validates the HEAC mechanism with da/dt
limitation provided by crack tip H diffusion. The model predicts the very strong dependence of
da/dt on EAPPLIED and particularly the essential elimination of SCC for applied potentials above 785 mVSCE, which is in excellent agreement with the accelerated SCC test data in Figure 194.
The inverse error function term governs this behavior, providing a 7 order of magnitude
decrease in da/dtII for a 23 mV increase in Eapplied above -800 mVSCE to -777 mVSCE. For EAPPLIED
below -800 mVSCE, to as low as -1200 mVSCE, the inverse error function of normalized H
concentration predicts only a 5-times rise in da/dt.
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The mechanism-based model represented in Figure 205 provides an important contribution to
the proposed accelerated test method and SCCrack simulations. In addition to validating the
accuracy of measured da/dt versus K, this model provides a means to describe the effect of
da/dt on EAPPLIED. Presently, SCCrack linearly interpolates da/dt versus K for the two EAPPLIED
levels in the material property data base, which are closest to the value selected by the Monte
Carlo analysis. When the da/dt versus EAPPLIED function is steeply changing, as suggested in
Figure 205, linear interpolation is inaccurate. A mechanism-based description of the function,
validated by a modest amount of accelerated test-da/dt data as shown in Figure 205, provides a
next level approach to improve the accuracy of the input crack growth rate relationships. Similar
H-decohesion based models exist to predict the EAPPLIED and temperature dependencies of KTH
for SCC by HEAC45,68. These mechanism-based models have been effectively applied to predict
KTH and da/dt for HEAC in ultra-high strength steels45,48.
Future Research
Several important issues must be addressed to advance the capability of the SCC
measurement and SCCrack simulation approach outlined in this paper. First, simulation of SCC
lives in excess of several-thousand hours requires accurate resolution of very slow crack growth
rates below 0.5 nm/s. The primary challenge is to understand and eliminate the effect of crack
tip plasticity on local-metal resistivity and the DCPD distribution so as to reduce the resolution
limit shown in Figure 193. This is a challenging problem because such potential rise is likely
due to several crack tip deformation and geometry-based processes, which were previously
listed. Second, it is important to consider the impact of realistic service environment and
loading conditions on SCC and HEAC. Presently, crack growth rates and H production/uptake
are not well defined for atmospheric thin-film exposure. Moreover, the effect of environment
chemistry change must be understood since summation of growth rates based on linear
“damage accumulation” is likely to be compromised by history-dependent crack (electro)
chemistry. Third, the slow-rising K method likely produces SCC data which are increasingly
conservative as alloy-environment resistance to cracking increases, if the component loading is
primarily quasi-static. Measurement and modeling of the effect of crack tip strain rate on da/dt
versus K (and interacting with environmental variables such as EAPPLIED) is critically important as
the approach matures and so as to further reduce conservatism45,56,68.
The present results show that SCC growth rates in modern high strength-tough alloys, perhaps
coupled with environment control, are sufficiently slow to justify consideration of a damage
tolerant perspective. It is no longer sufficient to assume that an SCC problem is best
approached based on “initiation control” or “infinite life”. Rather, it is important to quantitatively
assess the best approach to SCC management in the context of a specific cracking problem
associated with a failure analysis, alloy or coating development, or cathodic polarization system
design for a known component. Given application specifics, it is then possible to quantitatively
justify the optimal engineering approach. The present test method and SCCrack are well
positioned to contribute to this assessment and provide answers to What If? questions of
engineering significance. The next step is to apply this approach to a specific SCC problem. In
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this process elements of SCCrack may require refinement, as has been the case during
evolution of fatigue programs such as AFGROW40. For a problem where propagation control is
justified, use of SCCrack, with these enhancements, provides a first step toward a nextgeneration prognosis of mission fitness-for-service.
Conclusions
Results presented here demonstrate the efficacy of the proposed measurement and
probabilistic modeling approach. The accelerated laboratory test method characterizes crack
growth kinetics in a reasonably short time, but yields growth rates that appear to be relevant to
long life applications. The fracture mechanics methods incorporated in SCCrack are effective
and readily enhanced to approach the level of that which is present in fatigue prognosis
programs40,41. Crack tip micromechanics, electrochemistry and H-dislocation interaction
understanding and modeling are sufficiently advanced to enhance this damage tolerance
approach41,45,55,68. Specific conclusions are as follows.


SCC-HEAC growth rate measurements are accelerated and precisely quantified by high
resolution DCPD monitoring of a short crack under programmed-rising K loading while
immersed in an aggressive environment.



SCCrack provides probabilistic What-If? simulations of cracked geometry SCC-HEAC
propagation and time-to-failure distributions as a function of applied and residual stresses,
a distribution of EAPPLIED, a distribution of initial crack size, and material-growth rate
variability.



Accelerated measurement and SCCrack simulation of HEAC is validated with a 10,000 h
data base for ultra-high strength steels stressed in aqueous chloride solution.



SCCrack simulations quantify the beneficial effects of important variables on HEAC life for
ultra-high strength martensitic steels such as UNS K92580 (AerMetTM100): (a) reduced H
diffusivity from nano-scale carbide control of H trapping, (b) reduced crack tip H uptake
from mild-cathodic polarization, (c) compressive residual stress, and (d) surface
topography control.



Work is evolving to validate the approach for an aged nickel superalloy (UNS 05500,
Monel K-500) stressed in chloride solution with varying cathodic polarization.



Long lives support damage tolerance plus hydrogen embrittlement mechanism modeling
to control the risk of SCC-HEAC in high strength-high toughness alloys.

Appendix A: Effect of EDM on Aluminum Alloys with Respect to Corrosion
Evaluations
Introduction and Background
During an outdoor exposure test at the Battelle Outdoor Exposure Facility in Daytona Beach, FL,
a 5083-H116 aluminum alloy fatigue specimen that was conventionally machined using end mill
and notched using electric discharge machining (EDM), exhibited corrosion damage near the
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EDM notched surface. The 5000 series aluminum alloys are relatively corrosion resistant when
compared with 2000, 6000 and 7000 series alloys. Based on empirical evidence however, EDM
formed 5053-H116 aluminum surfaces corrode much faster than the base material of all these
alloys. Figure 206 is an example of a 5083-H116 aluminum test specimen showing preferential
corrosion. The red ellipse in Figure 206 highlights accelerated corrosion developing on the EDM
features. Corroded EDM features are in contrast with the other conventionally machined
specimen features: drilled holes and milled faces. Abnormally high corrosion rates surrounding
EDM features on laboratory test specimens raised concern about the impact of manufacturing
methods on corrosion performance. Observation of such preferential corrosion damage at the
critical location of a test specimen indicates potential error in damage predictions or properties
based on laboratory testing of specimens specifically when crack growth properties are evaluated
in a corrosive environment.

Figure 206 US Naval academy CT specimen after 2 months exposure
It is well understood that the surface integrity metallurgical and mechanical state of the subsurface
layers are greatly influenced by the type of manufacturing process. Surface integrity (SI) is defined
as an inherent or enhanced surface condition of a surface produced in machining or other surface
operation.70 Extensive research has been done on the SI of machining and comprehensive
reviews in the field of SI in machining and its impact on properties and life prediction of machined
products has been reported.71,72 These reviews were focused on typical surface alternations such
as phase transformations, microhardness and residual stress from different manufacturing
processes and correlated to performance, primarily fatigue. The influence of machining methods
on a tool steel SAEJ438b revealed a loss of 35% in fatigue endurance in the case of an EDM
machined specimen compared to conventionally milled specimens.73 From these studies
reported in the literature, it is convincing that EDM machining has deleterious effects on the fatigue
performance when compared to conventional milled processes. In spite of lower residual stress
observed in EDM machined specimens in comparison to milled and ground specimens,
microstructural alteration or formation of a white brittle phase on the EDM machined surface,
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specifically in steel and  titanium aluminide ( - TiAl) alloys, appears to be the sole reason for the
observed behavior. The effect of EDM machining on the mechanical properties in aluminum alloys
are limited. EDM machining in aluminum alloys were focused on optimizing the EDM process
parameters.74,75,76. In the case of Al 6061, the report shows that there are no microstructural
changes or hardness variation in abrasive water jet machined specimens compared to specimens
machined from EDM and other cutting processes.77 Another report on 5083 Al alloy shows
microstructure and corrosion characteristics can be improved using silicon electrode in the EDM
process by modifying the recast layer chemistry.78 It is thus clear that a recast layer which results
due to surface melting of the work piece from the spark as well as the electrode material transfer
by the sputtering effect occurs in all cases from hard to soft metals. Furthermore, observations of
preferential corrosion attack near the EDM notch (Figure 206), and, susceptibility of 5083 Al for
stress corrosion cracking due to thermal exposure,79 indicates that there is a strong need for
scientific understanding on the effect of EDM machining on corrosion behavior of aluminum alloys.
This data is crucial, specifically to determine if EDM is a suitable machining approach to
manufacture fatigue specimen to be tested in a corrosive environment. Any alteration in the
microstructure on the surface and sub-surface of the EDM machined coupons will show a crack
growth rate or corrosion rate that might not be a representative. In this regard, the study is focused
on evaluating the surface and subsurface characteristics, and, corrosion behavior of 2024, 6061,
5083 and 7075 aluminum alloys.
Technical Investigations
5.1.7.2.1 Materials and Machining conditions
The materials investigated in this study are listed in the
Table 36. Material type, hardness and conductivity were verified using Thermo Scientific ARL
Quanto Desk - Optical Emission Spectroscope (OES), MTS SA2 nano-indenter hardness tester
and Hockings Autosigma 3000 electrical conductivity meter, respectively. Aluminum alloys 2024T251, 5083-H116, 6061-T6 and 7075-T651 were procured in 0.25” plate form. All the Al alloys
were in the bare state (no clad layer) except for Al 2024-T351. The clad layer in 2024 was
removed by a conventional milling process. Specimens for characterizing roughness,
microstructural changes, sub-surface hardness measurement and evaluation of corrosion
properties were carried out using 0.213” x 0.213” x 4” rectangular long specimens. To compare
the manufacturing methods, the parameters used for conventional milling and the EDM process
were kept the same for all the alloys. EDM was performed using a 0.006” brass wire. The
parameters used for these machining methods were not given importance as the aim of this study
is to evaluate SI and corrosion behavior of two machining process using standard machining
practices.
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Table 36. Aluminum alloys investigated in this study with hardness and conductivity values
Surface Analysis
Alloy

Alloy Chemistry
Si

Fe

Cu

Mn

Mg

6061-T6

0.3

Conductivity

Cr

Zn

Ti

Al

VHN

% IACS

-

0.01

-

Balance

133

29.8

0.04 0.54 4.76 0.06 0.009

-

Balance

98.4

28.8

-

-

Balance

103

46

5.67

0.02

Balance

175

31.4

2024-T351 0.04 0.05 4.16 0.53 1.27
5083-H116 0.08

Hardness

0.65 0.37 0.28 0.11 1.13 0.21

7075-T651 0.07 0.18 0.14 0.05 2.16 0.22

Surface roughness of all the aluminum alloys were milled and EDM methods were analyzed
using a Mitutoyo SJ-400 profilometer. Measurements at different locations on the machined
surface were carried out by placing the specimen on a granite surface block and securing the
specimen using 3M Scotch tape. Figure 207 shows a typical surface roughness measurement
carried out on a test specimen. Two standard measurements were carried out from this study,
mainly Ra and Rz, where Ra is the arithmetical mean or average roughness, and Rz is the
difference between the tallest “peak” and the deepest “valley” within five sampling lengths and
averaging these values. Figure 208 shows schematics of surface roughness values for “Ra” and
“Rz” measurements. Further, surface topography of the machined surface was analyzed using a
scanning electron microscopy (SEM).

Figure 207. Macrograph shows surface roughness measurement setup on granite surface block
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Figure 208. Schematic shows difference between “Ra” and “Rz” surface roughness values
Microstructural Analysis and hardness measurements
Metallographic examinations were carried out on the cross section of the milled and EDM
specimens to evaluate the microstructural changes. The specimens were further examined
using the SEM primarily to study chemical changes that occurred during the machining process
with the aid of energy dispersive x-ray analysis (EDS). EDS analysis was performed both on the
machined surface as well as in the sub-surface of the cross sectioned specimens. The cross
sectioned specimens were also used to measure the hardness of the sub-surface using MTS
SA2 nano-indenter.
Corrosion experiments
To evaluate the corrosion characteristics of the machined specimens, three different types of
experiments were carried out: corrosion potential measurements and linear polarization
resistance using Gamry GR 3000 potentiostat and corrosion damage evaluation in a full
immersion test exposed for 48 hrs. For all these studies a 0.6M NaCl solution was used as the
electrolyte as well as full immersion medium.
Experimental Results
5.1.7.5.1 Surface Roughness
The results of the surface roughness measurements are given below in Table 37. Surface
measurements were taken from at least 4 different locations over a 0.16” (4.06 mm) length from
each location and average values of the roughness “Ra and Rz” are given. Visual as well as SEM
observation of the surface topography confirms the surface quality of the EDM machined
specimens were inferior compared to milled surface.
SEM observation of a typical milled and EDM machined surfaces are shown in Figure 209 and
Figure 210. The milled surface showed micro-tearing and surface smearing features, whereas, in
the case of the EDM machined surface craters from electric arc surface melting was visible. A
high magnification of craters and recast surface with small particles adhering on the re-melt
surface are shown in Figure 210.

327

SAFE-RPT-16-045

Table 37. Surface roughness values for all Al alloys machined using conventional milling and
EDM process
Machining
Method

2024-T351
Ra,
 in

5083-H116

6061-T6

7075-T651

Rz,
 in

Ra,
 in

Rz,
 in

Ra,
 in

Rz,
 in

Ra,
 in

Rz,
 in

Milled

70

358.5

62.5

289.2

75.3

355.5

83.1

364.7

EDM

105.4

675.7

105.3

655.2

100

638.7

96.5

619

Figure 209 SEM image of milled Al 2024-T351 surface

Figure 210 SEM image of EDM Al 2024-T351 surface
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Crater

Flow over

Particles re-deposit

Creasing

Figure 211. SEM image shows higher magnification EDM surface with crater, flow over and redeposits particles
Microstructural analysis

Metallographic examinations were carried out on the cross section of the EDM machined
specimens to determine the depth of the heat affected zone (HAZ) for different aluminum alloy
systems. The EDM process creates an altered metal zone due to the thermal effect and thus
produces a HAZ that has three layers in the sub-surface. A schematic of these layers is shown in
Figure 212.80 In general, for a final finishing operation, thickness of the HAZ will be greatly
reduced and will be difficult to distinguish these three layers under a microscope even at higher
magnification. Based on the metallographic examination, all the aluminum alloys investigated
showed that the thickness of the altered metal zone is of the order of 10 m. The recast and
spattered layers were not clearly distinguishable and appeared as a single layer. Thus, the
metallographic observation revealed clearly two layers as shown in Figure 213, Figure 214,
Figure 215 and Figure 216 for Al 2024, Al 5083, Al 6061 and Al 7075 alloys, respectively.
Spattered and recast layers are sometimes removed during the polishing stage where as the
HAZ can be seen clearly in all the cases.
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Figure 212. Schematic shows heat affected zone altered by EDM process80

Heat affected zone

Spattered and
recast layers

Figure 213. Optical micrograph shows altered metal zone due to EDM in Al 2024 -T351 alloy
specimen
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Spattered and
recast layers

Heat affected zone

Figure 214. Optical micrograph shows altered metal zone due to EDM in Al 5083 Al alloy
Spattered and
recast layers

Heat affected zone

Figure 215. Optical micrograph shows altered metal zone due to EDM in 6061 Al alloy
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Spattered and
recast layers

Heat affected zone

Figure 216. Optical micrograph shows altered metal zone due to EDM in Al 7075 Al alloy
Three hardness indents were placed within the HAZ at different places and average value of these
measurements were recorded. In general, HAZ for EDM specimens shows a decrease in
hardness compared to the bulk hardness. A 21-22% decrease in hardness was observed in 6061
and 7075 Al alloy, whereas 2024 Al showed a 13% decrease and 5083 Al alloy showed a 5%
decrease compared to their bulk hardness. The indent locations were verified using the SEM and
Figure 217 shows typical nano indents placed within the HAZ.
Table 38. Average hardness values measured in HAZ and bulk material

Material/Layer

2024-T351

5083-H116

6061-T6

7075-T651

HAZ hardness (VHN)

116

93.7

81.8

137

Bulk hardness (VHN)

133

98.4

103

175

% Difference

13

5

21

22
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HAZ

Figure 217. SEM micrograph shows indents placed within the HAZ zone for 2024 Al alloy
EDS analysis

Elemental distribution within the HAZ as well as on the top EDM machined surface shows
enrichment of copper on all the Al alloys. A representative SEM image and EDS mapping on a
recast feature on an Al 5083 EDM machined surface is shown in Figure 218, and quantitative
analysis of the elemental composition is given in the Table 39. Copper (Cu) enrichment was
significant on the recast feature compared to the HAZ zone. However, compared to the bulk
material composition, the Cu enrichment in the HAZ is noticeably higher than the bulk material.
For example, Cu is present in 5083 Al alloy in trace amounts of 0.04 wt. %, whereas, on the
recast layer and HAZ, the elemental analysis showed as high as 36 wt. % and 1.2 wt.%,
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respectively. A composite image of SEM image, elemental mapping and corresponding spectrum
taken from the cross section within the HAZ is shown
Figure 219 Composite image shows the SEM image, elemental mapping and corresponding
spectrum within the HAZ of 5083 Al alloy EDM subsurfaceand quantitative elemental analysis
from this region is given in the Table 40.

Figure 218 SEM image and elemental mapping for Cu on the Al 5083 EDM surface shows Cu
enrichment on the recast features
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Table 39 Quantitative elemental analysis from the EDS mapping location shown in the Figure
218
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Figure 219 Composite image shows the SEM image, elemental mapping and corresponding
spectrum within the HAZ of 5083 Al alloy EDM subsurface
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Table 40. Quantitative elemental analysis from the EDS mapping location shown in the Figure
219.

Corrosion Studies
5.1.7.8.1 Corrosion potential studies
Corrosion potential studies on the EDM surface of all the Al alloys shows a significant increase in
the initial corrosion potential compared to the values measured on the milled surface.
Measurements were taken continuously for one hour and the values for the last 30 minutes were
averaged to determine the open circuit potential as per ASTM G69 standard.81 The average open
circuit potential measured from all the Al alloys is given in the Table 41. A representative image
of the corrosion potential studies is shown for Al 5083 in Figure 220.
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Table 41 Summary of average corrosion potential measured milled and EDM process Al alloy
surfaces
Method/ Material

2024-T351

5083-H116

6061-T6

7075

ASTM Std

-652mV

-687mV

-694mV

-685mV

Milled

-648mV

-722mV

-686mV

-750mV

EDM (Avg.)

-625mV

-693mV

-695mV

-710mV

EDM (Initial)

-548mV

-677mV

-620mV

-655mV

Figure 220. Comparison of corrosion potential measurements on a milled and EDM surface of
Al 5083 alloy
Polarization Resistance
Corrosion rates of the all the Al alloys were determined from both the milled and EDM surface
using a polarization resistance tool and calculating βa and βc from Tafel plot. Figure 221 shows a
comparison of the milled and EDM data sets. The most prominent distinction in Figure 221 is the
positive shift in the zero current potential and elongation of the ohmic region of the EDM machined
specimens. Corrosion rates calculated from these studies are given in the Table 42. In general,
the corrosion rate of all Al alloys machined using EDM showed at least an order of magnitude
greater corrosion rate than the conventionally milled specimens.
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Figure 221 Comparison of polarization resistance of milled and EDM surfaces of 5083 Al alloy
Table 42. Corrosion rates calculated from polarization resistance studies on all the Al alloys
Material/Condition

2024-T351

5083-H116

6061-T6

7075-T651

Milled

0.21 mpy

0.55 mpy

0.47 mpy

5.1 mpy

EDM

13 mpy

7.5 mpy

8.0 mpy

12 mpy

Full immersion studies
Visual comparison of corrosion damage was characterized in the full immersion studies. The
results of full immersion studies indicate the EDM surface corroded severely than the milled
surface. In addition, 5083-H116 Al alloy showed comparatively least aggressive compared to
other Al alloy systems studied. Macrograph of the corroded surfaces of milled and EDM
machined of all Al alloys are shown in Figure 221 and Figure 222, respectively.
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Al 5083 – H116

Al 6061 – T6

Al 2024 –

Al 7075 – T6

Figure 222. Macrograph shows comparison of corrosion damage for milled surfaces of all Al
alloys after 48 h immersion in 0.6 M NaCl solution

Figure 223. Macrograph shows comparison of corrosion damage for EDM machined surfaces of
all Al alloys after 48 h immersion in 0.6 M NaCl solution
Discussion
The primary motive of this study is to understand the EDM machining effects on the corrosion
behavior of Al alloys, specifically in Al 5083 due to the observed preferential corrosion damage
near the EDM (Figure 206). Test matrix then included other Al alloys (2024, 6061 and 7075 Al
alloys) that are commonly used in the aircraft structures and compared the EDM machining and
conventional milling processes. The surface roughness of the EDM specimens was
comparatively greater than the surface roughness of the milled specimens. Poor surface quality
in the EDM (rough surface) compared to a conventional milling operation has been reported
earlier.70-72 The spattering and crater formation during spark erosion in the EDM process is
generally attributed to the observed rough surface in the case of the EDM process. This
roughness is also attributed to the commonly observed inferior fatigue performance in steels
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and Ti alloys for EDM machined coupons compared to the milled or abrasive water jet machined
coupons.
The fatigue crack nucleation behavior of any materials is grossly affected by the surface finish.
In addition, the observation of the recast layer on the surface and HAZ zone in the sub-surface
of EDM specimens is expected to affect the fatigue properties. 70-72. Microstructural observation
of a 10 m HAZ in this study is in the range of published values of the EDM process.82,83
Microstructural changes in the HAZ reflected hardness values measured in the metal altered
layer. The hardness of HAZ in the 5083 was almost of the same order as that was in the bulk
(5% difference), compared to 13-22% difference in the other alloy system. This however can be
attributed to the fact that except for 5083, all other Al alloys investigated are heat treatable
alloys. Thus, any changes in the microstructure will largely affect the hardness and visa versa
for non-heat treatable systems like the 5083 Al alloy. Further, the observation of Cu enrichment
in the recast layer as well as in the HAZ is an expected phenomenon. The electrode material
often influences the chemistry of the HAZ, where, the HAZ layer is affected by microstructural
damage or alterations due to the recast layer, re-dissolution of phases and material transfer
from the electrode. Microstructural changes due to re-deposition from the electrode material
have been reported. Even in the case of Al 5083, where the material is more prone to
sensitization, published results shows surface modification of the HAZ using a pure silicon
electrode in the EDM process improved the corrosion resistance.84 Thus, the EDM electrode in
the present study being brass has about 50 to 60 % copper depending on the type of brass.
During the EDM process, copper dissolves in the recast layer and HAZ affecting the surface
corrosion properties. Thus, in the corrosion potential studies, an initial high corrosion potential
was observed in all the Al alloys machined using EDM compared to the milled surface. It has
been reported that a copper ion concentration of 0.02 to 0.05 ppm in neutral or acidic solution is
considered as a threshold of pitting corrosion.85 Similar observations have been reported in AlMg systems.86 Thus, corrosion potential changes due to copper enrichment should be expected
when EDM is used especially when using a brass electrode.
The deleterious effect of Cu enrichment on the surface as well as in the sub-surface layer of the
EDM machined specimens was reflected in corrosion rate studies using the polarization
resistance technique, as well as, in the full immersion studies. An order of magnitude in the
corrosion rate indicates the copper diffusivity in the recast and HAZ layer plays a dominant role
in the corrosion behavior. Observation of less corrosion in 5083 compared to all the other Al
alloys (2024, 6061 and 7075) in the milled surface is as expected. 5083-H116 temper is a better
corrosion resistant alloy and widely used in marine structures. However, only in the sensitized
state of the 5083-H116 material is susceptible to stress corrosion cracking.79 Thus, the corrosion
behavior of all EDM processed Al alloys showed poor corrosion resistance compared to the milled
surface partly due to copper enrichment and microstructural changes in HAZ.
Conclusion
Based on the comprehensive study on the effect of EDM machining of 2024-T351, 5083-H116,
6061-T6, and 7075-T651 Al alloys on the corrosion behavior, the following conclusion are made:
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EDM surface roughness is much inferior compared to the surface roughness of the
milled surface
A metal altered layer with a thickness of 10 m is found to be common for all the Al
alloys.
Hardness measured on the HAZ is less than bulk material in Al 2024, Al 6061 and Al
7075 alloys and less significant or comparable in Al 5083.
Corrosion potential of the EDM machined surface is greater compared to the milled
surface. Thus, the EDM surface will act as a galvanic couple to its adjacent bulk surface.
Corrosion rates of the EDM machined surface were at least an order of magnitude
higher than the milled surface.
Corrosion damage observed from the immersion experiment confirms the result of the
corrosion potential and corrosion rate studies (polarization resistance).

The present study clearly indicates that EDM process should be used with utmost care for
manufacturing test coupons. Manufacturing notches for CT specimen to test the fracture
toughness will not be a problem when EDM is used, however, for all other fatigue crack growth
studies (both in the ambient and corrosive environment) and corrosion test coupons, EDM
machining should be avoided.
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6. Stress Corrosion Crack Growth in Ultra-High Strength Steel
Summary
The over-arching objective of Task 7 is to broaden and transition the data base and scientific
foundation to improve Department of Defense (DoD) management of stress corrosion cracking
in low alloy and stainless ultra-high strength martensitic steels through metallurgical and
electrochemical environment control. A major-specific objective is to develop and transition a
broad database describing the chloride-solution stress corrosion cracking-hydrogen
environment assisted cracking (SCC-HEAC) behavior of a wide and systematically varying
range of ultra-high strength alloy steels (UHSS; FerriumTMM54, CrNiMoWV, and AerMetTM100)
and corrosion resistant ultra-high strength steels (UHSSS; FerriumTMS53, FerriumTM PH48S,
and Custom®465). A parallel-Technical Corrosion Collaboration (TCC) program has permitted
broad examination of the effect of applied electrochemical potential on steel stress corrosion
cracking resistance, with substantial mechanistic interpretation. Collectively, these two TCC
studies provided the basis for the successful PhD degree of Mr. Greg Pioszak, who has joined
the Exxon-Mobil Research and Engineering Company. This research established the most
comprehensive data base on stress corrosion cracking of modern martensitic alloy and
corrosion resistant (near-stainless) steels, focused on the ultra-high strength level above 1,600
MPa. These performance data were correlated with a detailed high resolution analysis of
martensite microstructure and crystallography, as well as with SEM fractographic findings,
which collectively establish the microstructural path of transgranular SCC. A single environment
was used for this study; full immersion of the fatigue precracked specimen in 0.6M NaCl
solution. The effect of applied polarization, extending from the open circuit level to include
severe cathodic polarization, was defined for each steel. As a result, metallurgical effects are
understood for a wide range of environmental exposure conditions. Fracture mechanics data
on the threshold stress intensity and H-diffusion limited rates of SCC were modeled based on
hydrogen embrittlement, with particular focus on the electrochemical origins of the complex
potential dependence of SCC. This collective body of laboratory measurements and
mechanism-based predictions of cracking kinetics provides sound input for damage tolerant
simulation of component SCC resistance, as detailed in Task 5.
Background and Approach
The best ultra-high strength steels, both commercial and next generation with tensile yield
strength above about 1,600 MPa, are remarkably strong and tough. However, such steels are
often prone to significant intergranular and transgranular stress corrosion cracking (SCC), which
may limit performance in DoD applications. The likely mechanism for a wide range of moistenvironmental conditions is hydrogen environment assisted cracking (HEAC). Both cadmiumplated low alloy steels and corrosion resistant (near-stainless) ultra-high strength steels are of
interest given the need for alternative and environmentally compatible routes to achieve steelcorrosion resistance in atmospheric service. Metallurgical control through computational
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materials design coupled with damage mechanism understanding and rigorous-accelerated
characterization to enable life prediction is in an infant stage, but provides a modern approach
to steel development. Significant opportunities exist to transition three capabilities developed
under prior and parallel TCC/DoD-sponsored research: accelerated laboratory testing, steelprocessing optimization from the SCC perspective, and fracture mechanics based damage
tolerant modeling of component life described in Task 5. Successful transitions will impact alloy
selection and the performance of DoD components in field environments.
The emphasis of Task 7 is to transition and expand the results of in-depth PhD research on
metallurgical aspects of SCC of ultra-high strength steels. This research has been ongoing at
the University of Virginia, UVa, funded by a separate OSD-TCC sponsored cooperative
agreement between UVa and the Center for Aircraft Structural Life Extension (CAStLE) at the
United States Air Force Academy.1 Collectively, Focus Area 2 of this parallel TCC study1, plus
Task 7 of this program, provide the basis for the PhD dissertation of Mr. Greg Pioszak. Two
categories of alloy steel are considered, ultra-high strength steel (UHSS) such as AerMetTM100,
which requires a surface coating such as cadmium, Cd, for corrosion resistance, and ultra-high
strength stainless steel (UHSSS, or more accurately corrosion resistant steel) such as
Custom®465, which is sufficiently corrosion resistant by virtue of chromium, Cr, and
molybdenum, Mo, addition to be used without a surface coating. Each of these steels is based
on a martensitic microstructure with precipitation hardening by either secondary-carbide or
intermetallic phase precipitation during aging after martensite formation at a cryogenic
temperature.
The original objectives of Task 7 of the current SAFE-lead program were to: (a) develop an
atmospheric exposure test for SCC and hydrogen embrittlement, building on the Task 5
framework, (b) apply this laboratory test to quantitatively characterize current-alloy or candidatealloy performance, and (c) develop an alternate alloy processing method to improve steel
cracking resistance. Early in the program, it became evident that the atmospheric test focus
should be replaced by an emphasis on metallurgical effects on SCC-HEAC, using the wellestablished full immersion experiment and model NaCl environment. This decision was made
for four reasons. First, the opportunity was presented to receive a large amount of high quality
data from QuesTek Innovations, describing the SCC resistance of two modern UHSS/UHSSS
alloys relevant to the DoD. (These results were obtained by QuesTek funding of a commercial
test laboratory and under the supervision of Professor Gangloff using the UVa-STTR
experimental method outlined in Task 5 and employed full immersion in pure NaCl solution.)
Second, literature data show that UHSSS alloys exhibit a remarkable transition from SCC
resistant to SCC prone due a modest change in aging condition to achieve a modest strength
increase. The fundamental cause of this degradation was not understood; development of an
SCC-resistant UHSSS at higher strength is a high impact accomplishment. Third, parallel TCC
research on atmospheric exposure effects on corrosion of aluminum, Al, alloys demonstrated
that such experiments are difficult to control and interpret. Finally, with the arrival of a state-ofthe-art scanning electron microscope at UVa, Mr. Pioszak’s interests focused on microstructural
characterization and correlations with SCC-HEAC, which intersected the technological need to
understand the effects of steel aging and composition on SCC-HEAC.
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The originally proposed research in Task 7 focused on two UHSSS alloys, commercially
available Custom®465 and modern FerriumTM PH48S recently invented by QuesTek
Innovations, LLC for a Marine Corps application. With the change in objectives noted above,
Task 7 was expanded to add several UHSS and UHSSS alloys. This redirection was leveraged
by prior STTR, TCC and ONR sponsored research on SCC of AerMetTM100 and on a laboratory
lot of a newly developed low-cost Co-free UHSS (CrNiMoWV)2, as well as by the collaboration
with QuesTek to characterize the SCC behavior of two modern ultra-high strength steels,
FerriumTMM54 and FerriumTMS53. FerriumTMM54 contains a lower Co-content (7 weight, wt,
percent, pct) and hence is a lower cost variant of AerMetTM100. FerriumTMS53 contains high Cr
(10 wt pct) and is therefore a corrosion resistant variant of AerMetTM100. The strengthening
phase is (Cr,Mo)2C in each UHSS and in FerriumTMS53, different from the Ni3Ti ( phase)
precipitate in both FerriumTMPH48S and Custom®465. Both FerriumTMS53 and FerriumTMM54
are presently being used and considered for use in Navy and Air Force aircraft applications.
The data developed and analyzed in this Task 7 were frequently communicated to the various
DoD laboratories cited in Task 5.
Objective
The over-arching objective of Task 7 is to broaden and transition the data base and scientific
foundation to improve DoD management of stress corrosion cracking in low alloy and corrosion
resistant (stainless) ultra-high strength martensitic steels through metallurgical and
electrochemical environment control. The revised-specific objectives of Task 7 are to:




Develop and transition a database describing the chloride solution SCC-HEAC behavior
of a wide and systematically varying range of ultra-high strength low alloy steel
(FerriumTMM54, CrNiMoWV, and AerMetTM100) and corrosion resistant UHSSS
(FerriumTMS53, FerriumTM PH48S, and Custom®465) alloys. The parallel program1
permits this data base to include the important effect of applied electrochemical potential
on UHSS and UHSSS SCC-HEAC resistance.
Understand and optimize steel heat treatment, with emphasis on demonstrating the
deleterious role of thin-film austenite on SCC resistance. A second focus is to
understand the role of strengthening precipitate in affecting the strong decrease in SCC
resistance concurrent with aging to produce the ultra-high strength levels that are
important to DoD applications involving UHSSS.
Statement of Work

The statements of work are to:




Develop and transition existing fracture mechanics based SCC growth rate data
obtained at UVa for ultra-high strength corrosion resistant steel into the SCCrack
program data base outlined in Task 5.
Support DoD program acquisition of additional SCC data needed to meet specific steel
or environment needs not addressed by the conditions of the ongoing experiments at
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UVa; see proposed Task 5. These new experiments will be obtained from either: (a) a
commercial testing laboratory (such as Fracture Technology Associates or
Westmoreland Mechanical Testing and Research), which implemented our testing
procedure under prior NavAir STTR support, or (b) implementation of this testing
capability through collaboration with Center for Structural Aircraft Life Extension
(CAStLE) engineers and United States Air Force Academy (USAFA) cadets.
Guide the corrosion-fatigue experiments proposed in Task 4 by providing microstructure
and SCC inputs for a common ultra-high strength stainless steel.
Deliverables









Further analyze quantitative data on stress corrosion cracking of UHSS and UHSSS
alloys to: (a) establish the microstructural features that control SCC and HEAC in these
steels, (b) establish the interaction of metallurgical and galvanic coupling effects on
SCC-HEAC, and (c) improve fundamental mechanism understanding.
Support Task 5 transitions of the improved SCC data base, as well as the accelerated
laboratory test method, to DoD laboratories when the focus is on SCC and HEAC of
steel.
Inform Task 4 research on corrosion-fatigue interaction in UHSS and UHSSS to ensure
that such work is well grounded in microstructure and hydrogen embrittlement
understanding.
Continue to support the Center for Structural Aircraft Life Extension and the Department
of Engineering Mechanics, each located at the US Air Force Academy.
Technical Results

In May of 2015, Greger Pioszak completed and successfully defended his PhD Dissertation,
entitled Hydrogen Assisted Cracking of Ultra-High Strength Steels. 3 (A copy of this dissertation
is available upon request from Professor Gangloff.) This research established the most
comprehensive data base on stress corrosion cracking of modern martensitic alloy and stainless
steels, focused on the ultra-high strength level above 1,600 MPa. These cracking data were
correlated with a detailed high resolution analysis of the complex martensite microstructure and
interface crystallography, as well as with SEM fractographic findings, which collectively establish
the microstructural path of transgranular SCC. A single environment was used for this study;
full immersion of the fatigue precracked specimen in 0.6M NaCl solution. The effect of applied
polarization, extending from the open circuit level to include severe cathodic polarization, was
defined for each steel. As such, metallurgical effects are understood for a range of
environmental exposure conditions. This simple aqueous chloride solution was selected based
on: (a) the complexity associated with quantitative measurement and environment
characterization for atmospheric environments, (b) the broad amount of electrochemical data
available describing H uptake which is central to metallurgical effects on SCC, and (c) the likely
connection to field environments based on crack tip H concentration as being studied by
Schaller and Scully in a parallel TCC program. Simply stated, metallurgical understanding and
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crack growth rate modeling focused on full immersion NaCl solution will be directly scalable to
component performance in field environments. This extension is outside the redirected scope of
Task 7. Fracture mechanics data on the threshold stress intensity and H-diffusion limited rates
of SCC were modeled based on hydrogen embrittlement, with particular focus on the
electrochemical origins of the potential dependence of SCC. Dr. Pioszak has accepted an
engineering position with Exxon-Mobil Research and Engineering Company based in Houston,
TX, and began his new assignment on August 1, 2015.












The conclusions established during this research are presented as follows. The
supporting data and analyses are detailed in Mr. Pioszak’s PhD dissertation3, as well as
in a final report to be issued in September of 2015,1 and two papers that are under
preparation for journal publication. Typical figures are presented in conjunction with
these conclusions and are explained in these supporting references.
The stress corrosion cracking resistance of a systematically selected range of ultra-high
strength martensitic steels was characterized for slow-rising stress intensity factor, K,
loading in aqueous chloride solution for a wide range of applied polarization (Eapp).
Precisely measured crack growth kinetics and crack surface morphologies were
correlated with a high-resolution electron backscatter diffraction, EBSD-based analysis
of martensitic microstructure, including feature size/morphology and interface
crystallographic characteristics. Results were interpreted in the context of quantitative
models of crack tip hydrogen environment embrittlement, with predictions of associated
threshold stress intensity and Stage II crack growth rates.
300M, experimental chromium, nickel, molybdenum, tungsten, vanadium steel
(CrNiMoWV), AerMetTM100, FerriumTMM54, and FerriumTMS53 martensitic steels
aged to ultra-high strength are susceptible to severe HEAC when polarized near to open
circuit potential, OCP in the range of -225 to -550 mVSCE, or substantially cathodically
to as low as -1,100 mVSCE. Typical results are shown in Figure 224 and Figure 225.
This suite of modern UHSS alloys resist SCC-HEAC by virtue of crack growth rates
which are reduced 2.5 to 3 orders of magnitude compared to legacy 300M; as attributed
to a nano-scale carbide distribution ((Mo,Cr)2C, WC, and/or VC) which reduces the
mobility of deleterious H due to strong-reversible trapping at strengthening carbide
interfaces.
Experimental CrNiMoWV, AerMetTM100, FerriumTMM54, and FerriumTMS53 steels
aged to ultra-high strength are highly resistant to HEAC when stressed in a limited range
of Eapp, mildly cathodic to OCP, which confers elevated threshold stress intensity factor,
KTH, and greatly reduced Stage II crack growth rate, da/dtII, which is mildly dependent
on K or K independent. The breath of this protective window is correlated to a low
concentration of diffusible hydrogen, and attributed to a minimum in overpotential for
hydrogen production and hydrolytic crack tip acidification. 300M does not exhibit this
behavior, but experimental results are limited. Supporting results are shown in Figure 3.
The data in Figure 224 through Figure 226, amplified for all steels in Reference 3,
establish that variable additions of Cr and Co do not impact the absolute values and
applied potential dependencies of the threshold stress intensity factor for the kinetics of
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HEAC. This result is somewhat unexpected given the potential impact of Cr and Co on
the hydrolytic acidification and surface passivation elements of occluded crack
electrochemistry and H uptake which govern crack tip H-damage. Electrochemistry and

H uptake experiments must be conducted to establish the fundamental explanation for
the lack of a strong effect of steel composition on SCC by HEAC.
Figure 224 Applied stress intensity factor dependence of crack growth rate for several UHSS
and UHSSS alloys in 0.6M NaCl solution with cathodic polarization.




Intergranular SCC of UHSS is well predicted by the embrittlement parameter (Ψ)
threshold of 0.5 wt pct, notably for the ultra-high strength level and elevated crack tip H
concentrations achieved here3, and building on the pioneering studies by McMahon and
coworkers.3 Transgranular quasi-cleavage cracking dominates HEAC for AerMetTM100,
FerriumTMM54, and FerriumTMS53 (Ψ = 0.02, 0.01, and 0.02 wt pct, respectively, likely
further reduced due to rare earth treatment that greatly reduces the concentration of
free-atomic impurities due to compound formation), while predominately intergranular
fracture is exhibited by 300M (Ψ = 1.8 wt pct), which did not contain rare earth elements.
Close matching of fracture surface features with EBSD-measured martensite
microstructure and crystallography indicates that HEAC is likely governed by a coupled
HELP/HEDE mechanism; H cracking primarily pro ceeds along {110}’ martensite block
boundary planes. Typical results are shown in Figure 227
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Figure 225 Left: applied stress intensity factor dependence of crack growth rate for several
UHSS alloys in 0.6M NaCl solution with cathodic polarization. Right: EBSD characterization of
the martensitic microstructure (top) compared to the typical transgranular




The grain boundary character distribution (GBCD) does not significantly vary between
the present suite of UHSS alloys. Randomly oriented high energy martensite interfaces
form the majority of boundaries (59-67%) in each alloy and exhibit high connectivity
(fractal connectivity factor, DR = 1.8-1.9). High energy interfaces speculatively trap
significantly more hydrogen during HEAC providing an interconnected crack path
through the microstructure. However, no alloy-specific effect of boundary structure on
HEAC kinetics can be determined.
Crack tip models of HEAC provide consistent and reasonably accurate predictions of the
Eapp dependence of KTH and da/dtII in legacy 300M, AerMetTM100, and
FerriumTMM54. Comparison of predicted and measured HEAC kinetics among these
alloys demonstrates the dominating-beneficial effect of increased alloy purity and
precipitation of nano-scale carbides in reducing HEAC susceptibility of UHSS.

The stress corrosion cracking resistance two of ultra-high strength stainless (corrosion resistant)
steels, each aged at several temperatures, was characterized for slow-rising K loading in
aqueous chloride solution as a function of widely varying applied-cathodic polarization. High
resolution crack growth kinetics and fracture surface morphologies were correlated with a highresolution SEM-based analysis of martensitic microstructure, including feature size/morphology
and interface crystallographic characteristics.
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Figure 226 Effect of applied electrode potential on KTH (top) and Stage II crack growth rate
(bottom) for two UHSS, AerMetTM100 and FerriumTMM54 stressed in 0.6M NaCl solution. The
solid lines represent micromechanical model predictions of each SCC-HEAC property, as
developed based on the interface-H decohesion model
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Figure 227 Quasi-cleavage facets and representative areas of martensite block structure in
EBSD-Orientation Imaging Maps for AerMetTM100 (a,d), FerriumTMS53 (b,e) and FerriumTMM54
(c,f). Images are shown at identical magnification.
Observed trends in HEAC properties were interpreted in the context of micromechanical
models of hydrogen environment assisted cracking, fracture morphology, and martensite
microstructure.




Custom®465 and FerriumTMPH48S, aged to several ultra-high strength levels, are
susceptible to severe SCC-HEAC when stressed in 0.6M NaCl under moderate to heavy
cathodic polarization. Supporting results are shown in Figure 228.
Custom®465 and FerriumTMPH48S, aged to ultra-high strength, are highly resistant to
SCC-HEAC when stressed within a limited range of applied potential, mildly cathodic to
OCP, which confers elevated KTH and reduced da/dtII. Identical to UHSS behavior, the
presence of this protective window is correlated to low concentration of crack tipdiffusible hydrogen, traced to a minimum in hydrolytic crack tip acidification and
overpotential for hydrogen production. The range of cathodic polarizations conferring
strong resistance to SCC is increased in UHSSS compared to UHSS. Results are
shown in Figure 229 and Figure 230.
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Figure 228 Applied stress intensity dependence of crack growth rate for two corrosion resistant
ultra-high strength stainless steels stressed in 0.6M NaCl solution with cathodic polarization.

Figure 229 Applied stress intensity dependence of crack growth rate for Custom®465-H900,
stressed in 0.6M NaCl solution with several levels of applied-cathodic polarization.
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Figure 230 Applied electrochemical potential dependence of: (top) threshold stress intensity for
the onset of SCC and (bottom) Stage II crack growth rate for two UHSSS, Custom®465-H900
and FerriumTM PH48S, each aged to the same ultra-high strength level and stressed in 0.6M
NaCl solution.
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The HEAC fracture path in Custom®465 is exclusively intergranular (IG) along prior
austenite grain boundaries; results are shown in the left-two images of Figure 231. IG
HEAC facets lack strong indications of small-scale grain boundary plasticity observed in
IG HEAC of high purity CrNiMoWV.

Figure 231 Left: intergranular SCC in Custom®465-H900 and Right: FerriumTMPH48S-H860,
each stressed in 0.6M NaCl at Eapp = -975 mVSCE.




In contrast, all aging conditions of FerriumTMPH48S exhibit exclusively transgranular,
TG, fracture, as shown by the right-two images of Figure 231. Close matching of
fracture surface features with EBSD measured martensite microstructure indicates that
HEAC primarily proceeds along {110} martensite block boundary planes in
FerriumTMPH48S, identical to TG HEAC of UHSS.
The SCC-HEAC resistance of FerriumTMPH48S systematically falls as aging temperature
is decreased and yield strength rises; results are shown in Figure 232. When compared
to Custom®465 at equal strength (see Figure 7), the potential dependency of KTH is
identical, but da/dtII is substantially reduced for FerriumTMPH48S. Increased crack
velocity, da/dt, in Custom®465 is due a significant reduction in grain boundary cohesion
sourced at the synergistic interaction of metalloid impurities such as S and hydrogen
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Figure 232 Applied stress intensity dependence of crack growth rate for FerriumTMPH48S, aged
at four different temperatures (H-degrees Fahrenheit), and stressed in 0.6M NaCl solution with
several levels of applied-cathodic polarization.





locally enriched at the grain boundary. (The presence of grain boundary S in
Custom®465 was surmised from high resolution, but indirect, trace element analyses and
the use of rate-earth treatment for modern Ferrium alloys, but not for Custom®465. While
consistent with theory, this speculation was not independently proven because localizedgrain boundary composition was not measured by Auger spectroscopy for the various
steels studied.)
The hydrogen solubility of Custom®465–H900 is significantly increased compared to
three aging conditions of FerriumTMPH48S (H900, H950, and H968) when H-charged in
0.001M sodium hydroxide, NaOH, (pH = 10) at Eapp = -1,350 mVSCE. Regression fit DH-EFF
for H-outgassing of Custom®465 is increased (2.6 x 10-9 cm2/s) compared to
FerriumTMPH48S (2.3 – 7.0 x 10-10 cm2/s). Close agreement with recent thermal
desorption spectroscopy characterization of DH-EFF in Custom®465–H900 (6.2 x 10 -9
cm2/s) strongly supports the validity of these data. DH-EFF is defined as the trap-sensitive
effective diffusivity of H in steel.
Close agreement in the morphology of quasi-cleavage facets observed on the TG
fracture surfaces of 300M, AerMetTM100, FerriumTMM54, CrNiMoWV, FerriumTMS53,
Custom®465, and FerriumTMPH48S indicates that an identical HEAC mechanism is
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active in each alloy. The hydrogen-enhanced localized plasticity-hydrogen enhanced
decohesion (HELP-HEDE) mechanism for HEAC proposed by Nagao et al.3 provides a
reasonable set of mechanistic steps to explain the HEAC fracture morphology of UHSS
and UHSSS. This conclusion was established based on extensive comparison between
scanning electron fractographic observations (Figure 233-left) and high resolution EBSD
measurements of martensite structure orientation (Figure 233-right).

Figure 233 Left: SEM fractographs and Right: EBSD microstructure maps for Top:
AerMetTM100 and Bottom: FerriumTMPH48S, each at the same magnification. Specimens were
stressed in 0.6M NaCl solution at -1,000 mVSCE for AerMetTM100 and at -975 mVSCE for
FerriumTMPH48S.




The HEAC fracture morphology in FerriumTMPH48S is invariant with electrochemical
environmental severity and aging condition. This result establishes that the generic
HEAC mechanism is not affected by crack tip hydrogen concentration, precipitate
composition/morphology, and alloy yield strength.
Resistance to SCC in each UHSS and UHSSS examined did not correlate with the
presence or absence of retained or precipitated (reverted) austenite. Moreover, neither
scanning electron microscope back scatter electron (SEM-BSE) imaging, TEM imaging
(Figure 11, top right image), nor SEM-EBSD mapping (Figure 234, top left image and
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included table) revealed the presence of any secondary phase along prior austenite
boundaries or martensite interfaces. These results suggest that X-ray diffraction (XRD)
measurements of precipitated austenite in Custom®465 and Ferrium PH48S (and by
inference, other UHSS and UHSSS shown in the table contained in Figure 234) are
substantial over-estimates due to the challenge in measuring a low volume fraction of
austenite. Moreover, the Ni3Ti strengthening precipitate in the UHSSS appears to
provide a false indication of austenite due to overlapping diffraction patterns. These
results suggest that control of precipitated austenite in the cryogenically quenched alloys
examined is not a fruitful path to develop SCC-HEAC resistant ultra-high strength steels.

Figure 234 EBSD measurements (top left) showing the lack of austenite (red features) in
FerriumTMPH48S-H900, consistent with TEM imaging of the martensite-block structure in this
same steel (top right). A similar result was obtained for Custom®465-H900, as indicated in the
table of results
Throughout the performance of Task 7, research results were presented in SAFE and TCC
program reviews, including data from the parallel USAFA-sponsored program.1 This merged
reporting provided the most effective communication of this work. During July to November of
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2011, Professor Gangloff spent a sabbatical at the United States Air Force Academy, working
with CAStLE/SAFE staff and Department of Engineering Mechanics faculty.
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