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ABSTRACT
Corrosion has a significant impact on the structural
integrity of aging aircraft. Several models are now
available to predict the remaining service life that is
purely based on the service load spectra. Similarly,
there are several corrosion models (CM) published
in the literature that are specific to a unique combination of material type and corrosion mechanism.
However, a true integration of corrosion models into
structural life prediction software is not available.
Thus to address this need, the present work is
aimed at integrating CM into the AFGROW structural
integrity fatigue crack growth modeling program. To
accomplish this effort, the corrosion and mechanics
based damage prediction models must rely on robust CMs, as well as quantified strength degradation
from different types of corrosion damage. The present work addresses the CM selection criteria, verification and validation of these CMs and impact of
these corrosion mechanisms on mechanical properties. Well established pitting, intergranular and exfoliation corrosion models were selected from the literature and validation experiments were carried out on
coupons. In addition, static and fatigue properties
were evaluated in the pristine condition, as well as
for the most sever exposure conditions for the same
validated CMs. 316 Stainless steel was chosen to
validate pitting corrosion kinetics, Al 2024-T3 for intergranular corrosion (IGC) kinetics and Al 7178-T6
for exfoliation corrosion kinetics. Selection of these
materials was dictated by the corresponding CM.

Results of the CM validation are presented. Mechanical properties are characterized after maximum exposure time in each corrosion environment for each
CM parameters as well. In general, IGC and exfoliation damaged coupons showed substantial degradation in fatigue properties and negligible effect in static properties. Fatigue life decreased by an order of
magnitude in the case of intergranular and exfoliation corrosion damage. In the case of the pitting
studies carried out using 316 stainless steel, the results indicate both static and fatigue life are not affected for the experimental conditions investigated.
This behavior was attributed to small and shallow
sizes of the induced corrosion pit. The paper addresses the integration of CM in AFGROW and its
current status.

INTRODUCTION
Current state of the art commercial crack growth
simulation programs provide structural engineers
with the ability to predict fatigue crack growth, assess predicted life as a function of load history, and
crack nucleation. There are at least three commer®
cial tools AFGROW, NASGRO and BEASY crack
growth simulation tools. All these programs are
based on linear elastic fracture mechanics (LEFM)
and operate on the principle of existence of an initial
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flaw of a known size. The user interface is slightly
different among these commercial tools, however,
the principle behind the crack growth prediction are
all similar. Though these tools enable damage tolerance analysis, they do not account for all types of
flaws or damage, specifically corrosion. Corrosion
damage is complex and depends on material, temper, and, environment. This makes it difficult to assess the various corrosion models available and integrate them within fracture mechanics based software programs. Thus, it is very important to review
the published corrosion models, and to select and
verify appropriate models before incorporating CMs
into fatigue crack growth software programs. Three
corrosion modes were investigated; exfoliation, intergranular and pitting. A thorough review of the literature was carried out before selecting the most
appropriate corrosion model for each of the corrosion modes investigated. Inclusion of the complete
review of the available corrosion models is beyond
the scope this paper [1]. Hence, the paper is structured in following way: a brief description of the selected corrosion model is presented for each mode
(exfoliation, intergranular and pitting) as part of the
introduction. This is followed by experimental methods, results and discussion for each corrosion mode.
The experimental study includes both corrosion
model verification and mechanical testing of the corroded specimens for each corrosion mode. This section is followed by architecture of the corrosion model integration process with the fatigue crack growth
software, AFGROW. Finally an overall summary of
the work is presented.

serve as a test case for thickness loss prediction
and its coupling to fracture mechanics predictions.
Zhao and Frankel tested 7178-T6 material from a
decommissioned aircraft exposed to constant relative humidity (RH) after an initial exposure to anodic
polarization in 1 M NaCl in order to initiate attack.
Exposure times ranged up to 100 days, and the
thickness of the attacked region was measured periodically using magnified optical images. The governing power law, d = A’·t·exp(B·RH), depends on the
input parameters exposure time “t” in days and relative humidity (RH). A’ and B are constants used to
tune the model. The main output of this model is the
depth of exfoliation damage in length scale (d).
The intergranular corrosion (IGC) model selected
predicts the maximum IGC fissure length and follows
the power rate law under a specific electrochemical
experimental condition developed by Zhang and
Frankel [3]. The model developed was based on
penetration depth measurements from a full immersion condition under different electrochemical conditions. In arriving at the conclusion to use this model,
the authors reviewed data to support the penetration
rate studies for different test conditions. The model
predicts the penetration depth by the power law
n
d=a·t , where a=0.0756 for growth from the LT surface “in the ST direction” in Frankel’s terms, t in (h)
and n = 0.5 [3] can be used for 1.9 cm thick Al 2024T3 plate material.
The pitting corrosion model selected for verification
is a simple model that predicts maximum pit size
based on the salt loading density under 97% RH
environment. This model proposed by Woldemedhin
et al. [4] predicts maximum pit size for 304L and
316L stainless steels. The experimental study involved exposure of 304L and 316L stainless steel
with a thin film of ferric chloride solution with a load2
ing density of 400 µg/cm at a relative humidity of
97%.

CORROSION MODELS
Based on the review of published corrosion models,
a selection was made with regards to what corrosion
modes would be most amenable for validation testing as well as the suitability of a corrosion model to
be coupled to structural integrity estimates. The criteria for selection of a corrosion model to be tested
include:
o
o
o
o

EXPERIMENTAL METHODS

The model needs to be quantitative with respect to geometry changes that are relevant
to structural integrity
The model should have been validated
across more than one variable
The time horizon for the damage development should be amenable to laboratory testing
The damage mode should be applicable to a
DOD component corrosion issue

Exfoliation corrosion
Materials and Method
The exfoliation corrosion model selected for validation is based on the work published by Zhao and
Frankel [2] recommended above, using Al 7178-T6
material extracted from a decommissioned aircraft.
The testing performed follows the same test procedure outlined in the reference article [2]. For corrosion, loss of thickness is a parameter that was verified at 96% relative humidity (RH) after an initial ex-

The exfoliation model selected is a power law developed by Zhao and Frankel [2]. This model could
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posure to anodic polarization in 1 M NaCl in order to
initiate attack. In addition, to understand the effect
of exfoliation corrosion damage on mechanical
properties, tensile, compression and fatigue properties were evaluated after exposing the specimens to
102 days in corrosion environment.

composition was found to be marginally lower and
closer to the lower limit. However, the measured
hardness 191 VHN and conductivity of 32% IACS
are well in the range of the T6 condition for 7178 –
T6. All the specimens were masked to limit the exposure to the test section, pretreated electrochemi2
cally using 1 M NaCl solution at 5.5 mA/mm current
density for 7 hours and then rinsed with de-ionized
water and air dried before exposing to different RHs.
Exfoliation model verification specimens were exposed to 96% RH for different lengths of time to verify the power law model proposed for the exfoliation
corrosion. Both tension and compression test coupons were exposed for the maximum exposure period i.e., 102 days at 75% and 96% RH conditions.
Fatigue coupons were exposed to different RH i.e.,
30, 55, 65, 75 and 96% RH for 102 days. Different
relative humidities were maintained using separate,
sealed containers with different salts in a saturated
solution with water [5] as shown in Table 2.

Al 7178-T6 material was extracted from upper wing
skin of a decommissioned aircraft. The measured
thickness of the wing skin was 0.22in (5.59mm) and
the final thickness of all the specimens machined for
testing was 0.213in (5.41mm). Figure 1 shows the
schematic of the specimen type and geometry machined for corrosion model verification and mechanical testing.
Alloy chemistry was verified using Thermo Scientific
ARL Quanto Desk optical emission spectroscopy
(OES), hardness and conductivity measurements.
The chemical composition of the 7178 material used
in this this study is given in the Table 1. Magnesium

Figure 1.
Schematic showing the geometry of all specimens used for exfoliation corrosion model verification and mechanical
testing

Table 1
Comparison of chemical composition (wt.%) for Al 7178 used in this study and by Zhao and Frankel [2], and compared with ASM handbook values
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* - ASM Metals Handbook, Vol.2 - Properties and Selection: Nonferrous Alloys and Special-Purpose Materials,
ASM International 10th Ed. 1990.

Table 2
Salts used for maintaining different relative humidity
RH Targets / Program

30%

55%

65%

75%

95%

Calcium chloride Potassium carbonate Potassium io- Ammonium chlo- Sodium sulZhao and Frankel
hexahydrate (30.1%) dihydrate (49-50%)
dide (65.1%)
ride (76.5%)
fate (96%)
[2]
Present work

Calcium chloride
Magnesium nitrate
Sodium Bro- Sodium chloride Sodium sulhexahydrate (30.1%) hexahydrate (55%) [5] mide (65%) [5]
(75%) [5]
fate (96%)

Prior to exposing the coupons at different RHs, the
RH in each container was monitored and verified for
salt type using a LabView interfaced data recorder
for a period of at least 10 days. Depth of the exfoliation damage was assessed by sectioning the thickness loss specimens and observing under an optical
microscope after polishing using standard metallographic techniques. This penetration depth or the
depth of exfoliation damage was presented as the
width change of the un-exfoliated region in Zhao and
Frankel [2]. Three replicates were used for all penetration studies. The maximum depth of penetration
from each specimen was measured and the average
of these values was used for verification of the corrosion model. Tensile and fatigue tests were carried
out using a 22 kip servo hydraulic load frame. A mechanical load frame was used to measure properties
during compression testing. To calculate modulus, a
laser extensometer was used for both tension and
compression testing due to the relative ease of
measurement and compact specimen size. Five replicates were used for both static and fatigue studies.
All fatigue testing was carried out at a maximum
stress of 50 ksi, stress ratio (R) of 0.02. Results of
the fatigue tests were compared to published reports
for the same material [6]. Since the aim of the mechanical testing is to evaluate the loss of mechanical
properties (both static and fatigue) due to corrosion,
the thickness loss due to corrosion was not included
in the stress calculation, i.e., for the stress calculation, the original un-exposed cross sectional area
was used for all the studies.

RESULTS AND DISCUSSION
Microstructure
Results at each stage of the test procedure starting
from the pretreatment to evaluation of the depth of
damage at different exposures were verified and
validated. Since the microstructure plays a dominant
role in exfoliation, the scale of the microstructure
was compared between the material used in the current study and that of the material used in the model
study [2]. The microstructure of the polished and
etched specimen in all three orientations taken from
the present study material is shown in Figure 2
through Figure 4. Further comparing the pancaked
grain size in the LS plane for the material investigated with that of the material Zhao and Frankel [7] revealed that the two were of the same order, about
20 microns. To compare this, the size of the micrograph taken from the present study was reduced so
that the length of micron marker was same as that
reported in the Zhao and Frankel report [7]. Comparison of the microstructure between the material investigated and the model verification material is
shown in the Figure 9. This indicates that the material used in the current study is of the same type of
material that was used for developing the exfoliation
corrosion kinetics study.
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Figure 2
Optical micrograph showing the microstructure of Al
7178 used in this study – LT Plane

Figure 4
Optical micrograph showing the microstructure of Al
7178 used in this study – ST Plane

Figure 3
Optical micrograph showing the microstructure of Al
7178 used in this study – LS Plane

[7]
Figure 5
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Comparison of microstructure between the material used in this present investigation and material used for model
verification by Zhao and Frankel [7]

Once the material was verified and validated, the
pretreatment condition was validated following the
reported protocol [2]. The surface of the specimen
was pretreated by anodically polarizing in 1 M NaCl
2
solution at 5.5 mA/mm current density for 7 hours.
The surface was then examined under the Scanning
Electron Microscope (SEM). The preconditioned surface showed initiation of intergranular corrosion as
reported. Figure 6 shows the SEM micrograph of the
intergranular corrosion observed on the pre-treated
surface of Al 7178-T6.

Corrosion Model Verification
Thickness loss due to exfoliation corrosion after pretreatment and exposure to 96% RH was measured.
A single specimen was measured for the 75% RH
condition at the maximum exposure time of 102
days. No exfoliation was observed at lower humidities. The results of the depth loss measurement or
half width of the un-exfoliated region from the present investigation is compared with the depth loss
reported by Zhao and Frankel [2]. To enable a direct comparison, the results from the present study
were overlaid on the plot reported by Zhao and
Frankel [2] is shown in Figure 7.
Exfoliation depth as a function of time comparing data
generated in this study against the reference study
conducted by Zhao and Frankel [2]

Comparison of the data indicates the measured
depth loss from this study falls on the upper boundary reported by Zhao and Frankel [2]. Overall, the
measured depth loss appears to be reproducible.
The higher estimate in the present study is probably
due to the difference in the technique used to measure material loss compared to the original modelling
study. In the present study, thickness loss was
measured using an optical microscope from the polished cross section, whereas in the original modelling study the loss was measured from macroscopic
digital photographs. Optical microscopic studies include the finer details of the intergranular corrosion
at the corrosion front that were probably missed in
the digital macroscopic observation. Optical micrographs of the exfoliation corrosion damage after 15
and 102 days of exposure at 96% RH after the pretreatment are show in Figure 8 and Figure 9, respectively.

Intergranular corrosion
Figure 6
SEM micrograph showing intergranular corrosion
damage on the surface of pre-treated 7178-T6 used
in this investigation

[2]

Figure 7
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taken from a retired aircraft show higher strengths
than the published MIL-HDBK-5B values for new
materials. A similar observation of higher strength
for the service material (extracted from the aircraft in
service) compared to new un-used material has
been reported [6]. Static mechanical properties of
the corroded specimens did not show appreciable
degradation compared to un-exfoliated specimens.
Most of the exfoliated loose grains are on or near
the surface. The remaining corroded regions are
mostly intergranular and probably carry load.

Figure 8
Optical micrograph showing exfoliation corrosion
damage after 15 days of exposure at 96% RH after
pretreatment

Conversely, fatigue life of the exfoliated material
shows an order of magnitude fewer cycles to failure
when compared to the un-exfoliated specimens.
Figure 10 shows fatigue life data for all the specimens tested. Data for similar 7178-T6 sheet specimens reported by NASA [6] is provided for comparison. This fatigue debit for exfoliated specimens is
expected and can be related to both thickness loss
as well as early crack nucleation from corrosion
damage. A similar reduction in fatigue life has been
noted for low humidity conditions (30% and 75%
RH) where there was no appreciable thickness loss,
and where no exfoliation was observed. SEM observation of the fatigue fracture surface for the low humidity specimens shows multiple cracks nucleated
from the localized intergranular corrosion region.
Representative fractographs of the crack nucleation
site for the specimens exposed to 30% RH and 55%
RH atmosphere for 102 days are shown in Figure 11
and Figure 12, respectively.

Figure 9
Optical micrograph showing exfoliation corrosion
damage after 102 days of exposure at 96% RH after
pretreatment

Mechanical testing
The results of the monotonic uni-axial loading both
in tension and compression are given in Table 3.
MIL-HDBK-5B values and unexposed reference material properties are provided for reference. The mechanical properties (ultimate, yield strengths and
modulus) of un-exfoliated 7178-T6 wing material

Table 3
Mechanical properties of the un-exfoliated (reference) and exfoliated 7178-T6 specimens at different conditions

Condition

Specimen

Yield tension,
MPa

Ultimate
tension, MPa

*7178-T6

Avg.
STD
Avg.
STD.
Avg.
STD.

524
593
8
584
6
582
4

593
622
9
607
10
602
11

Reference
75% RH - 102 Days
95% RH - 102 Days
*

Modulus
Yield compression,
Modulus
tension, GPa
MPa
compression, GPa
71
72
1
71
1
71
1

524
562
8
577
3
569
4

72
75
1
74
1
73
2

MIL-HDBK-5B, Vol.1 - Metallic Materials and Elements for Aerospace Vehicle Structures, 15 Aug 1974
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Figure 10
Comparison of fatigue life for the 7178-T6 specimens
exposed to varying relative humidity
(Total exposure time was 102 days)

Figure 11
SEM micrograph showing the fatigue crack nucleating
from corrosion damage for the specimen exposed to
30% RH for 102 days

2

mA/mm current density for 7 hours in 1 M NaCl solution. Exfoliation damage was studied at up to 96%
relative humidity for differing exposure times to replicate the effort done by Zhao and Frankel [2]. The
present study validates the growth kinetics reported
by Zhao and Frankel [2]. The power law model proposed was validated. However, it should be noted
here that this study is only relevant to the 7178-T6
material tested. Extension of this corrosion kinetics
model for other 7XXX series aluminum should be
used with the utmost care. It is worthwhile to develop a similar corrosion kinetics model for other 7xxxT6 metal systems.
The effect of exfoliation corrosion damage on mechanical properties was evaluated. Strength degradation under static loading (both tension and compression) did not show appreciable degradation. The
fatigue life of specimens with exfoliation corrosion
damage was an order of magnitude less than that of
unexposed specimens. A similar fatigue debit for
conditions 30 and 55 RH% where no exfoliation was
observed was primarily due to multiple crack nucleation sites, in the form of corrosion pits and intergranular corrosion sites.

Figure 12
SEM micrograph showing the fatigue crack nucleating
from corrosion damage for the specimen exposed to
75% RH for 102 days

Findings and Conclusions
The exfoliation corrosion model developed by Zhao
and Frankel [2] was critically evaluated. Thickness
losses due to exfoliation corrosion damage were
reproducible for the 7178-T6 material. The verification and validation procedure included artificial electrochemical preconditioning by using a constant 5.5
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Intergranular Corrosion (IGC)

depth of penetration for each specimen was measured and an average of these values was used for
verification of the corrosion model. Since the corrosion was mainly due to the electrochemical reaction
in full immersion, the samples for the mechanical
testing were coated with lacquer leaving a 0.4” x 0.4”
square in the center of the gauge or reduced section
of interest. Electrical contacts were by made drilling
a 0.03” hole at the edge of the specimen and fitted
with pure aluminum wire. The connected wires were
then coated with lacquer to isolate them from the
corrosion environment. Specimen type and geometry used for corrosion model verification and mechanical testing are similar to the geometry shown in
Figure 1.

Material and methods
The intergranular corrosion (IGC) model selected
predicts the maximum IGC fissure length and follows
the power rate law under a specific electrochemical
experimental condition [3]. The model developed
was based on a full immersion condition at constant
potential. In arriving at the conclusion to use this
model, the authors reviewed data to support the
penetration rate studies for different test conditions.
The present work on IGC verified two main components of the corrosion model:
•

Effect of corrosion potential on penetration depth

•

Effect of growth kinetics in different orientations

To verify the IGC penetration behavior is independent of the applied potential and compare the corrosion damage, the penetration experiments were
conducted in 1 M NaCl solution bubbled with oxygen. These conditions correspond to those in the
published paper used to describe the model [3].
Electrochemical conditions were also tested. The
penetration experiments were conducted in oxygenbubbled 1.0 M NaCl solution, under three different
anodic potentiostatic conditions (-580 mV, -490 mV
and +500 mV). Oxygen gas bubbling was used to
maintain a constant supply of cathodic reactant and
to aid convection in the cell [3]. Exposure at these
potentiostatic conditions varied and penetration time
is given below. Potentials were selected to verify
lower, mid and upper ranges.

Penetration as a function of time was measured on
“L” samples (ST surface) of 1.9 cm thick AA2024–
T3, under a full immersion aqueous environment,
bubbled using either oxygen or argon at potentials
from -675 to +500 mv SCE [3]. From this study, the
model indicates the growth kinetics in “L” samples
(corrosion environment exposed to ST surface) was
independent of applied potential. Similarly, the IGC
growth kinetics depends on the grain morphology
which in turns depends on the orientation. The model shows the IGC penetration kinetics is fastest in “L”
samples and slowest for the “ST samples (LT surface exposed to corrosion). Thus, in this study, effort
was made to verify the growth kinetics independent
of the corrosion potential.

•

In addition, to understand the effect of intergranular
corrosion damage on mechanical properties, tensile,
compression and fatigue properties were evaluated
after exposing the specimens to selected full immersion conditions that corresponded to model verification conditions. The details of electrochemical condition and mechanical tests are given below.

•
•

-580 mV Vs SCE exposure times – 30 min, 3
h and 5 h
-490 mV Vs SCE exposure times – 15 min, 2
h and 5 h
+500 mV Vs SCE exposure times – 30 min,
2.30 min and 8 h

Depth of the intergranular damage was assessed by
sectioning, polishing, and observing under an optical
microscope. Polishing was accomplished using
standard metallographic techniques. Tension, compression and fatigue tests were carried out using a
55 kip servo hydraulic frame. To calculate the modulus, a clip gauge was used for measuring strain during both tension and compression testing. Fatigue
tests for the specimen corroded in the “L” direction
(ST surface corroded exposed) was carried out at a
maximum stress of 35 ksi, R of 0.06, whereas, “ST”
samples (LT surface corroded) were tested at a
maximum of 40 ksi, R of 0.06. Test coupons for static and fatigue were extracted in two different orientations as shown in Figure 13.

Commercially available Al 2024-T3 with a thickness
of 0.75” (1.9 cm) was procured and all the specimens were machined for this study. IGC corrosion is
largely affected by microstructure and hence all testing was carried out on the original thickness material. Alloy chemistry was verified using optical emission spectroscopy (OES), hardness and conductivity
measurements. Based on the OES analysis, hardness 145 VHN and 29.9% IACS conductivity values,
the material confirms to Al 2024-T3 temper. OES
results are shown in Table V. For the corrosion
model verification, 0.4” x 0.4” x 0.4” specimens were
extracted from the top surface for all orientations.
Three replicates were used for both penetration
studies as well mechanical testing. The maximum
Approved for public release; distribution is unlimited.
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Figure 13
Schematic showing specimen layout for mechanical
test specimens to study the effect of IGC on orientation

Results and Discussion

Figure 14
Optical micrograph showing the microstructure of Al
2024 used in this study – LT surface

Penetration depth
The microstructure of the as received 0.75” thick Al
2024-T3 in all three orientations are shown in Figure
14 through Figure 16. And, the penetration depth
results for “L” as a function of applied potential and
exposure time are given in Table 4. The measured
data was then overlaid on data reported by Zhang
and Frankel [3] to verify the reproducibility of the
IGC kinetics as a function of applied of potential.
Comparison of the penetration study for “L” samples
in oxygen bubbled 1 M NaCl solution is shown in
Figure 17.

Figure 15
Optical micrograph showing the microstructure of Al
2024 used in this study – LS surface
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Figure 16
Optical micrograph showing the microstructure of Al 2024 used in this study – ST surface

Figure 17
Penetration depth as function of applied potential and exposure duration in O2 bubbled 1 M NaCl solution (data from
the present study is overlaid on the plot extracted from the Zhang and Frankel report [3])
Table 4
Penetration depth in "L” orientation samples at different applied potentials and exposure times
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The results on the effect of applied anodic potential
to the penetration depth agree well with previously
reported values. Representative micrographs of the
polished cross sectioned of “L” samples exposed to
3h and 5h in oxygen bubbled 1 M NaCl solution are
shown in Figure 18 and Figure 19. Similarly, the
results of the penetration studies in two orientations
are given in Table 5. The effect of growth kinetics in
0.75” thick Al 2024-T3 product at different orientations on “L” and “ST” samples agrees with the reported values, as shown in Figure 20. The results
further confirm that the IGC growth kinetics in 2024
Al–T3 is microstructure dependent i.e., dependent
on grain size and aspect ratio. Thus, IGC behavior
shows vast differences in penetration rates depending on the orientation relative to the rolling direction.
Representative micrographs of the polished cross
sectioned of “ST” sample exposed to 5 hours in oxygen bubbled 1 M NaCl solution is shown in Figure
21.

Mechanical testing
The results of the monotonic uni-axial loading both
in tension and compression are given in Table 6.
MMPDS values are shown for comparison. As in the
case of exfoliation studies, the thickness loss due to
corrosion was not included in the stress calculation,
i.e., for the stress calculation, the original unexposed cross sectional area was used for all the
static and fatigue studies. The mechanical strengths
(ultimate, yield) and modulus of the pristine 2024-T3
material measured from this study show higher
strengths when compared to the MMPDS handbook
values. Further, static mechanical properties of the
corroded specimens did not show appreciable degradation compared to pristine un-corroded specimens. Average mechanical properties of all the material tested are given in standard representation
with respect to orientation of testing: i.e., L – refers
to testing in rolling direction and LT refers to transverse direction. The corresponding IGC penetration
orientation is given in parentheses.

Figure 18
Optical micrograph showing the polished and etched
cross section of the “L” sample exposed to-584 mV
anodic potential in 1M NaCl solution for 3 hours

Figure 19
Optical micrograph showing the polished and etched
cross section of the “L” sample exposed to-584 mV
anodic potential in 1M NaCl solution for 5 hours
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Figure 21
Optical micrograph showing the polished and etched
cross section of the “ST” sample exposed to -584 mV
anodic potential in 1M NaCl solution for 5 hours

Figure 20
Penetration behavior for “L” samples and “ST” samples tested at -580 mv Vs SCE in 1 M NaCl oxygen
bubbled solution

Table 5
Penetration depth in "L" and "ST" samples at constant - 580 mV applied potentials

Table 6
Mechanical properties of the un-corroded and corroded 2024-T3 specimens: Electrochemical condition -580mV in
oxygen bubbled 1 M NaCl solution at 1 hour and 8 hour exposure durations

Condition
*2024-T3-L
*2024-T3-L T
2024-T3-L
Present
2024-T3-LT
Present
2024-T3-1h-L
(ST -Sample)
2024-T3-1h-LT
(L -Sample)

Specimen
Avg.
STD.
Avg.
STD.
Avg.
STD.
AVG.
STD.

Yield tension,
MPa
331
290
365
1
319
2
366
3
316
3

Ultimate
tension, MPa
434
434
475
2
464
1
470
11
459
8

Modulus
Yield compression,
Modulus
tension, GPa
MPa
compression, GPa
72
269
74
72
310
74
69
346
76
4
8
2
71
304
76
1
4
4
74
300
73
1
1
2
71
338
72
1
1
2

* - Metallic Materials Properties Development and Standardization (MMPDS) –DOT/FAA/AR-MMPDS-05, April
2010
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Fatigue life of all the specimens tested in pristine
and corroded conditions are shown in Figure 22.
The fatigue debit due to IGC is as expected and can
be related to both thickness loss as well as orientation. Corrosion kinetics is slow in “ST” samples (L
surface corroded) and fatigue life is reduced by half
or one third relative to the pristine specimens depending on the exposure duration. However, in the
case of “L” sample (ST surface corroded), the fatigue life is reduced by an order of magnitude or
more depending on the exposure duration. The reduction in the number of cycles to failure is primarily
due to fatigue crack nucleation from an IGC fissure.
SEM observation of the fatigue fracture surface
shows crack nucleation from the intergranular corrosion region. Representative fractographs of fatigue
failure for different exposure conditions and orientations are shown in Figure 23 and Figure 24.

Figure 23
SEM micrograph showing a fatigue crack nucleation
from an IGC fissure for the 2024-T3 “L” specimen (ST
surface exposed). The specimen was electrochemically treated at a -580 mV anodic potential in oxygen
bubbled 1 M NaCl solution for 8 hours.

Figure 22
Comparison of fatigue life for 2024-T3 specimens
tested in pristine and corroded conditions
Figure 24
SEM micrograph showing a fatigue crack nucleation
from an IGC fissure for the 2024-T3 “ST” specimen (L
surface exposed). The specimen was electrochemically treated at a -580 mV anodic potential in oxygen
bubbled 1 M NaCl solution for 1 hour.
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plate. For compression testing specimens were extracted from 0.75” thick plates. All the specimen type
and geometry used for pitting corrosion model verification and mechanical testing are similar to those
shown in Figure 1. All the mechanical tests were
carried out using 55 kip servo hydraulic frame.

Findings and Conclusions
The IGC corrosion model developed by Zhang and
Frankel [3] was critically evaluated. Thickness losses
due to IGC damage in the full immersion mode under applied electrochemical conditions were reproducible for the 2024-T3 0.75in thick plate material.
The present study verified and validated two main
aspects: IGC penetration behavior is independent of
applied anodic potential as reported by Zhang and
Frankel [3] and IGC growth kinetics is faster in “L”
specimen, i.e., corrosion exposed to ST surface, and
least in “ST” specimen, i.e., corrosion exposed to L
surface.

The present work on pitting corrosion verified three
main components of the corrosion model [4]:
•
•
•

Anodic kinetics
Cathodic kinetics
Exposure studies

The anodic kinetics experiment was performed on
1.0 x 1.0 cm specimens of 316L stainless steel.
Samples were EDM cut, mounted in the same orientation with respect to the base material, and polished
to 1 µm. An electrochemical cell was prepared using
a 0.4 M ferric chloride (FeCl3) solution in deionized
water, Ag/AgCl reference electrode, and Pt counter
electrode. Potentiostatic holds were performed on
the stainless steel samples at +750 mV vs SCE for
5, 45, or 120 min. After a single hold, each sample
was scanned from +500 to -500 mV vs SCE to determine the corrosion potential for the exposed area.

The effect of IGC corrosion damage on mechanical
properties was evaluated. Strength degradation in
static (both tension and compression) was negligible. A fatigue debit due to corrosion damage was an
order of magnitude or more for the “L” specimen
specimens. Based on the current study, the power
n
law (d=a.t , where a=0.0756 for growth from the LT
surface “in the ST direction” in Frankel’s terms for a
1.9 cm thick plate, t in (h) and n = 0.5) proposed by
Zhang and Frankel [3] can be used for this specific
material.

Cathodic kinetics was performed on 1.0 x 1.0 cm
specimens of 316L stainless steel. Samples were
EDM cut, mounted in the same orientation with respect to the base material, and polished to 1 µm. An
electrochemical cell was prepared using a 0.2 M
ferric sulfate (Fe2(SO4)3) solution in deionized water,
Ag/AgCl reference electrode, and Pt counter electrode. Each sample was scanned from +100 vs OCP
to -750 mV vs SCE to verify cathode kinetics reported in the reference study [4].

Pitting Corrosion
Material and methods
A model proposed by Woldemedhin et al. [4] predicts maximum pit size for 304L and 316L stainless
steels based on their experimental study. The experimental study involved exposure of 304L and 316L
stainless steel with a thin film of ferric chloride solu2
tion with a loading density of 400 µg/cm at a relative
humidity of 97%. The model provides upper-bound
pit (flaw) sizes for damage tolerance analysis of
stainless steels, but requires further experimental
work to support observations of electrochemical
growth kinetics and exposure conditions. The goal of
this study is to validate the maximum pit size model
proposed by Woldemedhin et al. [4], and further investigate the effect of pitting on mechanical properties for 316L stainless steel.

Pitting exposures were replicated on 1 cm x 1 cm
square witness coupons, with 4 replicates per condi2
tion. A 400 µg/cm dose of ferric chloride (FeCl3)
was applied to each specimen by micropipette dosing of a methanol-based solution. Methanol has adequate solubility to fully dissolve the ferric chloride,
and evaporation following dosing left an evenly distributed salt with no residue. Potential residue described here refers to un-dissolved salts in methanol
left on the surface. Since FeCl3 dissolves in methanol, no residue was observed on the surface. Exposure was accomplished by placing the specimens
into a closed plastic container where in-flow of humid air was used to maintain 97% relative humidity
(RH) for 168 hours. During exposure, the salt formed
a thin electrolyte layer evenly covering the surface of
each specimen. Continuous RH monitoring was
conducted through each exposure to ensure consistency. A small fan provided air flow in the closed
chamber. Specimens were removed from the cham-

The pitting corrosion in 316L stainless steel has
been found to be independent of the product form
and temper. Hence, 0.25” and 0.75” plates were
used in this study and temper of the steel was not
evaluated. Alloy chemistry was verified using Thermo Scientific ARL Quanto Desk optical emission
spectroscopy (OES). Based on the OES analysis,
the material conforms to 316L stainless steel. For
the corrosion model verification, tension and fatigue
testing, specimens were extracted from 0.25” thick
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ber at the end of the test duration, scrubbed iteratively with an isopropanol-soaked cotton tipped applicator to remove bulk surface salts, then ultrasonically cleaned in acetone then isopropanol. Measurements of the pit diameter were achieved using
either a HIROX microscope or optical microscopy.
Optical measurements were taken via linear measurement at a magnification of 80x.

Figure 25 shows representative image of the polished and etched 316L austenitic microstructure.
Metallographic samples were prepared by polishing
to 1 µm with diamond suspension, then surface
etching with Marble’s reagent (5 g CuSO4, 50 mL
hydrochloric acid, 50 mL deionized water) for optical
metallography.

For all mechanical test specimens (both static and
2
fatigue), a 400 µg/cm dose of ferric chloride (FeCl3)
was applied to the gauge section via methanolbased solution. Stop-off lacquer and nail lacquer
were used to mask the remainder of the sample,
with nail lacquer used to precisely seal the edges
adjacent to the exposure area. Salt loaded specimens were exposed to 97% RH for 6 and 168 hours.
The masking was removed, followed by ultrasonic
cleaning in acetone and an isopropanol rinse. A clip
gauge was used for tension and compression test
specimens to record elongation across a 1in gage
section through yield. In the case of the fatigue tests,
experiments were conducted at room temperature
with an applied load of 69 ksi (476 MPa), R of 0.1,
and at a frequency of 20 Hz.

Anodic kinetics
The general trend of all the polarization curves after
potentiostatic hold times at 5 min, 45 min, and 120
min all appear similar. A representative scan after a
120 min hold is shown in Figure 26. All show polarity
reversal (sharp drop in current density) as the surface reaction transitions from cathodic to anodic.
There was a significant difference in scan profiles
and repassivation potential Erp values, between the
present and model [4]. This is primarily because the
polarization data presented in literature demonstrates electrochemical responses of a single pit, not
the entire surface from bulk material. The plateau at
high potential corresponds to diffusion limited pit
growth, and the anodic/cathodic surface reaction
transition is marked by a sharp decrease in current
density. A bulk surface scan captures the cumulative
response of many pits across the sample surface,
thus sharp transitions are obscured. Reproducing
these scans for bulk surface pitting does not provide
a useful reproduction of single pit behavior. It does
indicate that model parameters derived from single
pit growth kinetics may not fully capture bulk material behavior, as they do not account for interaction
with neighboring pits.

Results and discussion
Material characterization
Table 7 provides the chemical composition values
for the current study and AISI 316L specifications.
Measurements for the current study were obtained
by spark optical emission spectroscopy (OES).
Chemical compositions for all experimental alloys
were consistent with 316L.

Table 7
Chemical composition of 316L Alloys used for present and reference material, wt. %
Alloy

C

Si

Ni

Cr

Mn

Mo

Cu

S

P

Fe

Present Study

0.01

0.29

10.0

16.5

1.18

2.10

0.42

0.003

0.036

Bal.

AISI 316L (max)

0.030

0.75

10.0-14.0

16.0-18.0

2.0

2.0-3.0

N/R

0.030

0.045

Bal.
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Figure 25
Optical micrograph showing microstructure of the 316L SS used in this present study
(Specimen etched with Marble’s reagent)

Figure 26
Polarization scan of three 316L stainless steel coupons after a potentiostatic hold at 120 min. in a 0.4 M ferric chloride
(FeCl3) solution

Cathodic kinetics

range. Specifically, both in the current and reference studies a very high diffusion limited current
density was observed.

Polarization scan profiles for the current study are
consistent with the result reported in the literature
[4]. Figure 27 shows a cathodic scan data from the
current study and overlay of reference data [4]. The
truncation of the scan range for the current study is
probably due to a difference in corrosion potential
E(corr). The experimentally determined corrosion potential (Ecorr) for the current study was -0.089 V vs
SCE (-0.134 V vs Ag/AgCl) compared to +0.500 V
vs SCE for the reference study [4]. The difference in
the corrosion potential between the current and literature [4] differs significantly and can be attributed
the impurity level in the alloy, orientation, grain size,
and small difference in micro alloying elements.
However, data was consistent between the current
and reference studies for the overlapping scan

[4]

Figure 27
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Polarization scan of stainless steel coupons from
+100mV vs OCP to -750mV vs SCE.

Current study (solid lines) with reference study overlay - dashed line

Exposure Studies

mentioned previously. Figure 28(a-b) shows pitting
results for each surface condition. A comparison of
pit size data for the reference study [4] and current
study with two different surface conditions is shown
Figure 29. Both specimens had smaller pit sizes
than expected, with slightly smaller pit sizes observed with the ground specimens. Pit sizes observed in the current study were well below values
predicted by the maximum pit size model (245 µm
radius at 60% saturation, 170 µm at 80%, 130 µm at
100%).

Exposure testing on specimens polished to a 1 µm
surface finish with diamond suspension to facilitate
pit size measurements resulted in smaller pit diameters than expected, with a higher frequency and with
shallow profiles compared to the reference study [4].
The difference in surface finish compared to the reference study was thought to be the reason for the
discrepancy. A second set of four (4) specimens
was ground to 500 grit using an abrasive disc, then
dosed and cleaned with the same procedures as

Figure 29
Pit radii as a function of exposure time reported in the
reference study [4] with corresponding data from the
current study. Error bars represent one standard deviation from the mean

(a)

(b)
Figure 28
Stereoscopic images of 316 stainless steel witness
2
samples after 400 µg/cm dose of FeCl3 and 168-hour
exposure at 97% RH. Surface finish was (a) 500 grit
SiC and (b) polished to 1µm.
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Mechanical testing

ture shows. It is probably due to the fact that the pits
sizes are small and shallow and does not contribute
to a high stress concentration in high strength materials. The fatigue strength of low carbon and medium
carbon steel specimens containing very small artificial defects (40 to 200 µm) have been reported [8].
It was found that the fatigue strength of the steel
containing these small defects were almost the
same order of magnitude as the fatigue limit of the
plain specimen [8]. The existence of the very small
defects did not cause appreciable decrease in the
fatigue strength. Hence, the present observation of
similar fatigue life in both un-pitted and pitted conditions can be attributed to the small defect size that
does not influence the notch sensitivity of the material. In general, notch sensitivity is related to how
sensitive a material is to geometric irregularities or
notches. Geometric irregularities such dents, discontinuities or corrosion pits act as stress raisers but all
of these depend on the stress concentration. Not all
materials are sensitive to notches and sensitivity
depends on the stress concentration factor. Small
shallow pits observed in the present study falls under this category. The pits do not affect the notch
sensitivity, and therefore do not influence the fatigue
properties.

Table 8 provides static test summary statistics. Values represent no less than 4 replicate tests, with
uncertainty reported as one standard deviation from
the mean. The 6 and 168-hour exposures did not
have a statistically significant effect on mechanical
properties. Reference values are for 316 stainless
steel annealed and annealed and cold drawn bar
[Error! Bookmark not defined.].
The results of fatigue testing data for pitted and unpitted specimens did not show a significant difference in fatigue life to failure. Un-pitted specimens
failed in the range of 165,713 to 188,467 cycles, all
by corner crack nucleation or outside the gage section. Specimens that failed outside the gauge section were omitted and considered invalid tests. Pitted
samples failed in the range of 125,227 to 175,932
cycles by either corner crack nucleation or double
crack nucleation. A summary of all the fatigue tests
and observations is given in Table 9. Macroscopic
observation of a corner crack nucleation and double
nucleation (corner and surface) are shown in Figure
30 (a-b). Therefore, pitting did not affect the fatigue
life for 316L stainless steel for the current test conditions (pit sizes) which is counter to what the litera-

Table 8
Summary of tension and compression test data for 316 Stainless Steel in as received (un-pitted), 6 hour, and 168hour exposure conditions
Exposure Time,
hr

Modulus,
MPa

Yield tension, MPa

Ultimate
tension,
MPa

Uniform
elongation,
%

Reduction
in area, %

Modulus
compression,
MPa

Yield compression,
MPa

As-received

197 ± 3.45

343 ± 1.38

618 ± 1.38

41.7 ± 3.6

86.5 ± 3.0

205 ± 3.45

283 ± 1.38

6

202 ± 8.3

345 ± 1.38

621 ± 2.07

43.7 ± 0.7

82.0 ± 2.0

205 ± 2.76

270 ± 3.45

168

195 ± 3.45

345 ± 0.69

619 ± 0.69

43.3 ± 0.5

86.0 ± 1.0

205 ± 2.76

281 ± 5.52

316 SS

*200

414 [9]

619 [9]

45 [9]

65 [9]

205 [9]

*159-199

*Metallic Materials Properties Development and Standardization (MMPDS) –DOT/FAA/AR-MMPDS-05, April 2010
Table 9
Summary of fatigue test data for 316 Stainless Steel in the as received and 168-hour exposure condition
Condition
Asreceived
(Unpitted)
Pitted

Fatigue life,
cycles
188,467
165,713
184,100
185,820
209,641
125,227
175,932

Failure Location
Corner crack, gauge section
Corner crack, outside gauge section
Corner crack, gauge section
Double nucleation. Corner and a surface crack,
both in the gage section
Corner crack, gauge section
Corner crack, gauge section
Double nucleation. Corner and a surface crack,
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Test
validity
Valid
In-Valid
Valid
Valid
Valid
Valid

214,678
136,945

both in the gage section
Corner crack, outside gauge section
Corner crack, gauge section

In-Valid
Valid

known risk in completely relying on the model. Upper and lower bound pit size values are currently
based on salt loading density, which in turn are calculated from anodic and cathodic kinetic studies.
Several attempts were made to reproduce the pit
size as reported in the reference study but in all the
cases the pit sizes were smaller than expected (two
thirds of the reported value). There was no appreciable degradation in strength in either static or fatigue loading conditions. The maximum pit radius
produced from the present exposure study was significantly smaller of the order of 100 µm (pit depth
about 50 µm) compared to 160µm in the reference
study [4].

(a)

CORROSION MODEL INTEGRATION INTO
AFGROW
AFGROW is a Damage Tolerance Analysis (DTA)
software tool that allows users to analyze crack initiation, fatigue crack growth, and fracture to predict
the life of metallic structures. The previous version of
AFGROW allows only Damage Tolerance Analysis
(DTA) with the only allowable defects as a partial or
through crack placed at various geometry and locations. The purpose of this effort was to incorporate a
new capability into AFGROW to account for the effect of corrosion on crack growth life. Effort has
been made to incorporate different corrosion modes
in life prediction. With this development, DTA engineers will be able to perform life predictions incorporating different corrosion modes. The following describes the enhanced corrosion capability tool incorporated into AFGROW.

(b)
Figure 30
Stereo-macrographs showing: (a) Corner nucleation
and (b) double nucleation, from pitted specimens

Findings and Conclusions
The pitting corrosion model developed by
Woldemedhin et al. [4] was critically evaluated. 316L
stainless steel was used in this study. The present
study was not able to reproduce the maximum pit
diameter study. There was difficulty in reproducing
the anodic polarization scan results due to the difference in the experimental material. Anodic polarization studies rely on the one dimensional pit
growth, however, the size of the one dimensional pit
is dictated by the diameter of the wire used for creating pit studies. Optimizing to the appropriate wire
diameter is a crucial step for this model that has not
been accomplished. The existing model was developed based on using only a single diameter wire to
calculate anodic kinetics. Thus there is a certain un-

AFGROW users can access the corrosion capability
under the tools menu. This capability has been organized in two categories (material loss or initial
crack size). In the corrosion material loss category,
the user can then select either exfoliation or intergranular corrosion models as shown in Figure 31.
Both exfoliation and intergranular corrosion models
are time dependent and must be used with a time
dependent spectrum which provides the relationship
between applied loading and total elapsed time (seconds). If a time dependent spectrum is not used,
the material loss will not be calculated and will have
no effect on life prediction.
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Figure 32
Exfoliation material loss input parameters

Intergranular Corrosion (Corrosion Material Loss)
Microstructure of the engineered metallic alloys is
largely affected by the way they are processed and
the effect on the local chemistry along the grain
boundaries. This compositional difference between
the grain interior and grain boundary creates an
electrochemical potential resulting in corrosion along
the grain boundary. This is referred to as intergranular corrosion. This intergranular corrosion (IGC)
model is based on the work of Zhang and Frankel
[3]. This model is a power rate law that allows the
user to input equation coefficients (A & N) and initial
defect size. AFGROW calculates the IGC crack
length and the IGC rate for times up to 100 hours.
When the IGC model is selected in AFGROW, the
predicted IGC growth rate is calculated, added to the
initial defect size, and documented for each output
interval. The required input parameters are shown in
the dropdown tool shown in Figure 33.

Figure 31
Corrosion material loss menu

A general description of each material loss model
and associated parameters is given in the following
sections.
Exfoliation (Corrosion Material Loss)
The current version uses material loss due to exfoliation corrosion developed by Zhao and Frankel [7].
This exfoliation model uses a linear rate law. The
empirical model is based on experimental exfoliation
corrosion data on an L-T surface of 7178-T6 aluminum recovered from wing skin of a legacy aircraft
performed by Zhao and Frankel [7]. When the exfoliation corrosion model is selected in AFGROW, the
material loss rate and remaining thickness are calculated and documented for each output interval.
Since plate thickness has a direct effect on crack
growth, the predicted life will be affected by the use
of this model. To avoid the possibility that thickness
loss may be predicted to outpace crack growth for
corner cracks (effectively removing the crack), thickness loss is modeled on the side of the plate away
from the corner crack origin. While selecting the
exfoliation material loss from the tool menu, the
computation is based on thickness change. This
thickness change is a function of humidity. The following drop down menu, shown in Figure 32, illustrates the input screen for different parameters used
to calculate thickness change and life prediction for
exfoliation corrosion environment.

Figure 33
IGC coefficient inputs

The input parameters for the IGC in the AFGROW
are defined below:
A: Material constant based on exposure and condition (length/sec)
t: Exposure time
N: Material constant based on exposure and condition
Initial defect size: User defined initial flaw size
(length)
It should be noted here that AFGROW does not use
the IGC calculations as part of the life prediction
process. The intergranular corrosion rate and total
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IGC length are provided to users so that they may
compare the potential effect of IGC to a baseline
crack growth prediction and/or calculate the loss of
mechanical strength due to intergranular corrosion.

lated due to pitting corrosion for a given material and
environmental conditions.
SUMMARY AND CONCLUSIONS

Pitting (Initial Crack size)

•

A pit is treated as an initial crack flaw. Hence the
tool provides a description of the corrosion pit as an
initial crack size. Selection of this menu will only provide the pitting option. This pitting model is based on
the work Woldemedhin et al. [4] and the pitting kinetics depends on the salt loading density and relative
humidity. Since, this model was developed for 17-4
PH, 316L and 304L stainless steels, current input
parameters are applicable to these specific materials
as shown in Figure 34.

•

Figure 34
Corrosion pitting drop down menu

The maximum pit size is then calculated for the specific input conditions. User-defined input parameter
is only loading density and is entered in units of
weight/area. The maximum pit size calculated from
this method may be used to define an initial crack
length for a subsequent life prediction. This will enable users to account for the total damage accumu-

Approved for public release; distribution is unlimited.

22

The exfoliation corrosion model developed
by Zhao and Frankel [2] was critically evaluated.
o Thickness losses due to exfoliation
corrosion damage were reproducible
for the 7178-T6 material. The present
study validates the growth kinetics reported and the power law model proposed was validated.
o Mechanical impact on the exfoliation
corrosion damage was evaluated.
Strength degradation under static
loading (both tension and compression) was negligible.
o The fatigue life of specimens with exfoliation corrosion damage was an order of magnitude less than that of unexposed specimens.
The IGC corrosion model developed by
Zhang and Frankel [3] was critically evaluated.
o Thickness losses due to IGC damage
in the full immersion mode under applied electrochemical conditions were
reproducible for the 2024-T3 0.75in
thick plate material.
o The present study verified and validated two main aspects: IGC penetration
behavior is independent of applied anodic potential as reported by Zhang
and Frankel [3] and IGC growth kinetics is faster in “L” specimen, i.e., corrosion exposed to ST surface, and
least in “ST” specimen, i.e., corrosion
exposed to L surface. Based on the
n
current study, power law (d=at , where
a=0.0756 (for growth from LT surface
“in the ST direction” in Frankel’s terms)
for a 1.9 cm thick plate, t in (h) and n =
0.5) proposed by Zhang and Frankel
[3] can be used for this specific material.
o The effect of IGC corrosion damage
on mechanical properties was evaluated.
o Strength degradation in static (both
tension and compression) was negligible. A fatigue debit due to corrosion
damage was an order of magnitude or
more for the “L” specimen specimens.

•

•

analysis. When executing this combined
analysis technique, pitting is used to produce an initial flaw size. The exfoliation and
IGC models are used to calculate material
loss and that is fed into the crack growth
model. Pitting model was used to calculate
the maximum flaw size.

The pitting corrosion model developed by
Woldemedhin et al. [4] was critically evaluated using 316L stainless steel.
o The present study was not able to validate the maximum pit diameter study.
o Upper and lower bound pit size values
are currently based on salt loading
density, which in turn are calculated
from anodic and cathodic kinetic studies.
o Several attempts were made to reproduce the pit size as reported in the
reference study but in all the cases the
pit sizes were smaller than expected
(two thirds of the reported value). The
maximum pit radius produced from the
present exposure study was significantly smaller of the order of 100 µm
(pit depth about 50 µm) compared to
160µm in the reference study [4].
o There was no appreciable degradation
in strength in either static or fatigue
loading conditions.
Exfoliation, IGC and pitting models were incorporated into AFGROW. This capability
enables the DTA engineer to combine fatigue crack growth analysis with corrosion
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