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ABSTRACT

INTRODUCTION

The paper presents the results of the experimental
studies on the effect of machining methodology on
corrosion behavior of aluminum alloys. The study is
aimed at understanding the influence of different
machining processes that could potentially affect the
property being evaluated in a corrosive environment
from test coupons machined using different methods. Conventional milling and electrical discharge
machining (EDM) are the two machining process
considered for this study as these two are the common machining process used to manufacture test
coupons. EDM was performed using 0.006” brass
wire. The study was conducted on Al 2024-T351,
5083-H116, 6061-T6 and 7075-T6 aluminum alloys.
Surface quality in terms of roughness was characterized using a profilometer, and microstructural analysis was characterized using optical and scanning
electron microscopes (SEM), and energy dispersive
x-ray analysis (EDS). The study also includes corrosion behavior and open circuit potential (OCP) response on these machined specimens. The study
finds corrosion behavior and the OCP are affected
by the EDM machining in all aluminum alloys indicating test coupons fabricated using EDM should be
used with utmost care specifically for testing in a
corrosive environment.

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 an end mill and
notched using electric discharge machining (EDM),
exhibited corrosion damage near the EDM notched
surface. 5000 series aluminum alloys are relatively
corrosion resistant when compared with 2000, 6000
and 7000 series alloys. Based on empirical evidence
however, 5083-H116 test coupons suffered corrosion damage at the surface adjacent to the EDM
notch, and the conventionally milled surface was not
affected. Figure 1 is an example of a 5083-H116
aluminum test specimen showing preferential corrosion. The red ellipse shows accelerated corrosion
developing at the site of the EDM feature. Corroded
EDM features indicate a sharp contrast with the adjacent surfaces that are conventionally machined
features: drilled holes and milled faces. Abnormal
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

Approved for public release; distribution is unlimited.

1

properties based on laboratory testing of specimens
specifically when crack growth properties are evaluated in a corrosive environment.

abrasive water jet machined specimens compared to
specimens machined by EDM and other cutting processes [8]. Another report on 5083 Al alloy shows
microstructure and corrosion characteristics can be
improved by modifying the recast layer chemistry
using a silicon electrode in the EDM process [9].
Thus, it is clear that the recast layer which results
due to surface melting of the work piece from the
spark as well as the electrode material transfer by a
sputtering effect occurs in all cases from hard to soft
metals. Furthermore, observation of preferential corrosion attack near the EDM notch (Figure 1), and
susceptibility of 5083 Al for stress corrosion cracking
due to thermal exposure [10], indicates that there is
a strong need for scientific understanding and quantitative assessment on the effect of EDM machining
on the 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 or corrosion rate that might not
be 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 manufactured
using conventional milling and EDM methods.

Figure 1
US Naval academy CT specimen after 2 months exposure

It is well understood that the surface integrity and
metallurgical and mechanical state of the subsurface
layers are greatly influenced by the type of manufacturing process. Surface integrity (SI) is defined as
inherent or enhanced surface condition of a surface
produced in machining or other surface operation
[1]. 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
[2, 3]. These reviews were focused on typical surface alternations such as phase transformations,
microhardness and residual stress from different
manufacturing process and correlated to the performance, primarily fatigue. The influence of the machining method on a tool steel SAEJ438b revealed a
loss of 35% in fatigue endurance in the case of an
EDM machined specimen compared to a conventionally milled specimen [4]. It is convincing from
these studies that EDM machining has a deleterious
effect on the fatigue performance when compared to
a conventional milled process. In spite of lower residual stress observed in EDM machined specimens
in comparison to milled and ground specimens, in
the case of steel and γ titanium aluminide (γ - TiAl)
alloys, microstructure alteration or formation of a
white brittle phase appears to be the sole reason for
the observed poor fatigue performance.

EXPERIMENTAL METHODS
Materials and Machining conditions
The materials investigated in this study are listed in
Table 1. Material type, hardness and conductivity
were verified using a Thermo Scientific ARL Quanto
Desk - Optical Emission Spectroscope (OES), Shimadzu micro-hardness tester and Hockings Autosigma 3000 electrical conductivity meter. Aluminum alloys 2024-T251, 5083-H116, 6061-T6 and
7075-T651 were procured in 0.25” plate form. All the
aluminum alloys were bare not clad except for Al
2024-T351. The clad layer in the 2024 alloy was
removed by conventional milling. 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” specimens. To compare the manufacturing methods, the parameters used for conventional milling and EDM were kept the same for all the
alloys. EDM was performed using a 0.006” brass
wire. The EDM machining parameters used in this
study were not given importance as the aim is to
evaluate SI and corrosion behavior of two machining
processes using standard machining equipment and
practices.

Studies on the effect of EDM machining on the mechanical properties of aluminum alloys are limited.
EDM machining in aluminum alloys were focused on
optimizing the EDM process parameters [5-7]. In the
case of Al 6061 the report shows that there are no
microstructural changes or hardness variation in
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Table 1
Aluminum alloys investigated in this study with hardness and conductivity values
Alloy
2024-T351
5083-H116
6061-T6
7075-T651

Alloy Chemistry
Si
Fe
Cu
Mn Mg
Cr
Zn
Ti
0.04 0.05 4.16 0.53 1.27
0.01
0.08 0.3 0.04 0.54 4.76 0.06 0.009
0.65 0.37 0.28 0.11 1.13 0.21
0.07 0.18 0.14 0.05 2.16 0.22 5.67 0.02

Surface Analysis

Al
Balance
Balance
Balance
Balance

Hardness
VHN
133
98.4
103
175

Conductivity
% IACS
29.8
28.8
46
31.4

RESULTS

Surface roughness of all the aluminum alloys milled
and EDM were analyzed using a Mitutoyo SJ-400
profilometer. Roughness measurements were taken
from four different locations on the machined surface
and average values are given. Two standard measurements were used in 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 deepest “valley”. Further, surface
topography of the machined surface was analyzed
using a scanning electron microscopy (SEM).

Surface Roughness
The results of the surface roughness measurements
are given below in

Table 2. Surface measurements were taken from
four different locations over a 0.16” (4.06 mm)
length. From each location and average value of the
roughness values Ra and Rz are given. Visual as
well as SEM observation of the surface topography
confirms the surface quality of the EDM machined
specimens was inferior compared to the milled surface. SEM observations of a typical milled and EDM
machined surface are shown in Figure 2 and Figure
3. The milled surface showed micro-tearing and surface smearing features; whereas, in the case of the
EDM surface craters from the electric arc surface
melting was visible. A high magnification of the craters and recast surface with small particles adhering
on the remelt surface is shown in Figure 4.

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 using a Nikon
optical microscope. The specimens were further examined using a SEM with aid of energy dispersive xray analysis (EDS) primarily to study the chemical
changes that occurred during the machining process. EDS analysis was performed on both 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
in the sub-surface using a MTS SA2 nano-indenter.

Microstructural analysis
Metallographic examinations were carried out on the
cross section of the EDM specimens to determine
the depth of the heat affected zone (HAZ) for the
different aluminum alloy systems. The EDM process
creates different types of layers related to sputter,
recast layer and thermal effect i.e., the heat affected
zone (HAZ) that has three layers in the sub-surface.
A schematic of these layers formed in the EDM process is shown in Figure 5 [11]. If a final finishing
operation is used, the 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 µm. The recast and spattered layers
were not clearly distinguishable and appeared as a

Corrosion experiments
To evaluate the corrosion behavior of the machined
specimens, both quantitative and qualitative tests
were carried out. Open circuit potential measurement and linear polarization resistance were studied
using a Gamry GR 3000 potentiostat to quantify the
corrosion characteristics, and qualitative analysis of
corrosion damage was assessed from a full immersion test exposed for 48 hr. For both electrochemical
characterization as well as full immersion studies, a
0.6M NaCl solution was used as the electrolyte.
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single layer. Thus, the metallographic observation
revealed two layers for all the aluminum alloys investigated and are shown in Figure 6 - Figure 9.
Spattered and recast layers were sometimes removed during the polishing stage whereas the HAZ
can be seen clearly in all the cases.
Three hardness indents were placed within the HAZ
at different places and average values of these
measurements are given in the Table 3. In general,
HAZ for EDM specimens shows a decrease in hardness compared to the bulk hardness. A 21-22%
decrease in hardness values 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 bulk hardness values. The indents lo-

cations were verified using a SEM and Figure 10
shows typical nano indents placed within the HAZ.

Table 2
Surface roughness values for all Al alloys machined using conventional milling and EDM process

Machining
2024-T351
5083-H116
6061-T6
7075-T651
Method
Ra, µin
Rz, µin
Ra, µin
Rz, µin
Ra, µin
Rz, µin
Ra, µin
Rz, µin
Milled
70 ± 8
358.5 ± 5 62.5 ± 7 289.2 ± 4 75.3 ± 4 355.5 ± 4 83.1 ± 5 364.7 ± 4
EDM
105.4 ± 18 675.7± 21 105.3 ± 14 655.2 ± 11 100 ± 23 638.7 ± 12 96.5 ± 19 619 ± 15

Figure 2
SEM image of milled Al 2024-T351 surface

Figure 3
SEM image of EDM Al 2024-T351 surface
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Figure 7
Optical micrograph showing altered metal zone due to
EDM in Al 5083 Al alloy

Figure 4
SEM image showing higher magnification EDM surface with crater, flow over and re-deposits particles

Figure 5
Schematic showing heat affected zone altered by EDM
process [11]

Figure 8
Optical micrograph showing altered metal zone due
to EDM in 6061 Al alloy

Figure 9
Optical micrograph showing altered metal zone due to
EDM in Al 7075 Al alloy

Figure 6
Optical micrograph showing altered metal zone due to
EDM in Al 2024 -T351 alloy specimen

Approved for public release; distribution is unlimited.

5

Figure 10 SEM micrograph showing indents placed within the HAZ zone for 2024 Al alloy

Table 3 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

Approved for public release; distribution is unlimited.

6

EDS analysis

ta of the corrosion potential studies is shown for Al
5083 in Figure 12. Measurements were taken continuously for one hour and the last half hour values
were averaged to determine the open circuit potential as per ASTM G69 [12]. The average open circuit
potential measured from all the aluminum alloys is
given in the Table 5.

Elemental distribution within the HAZ as well as on
the top EDM surface shows enrichment of copper on
all the aluminum alloys. A representative SEM image and EDS mapping on a recast feature on a Al
5083 EDM surface is shown in Figure 11, and quantitative analysis of elemental composition is given in
Table 4. Cu enrichment was significant on the recast
feature compared to 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 0.04 wt. %, whereas, on the recast
layer and HAZ, the elemental analysis showed as
high 36 wt. % and 1.2 wt.%, respectively.

Polarization Resistance
Corrosion rates of all the aluminum alloys were determined for both milled and EDM surfaces using a
polarization resistance tool and calculating βa and βc
from the Tafel plot. βa and βc represents anodic and
cathodic Beta Tafel constants. Figure 13 shows a
comparison of the milled and EDM data sets. The
most prominent distinction in Figure 13 is the positive shift in the zero current potential and elongation
of the ohmic region of the EDM specimens. Corrosion rates calculated from these studies are given in
Table 6. In general, the corrosion rate of all aluminum alloys machined using EDM showed at least an
order of magnitude greater than the conventionally
milled specimen.

Corrosion Studies
Corrosion potential
Corrosion potential studies on the EDM surface of all
the aluminum alloys shows a significant increase in
the initial corrosion potential compared to the values
measured on the milled surface. Representative da-

Figure 11
SEM image and elemental mapping for Cu on Al 5083 EDM surface showing Cu enrichment on the recast features
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Table 4
Quantitative elemental analysis from the EDS mapping location shown in the Figure 11
Element
line

Element
Wt. %

Wt.%
Error

Element
Atom %

CK
OK
Mg K
Al K
Cl K
Ca K
Ti K
Mn K
Fe K
Cu K
Zn K
Total

15
12.4
3
56.2
0.4
0.1
0.1
0.3
0.2
6.9
5.3
100

+/- 0.4
+/- 0.3
+/- 0.1
+/- 0.4
+/- 0.0
+/- 0.0
+/- 0.0
+/- 0.1
+/- 0.1
+/- 0.3
+/- 0.3

28.1
17.4
2.8
46.8
0.3
0.1
0
0.1
0.1
2.4
1.8
100

Figure 12
Comparison of corrosion potential measurements on a milled and EDM surface of Al 5083 alloy
Table 5
Summary of average corrosion potential measured milled and EDM process Al alloy surfaces

Method/ Material
ASTM Std

2024-T351
-652 mV

5083-H116
-687 mV

6061-T6
-694 mV

7075
-685 mV

Milled

-648 ±4 mV

-722 ±3 mV

-686 ±3 mV

-750 ±5 mV

EDM (Avg.)

-625 ±16 mV

-693 ±12 mV

-695 ±11 mV

-710 ±8 mV

EDM (Initial)

-548 ±30 mV

-677 ±31 mV

-620 ±28 mV

-655 ±34 mV
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Figure 13
Comparison of polarization resistance of milled and EDM surfaces of 5083 Al alloy

Table 6
Corrosion rates calculated from polarization resistance studies on all the Al alloys

Material/Condition
Milled
EDM

2024-T351
0.21 mpy
13 mpy

5083-H116
0.55 mpy
7.5 mpy

Full immersion

6061-T6
0.47 mpy
8.0 mpy

7075-T651
5.1 mpy
12 mpy

included other aluminum alloys 2024, 6061 and
7075 Al alloys that are commonly used in aircraft
structures. A direct comparison was made between
the EDM and conventional milling processes. The
surface roughness of the EDM specimens was comparatively greater than that of the milled specimens.
Poor surface quality in the EDM surface (rough)
compared to conventional milling has been reported
earlier [1-3]. The rough surface is generally attributed to spattering and cratering formation during spark
erosion in the EDM process. This roughness is also
attributed to the commonly observed inferior fatigue
performance in steels and Ti alloys for EDM machined coupons compared to milled or abrasive water jet machined coupons. The fatigue behavior of
any material 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 [1-3].

Visual comparison of corrosion damage was characterized in the full immersion studies. The results of
the full immersion studies indicate the EDM surface
corroded more severely than the milled surface. In
addition, 5083-H116 Al alloy showed comparatively
the least corrosion damage compared to the other
aluminum alloy systems studied. A macrograph of
the corroded surfaces of the milled and EDM surfaces of all aluminum alloys are shown in Figure 14 and
Figure 15, respectively.
DISCUSSION
The primary motive of this present study is to understand the EDM machining effects on the corrosion
behavior of aluminum alloys, specifically in Al 5083
due to the observed preferential corrosion damage
near the EDM (Refer to Figure 1). The test matrix
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Figure 14
Macrograph showing a comparison of corrosion damage for milled surfaces of all Al alloys after 48 h immersion in
0.6 M NaCl solution

Figure 15
Macrograph showing a comparison of corrosion damage for EDM machined surfaces of all Al alloys after 48 h immersion in 0.6 M NaCl solution

In the present study, the depth of HAZ is of the order
of 10 µm as observed from the microstructural characterization and is in the range of published values
in other EDM processes [13-14]. Microstructural
changes in the HAZ was reflected in hardness values measured in the metal altered layer. The hardness of the HAZ in the 5083 was almost of the same
order as that of the bulk (5% difference), compared
to 13-22% difference in other alloy systems. This
however can be attributed to the fact that except for
5083, all other aluminum alloys investigated are heat
treatable alloys. Thus, any changes in the microstructure will largely affect the hardness. Converse-

ly, for non-heat treatable systems like 5083, microstructural changes are not as significant; thus the
hardness is not appreciably affected. Further, observation of Cu enrichment in the recast layer as well
as in the HAZ is an expected phenomenon. 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 redisposition 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
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a pure silicon electrode in the EDM process improved the corrosion resistance [9]. Thus, the EDM
electrode in the present study being brass has about
50 to 70 % copper depending on the type of brass.
During the EDM process copper dissolves in the
recast layer and defuses into the HAZ affecting the
surface corrosion properties. In the corrosion potential studies, an initial high corrosion potential was
observed in all the aluminum alloys machined using
EDM compared to the milled surface due to the deposited Cu in the former. It has been reported that
a copper ion concentration of 0.02 to 0.05 ppm in a
neutral or acidic solution is considered as a threshold of pitting corrosion [15]. Similar observations
have reported in Al-Mg systems [16]. Thus, the observed 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 in the surface as well as in the sub-surface layer of the EDM
specimens is reflected in the corrosion rate studies
using the polarization resistance technique and in
the full immersion studies. An order of magnitude
increase in the corrosion rate was observed in polarization resistance study 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 aluminum
alloys (2024, 6061 and 7075) in the milled surface is
as expected. The 5083-H116 temper is a better corrosion resistant alloy and is widely used in marine
structures [10]. However, in the sensitized state, the
5083-H116 material is susceptible to stress corrosion cracking; thus the SCC performance of EDM
sensitized 5083-H116 should be evaluated [10].
Generally, the surface alteration due to sputtering,
copper enrichment, and microstructural changes in
HAZ from EDM results in poor corrosion resistance
compared to a milled surface.

•

Metal altered layer thickness of 10 µm is
found to be common for all the Al alloys

•

Corrosion potential of EDM surfaces is
greater (anodically polarized) compared to a
milled surface. Thus, the EDM surface will
act as galvanic couple to its adjacent bulk
surface.

•

Corrosion rates of EDM surfaces 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)

•

Do not use EDM for any test specimen exposed to a corrosive environment.

•

Do not use EDM for any test specimen sensitive to surface condition.

•

EDM is acceptable to use for fatigue crack
growth or fracture toughness specimens that
use a pre-crack as part of the test protocol.
The EDM process is acceptable since the
pre-crack procedure will extend the crack tip
beyond the material affected by the EDM
process.
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Based on the comprehensive study on the effect of
EDM of 2024-T351, 5083-H116, 6061-T6, and 7075T651 Al alloys on corrosion behavior, the following
conclusion can be drawn:
The EDM surface roughness is greatly inferior compared to surface roughness of the
milled surface

Hardness measured on the HAZ is less than
the bulk material in Al 2024, Al 6061 and Al
7075 alloys. This is less significant or comparable in Al 5083.

Recommendations for the use of EDM.

CONCLUSION

•

•
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