Corrosion-Fatigue Behavior of Aluminum Alloy 5083-H131

Sensitized at 448 K (175 °C)
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The fatigue crack growth behavior of aluminum alloy 5083-H131 has been systematically
studied as a function of degree of sensitization for aging at 448 K (175 °C). Fatigue crack
growth rates were measured at load ratios of 0.1 and 0.85, in vacuum, air, and a corrosive
aqueous environment containing 1 pct NaCl with dilute inhibitor. Sensitization does not affect
the fatigue crack growth behavior of Al 5083-H131 significantly in vacuum or air, at low- or
high-load ratio. For high-load ratio, in the 1 pct NaCl+inhibitor solution, the threshold drops
by nearly 50 pct during the first 200 hours of aging, then it degrades more slowly for longer
aging times up to 2000 hours. The change in aging behavior at approximately 200 hours seems
to be correlated with the transition from partial coverage of the grain boundaries by 8 A13Mg2
phase, to continuous full coverage. ASTM G-67 mass loss levels below approximately 30 mg/cm?

do not exhibit degraded corrosion-fatigue properties for R =

threshold is rapid for higher mass loss levels.
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I. INTRODUCTION

ALUMINUM alloy 5083 is a commercial Al-4.5 pct
Mg-1 pct Mn wrought alloy that derives its strength
from magnesrum solute hardening and strain harden-
ing.! The 5083 and other 5xxx alloys are used in ship
structures®? because they have high specific strength
are weldable, and have good ﬁeneral corrosion resis-
tance in marine environments."! However, these alloys
can become sensitized to intergranular corrosion (IGC)
and stress-corrosion cracking (SCC) when exposed to
increased temperature [above 323 K (50 °C)] for pro-
longed periods of time.” Thrs has obvious disadvan-
tages for marine applications.””? The IGC/SCC is known
to be associated with the formatlon of ff phase (A13Mg2)
on the grain boundaries.”) The presence of f phase is
detrimental to the alloy’s IGC resistance because f§ is
anodic with respect to aluminum,'” and it is thought
that high rate selectlve dissolution of the f occurs in
chloride solutions.*” A good review of the factors
involved and mechanisms influencing IGC/SCC in
Al-Mg alloys is provided by Jones.!'"

Although the Precipitation of f from solid-solution
Al-Mg alloyst® 7 'and the damaging effect of grain
boundary [3 precipitation and sensitization on IGC/SCC
in 5xxx-series aluminum alloyst® #1¥2¢ are well known,
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little systematic information exists on the effect of grain
boundary f on the fatigue crack growth of sensitized Al
5083 under cyclic fatigue loading conditions for both
high and low load ratio, in various env1ronments A
recent paper by Brosi and Lewandowski?” tabulates the
thresholds of Al 5456 measured in air only, for several
load ratios, showing only minor changes of the fatigue
thresholds with different degrees of sensitization,
although more significant effects were noted on the
Paris law exponents; however, L-T orientation was used,
which is not the conﬁéurdtron most susceptible to
intergranular corrosion.!! Menzemer and Srivatsan®®
studied the effects of air, water vapor, and oxygen on
as-received 5456-H116, also on L-T orientation, at

= 0.1, but sensitized material was not included in
the study. Van Kranenburg er al®” measured the
fatigue thresholds of as-received Al 5083 in air and
seawater but also did not measure sensitized material.
An older work by Ford?®® reported the results of an
Al-7 pct Mg alloy aged at 423 K (150 °C) for 4 hours
(thus probably sensitized) in both air and aqueous
environments, but only one load ratio R = 0 is
reported Donald®!! more recently reported a wide-
ranging study of fatigue crack growth results for 5083-
H321 and 5083-H116 marine service alloys, in air and
seawater, for a range of frequencies from 0.05 to 24 Hz;
however, the transverse-longitudinal (TL) orientation
was used, only one load ratio of 0.1 was investigated,
and the data were not all taken down to the threshold
regime. The sensitized alloy was not measured.

Thus, the objective of this study was to determine
comprehensively the fatigue crack growth behavior of
Al 5083 in several environments, at both high and low
load ratio, and for sensitization conditions. Fatigue
crack growth rates were measured for both as-received
and highly sensitized condition at low load ratio
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(R = 0.1) and high load ratio (R = 0.85) to determine
the basic behaviors when the loading is dominated by
high cyclic amplitude, AK, vs high peak load, Kyax,
with small cyclic amplitude. The effects of environment
were evaluated by measuring in high vacuum, air and an
aqueous solution containing NaCl, and an inhibitor.
High-vacuum measurements were included to represent
an environment-free, intrinsic behavior for comparison.
The initial findings for unsensitized and fully sensitized
material were followed up by a systematic study of the
corrosion-fatigue (CF) threshold at high R, in aqueous
NaCl with inhibitor, as a function of aglng time
producing varying degrees of sensitization.*”

The material used in this study was 58.4-mm thick
AAS5083-H131 plate, an armor grade, wrought and
strain-hardened material®¥ provided by Alcoa (Alcoa
Center, PA). The use of thick plate allowed for conven-
tional fatigue testing with compact tension specimens
loaded in the short-transverse (ST) direction, which is
known to be the most susceptible to IGC and SCC
problems.®) The specimens were sensitized at 448 K
(175 °C) for between 1 and 2000 hours. Transmission
electron microscopy (TEM) was used to determine
morphology and the continuity of grain boundary f
phase of selected specimens. The relatively high temper-
ature of 448 K (175 °C) was selected for the aging so that
the full range of sensitized behavior could be explored
efficiently. It has been shown elsewherel®¥ that the
corrosion-fatigue behavior correlates with the degree of
sensitization, regardless of what aging temperatures are
used. Lower aging temperatures merely require long
aging times to achieve the same levels of sensitization.

II. MICROSTRUCTURE EVOLUTION
WITH AGING

As noted in the introduction, there have been several
studies of f precipitation in supersaturated Al-Mg
alloys so the basic phenomenology is well known. An
overview of the pre01p1tat10n behavior most germane to
the current work is summarized by Searles et al.,') who
analyzed comprehensively a 5083 alloy (temper not
specified) aged at 423 K (150 °C) up to 333 hours. They
reported the initial discrete precipitation of f particles
and the formation of a continuous grain boundary f
phase by 189 hours, but at 262 hours and longer, the
grain boundary phase was broken up and discontinu-
ous. The details of f§ phase evolution in the specific 5083
alloy and H131 initial temper, which was the subgect of
this study, have been reported preV1ously and
generally are consistent with Searles et al') Herein, we
review briefly those previously published results to
provide the microstructural context for the discussion
of the corrosion-fatigue behaviors.

Figure 1(a) shows a typical grain boundary of the
as-received Al 5083-H131. Note, in particular, that there
is no f§ phase at the grain boundary in the as-received Al
5083-H131. After aging at 448 K (175 °C), the f phase
starts to form on the grain boundaries. After 1 hour aging
at 448 K (175 °C), discrete f§ precipitates start to form
along the grain boundaries, as shown in Figure 1(b).
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(a) As-Received

Fig. 1—Basic stages of the microstructure evolution of -Al;Mg, in
Al 5083-H131 aged at 448 K (175 °C). The condition depicted in (d)
is considered to be fully sensitized.

These fine-grain-boundary f precipitates are several
hundred nanometers in length and up to approximately
60 nanometers in width. After aging at 448 K (175 °C)
for 50 hours, the grain boundary f precipitate structure
becomes more complex, forming a ribbon-like morphol-
ogy, as shown in Figure 1(c). In this figure, the sample has
been tilted approximately 40 deg so that it is an oblique
view of the f§ phase on the grain boundary through the
thickness of the TEM sample. As shown in Figure 1(c),
the grain boundary is not fully covered by the f phase at
this stage, but it is possible that the precipitates are
continuous over length scales larger than the TEM
sample thickness. Similar complex grain boundary f
microstructures have been reported recently by Daven-
port et al.'” for a 5182 alloy aged at 423 K (150 °C) for
50 hours. Only after a long period of aging greater than
approximately 200 hours do f§ precipitates coalesce and
the grain boundaries generally become fully covered with
f phase with a thickness around 100 to 200 nm. An
example of such a continuous grain boundary f§ phase
after 240 hours aging at 448 K (175 °C) is shown in
Figure 1(d).

The examination of multiple specimens aged for
various periods of times indicates that generally the
grain boundary f phase becomes continuous and fully
covered after approximately 200 hours aging at 448 K
(175 °C), and generally it is discontinuous and/or
partially covered for shorter aging times. At longer
aging times over 200 hours, the f phase continues to
thicken, but at a lower rate.

III. FATIGUE CRACK GROWTH
EXPERIMENTAL DETAILS

For fatigue crack growth studies, 12.7-mm-thick, S-L
oriented, 58.4-mm-wide wedge-opening-load fracture
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mechanics specimens were used. With the S-L orienta-
tion, the crack propagation direction is parallel to the
rolling direction, loading is in the short-transverse
direction, and the crack plane is in the midplane of the
thick plate. This configuration was selected because
loading in the ST direction is known to be the most
susceptible to stress corrosion cracking.®) ASTM
E-64787! fatigue tests were conducted with cyclic load
frequency of 10 Hz, using a sine waveform and a stress
ratio R of either 0.1 or 0.85. The fatigue crack length
was monitored continuously by a compliance technique.
Thresholds are determined by the ASTM E-647 method,
i.e., defined as stress intensity amplitude at a crack
growth rate of 1 x 107" m/cycle.

The tests in high vacuum were done in a turbomolec-
ular pumped vacuum chamber at a base pressure typically
at6.7 x 107° Pa. A residual gas analysis showed that the
major constituents are approximately half nitrogen and
half water vapor, with oxygen or other species being
present in trace amounts. The tests in air were conducted
in laboratory air at ambient laboratory temperature
around 295 K (22 °C) and 42 pct relative humidity.

The corrosive environment fatigue crack growth
experiments were conducted by an immersion of the
specimens during testing in 1 pct NaCl solution with a
chromate inhibitor (0.02M Na,Cr,O;, 0.07 M
NaC,H;0,, and HC,H;0, with pH = 4).2%% To
avoid possible confusion about the composition of the
solution used for our testing, we refer to this mixture as
1 pct NaCl/Inh in this article.

It was noticed during the initial several fatigue tests of
the sensitized 5083 samples in pure 1 pct NaCl solution,
without inhibitor, that there was a buildup of gel-like
corrosion products (the hydroxide products of the
dissolution of £ in saltwater’®”) on the surface of the
specimens as well as within the cracks. The viscous
corrosion products can affect the environment at the
crack tip, for example, by impeding the solute transport
through the crack preventing fresh solution from
penetrating to the crack tip*** or affecting the local
stress intensity through hydrostatic pressure effects.”
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To avoid such problems and thus obtain results more
representative of intrinsic material behavior, the dilute
chromate inhibitor solution was used. The particular
inhibitor selected is a solution that has been used by
Alcoa®’*™ for continuous immersion stress-corrosion
cracking tests. Jones er al.’?! also described the use of a
potassium chromate solution for SCC testing of Al-Mg
alloys. The chromate solution acts to passivate the
exposed crack surfaces. When a passivated crack is
loaded in tension, the passivated layer is broken at the
crack tip, and at sufficiently high frequency, it does not
reform quickly enough for stable passivation.*** (We
should note that TEM studies by Jones er al.*”) suggest
a somewhat more complicated effect on the f phase in
Al-Mg alloys exposed to inhibitor, involving conversion
of the AlsMg, to Al,O3.) Thus, the underlying alloy at
the crack tip is exposed to the NaCl after loading, so
that the environmental interaction can occur, whereas
the crack faces in the wake remain passivated to reduce
corrosion product buildup.

Several experiments were conducted to compare
results with and without inhibitor. Figure 2 shows
several tests on as-received and sensitized [448 K
(175 °C) for 240 hours, degree of sensitization [DOS]
approximately 40 mg/cm?] samples, with and without
inhibitor. The as-received, or unsensitized, material is
indicated by “A” and corresponds to the type of
microstructure shown in Figure 1(a). The sensitized
material is denoted by ““S” and is obtained with an aging
of 240 hours at 448 K (175 °C), and it corresponds to
the microstructure shown in Figure 1(d). It is observed
that the crack growth rate of unsensitized material is not
affected, regardless of the presence of the inhibitor. In
the case of the sensitized material, without inhibitor
there would seem to be little or no change of the near-
threshold behavior. With inhibitor, crack growth rates
at low-stress intensity amplitude increase, and the
threshold decreases significantly. This behavior would
otherwise seem to be counterintuitive if the corrosion
product plugging the crack were not taken into account.
At high amplitude, where the crack geometry is less
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Fig. 2—Effect of the chromate inhibitor solution, with 1 pct NaCl, on the corrosion-fatigue behavior of as-received and highly sensitized sam-
ples. “A” refers to as-received or unsensitized condition, and “S” refers to highly sensitized condition [448 K (175 °C) for 240 h]. (¢) R = 0.1

and (b) R = 0.85.
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stagnant and corrosion product blocking of the crack
should be less significant, the da/dn without inhibitor
approaches that with inhibitor.

An NaCl concentration of 1 pct was used for these
experiments. It was verified experimentally on unsensi-
tized samples and samples sensitized at 448 K (175 °C),
that there is no significant difference between the
thresholds for 1 pct NaCl/Inh and 5 pct NaCl/Inh, as
indicated in Figure 3. The NaCl concentrations less than
0.1 pct have diminishing effect on the fatigue behavior.
Based on these data, it is clear that the 1 pct NaCl/Inh
solution would give the same result as, for example,
3.5 pct NaCl, within experimental uncertainties.**

Furthermore, that the changes in threshold for
sensitized material are caused by the NaCl and not the
inhibitor is confirmed by Figure 3. As the NaCl con-
centration decreases, with the same inhibitor solution,
the threshold approaches the same value as unsensitized
material.
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Fig. 3—Effect of NaCl concentration, with the inhibitor solution
described in the text, on the corrosion-fatigue thresholds of highly
sensitized samples at R = 0.85.

IV. FATIGUE CRACK GROWTH RESULTS

Figure 4(a) shows the fatigue crack growth behavior
at R = 0.1 in vacuum, air, and 1 pct NaCl/Inh. The as-
received, or unsensitized, material is indicated by “A”
and corresponds to the type of microstructure shown in
Figure 1(a). The sensitized material is denoted by *S”
and is obtained with an aging of 240 hours at 448 K
(175 °C), and it corresponds to the microstructure
shown in Figure 1(d). Several behaviors are notable.
The thresholds of both sensitized and unsensitized
material, in both air and 1 pct NaCl/Inh, are all the
same. Thus, empirically, at low R, sensitization does not
play a role in the fatigue crack growth thresholds. The
air and NaCl/Inh thresholds are lower than the thresh-
olds for vacuum, indicating that there is an environment
effect acting in both air and NaCl/Inh, presuming that
the vacuum data represent inert environment behavior.
It is interesting that the aqueous environment threshold
is the same as in air, and this will be discussed further,
below. Away from the thresholds, crack growth rates
are always higher in the 1 pct NaCl/Inh than in air, and
da/dn in air is higher than in vacuum. In NaCl/Inh at
intermediate AK, sensitization always increases the
crack growth rate. At high AK, where Kyax 1S
approaching the fracture toughness of the material, the
curves all merge. At R = 0.85, shown in Figure 4(b),
the trends of crack growth rates for vacuum and air are
similar to the trends at R=0.1. In particular, sensitiza-
tion does not have a significant effect in either air or
vacuum, but the air thresholds are much lower than in
vacuum indicating a significant environment effect even
in air. In 1 pct NaCl/Inh, however, there is a large
difference between unsensitized and sensitized material.
As at R = 0.1, unsensitized material in NaCl/Inh has
the same threshold as in air, and the crack growth rates
for intermediate AK are always higher in NaCl/Inh than
in air, whereas the sensitized material in NaCl/Inh
shows a large increase in the crack growth rates.
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Fig. 4—Fatigue crack growth rates at R = 0.1 (¢) and R = 0.85 () in vacuum, air, and 1 pct NaCl + inhibitor. In the legend, “A” refers to as-
received or unsensitized condition, and “S” refers to fully sensitized condition. The DOS and the arrow indicate the shift of threshold with

increasing sensitization.
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As indicated by the figure, the threshold in NaCl/Inh
decreases by a factor of two from unsensitized to
sensitized condition.

To investigate how the threshold depends on aging
time and degree of sensitization, we prepared a series of
specimens aged at 448 K (175 °C) for various times
ranging from 1 hour to 2000 hours. The results are
shown in Figure 5. AKty decreases rapidly for the first
200 hours of aging then continues to decrease at a
slower rate for additional aging. The slope changes at
approximately the aging time corresponding to the
change from partial/discontinuous f coverage of the
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Fig. 5—Fatigue crack growth thresholds at R = 0.85 in 1 pct
NacCl + inhibitor vs aging time at 448 K (175 °C).
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grain boundaries to full/continuous coverage. TEM
observations of the longer aged samples have shown
that once the grain boundary coverage is complete, the f§
phase thickens slowly with additional aging.

Additionally, we measured the SCC thresholds,
Kiscc, in the same 1 pct NaCl/Inh solution, of the
as-received and fully sensitized material. The tests were
rising stress step loading tests (ASTM E1681-031%¢)). The
Kiscc values were determined to be approximately 20
and 3 MPaVm, for the as-received and sensitized
(240 hours at 448 K [175 °C]) materials, respectively.
These values are the same as characterization provided
to us by Alcoa along with the sample material, for S-L
oriented, double-cantilever beam specimens under con-
stant displacement, with drop-wise exposure to 3.5 pct
NaCl.*7

V. FRACTOGRAPHY

A fractographic examination of the crack faces was
performed by scanning electron microscopy (SEM).
Here, we include crack face images near the threshold
regime, which is the region of interest for analyzing the
fatigue threshold results. In vacuum, the cracking is
transgranular for both sensitized and unsensitized mate-
rial, and for both R = 0.1 and 0.85, as shown in
Figure 6. Furthermore, the cracking mode is the same
for all AK. In air (Figure 7), the fractography typically
shows mixed transgranular with intergranular cracking

22 4'MPaVm ]

Fig. 6—SEM fractographs in the near-threshold regime for samples tested in high vacuum. (a) As received at R = 0.1, (b) as received at

R = 0.85, (¢) sensitized at R = 0.1, and (d) sensitized at R = 0.85.
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Fig. 7—SEM fractographs in the near-threshold regime for samples tested in air. (a) As received at R = 0.1, (b) as received at R = 0.85, (¢)

sensitized at R = 0.1, and (d) sensitized at R = 0.85.

at R = 0.1 but purely transgranular at R = 0.85. At
high AK (not shown), the fracture mode trends are the
opposite, mostly transgranular at low R and mixed
intergranular and transgranular at high R. The fracture
modes in all cases are the same for both sensitized and
unsensitized specimens. In the aqueous 1 pct NaCl/Inh
environment, near threshold as well as higher AK, the
fracture surfaces are always intergranular, for both
sensitized and unsensitized, at both high and low R, as
shown in Figure 8. At high AK (not shown), the fracture
mode at R = 0.1 becomes transgranular but remains
intergranular at R = 0.85.

The fractography indicates that the cracking mode is
not sensitive to the presence of grain boundary f in any
of the environments, regardless of load ratio or stress
intensity amplitude. This is consistent generally with the
observations that the near-threshold fatigue crack
growth rates generally do not depend much on sensiti-
zation, either, with the exception of high R in the
aqueous corrosive environment. If the vacuum behavior
can be taken as an indication of environment-free
behavior, then the intrinsic behavior is transgranular
cracking. In air, where there should be somewhat of an
environment effect from water vapor, some intergranular
attack occurs presumably in competition with the
transgranular cracking associated with intrinsic behav-
ior. In the aqueous environment, the anodic dissolution
of the ff phase in the sensitized material contributes to the
crack tip behavior and the cracking becomes entirely
intergranular at low crack growth rates, but at low R and
high crack growth rates, the f§ is not dissolved entirely.
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The SEM micrographs do not show the presence of f§
phase unambiguously. There is not much contrast
between aluminum and Al;Mg, in the SEM, there is
still Mg present in the aluminum grains, and the grain
boundary coverage is thin, at most 200 nm for highly
sensitized samples. In the cases of transgranular crack-
ing in vacuum and air, the  phase coverage on the
grains is not visible because it is not exposed by the
crack path. In the case of tests performed in the 1 pct
NaCl/Inh solution, where the cracking is intergranular,
the f phase either has been dissolved away or converted
to an oxide by the action of the inhibitor, and thus it
would not be recognizable as f§ on the surface of the
crack face. For sensitized samples tested in air, at low
load ratio, in regions where intergranular cracking
occurred, there may be some surface irregularities
possibly associated with the ff phase coverage. However,
more specialized experiments will be needed to confirm
whether residual f§ is present on the crack faces.

VI. DISCUSSION

The observation that the fatigue threshold in NaCl/
Inh is not affected by sensitization at low R but is
strongly affected at high R can be understood phenom-
enologically by referring to Figure 9. As mentioned in
the introduction, it is well known that the 5xxx series of
Al-Mg alloys in the sensitized condition are susceptible
to SCC at a high enough stress intensity, K > Kjscc.
When K is less than K;scc, only cyclic fatigue processes
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Fig. 8—SEM fractographs in the near-threshold regime for samples tested in 1 pct NaCl plus inhibitor. (a) As received at R = 0.1, (b) as
received at R = 0.85, (c) sensitized at R = 0.1, and (d) sensitized at R = 0.85.

40
R=0.85 AK=0.5
_Kisce
(Sensitized)
R=0.1 AK=2
T 20
1.0
00 ;
Time

Fig. 9—Schematic indicating why thresholds at R = 0.1 are not
affected by sensitization, whereas the R = (.85 thresholds are strongly
affected. For R = 0.1 at the low AK values near threshold, the load
cycle is below the SCC threshold Kjscc. At high R, however, some
portion of the cycle is above K;scc thus is affected strongly.

are growing the crack, and we presume that a threshold
is associated with that cyclic-only process, AKcpry. The
fatigue-only case would correspond to the unsensitized
material in NaCl/Inh, where AKcpry =~ 1.8 at R = 0.1
and AKcpry = 1.0 at R = 0.85. We presume that this
cyclic mechanism is driven by the same hydrogen-
embrittlement cracking mechanism that has been dis-
cussed for the Al 5456 alloy.”® The Kiscc in the fully
sensitized condition of the Al 5083-H131 is approxi-
mately 3 MPaVm. At R = 0.1, with AK ~ 2 MPaVm,
near the observed thresholds, the entire load cycle is

METALLURGICAL AND MATERIALS TRANSACTIONS A

lower than K;scc, and therefore the behavior is dom-
inated by cyclic processes only, such that the crack stops
growing when AK falls below AKcpry. At higher AK
and R = 0.1, SCC contributes to the crack growth rate
whenever Kyax exceeds Kiscc, and the crack growth
rates of sensitized material thus will be higher than
unsensitized material. In contrast, at R = 0.85, some
portion of the load cycle, or even all of the load cycle, is
above K scc, and thus, SCC contributes to the crack
growth during those portions of the loading cycle.

Thus, a full analysis of the corrosion-fatigue behavior
of the sensitized 5083 alloy requires consideration of the
superimposed effects of corrosion-fatigue and stress-
corrosion cracking.*® Various models for the effects of
environment on corrosion fatigue were reviewed else-
where.[*>) What is apparent from this body of litera-
ture is that, generally, the combined actions of CF and
SCC for finite crack growth rates are a complex and
difficult problem. Additionally, it is noted that none of
these models include threshold behaviors explicitly, and
thus, they do not help directly in the interpretation of
the current data.

Gnyp and Pokhmursky! considered threshold
behavior under the combined action of CF and SCC,
and they argued that a ‘“‘cyclic corrosion cracking”
threshold AKigcrc i1s needed to describe the threshold
behavior. In their model, the materials that are subject
to static corrosion cracking as well as cyclic corrosion
cracking require two characteristic, independent param-
eters, AKiscrc, as well as Kjgcc. It seems clear that the

51]
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corrosion-fatigue threshold measured in the current
work would be considered to be an example of AKjscpc.
The consequent interpretation is that AKjscgc is not an
intrinsic property but rather the apparent threshold that
results from the superposition of an intrinsic CF
behavior with the SCC behavior, as we explain in more
detail in the next section.

Any superposition model invoking combinations of
terms representing additive contributions to the crack
growth rates possesses the feature that the individual
terms must all be greater than or equal to zero. The
crack growth rates cannot be negative. The threshold
behavior that is, defined as da/dN = 0 of such an
additive superposition model, thus is simple, in princi-
ple, to analyze. The model of Wei and Simmons!®?
explicitly has separate terms for CF and SCC contribu-
tions, which is needed for the present current, and it has
been successful in accounting for frequency and water
vapor pressure effects in some aluminum alloys. The
Wei-Simmons model is essentially a summation of
independent terms for inert materials behavior, a cyclic
corrosion-fatigue behavior, and an intrinsic stress cor-

rosion cracking behavior:
(da) (da) (da) (a’a)
_ — [ = +(— 4+ —
dN Total dN Inert dN CF dN SCC

For the total crack growth rate to be zero in this case,
thatis, at threshold, all three terms must be separately zero.
In the current case, the ‘‘inert” term in the
Wei-Simmons model does not contribute because the

threshold in vacuum is much higher than in the 1 pct
NaCl/Inh, leaving the separated terms for corrosion-
fatigue, characterized by a cyclic-only fatigue threshold,
which we term AKcpry, and stress corrosion cracking,
which is characterized by a threshold for Kyax, that is,
Kiscc. Physically, this means simply that a crack will
not grow when two conditions are met simultaneously:
The peak stress intensity is less than K;scc and the cyclic
stress intensity is below AKcpry. In the current case, for
R = 0.85, with K;scc ~ 3 MPaVm, the apparent AKty
is (I = R)K scc = 0.45, which agrees with the measure-
ments and is well below the cyclic-only threshold,
AKcprn ~ 1 MPavm. Thus, the measured AKyy values
shown in Figure 6 are apparent thresholds resulting
from the SCC contribution, which can be much less than
the cyclic fatigue-only threshold AKcpy. In the unsen-
sitized condition, however, the K gcc is too high to play
a role at the threshold, except when Kyax is over
20 MPavVm.

The variation of measured apparent threshold AKty
with aging time can be understood phenomenologically
via Figure 10. Figure 10 is a series of schematic repre-
sentations of threshold behavior based on the superpo-
sition ideas outlined previously. The axes are
approximately scaled to the observed threshold behav-
ior. One way of representing fatigue threshold behavior
is by plotting a “map” in AK vs Kyax space (this is
algebraically equivalent to the more customary practice
of plotting AK vs R because Kyax = AK/(1 — R)).P?>4
For cyclic fatigue only, these plots are generally
L-shaped curves, as indicated in Figure 10(a), such that

Fatigue Only SCC Only Combined Fatigue + SCC
AK Crack Growth AK AK Crack Growth
No Crack No
Crack
aKCFTH T """ Growth Sin) AKCFTH 1 __(_:_rﬁ_QIS ______
No Crack Growth Growth
Kunax Kiscc Kmax Kisce Kinax
(a) (b) (c)
I/I Apparent Thresholds
AK +* R=0.1
— (Dz
R=0.85 »
Meerw | 7 T i
= . ™ - - - -,
¥id A — —q' \ N Y
AKTH"'"‘;’!“"‘"“““_'_"_‘::'—'b"—'? i i I} ‘}
AT : : ; i !
Kunax Kysco(S) KyscelA)

(d)

Fig. 10—Series of schematics suggesting a mechanism for why thresholds at R = 0.1 are not affected by changes in the stress corrosion cracking
threshold, K;scc, whereas the R = 0.85 thresholds are affected strongly. (a) Schematic representation of typical fatigue threshold behavior, after
the approach of Sadananda and Vasudevan.”™> (b) SCC behavior showing a threshold for Kyax at Kiscc. (¢) Simple superposition of the fati-
gue and SCC behaviors. (d) As Kjscc decreases with aging, the intersection of the threshold curves with the R = 0.85 line; that is, the apparent
corrosion-fatigue threshold decreases progressively below AKcpry-
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combinations of AK and Kyax above and to the right of
the curve produce crack growth, and combinations of
AK and Kyax below and left of the curve do not
produce crack growth.’*>* For our immediate pur-
poses, which only concern the thresholds at R = 0.1
and R = 0.85, we do not need to know the exact shape
of the curve at intermediate R. Figure 10(b) shows a
threshold map for SCC only, where crack growth occurs
for Kyax > Kiscc and there is no crack growth for
Knvax below Kisce. If the SCC map is superimposed on
the CF map and assuming no interactions, the combined
threshold map of Figure 10(c) results. At low enough
Knmax, cyclic fatigue dominates, SCC plays no role, and
the threshold follows the CF-only curve. At a high
enough Kyax, SCC dominates, and the threshold curve
resembles the SCC only curve, in particular, intersecting
Kvax = Kiscc when AK = 0. If interactions between
CF and SCC are present, presumably the junction of the
SCC and CF curves would be distorted somewhat to
remove the sharp corner.”>7 In other words, if Kyax
exceeds Kiscc, the crack will grow regardless of what
AK is; but if Kyax 1s somewhat less than Kjgcc, the
cyclic process dominates. For the intermediate levels of
sensitization, between fully sensitized and unsensitized,
we presume that the Kjscc varies continuously with
aging time. Figure 10(d) depicts a series of AK vs Kyax
maps suggesting what happens when K;scc drops with
aging. The intersections of those curves with the line
R = 0.85 gives the corresponding apparent corrosion-
fatigue threshold produced by the superposition of a
cyclic-only process with the Kyax-only SCC process.
This graphical representation described previously
explains at least qualitatively the observed behavior of
corrosion-fatigue thresholds with aging. The quantita-
tive agreement also is pretty good for the highly
sensitized material, where Kjscc is about 3 MPa-Vm.
The diagram suggests that AKty should be approxi-
mately 1— R = 15 pct of Kjscc, and in fact the
measured thresholds for highly sensitized material are
indeed approximately 0.45 MPa-Vm. The implication is
that at least at the threshold, any interaction or
competition effects between CF and SCC are small in
this alloy.

VII. RELATIONSHIP OF CORROSION FATIGUE
THRESHOLD TO ASTM G67 MASS LOSS TEST

The customary method of characterizing the DOS of
Al-Mg alloys is ASTM G-67.°% which is commonly
known as the nitric acid mass loss test (NAMLT). This
test method involves immersing a sample in concen-
trated nitric acid for 24 hours and measuring the mass
loss resulting from that immersion. The basis of the test
is that the mass loss is associated with grains that fall
out after the grain boundary f phase has been dissolved
away by the acid. When the material is sensitized fully,
the grain boundaries are covered fully with continuous
layer of f5; thus, the grains are more likely to fall out
after the acid immersion. When the DOS is low and the
S is not continuous or fully covering, the grains would
be less likely to fall out. Thus, one would expect the
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NAMLT to increase substantially when the grain
boundary microstructure changes from discontinuous
to continuous. In fact, as suggested in Figure 11, we find
no evidence of a transition in NAMLT behavior
corresponding to any transition in microstructure
implied from TEM studies. This raises some questions
about the rationale behind ASTM G67, although the
test method is used widely and will remain a useful
standard tool for characterization.

In Figure 12, the R = 0.85 corrosion-fatigue thresh-
old is plotted vs the NAMLT values. For NAMLT of
30 mg/cm? and less, there is not much effect on the
threshold. Above NAMLT of 30 mg/cm?, the thresholds
decrease rapidly. The transition from discontinuous/
partial coverage to continuous/full coverage f on the
grain boundaries occurs at approximately NAMLT of
40 mg/cm?. This result suggests that, if one chooses to
use ASTM G67 NAMLT values as an indicator of
material condition, then a mass loss of approximately
30 mg/ecm? should be considered the threshold above
which the material properties are significantly degraded,
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Fig. II—ASTM G-67 nitric acid mass loss vs aging time for Al
5083-H131 aged at 448 K (175 °C). The approximate aging time cor-
responding to the observed transition between partial coverage/dis-
continuous f grain boundary phase and full coverage/continuous f
phase is indicated (see text).
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Fig. 12—The corrosion-fatigue threshold at R = 0.85 vs the ASTM
G-67 nitric acid mass loss showing the degradation setting in for
mass loss above 30 mg/cm?.
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at least for R approximately 0.85. The CF+SCC
superposition arguments in the preceding section imply
that this critical value of mass loss should depend on
load ratio, i.e., decreasing for higher load ratio and
increasing for lower load ratio. Additional studies are
underway to examine this prediction.

VIII. CONCLUSIONS

Sensitization does not affect the fatigue crack growth
behavior of Al 5083-H131 significantly in vacuum or air,
at low or high load ratio. In a corrosive environment of
1 pct NaCl plus chromate inhibitor, the threshold is not
affected by sensitization at low R but is strongly affected
at high R. There is a significant environmental enhance-
ment of the crack growth rates in air, for both low and
high R, relative to the behavior in vacuum.

For high R, in 1 pct NaCl/Inh, the apparent corro-
sion-fatigue threshold depends strongly on aging time at
448 K (175 °C). The threshold drops by nearly 50 pct
during the first 200 hours of aging, and then degrades
more slowly for longer aging times. The change in aging
behavior at around 200 hours aging seems to be
correlated with the transition from discontinuous or
partial f phase coverage of the grain boundaries, to
continuous and full § coverage.

These trends can be understood phenomenologically
as the threshold behavior of a noninteracting, superpo-
sition of a corrosion-fatigue only process with a stress-
corrosion cracking mechanism. This simple model
accounts well for the observed trends as a function of
sensitization of the corrosion-fatigue threshold at
R = 0.85.

Based on our results, we suggest that an ASTM G-67
mass loss value in excess of approximately 30 mg/cm?
would be indicative of substantially increased risk of
corrosion-fatigue failure of this material for load ratios of
approximately 0.8 to 0.9 in the presence of corrosive
environment. ASTM G-67 mass loss levels below
approximately 30 mg/cm? do not exhibit degraded cor-
rosion-fatigue properties in our study. Although ASTM
G-67 mass loss seems to provide for an indicator of
corrosion-fatigue degradation, it may not correlate well
with changes in the microstructure of grain boundary p.
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