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Abstract

Aluminum alloys have been used extensively in a number of different industries due to
their advantageous properties. These properties include high-strength-to-weight ratio, as well
as good workability and strong corrosion resistance. In many applications, environmental
degradation mechanisms are responsible for a significant number of failures. Recent work has
demonstrated that a significant portion of loading for airframe structural components can occur
at high altitudes where the environment is typified by low temperatures and low water vapor
pressures. At these temperatures and pressures, crack growth kinetics of aluminum alloys are
drastically reduced. As such, incorporating low temperature, low water vapor pressure effects
into the next generation of airframe structural integrity management has the potential to

increase accuracy and reduce over-conservatism.

This dissertation will further explore the effect of a high-altitude environment with a
particular focus given to the role low water vapor pressure plays in the fatigue behavior of
aerospace aluminum alloys. To this end, four tasks will be explored: (1) Efficacy of water vapor
pressure over frequency (Pu20/f) as an exposure parameter to describe the environment. (2)
Effect of limiting sample thickness to eliminate irregular crack front behavior at certain stress
intensities (AKs) and water vapor pressures. (3) Extension of high-altitude behavior in AA 7075
to 2xxx series aluminum alloys. (4) Incorporation of high-altitude fatigue crack growth rates
(FCGR) data into linear elastic fracture mechanics (LEFM) based models to determine the

magnitude of fatigue life extension.

While researchers had previously studied the role of Pu2o/f in describing the

environment, this is the first study to comprehensively study this parameter across a wide



range of water vapor pressures in the near-threshold region. Several critical findings on the
limitations of using the exposure parameter were found. K-shed testing showed that exposure
parameter performed better than water vapor pressure at describing the environmental
cracking of 7075. Constant water vapor curves diverged between AKs of 4 to 6 MPavm.
Constant K-hold testing revealed two regions, one where water vapor pressure describes the
environment, and another where Puyo/f is a better proxy for environmental severity. At low to
intermediate water content, the environment appears to be well-described by the Puo/f
exposure parameter. At higher water vapor content, the effect of frequency seems to be
diminished, such that water vapor pressure is an adequate descriptor. These results show that
while Pu2o/f is widely used in literature, and it is the best singular parameter to describe

environment, it is important that its limitations are understood.

Literature has previously shown that in certain test conditions, a sharp decrease in
growth rates could occur termed the threshold transition regime (TTR). Testing of the TTR this
behavior had been suggested to be due to limitations in the transport of water vapor to the
crack tip. This was investigated by performing testing on multiple thickness samples to give
insights into the possible mechanism controlling this behavior. Varying sample thickness testing
did not show any impact on the fatigue crack growth behavior at any water vapor pressures
and the fractures surfaces were very similar as well. This invalidates the hypothesis that
shrinking the sample thickness the TTR might be eliminated. Modeling efforts using Franc3D
confirmed that at as an irregular crack front forms, the stress intensity spikes in the center of
the sample, likely resulting in cleavage fracture. Additionally, modeling of constant semi-

elliptical cracks on the edge of the sample for different thicknesses are not consistent with



experimental results. This indicates that the irregular crack front is unique for each sample
thickness. Further work is needed to give insight into how the irregular crack front develops in

order to better explain why changing sample thickness had no effect on the TTR behavior.

Environmental fatigue testing of aluminum alloy 2199 in high altitude environments
established over a wide range of AK was performed. Reduction of Puzo at 23 °Cresulted in a
systematic reduction of crack growth rates, resulting from a reduction in H needed for the
hydrogen embrittlement process. Above 165 Pa, changes in Pu2o do not result in increased
crack growth rates, indicating the environmental contribution reaches a saturation point. At 0.5
Pa FCGR matched those at ultra-high vacuum (UHV), indicating that at these low pressures,
there is no longer any environmental contribution to cracking. Low-temperature testing
showed that at temperatures above -15 °C no change in FCGR was observed. Decreased crack
rates were observed at -30 °C and -50 °C. When temperature was again lowered to -65 °C at 0.5
Pa, temperature had no effect on crack behavior indicating that temperature is affecting
environmental cracking only. This behavior was suggested to be due to dislocation interactions

with H changing as temperature decreased.

Utilizing an LEFM program, AFGROW, the environmental effect on fatigue life on AA
7075-T651 in aerospace applications was able to be quantitatively predicted. Through several
different modeling conditions, the fatigue life in low water vapor environments consistently
produced significant increases in fatigue life. At low stresses, the relative change in fatigue life
was greater across all different modeling conditions. While environmental effects are most
potent in the near-threshold regime of the da/dN vs. AK relationship, targeted modeling

demonstrates that the majority of the crack extension occurs at high stresses (thus high AK).



This leads to the counter-intuitive conclusion that, despite the lower relative impact of
environmental on the da/dN at high AK, the environmental effect at high stress levels has a
more significant impact on the total fatigue life. Through these results, it is clear that
implementation of low water vapor pressure, low temperature, environmental FCGR into the

next generation of airframe structural integrity management models can have a profound

impact.
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Chapter 1 — Introduction to Low Water Vapor Environment

1.1 Motivation
Aluminum alloys have been used extensively in a number of different industries due to

their advantageous properties. These properties include high strength to weight ratio, good
workability, as well as strong corrosion resistance. In many applications, environmental
degradation mechanisms are responsible for a significant number of failures.[1-4] To properly
manage the structural integrity of these alloys in-service, the effect of the in-service environment
needs to be understood and incorporated into life management techniques. This research effort

will focus on high altitude environments, which are critical environments for these applications.

Recent work has demonstrated that a significant portion of loading for airframe structural
components can occur at high altitudes where the environment is typified by low temperatures
and low water vapor pressures.[5] Analyses of the primary wing loads for transport aircraft shows
that [6][7] 17% of these loads occur at or above 9150 m and 42% of these loads occur at or above
3050 m.[7] Similarly, cabin pressurization loads for commercial aircraft are estimated to start at
2450 m and continue to increase until the cruising altitude of roughly 12,200 m.[8] These
examples suggest that significant loading occurs in high altitude environments where the
temperature can range from-5 °C (at 3000m) to -60 °C (at 15,000 m).[9] The ambient water vapor
pressure at these altitudes is also expected to decrease.[10-12] At these temperatures and
pressures, crack growth kinetics of aluminum alloys are drastically reduced.[5,10,20,21,11,13—-
19] As such, incorporating low temperature, low water vapor pressure effects into the next

generation of airframe structural integrity management has the potential to increase accuracy
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and reduce over-conservatism.[22] Functionally, this is accomplished by incorporating
environmental effects into linear elastic fracture mechanics (LEFM) models that inform damage-
tolerant based structural integrity management strategies.[22] To do so, environment specific
fatigue crack growth rate (FCGR; da/dN) versus stress intensity (AK) relationships must be used
as inputs to the LEFM models that predict crack progression. The successful application of these
approaches requires (1) a coupled load-environment spectrum that accurately reflects the
component conditions, (2) a rigorous testing protocol that generates environment specific
growth kinetics that exhibit similitude with the operational component, and (3) a software
interface, (such as AFGROW) that will allow integration of the environment specific growth rates.
Coupled load-environment spectra can be gathered from inflight sensors or flight profiles from
operational components[6,7,23—-25] or generalized spectrum.[26] However, ensuring that
laboratory generated environmental da/dN vs. AK relationships exhibit similitude with
component conditions is challenging and requires a detailed understanding of the environmental
cracking process that goes beyond standard fracture mechanics considerations. This research will
investigate knowledge gaps in (2) and (3).

1.2 Mechanisms

1.2.1 Hydrogen Embrittlement
Significant literature efforts have been performed to quantify the low moisture

environmental cracking behavior of aerospace Al-alloys,[5,10,13,15,16,27-31] to gather
mechanistic understanding of these behaviors,[32—35] to generate models that quantitatively
describe these mechanisms,[36—41] and to postulate how these mechanisms impact the data
generation process[10,27,30,40,42,43]. The mechanism by which moist gaseous environments

increase fatigue crack growth is hydrogen environment embrittlement (HEE).[15,35,44-46] In
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this process, water molecules react with the aluminum surface at the crack tip to produce atomic
hydrogen which then diffuses into the crack tip process zone to cause embrittlement. The exact
mechanism governing this embrittlement is controversial.[13,35,47] Many different proposed
mechanisms have been proposed for different alloy systems.[48] Hydrogen-Enhanced Localized
Plasticity (HELP), Hydrogen-Enhanced Decohesion (HEDE), and Hydrogen and Deformation-
Assisted Vacancy Production are some of the mechanisms of particular interest.[48] HELP relies
on the solute hydrogen atoms increasing the development and movement of dislocations around
the crack tip. This can be accomplished by increasing the dislocation nucleation and the
dislocation velocity.[49] This is potentially accomplished via hydrogen shielding the dislocations
from high stress fields in certain directions, lowering the stress required to move in these
directions.[50] Meanwhile, in HEDE, the presence of hydrogen solutes in the lattice stretch and
weaken the solvent metal bonds and/or reduce the cohesion energy between grain
boundaries.[48] These then lead to a decrease in the stress required for brittle rupture, resulting

in decohesion.

Regardless of the specific mechanism at work, the HEE process involves several important
time dependent steps (1) water molecular transport from the bulk environment to the crack tip,
(2) the rate of the surface reaction, (3) H diffusion from the crack tip to the crack tip process zone,
and finally, (4) H-plasticity/stress interaction in the process zone.[15,16,52,29—

31,33,37,39,41,51]

1.2.2 Environmental Damage Process Model
These four steps in the HEE process were further investigated by R. P. Wei, as well as

other researchers, who attempted to quantify this process and determine the rate limiting steps.
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By examining the data that had previously been published, Wei was able to determine that crack
growth was controlled by either the rate of surface reaction or by the rate of transport and
concluded that neither H diffusion or H plasticity interactions were controlling.[36] In 1980, Wei
developed a model for environmental cracking for two conditions, one where the surface
reaction is the rate limiting step, and one where the transport of water molecules is limiting.[38]
Wei began by assuming that the water vapor was transporting to a reactive surface, reacting at
the surface to produce H which is then adsorbed into the aluminum.[41] H then diffuses to the
crack tip process zone where it embrittles the alloy. A critical assumption of this approach is that
the diffusion and embrittlement are not rate limiting compared to water vapor transport or the
surface reactions. Additionally, the “reactive surface” only appears at the newly cracked surface,
whereas all other aluminum surfaces have reacted with oxygen to form aluminum oxide which
inhibits H adsorption. Finally, he assumes that the FCGR is proportional to the exposed surface

area multiplied by the extent of surface reaction.

While Wei developed a model for both surface reaction limited and transport limited,
only transportation limited will be closely examined. A very similar process is followed for a
surface reaction limited model. One of the critical and unique aspects of this problem is the
transport of water molecules from the bulk environment to the crack tip. Wei began by assuming

this transport was governed by Knudsen flow and developed the following equation:[15]

dp —SN,RTdO F

E—TE‘Fv(Po—P)

(1)
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S is equal to the area of the newly created crack tip per cycle = [a(2BAa)] where Aa is the crack
growth per cycle, B is the specimen thickness, and a is a constant that accounts for the surface
roughness and crack geometry. N, is the available sites per surface area, R is the gas constant,
and T is the temperature in Kelvin. V is the volume at the crack tip, p is the pressure at the crack
tip, and po is the bulk water vapor pressure. F is a Knudsen flow parameter dependent on the

molecular weight of the vapor species, the temperature, capillary action, as well as empirical

crack growth data.[15] % is the rate of surface reaction and is given by the following formula:

deo
E = kcp(l - 9)

(2)

Kcis the reaction rate constant, p is the crack tip pressure, and 0 is the fractional surface coverage.
These equations were then combined and solved for the pressure at the crack tip and inserted

into equation 2 which was then integrated to yield the following:

F

0~ ——
SN,RT

Pot

(3)

Wei assigns t = 1/2f (where f is the frequency of loading) assuming that the surface reaction can
only occur during the active loading portion of a sine wave loading profile as during the unloaded
portion the crack tip will close, blocking the reactive surface. This results in the extent of reaction
0, being proportional to the bulk pressure and inversely proportional to the loading frequency
and the crack extension, Aa (from the S term). It is important to remember, however, that 0 is
the extent of reaction per surface area, so in order to calculate the total hydrogen adsorbed, 6

needs to be multiplied by Aa, which removes crack length extension dependance.
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Based on superposition, the total fatigue crack growth rate can be broken down into the
inherent mechanical crack advance independent of environment and then an environmental
fatigue portion. It was hypothesized that this environmental fatigue damage is proportional to

the total adsorbed hydrogen in the alloy, yielding the following equation:

(da) (da) (da) F p,

- —_ — | — o —

dN/ s dN/, dN/, SN,RT2f

(4)

With (da/dn)c being the environmental contribution to FCGR, (da/dn)e, the total FCGR in an
aggressive environment, and (da/dn),, the FCGR in an inert environment. This result is only
relevant when 0 < 1. If © approaches 1, the sample becomes saturated, and the reaction rate

determines the amount of H adsorbed. In this condition, the following equation would be

governing:

(@), = (@), ~ (@), a1 - e (-e5)

- — | —— _ | — o< — — -

an)., ~\an), ~\an), B\ TP\ TReyr

(5)

The two dependencies should result in linear dependence of (da/dn). versus p/f below saturation
until it transitions when a saturation pressure is reached. This is exactly what Wei saw in

comparing the corrosion fatigue rate of AA 2219-T851 in water vapor as well as in distilled water

(saturated).
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Figure 1: (da/dn)cs vs Prao/f for AA 2219 for water environments[15]

This result showed that indeed these models have relatively good agreement with the
data and could be used as a basis for further study into the mechanism of aluminum alloys in
water vapor environments. Further work was done to expand this model to conditions where an
inhibitor gas is competing with the embrittling species,[38] as well as determining the effect that
yield strength and surface roughness have in changing the saturation transition pressure in water

vapor.[30]

While these models do not fully describe some of the complicated behaviors that can be
observed in aluminum alloys in this environment, they do model the general behavior that is seen
and are still in use in the field 40 years later. These models helped to establish Pu2o/f as an

exposure parameter to describe the environmental severity.[13,15,16,31,36]
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1.3 Effect of Exposure on Fatigue Crack Growth
Based on the pioneering work by Wei, growth rate data from moist gaseous

environments are often plotted at a constant AK against Pn2o/f, as demonstrated in Figure

2.[10] This figure shows three distinct behaviors. First, at low exposures, there is no hydrogen

embrittlement, as there is not enough water vapor to begin this process. As such, all observed

crack growth is purely mechanical, and no environmental cracking is occurring. At intermediate

exposures, the hydrogen embrittlement process has started, and it is governed by molecular
transport to the crack tip.[10] This region has a steep slope, and its growth rate is strongly
dependent on the environmental exposure. Finally, at high water vapor pressure, there is a
change in slope to a very minimal exposure dependence on da/dN. This has been suggested
that there is a change in the rate limiting step to H diffusion from the crack tip to the process

zone.[53]
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It is helpful to recognize the region in which you are testing/operating when analyzing

environmental cracking behavior of 7075 since each region has its own rate limiting mechanism.

As such, the expected behavior and dependencies on variables (e.g., loading frequency, stress

intensity level, etc.) will vary between cracking regimes. This emphasizes the importance of

testing protocol and experimental design when generating data for input into LEFM modeling

approaches. Pu2o/f appears to be a good proxy for environmental severity for aluminum alloys.

However, there is limited research attempting to verify this claim, particularly near AK threshold.

Further research is needed before Pu2o/f can be verified as the best proxy for environment,

though current findings are promising.
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1.4 Threshold Transition Regime
The above discussion establishes that Puo/f is an effective environmental parameter for

environmental severity for well controlled fracture mechanics samples. However, for non-ideal
testing with conditions where molecular transport is hypothesized to be the rate controlling step,
the flow path may impact the environmental crack growth data for use in LEFM based modeling
for engineering components for two reasons. First, there will likely be differences in transport
path geometry (e.g., CT sample versus a thumbnail crack) between a laboratory specimen and a
crack in an operational component. Second, molecular flow will intrinsically be impacted by the
channel dimensions, roughness, and fluctuation due to the loading protocol (e.g., as a function
of R-value). Critically, there is a transition from flat-transgranular cracking to tortuous slip-band
cracking (SBC) at low values of Puy0/f regimes and low-to-intermediate AK values in 7075-
T651.[28,54] This is important for LEFM modeling, as changes in one of these two can impact the

growth rates in the transport controlled region.

Considering the latter, decreasing AK testing in low water vapor environments
demonstrates that at intermediate AK and water vapor pressures, there is a severe drop in
growth rate, followed by a rapid spike, shown in Figure 3 at 0.5 Paand 0.2 Pa.[13,27,28,54] It has
been hypothesized that this behavior is caused by the change in fracture morphology to a
rougher fracture surface induced by a change in cracking mechanism.[28] This rough surface then
impedes the flow of water vapor from the bulk environment to the crack tip.[28] This in turn,
reduces the environmental cracking contribution, resulting in a decrease in da/dN. After marker
band testing and fracture surface analysis, it appeared that an irregular crack front developed

and the crack increased at a much greater rate on the sides of the sample than in the
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center[28,54]. Again, this was hypothesized that the rough crack wake impeded molecular flow
down the center of the sample, while flow from the crack flanks allowed the aggressive
environment cracking to continue at a faster rate.[28] This finally results in an increased stress
intensity in the center of the sample which causes the crack to “snap” forward, which is seen in

the growth rate spike.[27]
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Figure 3: Crack growth rate versus AK (a) from K-shed fatigue testing of 7075-T651 at various
PH20 values at R of 0.5 and a frequency of 20 (or 2) Hz. Corresponding optical fractography is
presented for the 0.2 (b), 0.5 (c), and 1.8 (d) Pa exposures where the solid, dashed, and dotted
lines locate the crack location at given AK values in (a)

The TTR behavior can complicate generation of da/dN versus AK curves for
implementation into fatigue life models. Eliminating the TTR would allow for these growth curves
to be generated without issue and would aid in implementing high altitude environments into

the next generation of fatigue life modeling.
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1.5 Research Tasks
In order to implement high altitude environment growth rates in fatigue life estimates, it

is crucial that all required inputs be investigated and understood. First, a parameter that
accurately describes the environmental parameter is needed. As discussed previously, Puao/f is
the parameter that is currently used to do this. However, more testing is needed to verify that

this parameter is consistent across a range of testing conditions.

Once the environment is properly described, da/dN versus AK data needs to be generated
across a wide range of these environments. Currently, the TTR is proving to be a challenging
behavior that makes it difficult to cleanly generate this data. As a modification to the transport
of water molecules to the crack tip is currently hypothesized to be causing this behavior, a study
on the modification of the transport distance might be able to limit or even eliminate this
behavior. Additionally, since the rougher SBC morphology is believed to play a critical role in the
TTR event, a study on an alloy that experiences more severe SBC morphology could provide
insights into the TTR behavior. To this end, 2199 has a far rougher SBC morphology and a study
into the behavior of this alloy in low water vapor pressure, low temperature environments should
serve as a useful comparison to the large quantity of work that has previously been performed

on 7075.

Finally, after fatigue behavior curves have been generated, applying these growth rates
to fatigue life estimates allows for the impact of these environments to be determined. Literature
has clearly established the strong beneficial impact of high-altitude environments on the da/dN

vs. AK behavior in 7xxx-Al alloys. Quantitative evaluation of the effect of these environments on
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the fatigue life and subsequent inspection intervals that are relevant to the structural integrity

community has not been performed.

This dissertation will further explore the effect of high-altitude environment with a
particular focus given to the role low water vapor pressure plays in the fatigue behavior of
aerospace aluminum alloys. To this end, four tasks will be explored: (1) Efficacy of Pu2o/f as an
exposure parameter to describe the environment. (2) Effect of limiting sample thickness to
eliminate irregular crack front behavior at certain AKs and pressures. (3) Extension of high-
altitude behavior in AA 7075 to 2xxx series aluminum alloys. (4) Incorporation of high altitude
FCGR data into LEFM based models to determine the magnitude of fatigue life extension. A brief
overview with each task is given below with a deeper discussion at the start of each dissertation

chapter detailing the background for each project.

e Task 1: Pu2o/f verification as an exposure parameter.

As previously discussed, models developed by Wei, proposed Puxo/f as an exposure
parameter to describe the impact of most gas environments on fatigue. While some work has
been performed to verify this parameter, a systematic study in the near-threshold has not
been performed yet. Question: Does Pu2o/f work across a wide range of pressures as an

exposure parameter in the near threshold crack growth regime?

e Task 2: Effect of specimen thickness.
Prior work demonstrated that at certain pressures and AKs a false threshold would occur
where the growth rates would rapidly decrease before increasing at a lower AK, termed the

threshold transition region (TTR). Additional testing showed that an irregular crack front was
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forming where cracking occurred faster on the edges compared to the center of the specimen
when a rough crack wake was present. It was hypothesized that limited water vapor transport
was decreasing the effective water vapor pressure at the center of the sample. Since this
behavior is governed by water transport, it is possible that a change in sample geometry could
modify the transport dimensions and enable a testing protocol to preclude the TTR.
Question: By limiting sample thickness is it possible to mitigate TTR behavior by decreasing

the transport distance?

e Task 3: Extension of high-altitude environment to 2xxx series aluminum alloys

The TTR behavior was shown to occur in AA 7075, when slip band cracking (SBC) is present.
2xxx series aluminum alloys have a rougher SBC which could result in a modified TTR
behavior. Question: The TTR has been shown to occur in AA 7075, but will the behavior be

modified in a material with a rougher SBC morphology?

e Task 4: High-altitude environment FCGR effect on fatigue life predictions.

The current generation of LEFM utilizes FCGR data generated in lab air. These growth rates
have been shown to have significantly faster crack kinetics than growth generated in low
water vapor pressure environments. These result in overconservative life and repair
estimates which increase inspection burden and plan downtime for maintenance. Question:
Will LEFM fatigue life predictions substantially change if high-altitude FCGR data are

incorporated into damage tolerant models?
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Answering these questions will provide meaningful insight into the high-altitude fatigue of
aluminum alloys. These questions will be discussed and explored in more detail in each chapter

of the thesis.
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Chapter 2 — Verification of Py,o/f as an Environmental Exposure
Parameter

2.1 Introduction

2.1.1 Literature Overview
It is necessary to establish an environmental exposure proxy to properly compare growth

rate behavior for different moist air environments. However, it has been shown that water vapor
pressure alone is not capable of fully describing the environment at low water vapor
pressure.[13,15,16,31,36,55,56] Wei has proposed Pu2o/f as an exposure parameter to describe
the environment. This parameter not only takes into account the quantity of water available for
the reaction, but the frequency in the denominator which results in a parameter that is

dependent on the available time of reaction as well.

Abelkis et al., found that lower frequencies did indeed crack faster in water vapor
environments. However, the water vapor pressure was not controlled which makes a systematic
study of exposure parameter impossible.[21] Bradshaw and Wheeler followed up this work, and
while they did control the water vapor pressure, they did not compare identical exposure
parameters. They graphed growth rate versus pressure for two different frequencies and did not
directly compare the growth rates. Ro et al., studied the behavior of the exposure parameter by
testing at a constant frequency and varying pressure, as well as at a constant pressure and varying
frequency.[42] This was only done for one pressure (2 Pa) and one frequency (20 Hz), which does
not fully evaluate the exposure parameter and its ability to describe the environment across a
wide range of frequencies and pressures. The most comprehensive study on the veracity of the

exposure parameter to describe the environment to date was performed by Ruiz and
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Elices.[16,31] Ruiz held constant several exposure parameters as the pressure and frequency
were both varied in a way to maintain the target exposure parameter. It was found that there
was good agreement at low water vapor pressures. However, as the water vapor pressure
increased, a region was found where growth rates were insensitive to frequency.[16] While the
Ruiz results support the Wei hypothesis, they also indicate a possible issue with the exposure
parameter. It is important to note that Ruiz and Elices measured growth rates in the Paris regime
and did not report any growth rates in the near threshold regime. It is critical that the near
threshold regime is studied, as it has been shown that environmental cracking is exacerbated at
lower AKs.[57] Further study is needed to verify the exposure parameter is able to properly

describe the environment at these low AK values.

2.1.2 Test Matrix
To verify Puo/f as an exposure parameter, a two-pronged approach will be applied. First,

a full AK-shed (interchangeably referred to as K-shed) testing were performed where frequency
and pressure are varied in specific intervals to hold either Pu20 or Puao/f constant between tests
to determine which parameter is dominating crack growth behavior. The full K-shed testing
matrix will be limited to testing at 20 Hz and 10 Hz. This limits the change in Pu20/f to only a
twofold increase when decreasing the frequency from 20 Hz to 10 HZ, a relatively small change

when considering the changes in exposure parameter needed to impact the crack growth rate.

A second test matrix where larger changes in frequency are able to be investigated utilizes
constant AK testing, where again pressure and frequency are varied in a specific fashion in order
to maintain constant exposure parameters across different combinations of Pu2o and frequency.

In order to describe the behavior across all three regions of the exposure curve, these water
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vapor pressures will vary across each region. These experiments are able to vary the frequency
from 1-30 Hz as each test takes significantly less time compared to full K-shed testing. A AK of 6
MPavm will be applied, as this avoids the TTR region and any complication that might occur,

while still being at a lower AK, which has a greater dependence on environment.

2.2 Experimental

2.2.1 Material
Testing was performed on a 7075-T651 aluminum alloy. The iron and silicon content were

purposefully increased to better model alloys typically used on older aircraft. The composition of
the alloy is shown in Table 1. Compact Tension specimens with a nominal width of 50.8 mm and
a thickness of 7.62 mm were machined with a notch depth of either 12.7 mm for the K-shed

testing or 10.7 mm for constant AK testing.

Alloy

(Wt%) Zn Mg Cu Cr Fe Si Al

5.60 2.5 1.6 0.23 0.4 max | 0.4 max | Remainder
Table 1: Aluminum alloy 7075 composition (Wt %)

2.2.2 Loading Protocol
Fracture mechanics-based fatigue testing was guided by ASTM E647 using a computer-

controlled servo-hydraulic machine to apply a sinusoidal waveform. The crack length was
calculated via compliance measurements using a clip gauge at the crack mouth; [58] the
challenges and applicability of this method for portions of the testing exhibiting an irregular crack
front are detailed elsewhere.[28] Testing was performed at a constant stress ratio (R) of 0.5 and
frequency (f) of 20 Hz using a K-shed protocol following the formula AK=AK.exp[C(a-a,)] with AK,
= 14.85 MPavm, a,=13.7 mm C=0.08 mm™.[13,58] This decreasing K test continued until da/dN
was roughly 5x10® mm/cycle or AK reached 2 MPavm. The effective AK is calculated post-test

using adjusted compliance ration (ACR).
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Constant AK testing was performed at a constant R ratio of 0.5 and a AKeffective of 6 MPavm.
Each segment will crack for between 1-2 mm, until a constant growth rate is achieved. Each
segment was then graphed crack length versus cycles, and the slope of the linear section of this
graph is used to determine the growth rate of each segment. In order to maintain a constant AK
as the crack grows and crack closure increases, the ACR is measured after each segment, and the
targeted AK is increased so the AKeffective is Mmaintained. The testing matrix of the constant AK
testing is shown in Table 2. This matrix isolates both the water vapor pressure and the exposure
parameter, holding one of them constant for comparison for each experiment. Specific
combinations of water vapor pressure and frequency were chosen in order to hold the exposure
parameter constant across a range of different water vapor pressures (constant exposure
parameters are color coded in Table 2). The exposures tested are shown on the exposure plot

below in Figure 4, with the exposures tested marked with solid lines color coded to Table 2.
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P, (P2) Frequency (1/s) PHZO/f (Pa-s)
0.0675 20 0.003375
0.0675 10 _I
0.0675 5 0.0135
0.0675 1 0.0675
0.135 10 0.0135
0.135 1

0.27 20 0.0135
0.27 8

0.27 1

0.675 20

0.675 10 0.0675
0.675 1 0.675
1.35 20 0.0675
1.35 10

1.35 1 1.35

2.03 30 0.0675
2.03 15

2.03 7.5

2.03 1

40.5 20

40.5 1

810 20

810 1 810

Lab air 20 N/A

Lab air 1 N/A

Table 2: Test matrix for constant AK testing. Colored exposure parameters are done to easily
reference which tests have identical exposure parameters
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Figure 4: Room temperature growth rates of AA 7075 plotted versus exposure parameter,

Pu2o/f, for several different constant AK at R = 0.5, f = 20 Hz[10] Solid lines are fit to the data and
reflect theoretically based models.[40,53] Vertical lines mark exposures tested at constant AK

2.2.3 Environmental Control
The low water vapor environment was maintained within a Cu gasket sealed UHV

chamber. For each case a multi-scale pumping procedure was used to achieve vacuum levels
below 107 Pa. Subsequently high-purity, triple distilled water vapor was introduced to the
chamber using a sealed glass flask with a leak valve.[13] The desired water vapor pressure was
held constant throughout the test by balancing the flow of water and the degree of pumping on
the chamber.

2.3 Results

2.3.1 AK-shed Loading Experiments
For the K-shed results, Figure 5 demonstrates that Puao/f is a useful exposure parameter,

and generally, crack growth rates converge at the same exposure parameter, while they diverge
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at a constant water vapor pressure. Specifically, in Figure 5A, constant water vapor pressure at
1.8 Pa diverges between a AK of 4 to 6 MPaVvm, and at 0.27 Pa, there is no spike in growth rates
after the TTR at 20 Hz, as was seen at 10 Hz (Figure 5B). For constant Puyo/f, there is excellent
agreement, particularly in Figure 5C and Figure 5D. However, in Figure 5E, there is some

divergence, again between a AK of 4-6 MPavm.
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constant exposure parameter (Pu2o/f) or constant water vapor pressure.

2.3.2 Constant AK Experiments

Constant AK testing results are shown in Figure 6 and Figure 7. There are two ways to

determine which parameter is a better proxy for the environment. First, if the parameter listed

in the legend is describing the environment, then each curve should have no slope. Alternatively,
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if the parameter listed on the X-axis is properly describing the environmental severity, then each

position on the X-axis, regardless of the curve it is on, should coalesce to a single da/dN value.

Figure 6 shows the behavior of constant water vapor pressure as the exposure parameter
changes. (Note: since each curve on the graph is at a single pressure, the exposure parameter is
linked to and inversely proportional to the testing frequency). If the water vapor pressure
properly describes the environment, then the slope of each constant water vapor pressure curve
should be near zero. At 2.03 Pa and below, the curves are closely bunched together, and show a
small dependence on exposure parameter (and therefore, frequency as well) before 40.5 Pa.

Growth rates at 40.5 Pa and 810 Pa were significantly higher. Of note, 810 Pa has almost no slope.
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Figure 6: Constant Ak of 6 MPavm at several constant water vapor pressure growth rates versus
exposure parameter. 40.5 Pa had two tests, one with a crack length of 32-35 mm (long) and one
at 15-18 mm (long)
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Figure 7 describes how growth rates of a single exposure parameter vary as the water
vapor pressure changes (which again is tied to the changes in frequency). If the exposure
parameter is the proper environmental parameter, the slope should be zero. Until 2.03 Pa-s, the
curves have mostly no slope, and then at higher exposure parameters, there is a steep increase

in growth rates as pressure (and frequency) increase.
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Figure 7: Constant AK of 6 MPavm at several constant exposure parameters growth rates versus
water vapor pressure

2.4 Discussion

2.4.1 Exposure Parameter Describing K-shed Data
The K-shed experiments show a remarkable agreement with the constant exposure

parameter tests, particularly when looking at Figure 5C and Figure 5D, where there is minimal to

zero divergence of the two curves. There is some divergence in Figure 5E, between AK of 6 and 4
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MPavm, though the difference between the curves is roughly half as small as the one between
the curves in Figure 5A. The constant water vapor graphs do show agreement for the majority of

the curves, but diverge from each other from a AK of 6 MPavm until roughly 4 MPavm.

It is interesting that this divergence, indicating water vapor pressure alone is not properly
describing the environment, only occurs between AK 6 and 4 MPavm, as this is exactly the AK
region where the TTR is observed. The TTR behavior is kicked off by a transition to slip-band
cracking which is extremely sensitive to the applied AK and environment.[59] This transition is
highly dependent on having the correct environmental parameter, which would suggest that
water vapor pressure is not accurately describing the environment throughout the test, however,
outside of this region, the discrepancy is small enough that no effect on crack growth rate is

observed.

For the K-shed testing, the exposure parameter does a better job at describing the
environmental cracking behavior of 7075. However, the limited range of AKs where the exposure

parameter outperforms water vapor pressure is surprising.

2.4.2 Exposure Parameter Describing Constant AK Data
Analyzing the constant AK testing provides some interesting insights into the

environmental cracking behavior of AA 7075 in low water vapor pressure environments. It is
important to first define what either water vapor pressure or the exposure parameter controlling
the environment would look like. If the variable is successfully describing the environment, the
growth rates of different tests should remain constant as the frequency of loading is changed at

either a constant water vapor pressure or a constant exposure parameter. A curve with no slope
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would indicate that the parameter in the legend for the figure is successfully describing the

environment.

The exposure vs water vapor pressure graph (Figure 7), shows that in certain regions the
exposure parameter does not fully describe the environmental severity. At higher water vapor
pressures, the curves show a dependence of da/dN on the frequency. The average slopes of the
constant exposure curves are roughly five times steeper than the constant water vapor pressure
curves in this same region. However, a more careful analysis uncovers two regions, one better

described by the exposure parameter, and one better described by water vapor pressure.

In order to tease out this dependence, the absolute value of the slope of the growth rate
vs. frequency curve for both constant Puyo/f and constant water vapor pressure is calculated.
Again, there should be no dependence on frequency if the parameter is properly describing the
environment. Additionally, the standard deviation of da/dN at each Puo/f and water vapor
content was also calculated, with lower standard deviations corresponding with a better proxy
for the environmental severity. Shown in Table 3, at low to intermediate water content, (blue
shading) the exposure parameter does a better job of describing the environment, while at high
water content, (orange shading) water vapor pressure more accurately describes the
environment. Critically, in this high-water content region, the exposure parameter does not
describe the environmental severity as there is a strong dependence on frequency, as well as a
high standard deviation in this region. This is contrasted by constant water vapor pressure having
a near zero slope in this region. This indicates that at this higher water vapor content, any time
dependent processes that were limiting environmental cracking are no longer the rate limiting

step and water content alone determines the environmental damage. This behavior had been
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observed previously in literature in 95% relative humidity environmental testing where tests

were performed at 2 Hz and 20 Hz and no change in crack growth rate was observed for both

7075 and 2199.[10,13,27,60]

It is both a critical and unexpected result that in one region, water vapor pressure is a

better proxy for environment, and in the other, the exposure parameter describes the

environmental severity.

Constant Water Vapor Pressure Constant Exposure Parameter
Water
Vapor | Avg |slope|*108 | Avg StdDev*10° Puao/f Avg |slope|*10® | Avg StdDev*10°®
Pressure
26.9 13.8
<810 P 3.17 <0.27 Pa- 1.89
a (mm*sec/cycle) as (mm*sec/cycle)
5.26 217
281 71 20.2 - 27.01
810 Pa (mm*sec/cycle) 0.7 0.27 Pa-s (mm*sec/cycle) 7.0

Table 3: The average absolute value of the slope of da/dN vs frequency graph of each of the
constant water pressure (left side) and constant exposure curves (right side), as well as the
average standard deviation of da/dN at each constant water vapor pressure or constant
exposure parameter These where then divided into two regions for each graph, low water
content (blue shading), and high-water content (orange shading). The slope was multiplied by
108 and the standard deviation by 10° to ease in understanding

2.4.3 Exposure Parameter Versus Water Vapor Pressure
The water content dependent region indicates that only in certain regions is the exposure

parameter an appropriate metric to describe the environment. This result, combined with the
limited stress intensity range that the exposure parameter outperforms constant water vapor
pressure, shown in the K-shed testing results, indicates that the exposure parameter is only
useful in a specific range of water content and stress intensity. This is a critical finding as it
indicates that while the exposure parameter is used universally in literature, a careful

consideration of the testing parameters is needed to ensure that either exposure parameter or
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water vapor pressure is the appropriate parameter. Additionally, it is surprising how well water
vapor pressure performed in the K-shed testing, and even in the intermediate region of the
constant AK testing, water vapor pressure performed better than expected. While the constant
AK testing allows for a wide range of environments to be tested, particularly at low frequencies,
it has its limitations on understanding the effect of AK on the behavior. Further testing at a AK of

3 MPavm or lower would be beneficial to study the behavior at AKs closer to threshold.

The findings concerning the regions where exposure or water vapor pressure are
governing are an important observation, as ensuring a consistent, comparable environmental
severity parameter is critical in order to compare results from laboratory to in-service conditions.
Itis important however to contextualize these findings with respect to their applicability to other
aluminum alloys. While similar results were seen in 7017, the specific pressures where the
environmental parameter transitions from exposure controlled to water vapor pressure
controlled varies between the two alloys.[16,31] While there was no AK dependance on when
exposure parameter was required to describe the environment in 7017, the lowest tested AK was
7 MPavm, and it is possible that if the K-shed was continued, a stress intensity dependance would
be observed. It is likely that in other aluminum alloys, a similar behavior would be observed with
a general trend of the exposure parameter being a proxy for the environment at low water
content and at higher water content, water vapor pressure being the parameter of choice, the

specific transition pressures will vary.

2.4.4 Impact on Process Zone H Diffusion Limited Hypothesis
It has been suggested by Gasem and Gangloff that diffusion of H in the process zone is

the limiting factor at some water vapor pressures for 7xxx aluminum alloys [53]. In an aqueous
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NaCl environment, it was seen that as the frequency decreased, the growth rate would increase
until an feit was reached, where further decreases in frequency did not affect the crack growth
rate. It is believed that at these lower frequencies, the H is able to fully transport to the process
zone, and more time between cycles does not result in a higher H concentration. Recall, at higher
water vapor pressures, a transition occurs where changes in frequency do not affect the FCGR.
This would suggest that at these higher pressures, if the hydrogen diffusion limited mechanism

was previously governing the crack growth behavior, it is no longer the rate-limiting mechanism.

A thought experiment to explore what mechanism is controlling the different regions can
help explore this phenomenon. It has been established that in an H assisted environmental
cracking, the fracture stress required for crack extension is a function of the H concentration at
a distance x away from the crack tip.[61] This stress will vary as the distance from the crack tip
increases until it reaches a maximum stress at a critical distance, da”, from the crack tip which
represents the maximum crack extension.[53] Critically though, the H concentration will
decrease as the distance from the crack tip increases. The concentration of H, Cu, will depend on
the frequency, as the more time that is available, the more H will be able to diffuse into the
process zone, assuming the diffusivity is constant. This can be visualized in Figure 8. (Note: all
curves shown in Figure 8 are not based on physical parameters and are simply drawn to
demonstrate the hypothesis and provide a visual representation.) The concentration of H and the
max stress is graphed versus X, the distance from the crack tip. From experimental results, there
appear to be two regions, one where growth rates are dependent on frequency, and one where
they are independent of frequency. Gao proposed that there was some Cy where the process

zone would become saturated, and further increases in hydrogen concentration would not
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increase the crack growth rate.[29] This value, Cy”, is shown in Figure 8 (in actuality this value
would vary with X but for ease of understanding it is shown as a constant). In the low content
region where growth rates depend on frequency, it can be seen that at high frequencies, less
time is given for H diffusion to occur, and the Cy is lower than at low frequencies. This results in
a smaller growth increment, da, for these high frequencies. As the water vapor pressure is
increased, the Cy is high enough that for all three frequencies the Cy" is exceeded, resulting in

the same growth rate for all three frequencies.

CH = 1Hz
m 5Hz
N = 10 Hz
) [ I High water content:
findependent
_ Low watercontent:
f dependent
o
og(o,,)
da* max extension X

Figure 8: The concentration of H, Cy is shown as a function X, distance from the crack tip. This is
done for three different frequencies and for low-water content (dependent on frequency) and
high-water content (independent of frequency). Below the max stress is graphed versus X as
well. The critical concentration of H for crack extension to occur, Cx’, is shown (purple line) as a
flat line to ease understanding, but this will actually vary as the max stress also varies.
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The saturation hypothesis explains the transition from frequency dependent growth rates
at low water vapor pressure, to growth rates independent of frequency at high water content.
However, this hypothesis does not satisfy another finding that was seen in the experimental
results. Recall that after the transition to a water vapor-controlled environment (frequency
independent), from 40.5 Pa to 810 Pa, the growth rates increased substantially. This situation is
shown in Figure 9. As the water vapor pressure is further increased, the Cy at the crack tip will
also increase. This will lead to a high concentration in the process zone, but as both water
contents are above Cy’, the growth rates should not change according to Gao’s hypothesis. This
does not correspond with the experimental results where large increases in growth rate were

observed, indicating that a saturation concentration has not yet been reached.
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Figure 9: The concentration of H, Cy is shown as a function X, distance from the crack tip. This is
done for three different frequencies and for high-water content and max experimental-water
content. Below the max stress is graphed versus X as well. The critical concentration of H for
crack extension to occur, Cy’, is shown (purple line) as a flat line to ease understanding, but this
will actually vary as the max stress also varies.

This suggests that while there is clearly a transition from frequency dependence
consistent with the H diffusion limited model proposed by Gasem, there is another region
where growth rates are not diffusion limited, and a saturation concentration of H does not
occur. The determination of the mechanism behind this behavior is outside the scope of this

study. However, this finding suggests a new direction of study for future projects.

2.4.5 Implication on Applying an Environmental Parameter in LEFM Models
While the impact of these results on the mechanistic understanding are important,

ultimately applying what was learned into future LEFM damage-tolerant fatigue life models is a
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critical result. As discussed previously, there are two regions, one at high water content (20.27
Pa-s), where water vapor pressure best describes the environmental severity, and a second at
low water content (<0.27 Pa-s) where the exposure parameter is a good proxy for
environmental severity. A similar finding was found by Ruiz and Elices for AA 7017, with the
transition point occurring at 10 Pa-s.[31] When applying FCGR generated in low water vapor
pressure environments to fatigue life models, it is critical that the correct environmental
parameter is applied. To this end, two things need to be determined: 1.) what process should
be followed for generating data for an alloy that has no previous data in a low water vapor
pressure environment? 2.) How should these data be applied fatigue life modeling for in-service

components?

First, before full K-shed or K-rise data are generated to provide a range a series of
constant AK testing at roughly 5 MPavm (though exact stress intensities might change based on
alloy cracking behavior) These constant AK tests should be performed a series at 0.27 Pa and
incrementally increase the pressure. This will continue until a transition where the 20 Hz and 1
Hz test have identical growth rates. This marks the transition from P20/f controlled to water
vapor pressure controlled. As can be seen from the work in this dissertation and the work by
Ruiz on 7017, the transition point will change from alloy to alloy and needs to be determined
for each alloy. Once this transition point is found, a series of either K-shed or K-rise testing can
be performed across a range of relevant water pressures and AKs. This data can be generated
at any frequency with a preference for high frequencies as the time for each test will be limited.
Depending on how these growth rates will be applied in LEFM fatigue life models, it is possible

that the determination of the transition point can be skipped as will be detailed below.
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Once the data is generated, applying the data correctly to the fatigue life models can be
complex. Utilizing the correct environmental parameter (Pn20 or Pu2o/f) is critical for correctly
applying high altitude data to fatigue life estimates. There are two approaches to determining
the correct parameter that could be used, one being more accurate while the other approach is

less rigorous but requires fewer inputs.

Types of load

Cycle Frequencies (Hz)

Ground-air-ground

0.00003-0.001

Cabin Pressurization

0.00003-0.0005

Maneuvers 0.005-0.2
Gusts 0.1-10
Taxiing 0.5-20
Buffeting 10-100

Acoustic 100-1000

Table 4: Aircraft fatigue load cycle frequencies[62]

For both approaches, it is critical that the frequency of loading for the applied loads is
determined. Examining the frequency of loading that aircraft undergo in-service is required in
order to properly understand what region each load occurs at. In Table 4Error! Reference s
ource not found.,, it can be seen that the frequency of loading varies widely. Utilizing the less
rigorous approach, the parameter can be determined by a very simple test. If the frequency of
loading is greater than 1 than Puyo will be utilized, while if the frequency is less than 1 then
Ph20/f will be applied. This ensures conservatism as the parameter that describes the more
aggressive environment will be applied so no matter which parameter is actually controlling the
cracking behavior, the in-service growth rate will not exceed the modelled growth rate.

Critically, this methodology does not require a transition point from P20 to Pu2o/f be found.
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While this method is simple to apply it runs into issues, particularly at very low
frequencies (such as cabin pressurization loads). At these low frequencies, the Pu2o/f value will
be extremely high and as the results in this dissertation have shown, this is exactly with Pu0/f is
no longer describing the environment. This will result in an overconservative approach where
the environment in the models will be far more aggressive than it is in actuality. While this
methodology is simple to apply and conservative, a more rigorous approach can solve this

issue.

The more rigorous approach will require that the transition point from P20 controlled
to Pu2o/f controlled be found as was described previously. Once this is determined and the
water vapor pressure and frequency of the load is known, the appropriate parameter can be
applied based on what if the conditions of loading are above or below the transition point. This
process ensures that the appropriate environment be applied in all loading conditions. While
this methodology does require determining the transition point it ensures a more accurate
environmental description. This process will ensure that for all loading environments, a
conservative environment is maintained, while still allowing for slower FCGR be applied where
appropriate. The transition point will need to be experimentally determined for each alloy.
However, this process is straightforward and does not require a large amount of experimental

work.

Finally, it is possible to combine aspects of each of these processes to better deal with
the low frequency loading without requiring that the transition point be experimentally
determined. At high to moderately low frequencies the less rigorous process will be utilized

where the transition from using Pu2o to Puao/f is done at 1 Hz. Then at very low frequencies
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where Pu2o/f is very high for loads such as cabin pressurization, Pu2o will be used instead of
Pu2o/f. At these low frequencies, it is certainly past the transition point so Pu2o can be safely
used even though the transition point has not been determined. This eliminates the main
drawback from the simplistic environment determination process without requiring additional
experimental work be performed. Ultimately, the exact needs will vary for various applications
and it might be required that a more rigorous process is required, but combining the two
methodologies provides the best combination of limiting experimental work while still ensuring

that an accurate environment is applied for most scenarios.

2.5 Conclusions
While researchers had previously studied the role of the exposure parameter in

describing the environment, this is the first study to comprehensively study the exposure
parameter across a wide range of water vapor pressures, as well as utilize both K-shed and
constant AK loading. Several critical findings on the limitations of using the exposure parameter

were found.

e K-shed testing showed that exposure parameter performed better than water vapor
pressure at describing the environmental cracking of 7075. Constant water vapor curves
diverged between AKs of 4 to 6 MPavm, which is within the transport limitation
regime.[13] Outside of this regime, water vapor curves converged, and either water vapor
pressure or exposure are able to describe the environment.

e Constant K-hold testing revealed two regions, one where water vapor pressure describes

the environment, and another where exposure is controlling. At low to intermediate
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water content, the environment is controlled by exposure, before transitioning to a water
vapor-controlled environment.

e A region was found where crack growth does not depend on frequency. Additional
analysis demonstrated that this region had not yet reached the saturation point for H
concentration and suggested a different mechanism is responsible for crack growth
behavior.

e Aprocess for applying the appropriate parameter to in-service fatigue life predictions was

proposed.

These results show that while exposure parameter is widely used in literature, and it is
currently the best singular parameter to describe the environment, it is important that its

limitations are understood.
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Chapter 3: Investigation into the Factors Effecting the Threshold

Transition Regime
Note: This project shared many aspects with Adam Thompson, another PhD candidate who

recently graduated. In order to help with clarifying contribution for the sake of the committee,
an explanation of contribution is given. The K-shed testing of thick, medium, and thin samples
was performed in tandem with Adam Thompson with both of us performing a roughly equal
amount of work on the testing and optical microscopy. More complicated microscopy was
performed solely by Adam Thompson. Near the end of these tests, the author switched projects
to a corrosion-based aluminum alloys project and work on the TTR behavior was continued by
Adam Thompson. This included the K-rise testing and analysis as well as a proposed hypothesis
explaining the behavior developed by Adam Thompson. Following returning to this project a
collaboration was started with Dr. Hochhalter at the University of Utah. The author helped design
experimental approach and boundary conditions for modeling of crack tip driving force

performed at University of Utah, as well as analysis of the results.

3.1 Introduction
In order to address the effect of changes in the molecular transport path on the extent of

similitude, it is necessary to review the pertinent aspects of the HEE process. As stated previously,
the crack tip P20 governs the available reactant for the surface reaction to produce atomic H
that can adsorb on the crack tip surfaces and then absorb and diffuse to set the internal H
concentration. The local H concentrates due to hydrostatic stress in the crack tip process zone
and interacts with the local stress/strain field to result in the environmental contribution to the
da/dN response.[43,47] At conditions relevant to airframe operational environments and where

the HEE process is governed by molecular transport, changes in the molecular transport distances
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and crack wake roughness can drastically impact the crack tip Pu2o despite fixed bulk Pu2o/f,

stress-ratio (R), and AKeft [5,28].

The change in crack growth response due to modifications in the flow path is highly
important to the generation of environmental crack growth data for use in LEFM based modeling
for two reasons. First, there will likely be differences in transport path geometry between a
laboratory specimen and a crack in an operational component (e.g., CT sample versus a
thumbnail crack). Second, there is a transition from flat-transgranular cracking to tortuous slip-
band cracking (SBC) in the low-to-intermediate Pu2o/f and AK regimes in 7075-T651.[28,54] The
micromechanical and metallurgical mechanisms governing the transition to SBCin 7075-T651 are
not fully understood, but the resulting increase in roughness has been shown to drastically
impact the crack growth kinetics in a systematic manner[28]. Since the SBC behavior happens in
a limited range of Pu2o/f and AK values, this gives rise to a loading history effect on the resulting

environment-specific da/dN vs. AK relationship.

This is problematic as linear elastic fracture mechanics models (LEFM) use these growth
rates as inputs into fatigue life models according to similitude. These inputs into software such
as AFGROW require that cracking behavior at a constant AK and environment have a constant
crack growth rate. This is not happening in the TTR region as crack growth history effects cracking
at these low to intermediate AK values. It is clear that at lower AK values, the crack growth rate
should not increase as the AK decreases; this loss of similitude has been shown to be due to
loading history effects. In order to apply FCGR at low water vapor pressure to the next generation
fatigue life models they must represent the intrinsic behavior of the material and not be an

artifact of the testing protocol. While prior work proposed an interpolation approach can be
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conservatively applied to preclude inclusion of the TTR in LEFM predictions, the root cause of this

behavior and mitigation strategies still warrant investigation.

The TTR is believed to occur due to a higher environmental contribution on the sides of
the sample due to the roughness limiting transport down the mouth of the crack. It might be
possible to eliminate or at least mitigate this behavior by limiting sample thickness and therefore,
transport distance. To test this, a series of experiments will be performed where the sample
thickness is varied. This will allow insight into how changes in transport distance impact the crack

behavior at intermediate AKs where the TTR is present.

3.2 Experimental
The material, the K-shed loading protocol, and environmental control is largely the same

as was detailed in the experimental section of Chapter 2 of this thesis, with some changes to
variables. AK, was 10 MPavm and testing was stopped when growth rate reached 1.0 x 10”7
mm/cycle, the R? of the linear fit of the compliance fell below 0.8, or a AK of 2 MPavm was
reached. Samples of three different net thicknesses were machined. “Thick” specimens had B =
7.62 mm with no side groove. “Medium” came in two configurations, one where the sample was
side grooved and the B was 7.62 mm and the Bnet was 5.74 mm, or simply machined so that both
B and Bnet were 5.74 mm. Finally, the “thin” specimens had a B =5.74 and were side grooved and
Bnet = 4.92 mm. Testing environment ranged from an inert environment (UHV) to intermediate
pressures where the TTR was expected to occur, as well as higher water vapor pressures where

the TTR was not expected to occur.
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3.3 Results
K-shed testing was performed on samples with three different net thicknesses. This was

done first in UHV environment to ensure that changing specimen thickness had no effect on the
intrinsic mechanical response and any effects observed in water environments are due to an
environmental response. As can be seen in Figure 10, there is no impact of sample thickness on
the mechanical response of 7075 in a UHV environment. The optical fractography of the samples
show similar behavior as well with initially a smooth, flat transgranular damage mechanism at
high AKs, followed by a transition to a rough slip band cracking (SBC) mechanism at a AK of
roughly 5.6 MPavm. The edges of the thick specimen do transition at a smaller crack length than
the middle, while the opposite is observed for the medium and thin specimens which were side

grooved.
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Figure 10: da/dN versus AK relationship (A) for thick medium and thin specimens in an UHV
environment. Optical fractography of the thick, medium, and thin specimens are shown in B, C,
and D. Orange lines marks onset of SBC. (Image created by Adam Thompson)

This methodology was repeated with increasing water vapor pressure at 0.0675 Pa and

0.54 Pa are shown in Figure 11 and Figure 12 respectively. All three thicknesses again showed
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nearly identical behavior and displayed the TTR behavior. Initially growth rates converged with
UHV da/dN data, before spiking and reaching a new local maximum before decreasing again to
threshold. This behavior is much more pronounced at 0.675 Pa, while 0.54 Pa has a more muted
TTR behavior. Optical images at 0.675 Pa show again initially transgranular cracking before
transitioning to SBC (orange line) across the entire sample. Further transgranular cracking then
proceeds along the edges of the sample while the center of the specimen cracks more slowly and
exhibits a rougher SBC mechanism. The faster rates at the surface and slow rates at the center
result in an irregular crack front. As the severity of the crack front irregularity increases,
eventually there is a transition to a distinct rough fracture surface morphology, that suggests a
rapid crack advance. This corresponds with the local maximum seen in da/dN curve. After the
rapid crack advance, the center transitions back to a rough, SBC morphology which continues for
most of test before fully transitioning to transgranular across the width of the sample. A similar
but distinct behavior was observed at 0.54 Pa. The initial behavior was identical but the transition
occurred at a higher AK, and the thickness of the SBC region is smaller and the gradual ingress of
transgranular cracking from the sides less pronounced. Additionally, there is no indication of the
rapid crack extension morphology present, however there is a divot, reminiscent of a ball and
cup ductile failure, present in the sample. This divot is off centered for all three specimens and
much longer in length in the thick specimen. After the divot, there is no transition back to SBC

morphology as was seen at 0.0675 Pa after a ductile failure morphology was present.
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Figure 11: da/dN versus AK relationship (A) for thick medium and thin specimens at 0.675 Pa.
Optical fractography of the thick, medium, and thin specimens are shown in B, C, and D. Orange
lines marks onset of SBC, blue lines mark the bottom of the TTR, and the yellow lines mark the
top of the spike after the false threshold. (Image created by Adam Thompson)
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Figure 12: da/dN versus AK relationship (A) for thick medium and thin specimens at 0.54 Pa.
Optical fractography of the thick, medium, and thin specimens are shown in B, C, and D. Orange
lines marks onset of SBC, blue lines mark the bottom of the TTR, and the yellow lines mark the
top of the spike after the false threshold. (Image created by Adam Thompson)
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Figure 13 and Figure 14 detail the growth behavior fractography of 38 Pa and 2668 Pa
(high humidity). FCGRs were higher than at UHV for the entirety of test and displayed no TTR
behavior (as was expected at these pressures). Again, all three thicknesses displayed nearly

identical behavior at both water vapor pressures.
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Figure 13: da/dN versus AK relationship (A) for thick medium and thin specimens at 38 Pa.
Optical fractography of the thick, medium, and thin specimens are shown in B, C, and D. (Image
created by Adam Thompson)
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Figure 14: da/dN versus AK relationship (A) for thick medium and thin specimens at 2668 Pa.
Optical fractography of the thick, medium, and thin specimens are shown in B, C, and D. (Image
created by Adam Thompson)
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3.4 Discussion

3.4.1 Review of Previous Experimental Results Relating to the TTR
The results show that limiting sample thickness is not able to affect the TTR behavior. It

can be tempting to conclude that transport limitation is therefore not the controlling mechanism,
however a deeper analysis is needed. To begin, a review of what previous investigations into the
TTR have discovered. This analysis will not focus on proposed hypothesis, simply the
experimental results so a full picture of the factors can be considered before an explanation for
the sample thickness behavior is proposed. First, as explained previously, the TTR is a drop in
growth rates at intermediate AK during a K-shed loading protocol, followed by a spike in growth
rate.[13,54] This drop corresponds with an increase in roughness as the crack mechanism
transitions to SBC. After this area of roughness, a flat transgranular morphology occurs on the
edge of the sample while the center maintains a rough morphology. At the center of the sample,
a morphology indicating rapid fracture occurs which corresponds with the spike in crack growth.
Finally, the center again transitions to SBC morphology while the edges maintain a flat

transgranular morphology.

Marker band testing during the TTR process was performed to investigate the crack shape
during this process as it had been proposed that an irregular crack front was occurring during the
TTR.[13,27,28,54] Figure 15 shows that at a AK of 5 MPavm, prior to the transition to SBC, the
crack front corresponds with the measured compliance crack length and has no irregularity
across the entire width. At a AK of 4 MPavm a severe crack front irregularity develops, where the
crack has advanced far further along the edges of the sample, compared to the center. This

irregular crack front is still present at a AK of 3 MPavm, though it does appear to be less severe.
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Figure 15: Marker bands produced during a K-shed loading protocol at 0.54 Pa. The crack front
deduced via marker bands is shown in black while the measured crack length according to
compliance measurments is indicated in blue. Marker bands were performed at AK of 5, 4, and 3
MPavm. Crack growth occurs from left to right.[27,28,54]

Since the transition to SBC occurred just prior to the onset of the TTR behavior, the role
of crack wake surface roughness was investigated. To do this, a constant AK test was performed
at a AK of 5 MPavm at 0.54 Pa and different spans of roughness were inserted into the crack
wake prior to the beginning of the constant AK test. Figure 16 shows the result for 0.5 mm of
roughness before the beginning of the test. The crack growth rate is very irregular with almost
two order of magnitude swing in da/dN across with a minimal patter observed. The fracture
surface shows a chaotic, irregular surface in the center of the sample where there is not a clear

pattern. The edges of the sample do maintain a transgranular crack mechanism throughout the
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entirety of the test. In contrast, when 3 mm of roughness are introduced, the behavior is much
more regular. Figure 17 shows that while similarly to behavior in 0.5 mm of roughness there are
large swings (even larger), however the behavior is incredibly regular and consistent. The fracture
surface also shows a very regular pattern, varying between SBC and ductile failure morphology
in the center of the sample. The spikes in growth rate correspond with those ductile failure
morphologies. The TTR behavior correspond where with the 0.0675 Pa and 0.54 Pa for the 3 mm
and 0.5 mm of roughness experiments respectively. The 0.54 Pa K-sheds shown in Figure 12 have
a small band of SBC morphology before the TTR and have a more chaotic and less severe behavior
compared with 0.0675 Pa which has a thicker SBC band. This supports the findings that the
severity, regularity, and self-perpetuating process in the TTR is dependent on the magnitude of

roughness at the beginning of the process.
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Figure 16: (a) FCGR versus crack length at a constant AK 5 MPavm at 0.54 Pa. 0.5 mm of surface
roughness was introduced onto the surface before the beginning of the test. (b) Optical
fractography of the sample. This crack lengths in the graph correspond to the optical
image.[27,28,54]
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Figure 17: (a) FCGR versus crack length at a constant AK 5 MPavm at 0.54 Pa. 3.0 mm of surface
roughness was introduced onto the surface before the beginning of the test. (b) Optical
fractography of the sample. This crack lengths in the graph correspond to the optical
image.[27,28,54]

Finally, a constant AK test was performed where no prior roughness was induced and no
large swings in growth rate were observed, shown in Figure 18. The fracture surface also shows
no SBC behavior and is mostly smooth with a small spike of visible in the bottom third of the
sample. While this does show that when no roughness is present, no TTR behavior is observed,
critically this test was performed at a AK of 3 MPavm and is therefore not a direct comparison to
the tests where roughness was introduced, leaving open the possibility that even with no fracture

surface roughness, a variable crack growth might occur at a AK of 5 MPavm.
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Figure 18: (a) FCGR versus crack length at a constant AK 3 MPavm at 0.54 Pa. no surface
roughness was introduced onto the surface before the beginning of the test. (b) Optical
fractography of the sample. This crack lengths in the graph correspond to the optical image.
[27,28,54]

Thompson performed K-rise testing to see what effect loading history might have on the
TTR behavior.[59] The K-rise data at 0.0675 Pa, shown in Figure 19. It can be seen that multiple
TTR events occur during the K-rise protocol and there are also multiple regions on the fracture
surface where the morphology switches from rough SBC to a reflective, possibly cleavage
morphology in the center.[59] Additionally, at the beginning of the TTR behavior there is a band
of SBC across the entire sample before this varying morphology behavior begins. This is a critical
finding as it had previously been thought that a specific loading history was required for the TTR

to occur, however this shows that as long as low water vapor pressures are present and in a
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certain range of AK, the TTR can occur. However, it does support that a band of rough SBC is

required to kick off the TTR behavior.
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Figure 19: FCGR versus AK for both K-shed and K-rise loading protocol at 0.675 Pa. Fracture
surface of the K-shed (b) and K-rise (c) are shown. For (b). orange lines indicate the start of
roughness, the blue line indicates the local minima, and yellow lines mark the local maxima. For
(c), blue lines represent the local maxima.[59]

These findings can be combined to make a list of experimental behavior that can be referred to

in order to ensure that any proposed hypothesis properly takes all of these into account.

1. Aband of rough, SBC morphology precedes the TTR behavior and is (most likely) required
for the TTR to occur

2. Anirregular crack front develops during the TTR where the crack advances faster on the
edges of the sample compared to the center.

3. A rapid failure occurs in the center of the specimen after the irregular crack front
develops, normalizing the crack front and resulting in the spike in growth rates.

4. A specific loading history is not required as long as cracking occurs in a specific water
vapor pressure and AK region.

5. Changes in the sample thickness had no effect on the TTR behavior.
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These findings will help guide the evaluation of the proposed hypothesis to explain the TTR

behavior.

3.4.2 Development of the irregular crack front
The creation of the irregular crack front is a critical step in the TTR process and a more

detailed description of how it develops is warranted. First a region of roughness needs to
precede the formation of the irregular crack front. The conditions required for this roughness to
develop were the subject of work by A. Thompson.[59] The roughness develops due to a
transition to slip band cracking which occurs at specific AKs, (3-6 MPavm) in a low to
intermediate water vapor pressure environment.[59] This roughness modifies the flow behavior
and impedes transport of water vapor both down the mouth of the crack tip, as well as
transporting from the flanks of the specimen.[30] This starves the center of the sample of H,0,
retarding the H-embrittlement process in this area. As discussed in a previous chapter, as the
concentration of H decreases the growth rate should also decrease. This occurs locally at the
center of the specimen where the reduction in Cy in the center of the specimen decreases the
crack growth rate locally. Meanwhile, directly where the crack meets the edge of the sample,
there is no decrease in Puyo as this point is directly exposed to the bulk environment. This leads
to the crack growing from this point since it has a access to water vapor, increasing H-
embrittlement, as well as possibly modifying the K profile, pushing the stress intensity outside
of the range required for SBC.[59] These factors lead to a transition back to a flat, transgranular
crack mechanism. Once this transition occurs, the smooth fracture surface no longer impedes
the transport of water vapor and the semi-elliptical crack is able to progress, creating the

irregular crack front. The effect of environment can be clearly seen when observing the crack
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direction of the irregular crack front. Pure mechanics considerations would cause the crack to
lag at the edge of the sample, due to the lack of constraint at the free surface. In fact, the
opposite is observed with the crack front bowing forward at the edges. This clearly

demonstrates the role environment must be having for the crack to develop this way.

This process continues until a crack front observed in marker band testing (Figure 15) is
formed. The same process occurs for the thick, medium, and thin specimens. It was
hypothesized that the B thickness was controlling the transport distance and by limiting the
sample thickness, the process detailed above would differ. However, the transport distance is
not determined by the sample thickness, but by the size of the semi-elliptical side crack. As
such, the transport distance between the thick, medium, and thin specimen are identical. It
would be expected that as long as the local AKs on the edges of the sample are similar across
thick, medium, and thin specimens, the side cracks will grow at a constant growth rate across
all three samples as the local environment should be identical as there is no limitation of
transport locally. Once the irregular crack front is formed, it has been suggested that the AK
profile at the center of the sample increases dramatically, leading to an eventual straightening

of the crack front.

3.4.3 Modeling of AK Profile for an irregular crack front
It had been hypothesized that as the sample thickness is changed, the location/severity

of the spike should also change. This is based on two assumptions, (1) that the side cracks grow
at the same growth rate across all three specimens, and (2) that the snap forward in the center
of the specimen occurs at the same Kmax for all thicknesses. In order to understand why the spike

occurs at the same AK regardless of sample thickness, aspects of (1) and (2) need to be
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investigated. Before this can be done however, a better understanding of the K-profile along the
irregular crack front is needed. While some work has been done, there is still a limited
understanding on the K-solution for irregular crack fronts.[62—64] In order to study this, a
collaboration with the University of Utah using Franc3D was performed to evaluate the stress
intensity across the entire crack length. To do this, crack shapes from marker banded test showed
in Figure 15 were evaluated at the loads applied at a target AK of 5, 4, and 3 MPavm, shown in
Figure 20, Figure 21, and Figure 22 respectively. It can be seen that at a AK of 5 MPavm, when
there is a relatively small change in AK across the crack front, with the AKmax - AKmin (AAK) being
just over 2 MPavm. However, when an irregular crack front is present at a AK of 4 MPavm, the
AK ranges from 2-12 MPavm, with the highest AKs occurring in the center of the specimen. This
is again seen at AK of 3 MPavm, though less severely with the AAK being just over 4 MPavm as
the crack front is less irregular. These findings confirm that as the irregular crack front develops,
the center of the sample undergoes are large increase in AK, giving credence to the hypothesis

that the irregular crack front results in a rapid snap forward in the center due to a high applied

Kmax.
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Figure 20: Stress intensity across the entire crack width at a target AK of 5 MPavm and an R of
0.5. The crack shape is shown above the curve marked in red with the crack growing from left-

to-right
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Figure 21: Stress intensity across the entire crack width at a target AK of 4 MPavm and an R of
0.5. The crack shape is shown above the curve marked in red with the crack growing from left-

to-right
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Figure 22: Stress intensity across the entire crack width at a target AK of 3 MPavm and an R of
0.5. This was done for both the irregular crack front and a through crack. The crack shape is

shown above the curve marked in red with the crack growing from left-to-right and the through
crack marked in blue

3.4.4 Modeling of Constant Size Semi-Elliptical Edge Cracks in the TTR
Now that the AK-profile of the irregular crack front has been modeled, this can be utilized

to investigate what is causing the identical TTR behavior in different samples with different
thicknesses. As stated previously, according to the current proposed hypothesis, regardless of
sample thickness, the growth rate from the side of the sample would be constant and result in

the same size of edge cracks across all three thicknesses. This was modeled again using Franc3D,
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where semi-elliptical corner cracks of constant size were assumed to occur for thick, medium,
and thin samples. At a AK of 4 MPavm, these semi-elliptical cracks were placed on the edge of
the samples and connected via a straight crack between them. In order to maintain a constant
cracked area (suggested to be true via compliance measurements), as the ratio of semi-elliptical
to straight crack changes between specimens, the semi-elliptical cracks were shifted with respect
to the measured crack length. The stress intensity profile was then measured for each specimen
and is shown in Figure 23. If the assumption of constant ellipse size is correct, then all three
sample thicknesses should display similar K profiles in center as the three samples had a spike in
growth rates at the same time. It can be seen that the thin coupon had a much larger increase in
stress intensity in the center of the specimen compared to the medium and thick coupons. This
would suggest that if constant sized crack fronts occurred across all three samples and the
material at the center fails at the same Kmax, the thin specimen should have a spike in growth
rates earlier than the other specimens. Recalling back to Figure 11, the thick, medium, and thin
specimens showed no difference in TTR behavior, suggesting that the constant sized elliptical

crack assumption to develop these models is not a good assumption.
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Figure 23: Modeling of thick, medium, and thin stress intensities with a constant sized, semi-
elliptical crack on each edge using Franc3D. Simulated loading occurred at a AK of 4 MPavm and
a R ratio of 0.5

This leaves a couple of possible explanations as to why the thin and thick specimens
spiked at the same AK. First, it is possible that Kmax at failure in the center of the specimens is
different. This could be due to differences in constraint between the specimens though this is
dubious as according to ASTM E647, both samples are well within the thickness limitation to be
in plane strain.[58] Secondly, the corner cracks could be growing at different growth rates,
resulting in changes to the irregular crack front. There is ongoing work to continue this work to
study if the corner cracks undergo the same AK in as they begin to grow in thick, medium, and
thin specimens. This will reveal if the thin specimen has a lower applied AK on the edges. This
would result in a slower growth rate on the edge of the sample and therefore a less severe
irregular crack front, which could explain the identical behavior for the different thickness

samples.
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The current proposed hypothesis is not able to explain why the spike in growth rates

occurred at the same AK for all three sample thicknesses, there are still possible explanations

that would leave the hypothesis largely intact. It is critical to properly contextualize the results

from this chapter and understand that it is possible that by slightly modifying the transport

limited hypothesis, it is possible that this hypothesis will be able to explain why there is no

difference in the TTR for samples with different thicknesses.

3.5 Conclusions

Testing of the TTR behavior was investigated by performing testing on multiple thickness

samples to give insights into the possible mechanism controlling this behavior.

Varying sample thickness testing did not show any impact on the fatigue crack growth
behavior at any water vapor pressures and the fractures surfaces were very similar as
well. This disproves the theory that by shrinking the sample thickness the TTR might be
eliminated.

Modeling efforts using Franc3D confirmed that at as an irregular crack front forms, the
stress intensity spikes in the center, likely resulting in rapid fracture. Additionally,
modeling of constant semi-elliptical cracks on the edge of the sample for different
thicknesses are not consistent with experimental results. This indicates that the irregular
crack front is unique for each sample thickness.

Additional studies are needed to investigate why the varying sample tests saw spikes in
growth rate at the same AK. The primary beliefs are that either the Kmax is not constant
between specimens or perhaps each sample experiences a different AK profile, resulting

in unique corner crack growth rates between specimens.
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Chapter 4 Effect of Low Temperature, Low Water Vapor
Pressure Environments on the Fatigue Behavior of an Al-Li Alloy

Note: Previous researchers at UVA and Arconic Technology Center (ATC) had performed a series
of tests at various temperatures and pressures on 2199, similar to testing done on 7075. In the
current PhD effort this data was collated and further analyzed to examine the differences and
similarities between 7075 and 2199 and to bring the work to the level of an archival literature
paper. This resulted in a published paper entitled Effect of low temperature, low water vapor
pressure environments on the fatigue behavior of an Al-Li aerospace alloy in the International
Journal of Fatigue in 2021.[65]

4.1 Introduction

4.1.1 motivation for the study of 2199
As discussed in the previous chapter, the crack wake morphology can have drastic impacts

on the FCGR in 7075. While the phenomenological details and flow path considerations have
been studied for 7075-T651, such molecular flow based complexities are likely to be more
prominent for Al-Li-Cu alloys, which typically are strongly textured and contain coherent and
shearable &’ precipitates.[66—70] For fatigue in a wide range of environments and AK, these
microstructural characteristics result in highly localized planar slip and a SBC cracking mechanism
that produces a tortuous crack path [47,66,75-77,67-74]. Molecular flow effects are likely
critical to the environmental cracking behavior in Al-Li-Cu alloy systems, but such effects have

only been lightly explored.[10,27]
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4.1.2 Effect of Temperature on FCGR
Prior chapters established that impedance of molecular transport via crack wake

roughness can compromise FCGR similitude at a constant exposure/water vapor pressure.
However, recent efforts have demonstrated that a lack of similitude in 7075-T651 between room
temperature and low temperatures despite testing at a constant AK, R, and Pu2o/f value.
Specifically, test temperatures below -30°C exhibited significantly slower crack growth kinetics
when compared to tests conducted at the same P,0/f values at 23°C.[5,17] Such behavior could
be attributed to either a temperature dependent impact on the crack tip plastic damage
accumulation (independent of H)[78-84] and/or a temperature induced retardation of one of the
several steps in HEE process[85-91]. A systematic evaluation of 7075-T651 demonstrated the
changes in loading rate and fracture morphology were consistent with a temperature induced
change in the AK and Pu2o/f ranges where SBC was observed, which in turn impacted the
molecular flow aspect of the HEE process.[5] Due to the primary importance of the onset of SBC
to this phenomenon it is useful to quantify how this behavior manifests in a material system that
exhibits a rough SBC morphology over a wider range of loading and environmental conditions

(e.g. Al-Li-Cu alloys).

4.1.3 Research Goals
The overarching objective of the current study is to evaluate the fatigue crack growth

behavior of a third-generation Al-Li-Cu alloy (2199-T86) in environments relevant to high altitude
flight. The propensity of SBC in these alloys will enable better understanding of the extent to
which crack wake/geometry morphology impacts the molecular transport aspect of the HEE
process across relevant aerospace Al alloys. Furthermore, these data and analysis will inform the
data generation protocol necessary to establish rigorous environmental da/dN vs. AK
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relationships. Three specific knowledge gaps were addressed to fulfill these general goals. First,
the crack growth kinetics will be quantified for 2199 via LEFM based testing at various P20 and
temperatures relevant to high altitude environments. These data were coupled with
fractographic analysis to determine if the observed crack growth rate behavior correlates to
variations in crack wake roughness. Second, data obtained at constant Pu20/f values but different
temperatures will be compared to determine the extent to which similitude is compromised by
different loading temperatures in an alloy that is prone to planar slip. Third, the results from
each of these tests will be analyzed in the context of the HEE-based mechanisms developed in
parallel work on 7075-T651.[5] This will inform the extent to which the mechanisms governing
environmental cracking behavior varies for alloys prone to different bulk slip character (e.g. 7075-
T651-wavy versus 2199-T86-planar).

4.2 Experimental:

4.2.1 Material
Fracture mechanics-based fatigue testing was performed on samples excised from a 50.8

mm thick plate of 2199-T86 supplied by Arconic. The nominal composition of the 2199 alloy is
shown in Table 5.[92] The expected strengthening precipitates in the aluminum alloy are the T;
(AlCuli), 6" (AlzCu),T; (AlsCulis), and the &" (AlsLi).[92] The yield strength was 423 MPa in the
rolling direction. The nominal plane strain fracture toughness is 47 MPavm in the Transverse (T)-
Longitudinal (L) loading orientation and 59.5 MPavm in the L-T orientation.[92] The grain sizes
and texture of the plate was not quantified. Compact tension samples (CT) were excised from
the T/7.3 location of the plate thickness. The CT samples had a width of 50.8 mm and a thickness
of 7.62 mm with a notch depth of 12.7 mm; some samples were side grooved to a net thickness

of 6 mm along the Mode | crack path.
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Alloy

(Wi%) Cu Li Zn Mg Mn Zr Fe Si Al

2.3-39 |1.4-18 | 0.2-0.9 | 0.05-0.40 | 0.1-0.5 | 0.05-0.12 | 0.07 max. | 0.05 max. | Remainder

Table 5: Aluminum alloy 2199 composition (Wt %)

4.2.2 Loading Protocol
Fracture mechanics-based fatigue testing was guided by ASTM E647 using a computer-

controlled servo-hydraulic machine to apply a sinusoidal waveform. The crack length was
calculated via compliance measurements using a clip gauge at crack mouth; [58] the challenges
and applicability of this method for portions of the testing exhibiting an irregular crack front are
detailed elsewhere.[28] Testing was performed at a constant stress ratio (R) of 0.5 and frequency
(f) of 20 Hz using a K-shed protocol following the formula AK=AK.exp[C(a-ao)] with AK, = 14.85
MPavm, a,=13.7 mm C=0.08 mm™.[13,58] This decreasing K test continued until da/dN was
roughly 5x10® mm/cycle or AK reached 2 MPavm. The decreasing AK-test was followed by an

increasing AK-test from a AK of 4 to 12 at a C=0.2 mm™.

4.2.3 Environmental control
All 23 °C tests were performed at the University of Virginia, while low temperature testing

was performed at the Arconic Technology Center (ATC). Replicate tests at 23 °C at high humidity
were conducted to ensure consistency between labs. Further testing at 23 °C was performed at
the following water vapor pressures: 2668 Pa, 340 Pa, 165 Pa, 38 Pa, 4 Pa, 0.54 Pa, and UHV. To
remain consistent with previous work,[28] Pu2o will be used to describe the loading environment.
While Puao/f is generally the operative exposure parameter, since all tests (excluding one) were

performed at a constant 20 Hz frequency, this will not impact comparisons.

The 2668 Pa environment was maintained within a Plexiglas environmental cell fed with

water saturated nitrogen in order to achieve >95% relative humidity. The low water vapor
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environment was maintained within a Cu gasket sealed UHV chamber. For each case a multi-
scale pumping procedure was used to achieve vacuum levels below 107 Pa. Subsequently high-
purity, triple distilled water vapor was introduced to the chamber using a sealed glass flask with
a leak valve.[13] The desired water vapor pressure was held constant throughout the test by

balancing the flow of water and the degree of pumping on the chamber.

Low temperature environment tests were conducted at -4 C, -15 °C, -30 °C, -50 °C, and -65
°C. This environment was detailed in previous work and is repeated here.[5] These environments
were achieved by controlled flow of liquid nitrogen using a solenoid into a furnace casing affixed
about a servo-hydraulic testing frame. Containers of water were placed within the furnace casing
at the beginning of the cooling procedure to ensure a high initial humidity in the chamber. As
the chamber is then cooled, a thin layer of ice is formed on the sample and it is assumed that the
water vapor pressure at the crack mouth and flanks is equal to equilibrium water vapor pressure
above ice at the achieved temperature. This assumption is justified if there is a thin layer of ice
on the surface of the sample, even if the bulk pressure in the chamber deviates from the
equilibrium value. The Clausius-Clapeyron relationship can be used to calculate the Py0-ice at each
temperature. 308 Pa at -4 °C, 125 Pa at -15 °C, 38 Pa at -30 °C, 5.4 Pa at -50 °C, and 0.54 Pa at -
65°C. The global temperature and humidity were measured inside the chamber during testing at
a distance 150-200 mm from the sample. The average global water vapor pressures for each
temperature were 385.5 Pa at -4 °C, 125Pa at -15°C, 95 Pa at-30°C, 1.78 Pa at -50 °C, and 0.44 Pa
at -65°C. In all, the measured bulk values of water vapor pressure correspond reasonably well

with the calculated equilibrium values.
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4.3 Results

4.3.1 Comparison of 7075 and 2199 aluminum alloys at high humidity and UHV
A comparison of the crack growth rates of 2199 and 7075 alloys in Figure 24 shows that

the 2199 has superior fatigue performance at both UHV and high relative humidity environments.
This is consistent with prior literature findings and is proposed to be controlled by extrinsic
toughening mechanisms.[93] Specifically, the interaction of slip with microstructural features
modifies the crack path,[42,73,94,95] which in-turn impacts the crack tip driving force. In 7xxx
series over-aged alloys, precipitation of the incoherent equilibrium n-phase and semi-coherent
metastable n’ phase (Mg(Zn,Al,Mg). is primary mechanism by which the alloy is strengthened.
These phases encourage dislocation looping and heterogenous slip.[10] In Al-Cu-Li alloys, the T1
(AlzLiCu) and & (AlsLi) phases allow homogenous and reversible planar slip resulting in highly
facetted cracking leading to enhanced roughness that can result in enhanced fatigue propagation
resistance due to increased crack closure, crack deflection, and mode I
displacements.[42,73,93,96] These extrinsic toughening mechanisms reduce the crack tip driving
force and have been proposed as the mechanism governing the Al-Cu-Li alloys improved fatigue

performance.[95]
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Figure 24: Fatigue crack growth rates versus AK from K-shed testing comparing 2199 and 7075-
T651 aluminum alloys in UHV and high humidity environments at room temperature.

Near threshold, growth rates for the UHV tests began to converge for the different alloys.
It has been proposed that this is due to a transition in 7075 to faceted slip band cracking at low
AK and low water vapor environments.[17] This roughened morphology may cause the same
extrinsic toughening responsible for the decreased crack growth rates in 2199. Similarly, the
convergence of the two growth rates in high humidity environments is proposed to be due to
another crack morphology transition in 2199 to flat sub-granular and/or cleavage cracking as has

been observed in 2090 at similar AK values and high humidity environments.[97]
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4.3.2 Fatigue crack growth rates versus AK at variable P20
The fatigue crack growth rates for 2199 aluminum as a function of AK and P20 at 23 °C

are shown in Figure 25. Growth rates at water vapor pressures of 165 Pa and above were
obtained using standard CT samples. However, the onset of out-of-plane cracking necessitated
the use of side-grooved samples at the lower Py0 values. The correspondence between the side-
grooved and standard sample results at UHV demonstrate the mechanical equivalence between
the two samples when out of plane cracking is avoided. Side-groove dimensions were in
accordance with ASTM E399. The results for the 2199 are largely consistent with trends observed
previously for 7075.[13] Four aspects of the crack growth kinetics in Figure 25 are relevant. First,
as expected, at high humidity, frequency changes from 2 to 20 Hz do not impact the crack growth
rate (2668 Pa and 2668 Pa (2 Hz)). Second, for P20 of 165 Pa and above all growth rates exhibit
a single trend (with the exception of a slightly higher AKry for 165 Pa) where da/dN decreases
with AK in several power law segments. This behavior is consistent with prior results for Al-alloys
undergoing the HEE process.[13,35,43,98] Third, decreasing Pu2o below 165 Pa results in a
general decrease in crack growth rate over a wide range of AK. Threshold values steadily
increased from 2.3, 2.7, and 5 MPavm for 165 Pa, 38 Pa, and 0.5 Pa/UHV respectively (Table 6).
Fourth, the 0.05 Pa results align with the UHV suggesting that the environmental contribution is

fully eliminated at this Pu2o value and below when testing at ambient temperature.
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Figure 25: Crack growth rates versus AK from K-shed testing of 2199 at various Puzo. R of 0.5,
and a frequency of 20 Hz (unless noted) at room temperature. Side-grooved samples are
indicated as (SG). 165 Pa, plot is a combination of side-grooved (above AK = 4.8 MPavm)

Pr20 AK threshold
165 Pa 2.3 MPavm
38 Pa 2.7 MPavm
0.5 Pa 5 MPaVm
UHV 5 MPavVm

Table 6:The AK at threshold for various water vapor pressures.

An important feature is the rapid decrease in crack growth rate from 8.5 to 5 MPavm at

1.8, and 4 Pa, followed by an increase in da/dN. This phenomenon has previously been observed

in 7075 at low/intermediate AK and Pn20 values and has been termed the threshold transition
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regime (TTR).[5,13,28,54] This behavior has been systematically evaluated.[28] The initial sharp
decrease is attributed to a shift in the cracking morphology to a rougher/more tortuous path.
While extrinsic toughening (such as closure and a reduction in the driving force due to a more
tortuous path) are relevant, the sharp decrease in growth kinetics was found to be governed by
a roughness induced retardation of the molecular flow from the bulk to the crack tip in 7075.[28]
The result of this behavior was preferential semi-elliptical cracking progressing from the sides of
the sample. The resulting irregular crack front (longer on the flanks and a shorter in the center)
results in a non-homogeneous driving force along the crack front (higher AK at the center).[99]
When this discrepancy reaches a critical value (governed by the non-homogenous K along the
crack front), the center of the crack rapidly advances resulting in a sharp increase in da/dN; as is
observed in the 4 Pa data in Figure 25.[5,13,28,54] The 2199 results demonstrate less dips and
spikes associated with the TTR than were observed for 7075. In prior work, this behavior was
quantitatively evaluated by demonstrating that the da/dN minimum scaled linearly with P20 (at
constant f); a similar linear trend is observed for 2199, albeit with a less pronounced
dependence.[54] Additionally, in 2199, the water vapor pressures at which the TTR occurs are

higher than for 7075.[54]

A plot of da/dN (from Figure 25) versus exposure parameter at constant AK are shown in
Figure 3 along with the trend from a separate lot of 2199 at 7 MPavm, R=0.58, and f=20 Hz[42]
(black line). Trend lines are fit to the data following theoretically based models that propose
three distinct regions.[10] The first region occurs at low exposures, where there is insufficient
water vapor available to support the HEE process, thus crack growth is dominated by mechanical

damage accumulation and is independent of Pnyo. The second region is limited by transport of
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water molecules to the crack tip, this transport is governed by Knudsen flow and growth rate is
directly proportional to the exposure parameter. Finally, the third region has mild dependence
on Pu2o that is controversially attributed to a change in the rate limiting process to H diffusion
within the process zone.[16,40] This data shows a roughly 26-, 25-, and 6-fold increase in growth
rates from UHV to 2668 Pa (2Hz) at 5.5 MPavm, 7 MPavm, and 10 MPavm respectively; the
decreased impact of water vapor at the higher AK is consistent with the increasingly dominant

role of mechanical damage.[40]
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Figure 26: Room temperature growth rates plotted versus exposure parameter, PH20/f for
several different constant AKs. A trend from a separate lot of 2199 at 7 MPavm, R=0.58, and
f=20 Hz[42] at various exposures (black line)
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4.3.3 Analysis of fracture surface
The onset of the TTR has been hypothesized to occur due impedance of molecular

transport caused by SBC-like features at low water vapor pressures and medium-to-low AK.[54]
Al-Li alloys are known to exhibit faceted cracking (SBC-like features) across a larger range of stress
intensities than in 7075.[100] Such differences could lead to 2199 experiencing a different
environmental dependence at low water vapor pressure and AK than that seen for 7075.[93,100]
As such, investigation of the crack morphology of 2199 can provide insight on the extent of

mechanistic commonality between 2199 and 7075.

Figure 27 shows optical micrographs and SEM images of the fracture surface from side-
grooved fatigue tests (Figure 25) performed under several humidity levels at room temperature.
The red boxes outline fracture surfaces associated with the K-shed portion of the testing, and the
solid, long-dash, and short-dash lines indicate the nominal crack position at 9, 7, and 5 MPavm.
For decreasing AK tests, at 18 Pa and above (Figure 27e and f), as well as at UHV (Figure 27a), the
fracture surface was generally uniform for the entirety of the K-shed. At 4 Pa and 1.8 Pa (Figure
27c and d), a transition from a smooth surface to areas of increased roughness in the center of
the sample was observed. The change in crack wake morphology correlates with the onset of the
TTR for 4 Pa and 1.8 Pa; as demonstrated in detail for 4 Pa in Figure 28. Prior to the decrease in
growth rate, the fracture surface was relatively smooth. As the surface develops a roughness at
AK ~8.5 MPavm a corresponding drop in the growth rate is observed. Finally, as the growth rates
recover, the fracture surface transitions back to a smooth surface. Additionally, after the minima
thereis evidence (e.g., a smoother surface) that cracking preferentially progresses from the sides,

resulting in an irregular crack front. This correlates with what was observed in 7075 where an
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irregular crack front develops due to increased environmental contribution on the edges of the
sample.[28] This was hypothesized to be due to shorter molecular transport distances enabling

an enhanced level of embrittlement proximate to the crack flanks.[28]
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Figure 27: Optical fractography of the fracture surface of side grooved samples at 23 C for UHV
(a), 0.05 Pa (b), 1.8 Pa (c), 4 Pa (d), 18 Pa (e), and 38 Pa (f). Red boxes indicate the area cracked
during the K-shed. Black lines locate the crack position at AK of 9 (solid), 7 (dashed) and 5
(dotted) MPavm.
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Figure 28: Crack growth rate versus AK and corresponding optical fractography and SEM
micrographs illustrating the transition from smooth to rough topography on the fatigue crack
surface of 2199 at 4 Pa. AKs of interest are marked both on the graph and on the fracture
surface. The green line indicates the start of the K-shed after the precrack.
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SEM images taken at AKs of 9, 7, and 5 MPavm for all tested water vapor pressures at
room temperature are shown in Figure 29, Figure 30, and Figure 31 respectively. Faceted cracking
(SBC-like features) was observed at UHV for all AK values, with a higher degree of faceting at
lower AK values. As the water vapor pressure increased, a transition occurred to a combination
of SBC and flat transgranular cracking. At a AK of 7 MPavm, faceted cracking was observed first
at 4 Pa, with increasing occurrence of faceted, SBC like features as the water vapor pressure
decreased to UHV. Above 4 Pa, the crack morphology exhibited less indications of
crystallographic cracking which is consistent with prior investigations where hydrogen assisted
cracking occurred along high-index planes in 2xxx-series Al.[13,100] At a higher AK of 9 MPavm,
no faceted cracking was observed at pressures greater than 0.5 Pa and only a small degree of SBC
was seen at 0.5 Pa and UHV. At a AK of 5 MPavm, SBC-like features were observed at 18 Pa with
increasing severity as pressure decreases to UHV. These findings are consistent with the
correlations between the optical fracture surface images (Figure 27) and the crack growth
behavior (Figure 25). For example, the SEM images in Figure 29d, Figure 30d, and Figure 31d
correspond to the growth rates and optical images in Figure 28 at a AK of 9, 7, and 5 MPavm
respectively. These images highlight that non-crystallographic, transgranular, and flat
morphologies are observed at high AK (9 MPavm). These features are similar to intersubgranular
features observed by Gangloff et al. at high AK and H producing environments in the Al-Li-Cu alloy
2090.[69] At the onset of the TTR (AK = 7 MPavm) facetted SBC-like features are present (Figure
30d) and past the TTR when the growth rate is stabilizing there is a mix of non-crystallographic

and SBC-like features (Figure 31d).
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Figure 29: SEM images of the fatigue crack surface of 2199 tested at constant R = 0.5, f = 20 Hz

and constant AK = 9 MPavm for an L-T oriented specimen exposed to PH20 of: UHV (a), 0.5 Pa

(b), 1.8 (c), 4 (d), 18 (e), 38 (f), and 2668 Pa (g). Crack growth is from left to right in each image.
(Figure created by Jenny Jones)
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Figure 30: SEM images of the fatigue crack surface of 2199 tested at constant R = 0.5, f = 20 Hz

and constant AK = 7 MPavm for an L-T oriented specimen exposed to PH20 of: UHV (a), 0.5 Pa

(b), 1.8 (c), 4 (d), 18 (e), 38 (f), and 2668 Pa (g). Crack growth is from left to right in each image.
(Figure created by Jenny Jones)
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Figure 31: SEM images of the fatigue crack surface of 2199 tested at constant R = 0.5, f = 20 Hz

and constant AK = 5 MPavm for an L-T oriented specimen exposed to PH20 of: UHV (a), 0.5 Pa

(b), 1.8 (c), 4 (d), 18 (e), 38 (f), and 2668 Pa (g). Crack growth is from left to right in each image
(Figure created by Jenny Jones)

4.3.4 Effect of temperature on fatigue crack growth rates versus AK at variable Pn2o
Figure 32 shows the results of testing at constant Pw0 achieved either via (1) controlled

ingress of water vapor into a vacuum system at 23 °C, or (2) low temperature conditions where
the Puyo is set via the equilibrium water vapor pressure above ice at a given temperature. These
tests isolate the effect of temperature on the crack growth behavior of 2199. At and above -15

°C (e.g., 337 Pa at both 23 °C and -4 °C, and 165 Pa at both 23 °Cand -15 °C), no temperature
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dependence is observed (Figure 32). However, at -30°C and below (note there were no tests
conducted between -15 and -30°C to identify the T at which this divergence begins), there is a
significant effect of temperature on the fatigue behavior. At -65 °C 0.5 Pa, there is again no
temperature effect on cracking behavior, as vacuum level fatigue behavior exists for both
temperatures. It is important to note that at -65 °C, the water vapor pressure is 0.5 Pa, which, at
room temperature, was found to not have any environmental effect on cracking compared to
UHV. Specifically, at -30 °Cand -50 °C and AK of 9 MPavm, there is roughly an order of magnitude
difference in crack growth rate compared to room temperature testing. In fact, above a AK of ~7
MPavm, both -30 °Cand -50 °C produce vacuum like crack growth rates. As the stress intensities
decrease below AK values of ~7 MPavm, crack growth rates of both tests begin to converge with
their room T counterparts. For testing at -50 °C, crack growth rates begin to again fall below those
measured at room temperature between AK of 5 and 3 MPavm. Inspection of the chamber water
vapor pressure shows that the bulk environment water vapor pressure fell below 1 Pa near 5
MPavm and hovered near one until the small decrease in crack growth rate at a AK of 3.4 MPavm,
at which point, the water vapor pressure rose and stayed above 1 for the remainder of testing.
Outside of the AK of 5 to 3.4 MPavm, the average water vapor pressure in the chamber was 2.4
Pa, while it was 1.1 Pa within the AK of 5 to 3.4 MPavm. While the assumption was made during
testing that the crack tip water vapor pressure would remain at equilibrium even under slight
fluctuations in the bulk chamber water vapor pressure, evidence suggests that when the
environment drops below ~1 Pa this may no longer be the case. In all other testing at -30 °C, no
small fluctuations in the bulk environment water vapor pressure were found to influence crack

growth kinetics. This data shows that at low temperatures and water vapor pressures, the crack

93



growth rate is slowed significantly, independently of water pressure, however it does not appear
to have an effect until temperatures drop below -15 °C and continues to have an effect until water

vapor pressures drop below an environmentally significant concentration.
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Figure 32: Crack growth rates versus AK at constant R of 0.5, f of 20 Hz for 2199 with varying
temperature from 23 °C to -65 °C. Side-grooved samples are indicated as (5G). 23 °C, 165 Pa,
plot is a combination of side-grooved (above AK = 4.8 MPavm) and standard thickness (below
AK = 4.8 MPavm)

4.4 Discussion
The fatigue behavior gathered for 2199 over a wide range of AK, Pu20, and temperatures

demonstrate that 2199 exhibits many similar trends as those previously reported for 7075.
Specifically, there is strong dependence of the crack growth kinetics on the Py;0, the dependence

of the da/dN on the Py20 reasonably aligns with mechanism-based models of the rate limiting
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steps, the TTR behavior is observed and corresponds with regions of enhanced crack roughness.
Additionally, the crack growth kinetics are strongly temperature dependent (despite constant
Ph20) below -30 °C until -65 °C where environmental cracking is believed to be eliminated. These
data provide the basis to answer several important questions. First, does current data support
the extension of the transport limitation-based hypothesis (developed for 7075) to explain the
TTR behaviorin 2199. Second, what are the subtle differences in the TTR behavior between 7075
and 2199, and can these differences be understood based on the known microstructure induced
changes in the slip behavior and/or crack path. Third, 2199 demonstrated temperature
dependent behavior as was also observed in 7075, does this provide insights into the possible

underlying mechanisms for temperature dependent behavior in aluminum alloys.

4.4.1 Transport Limitation Induced TTR in 2199
The current 2199 fatigue behavior is distinct from the 7075 growth rates reported in

Figure 24 (for high humidity and UHV) and also from 7075 kinetics previously reported at
intermediate levels of Pyyo0. Despite the inherent differences in the nature of the crack path and
the corresponding crack wake between 7075 and 2199, the fractography presented in Figure 27
and Figure 28 demonstrate that similarities exist in the underlying causes for the TTR in these
two alloys. This section will determine the extent to which the transport limited hypothesis can

be applied to 2199.

Three primary aspects of the data support the applicability of the transport limited
hypothesis to 2199. First, 2199 exhibits a TTR behavior with a sharp decrease, followed by a spike
in the growth rates with decreasing AK. Second the behavior only occurs at intermediate AK and

PH20 in both alloys. This is demonstrated in Figure 26 where the TTR behavior is observed at Pu20
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levels where the crack growth is proposed to be transport-controlled. This is logical given that in
the lower plateau the contribution of the environment to cracking is eliminated due to a lack of
sufficient water molecules to support embrittlement. On the upper plateau, there is sufficient
bulk water vapor to enable a saturation of water molecules at the crack tip, thus the behavior is
not dependent on molecular transport. These data strongly suggest that the TTR only occurs in
regions water vapor pressures that environmental cracking is limited by the transport

mechanism.

Third, the fracture surface features present in 7075 and 2199 are similar and provide key
insights on the mechanism responsible for the FCGR behavior. Analysis of the fracture surface at
4 Pa allows insights to be made on the mechanism by which the TTR develops. According to the
transport limited hypothesis, as the roughness begins to develop, transport to the crack tip is
inhibited along the crack path due to increased roughness, changing the flow path morphology,
which Knudsen flow based molecular transport models have shown to affect the flow
behavior.[15,16,31,36] While this will affect the transport of water vapor down the crack path,
there will remain a clear path for transport of water vapor from the sample flanks, as they are
very near the bulk environment. This suggests that more water molecules would reach the edges
of the sample compared to the center, increasing the environmental contribution in these areas.
This is exactly what is observed in Figure 27c, d, and Figure 28, where samples that exhibited the
TTR behavior (1.8 and 4 Pa) demonstrate a transition to a smoother transgranular cracking that
progresses from the sides of the sample due to enhanced environmental contribution. This is
consistent with a fatigue cracking morphology that is largely flat and transgranular at these AK

and at high exposure parameters (Figure 27e-f). While the crack path evolution was not tracked,
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this crack progression is supported by a companion study on 7075 where loading sequence
induced fracture surface markers tracked the evolution of an irregular crack front during the
TTR.[28] Due to the enhanced growth kinetics at the crack flanks, an irregular crack front
develops, and the stress intensity at the center of this crack increases dramatically. This variation
of driving force along the crack front leads to the rapid extension of the center of the crack to
equilibrate the driving force; this behavior is responsible for the rapid increase in growth rates
observed after the minima in the TTR.[28,64,101,102] In toto, these findings are consistent with
the transport limited environmental cracking induced by crack wake roughness hypothesis that

has been suggested to explain the TTR behavior in 7075.[28]

4.4.2 Alloy Specific TTR Behavior in 2199
While there were many similarities in the TTR behavior between 7075 and 2199, there

were also several differences to be addressed. Specifically, the TTR onset occurred at a higher AK
in 2199 (8.5 MPavm) compared to 7075 (5.5 MPaVvm), different water vapor pressures were
affected (1.8 Pa and 4 Pa in 2199 versus 0.2 Pa and 0.5 Pa in 7075), and the magnitude of the
drop and subsequent spike were less severe in 2199. Differences in the fracture surface were also

observed where the roughened surface occupied a greater area in 2199 compared to 7075.

First, 2199 has a larger intrinsic resistance to fatigue, independent of environmental
cracking processes. This can be seen by comparing the growth rates of the two alloys at UHV in
Figure 24. As such for a constant AK and H concentration in the process zone, a lower growth rate
may be expected in 2199. This increased cracking resistance has been postulated to be due to a
high degree of slip reversibility present due to shearable precipitates presentin 2199.[93,95,100]

Secondly, it is possible that for a constant bulk Puyo that there are differences in the extent of H
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adsorbed at the crack tip for the two alloys. Such differences may arise from the variations in
the crack wake morphology as the extent of roughness can impede water vapor transport. This
is supported by fractography (Figure 28) that demonstrates that the onset of the TTR behavior
corresponds with the AK at which there is a change in fracture surface roughness. Other factors
such as the aluminum-water vapor reaction rates, differences in film stabilities, and differences
in diffusion rate of H in the aluminum could all potentially play a role in the in determining the
local crack tip H concentration and therefore, TTR behavior differences in this alloy. Finally,
extrinsic toughening due to either crack path tortuosity or crack closure could impact the
effective driving force in the TTR region. These could lead to a situation where the nominal
continuum driving force is identical between the alloys, but the true crack tip driving force is
lower due to one or both of these factors. The current study addressed crack closure by applying
the ACR closure correction, however, crack path tortuosity was seen in several tests and could

be an unaccounted-for factor.

Fourth, when examining the fracture surfaces of the two different alloys, Figure 27c and
d show that in 2199, the roughness encompasses a greater area of the sample and appears to
recede towards the middle at a slower rate compared to 7075[28]. Functionally, this results in a
less irregular crack front, thus a less extreme differentiation of the driving force (AK) along the
crack front, which is consistent with the less severe spike in growth rate in 2199. The more
modest development of the irregular crack front in 2199 is reasonably understood based on the
relative differences between the growth rates expected for environmentally enhanced (at the
surface) and environmentally starved (center) regions of the samples. To quantitatively compare

this behavior for the two alloys systems, it is useful to look at Pu2o conditions that exhibited the
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most severe TTR behavior (4 Pa for 2199 and 0.2 Pa for 7075). The growth rates at AK directly
preceding the onset of the TTR behavior (8.5 MPavm for 2199 and 5.5 MPavm for 7075[28]),
provides a proxy for the growth rates at the crack flanks that have full access to the environment.
The magnitude of the difference between this rate and the UHV rate (as a proxy for the rate at
the center of the sample) at that same AK will give an indication of the expected level of crack
irregularity that will develop. There is a 10-fold difference between the 7075 at 0.2 Pa and UHV
at a AK of 5.5 MPavm whereas there is only a 5-fold difference between 2199 growth rates at 4
Pa at a AK of 8.5 MPavm. These data support expectation of a more irregular crack front in the

7075 system during the TTR, thus reasonably explain the more severe dip and observed spike.

4.4.3 Effect of temperature on crack growth
The 2199 results clearly demonstrate that for a constant Puyo there is temperature

dependent behavior observed at -30 °C and below. A great deal of research has been performed
on the mechanical behavior of Al-Li alloys at low temperatures;[57,76,103—108] with the majority
performed at cryogenic temperature (< -196 °C). The yield strength,[74,106,107] fracture
toughness,[76,104-107] and fatigue performance[57,76] all improved at low temperatures. The
improvement in fatigue and fracture resistance at cryogenic temperatures are attributed to
delamination that results in shifting the stress state of the material from plane strain to plane
stress, which raises the fracture toughness of the material.[76,104—107] Due to the very low
temperatures these studies were performed at, the applicability of these cryogenic studies to the
current work at more moderately low temperatures is uncertain. One study at moderately low
temperatures by Goma et al., found improved fatigue behavior of 2099 at -30 °C [57], which was

attributed to a reduction in environmental cracking.[57]
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Previously work on 7075 identified seven mechanisms by which aluminum fatigue
behavior could be improved at low temperatures. (1) An extrinsic strengthening mechanism such
as crack closure could affect the effective stress intensity applied during testing. The intrinsic
toughening of the material could be increased via either (2) changes in dislocation structures due
to elimination of cross-slip and other thermally activated processes being deactivated at low
temperatures, or (3) due to increases in yield strength at lower temperatures. The environmental
process could be affected via (4) surface reaction kinetics, (5) the diffusion rate of H to the

process zone, (6) transport of water vapor to the crack tip, or (7) H-dislocation interactions.

The rigor of each of these proposed mechanisms need to be evaluated in order to
understand if they are responsible for the reduction of FCGR at low temperatures in 2199. At a
high R of 0.5, closure effects are mitigated, and the current data has been closure corrected using
ACR. These two factors make it unlikely that crack closure is responsible for the retardation in
crack growth rate at low temperatures. Intrinsic toughening due to dislocation structure
changes,[109—-112] surface reaction of H,O and absorption of H into the material,[36,40] as well
as diffusion of H to the process zone[40,51] have all been shown to have an Arrhenius
relationship with respect to temperature. This is not consistent with the results of this study;
specifically, the fatigue behavior is temperature independent above -15 °C and at -65 °C. Yield
strength has been shown to increase in Al-Li alloys at low temperatures,[74,106,107] this would
impact the CTOD which is a commonly used metric for fatigue crack driving force. Using reported
low temperature (-196 °C) values of E and oys for an Al-Li alloy (2090) to calculate CTOD (CTOD =
0.6*Kmax’/ (20ys*E)) demonstrated that the decrease in temperature would only decrease the

CTOD by 7.6%. Such a reduction would be an upper-bound given that the current experiments
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were performed at higher temperatures, even so this is not a sufficiently large increase to
account for the observed decrease in growth rates. Finally, the inherent rate of transport of water

vapor to the crack mouth was previously found to not be greatly affected by temperature.[17]

In the study of low temperature effects of cracking on 7075, it was suggested that
temperature induced changes in crack wake roughness morphology could slow the transport
process. This effectively limits hydrogen embrittlement and thus could be responsible for the
observed deviations in growth behavior at different temperatures (but constant Pu20).[5]
However, several aspects of the current data suggestion that this is not the source of the
temperature dependent deviations in 2199. First, the fracture surfaces of the -30°C and 23°C at
38 Pa samples in Figure 33 do not show substantial differences. The fracture surface at 23 °C
shows a relatively flat, uniform crack wake surface with a small region of roughened surface
between AK of 7 and 9 MPavm. At -30 °C the crack surface is relatively uniform with a small
region of roughened surface between 5 and 7 MPavm. Second, the nature of the temperature
dependent growth kinetics is fundamentally different between 7075 and 2199. Specifically, in
7075 the growth rates were similar at high AK, and differences arose due to varying onsets of TTR
behavior as the AK decreased. Conversely, for 2199 the low temperature growth rates begin
substantially lower and converge with the 23C behavior at lower AK. These findings strongly
suggest that crack wake roughness induced changes in molecular transport are not responsible

for the temperature dependent growth kinetics at a constant Pzo0.
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Figure 33: Crack growth rates versus AK at constant R of 0.5, f of 20 Hz and standard thickness
for 2199 at 38 Pa for both 23 °C and -30 °C. Optical fractography of both 23 °C (a) and -30 °C (b)
are shown as well. Red boxes indicate the area cracked during the K- shed. Black lines locate the

crack position at AK of 9 (solid), 7 (dashed) 5 (dotted), and 3 (dash-dot) MPavm on both the
fracture surfaces and on the growth rate graph.
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The remaining potential mechanism responsible for the decrease in growth rates at low
temperatures is a change in the H-dislocation interactions at low temperatures. Coupled
hydrogen and dislocation interactions models such as HELP, AIDE, HEDE, among others, serve as
a promising approach to explaining FCGR changes with lowering temperature. While a full
investigation is outside of the scope of the current study, the preceding discussion suggests H-
dislocation interactions are in some way responsible for the observed temperature dependent
behavior. Ongoing work is applying modern characterization techniques [48,113-115] to probe
difference in the crack wake dislocation structure evolution to provide insight into this

temperature dependent phenomenon.

A recent study on the environmental fatigue of 7075 at low temperatures in UHV
environment showed that as the temperature decreased, the FCGR decreased.[59] This proves
that at least some portion of the decrease in FCGR at low temperatures previously observed for
7075 is independent of water vapor pressure. This is in disagreement with this study as the lack
of an Arrhenius relationship at -15 °C and no effect of temperature below the critical water vapor
pressure for environmental cracking at -65 °C suggest that environmental factors are controlling
the decrease in growth rate at low temperatures. While it is certainly possible the different alloys
have different mechanisms controlling this behavior, it suggests that other factors could be at
play. The recent experiments in 7075 had a more sophisticated experimental equipment and
were able to control pressure and temperature independently of each other. Further study of
2199 in a similar setup should be explored in order to ensure that the current experimental setup

was able to properly capture the low temperature behavior.
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4.5 Conclusions
Environmental fatigue testing of 2199 in high altitude environments established over a wide

range of AK was performed. This testing established the following conclusions regarding the

effect of low water vapor pressure and low temperature on the fatigue crack growth rates.

e Reduction of Puao at 23 °C resulted in a systematic reduction of crack growth rates,
resulting from a reduction in H needed for the HEE process. However, above 165 Pa,
changes in Puo do not result in increased crack growth rates, reinforcing Wei’s early
finding that the environmental contribution reaches a saturation point. At 0.5 Pa FCGR
matched those at UHV, indicating that at these low pressures, there is no longer any
environmental contribution to cracking.

e A precipitous drop in crack growth rates at low water vapor pressures, followed by an
increase in crack growth rates with decreasing AK has been termed the threshold
transition region. This behavior has been suggested to be due to a rough crack wake
impeding transport of water molecules to the crack tip, decreasing the growth rate. This
is followed by preferential cracking from the side, creating an irregular crack front that
rapidly increases in length, resulting in the increase in growth rates. The effect of the TTR
is less extensive in 2199 compared to 7075.

e Low temperature testing showed that decreasing the temperature had no effect on
growth kinetics down to -15 °C. Between -30 ‘Cand -50 °C decreased crack rates were
observed at these lower temperatures. When temperature was lowered to -65 °C 0.5 Pa,
temperature again had no effect on crack behavior indicating that temperature is solely

affecting the H-embrittlement process. This behavior is suggested to be due to dislocation
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interactions with H changing as temperature decreased though no work was able to be

performed to evaluate this in this study.
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Chapter 5 — Incorporation of High-Altitude Environmental
Effects in the LEFM-based Modeling of Aluminum Alloy 7075

Note: Work on this chapter culminated in the publication of journal article entitled Incorporation
of high-altitude environmental effects in the linear elastic fracture mechanics-based modeling of
aluminum alloy 7075, in the journal Fatigue and Fracture of Engineering Materials & Structures
in 2022.

5.1 Introduction:

5.1.1 Overview of Current Approaches to Fatigue Life Estimates
Aluminum alloys are heavily used in aerospace applications where cyclic loading induced

fatigue cracking is a primary failure mode.[116,117] Linear elastic fracture mechanics (LEFM)
models have been widely applied to inform damage tolerant-based structural integrity
management strategies in airframe structural components.[22,118-120] In this paradigm a flaw
is assumed to exist in the structural component, cyclic loads induce a driving force for sub-critical
crack extension which lengthens the crack. The crack progresses according to a fracture
mechanics-based relationship between the crack tip driving force (stress intensity range, AK) and
the crack growth kinetics (da/dN) until some failure criteria (e.g., exceedance of the fracture
toughness, net-section vyield, etc.). Several LEFM-based software models (e.g., NASGRO,
AFGROW, DARWIN, BEASY, etc.)[121-123] exist which will integrate the da/dN vs. AK relationship
to predict the crack extension as a function of applied loading cycles. The damage tolerant
approach to structural management applies regular inspections in order to find and
repair/replace cracked components before rapid crack growth and/or final fracture occurs.[118]

This approach relies on accurate loading profiles, an assumed initial flaw size, rigorous stress
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intensity solutions, and assumes that fracture mechanics similitude (e.g., constant da/dN for a

given AK) is maintained between laboratory samples and in-service components.

5.1.2 Current Growth Rates Being Applied in Fatigue Life Models
There is an extensive database of fatigue crack growth rates (FCGR; da/dN) versus stress

intensity range relationships for alloys used in airframe structures; such data is typically
generated in ambient laboratory conditions. However, aluminum alloys (and other structural
alloys)[109,124,125] have drastically slower FCGR behavior at low temperature and low water
vapor pressure environments.[5,10,21,11,13-16,18—-20] Such environments are pertinent to
high-altitude operation, where a significant portion of loading of can occur for airframe structural
components.[5,21] The phenomenological and mechanistic underpinnings of the low moisture
environment effect on aerospace aluminum alloys fatigue cracking behavior has been extensively
studied.[5,10,33-40,42,43,13,16,27-32] It is understood that in moist air, the environmental
cracking contribution is governed by hydrogen environment embrittlement.[15,35,44-46] Water
molecules from the bulk environment travel through the crack wake channel to the freshly
exposed aluminum at the crack tip. This water reacts with the aluminum, producing atomic
hydrogen which is then adsorbed and diffuses to the crack tip process zone to embrittle the
material. Typically, the FCGR data used in LEFM based models (that underpin structural integrity
management) are obtained in lab air environments; as such the results can be overly conservative
and not rigorously relevant to in-service conditions. While these estimates are conservative, they
increase the inspection burden, which can be at a significant financial cost and limit airframe
availability. In order to improve future modeling efforts by incorporating accurate in-service

environments into the LEFM models it is necessary to have (1) a coupled load-environment
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spectrum that accurately captures the in-service conditions, (2) rigorous environment specific
da/dN vs. AK relationships, and (3) a software interface capable of selecting environment specific

growth rates for each integration step.

5.1.3 Required Components for LEFM Models
Regarding (1), generalized loading spectra have been reported,[126] with some reporting

a coupled load-environment spectrum (e.g., ENSTAFF[26]). While generalized loading spectra
cannot be applied for estimating fatigue life in-service, they provide a method of comparing
results in a realistic loading framework. Furthermore, modern sensors enable straightforward
monitoring of these relevant parameters to obtain such spectra. Concerning (2), recent research
on aerospace Al alloys has generated crack growth rate database for low water vapor pressure
and/or low temperature environments relevant to high altitudes.[5,15,60,103,127—
130,16,21,28,30,31,42,45,54] While there are testing protocol challenges to ensure similitude is
not compromised by crack wake morphology induced complexities. [10,13,28] mechanistically
informed assumptions to obtain crack growth kinetics fit for use in LEFM models have been
proposed.[10,28,54,131] As such, high altitude environment relevant FCGR data exists for use in
LEFM based fatigue life modeling of AA7075-T651 generated according to ASTM E647.[58]
Integration of these data in damage tolerant approaches is possible, provided that the following
are available: an initial flaw size, a coupled load-environment spectrum, and a modeling program

that can incorporate both environmental and mechanical variables.

Like many similar LEFM-based fatigue crack growth prediction codes, AFGROW has a
variety of pre-loaded (or user defined) stress intensity solutions for common geometries and

allows the user to input initial crack size, select various loading modes, and define different
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loading spectrums. Custom variable amplitude load spectra can be input via “Spectrum
Manager”, a software module designed to easily interface with AFGROW. Furthermore, there is
a wide variety of pre-loaded crack growth laws or a tabular look-up function can be used to input
custom da/dN vs. AK relationships. The inputs above are used in a numerical integration scheme
to calculate the crack extension per some user defined cycle increment, this process is repeated
until a user defined criterion is meet (e.g., a given crack size, transition to a through-crack, net
section yielding, exceedance of the fracture toughness, etc.). The functionality described above
has always enabled input of environment specific growth kinetics (and even provides pre-loaded
environmental growth rates), however there was previously no automated way to vary the
growth law to reflect specific environmental conditions at different points of the loading
spectrum.® Recently, the “Spectrum Manager” module was modified to enable input of a coupled
environment and loading spectra. Specifically, this enhancement enables (1) each load to be
assigned an environmental tag, and (2) the input of multiple da/dN vs. AK relationships that can
be harvested to gather a growth rate that is specific to the calculated AK for that load and the
environment identified by the environmental tag. This important modification enables modeling
of complicated environmental-loading spectrum to determine the magnitude of environmental

impact on the fatigue crack propagation life.

5.1.4 Research Goals
Literature has clearly established the strong beneficial impact of high-altitude

environments on the da/dN vs. AK behavior in 7xxx-Al alloys. However, quantitative evaluation
of the effect of these environments on modeling the crack propagation life is limited. Such life

predictions will dictate inspection intervals, thus are more relevant to the structural integrity
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community than simple da/dN vs. AK relationships. The overarching goal of the current study is
to exercise the AFGROW “Spectrum Manager” module to evaluate the impact of variations in
loading environment on the LEFM-predicted crack propagation life. Critically, the goal of this
study is not to validate the predictions (such work is being performed in a companion study)
rather to evaluate the potential impact and the sensitivities of the predicted life to various load-
environment combinations. To do so various coupled environment-loading spectrum with
gradually increasing complexity will be evaluated using low water vapor da/dN vs. AK
relationships. Specific conditions will include (1) constant stress, constant environment, (2) a
simple variable stress, variable environment spectrum, (3) a generalized coupled load-
environmental spectrum that aims to generally describe in-service airframe conditions (based on
ENSTAFF), and (4) an in-service coupled load-environment spectrum for specific airplane models.
The results of these models will be discussed in the context of their potential impact of structural
integrity management. Furthermore, the remaining technical knowledge gaps and areas for

validation will be identified.

5.2 Experimental Methods

5.2.1 High Altitude da/dN vs. AK Relationships
Material and environment specific da/dN vs. AK inputs for AA 7075-T651 are harvested

from prior work and a brief review of the data generation protocol is provided.[13,27,54] Testing
was performed on compact tension (CT) samples at a constant stress ratio (R) of 0.5 and
frequency (f) of 20 hz using a K-shed protocol following the formula AK=AK.exp[C(a-ao)] with AK,
=14.85 MPavm, a,=13.7 mm C=0.08 mm™.[13,58] It is important to note that only a single R value
was tested, as such R-dependent closure and Kmax-dependent fatigue behavior are not captured

in the life predictions. This approach is justified based on (1) the scarcity of high-altitude
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environment FCGR data, (2) the fact that a large portion of crack extension life in components
occurs for small cracks where closure is less potent so the relatively high R (0.5) will reasonably
capture these growth rates,[132] and (3) the varying AK values associated with the variable
amplitude spectrum are still useful to interrogate. Details on the environment control has been
detailed in previous work. After the da/dN vs. AK curves were generated; thirty characteristic
data points were selected (Figure 34) to serve as inputs to the tabular lookup function in AFGROW
which are used as the environment specific growth kinetics needed for the modeling efforts. For
example, when 38 Pa is referenced in the coupled load-environment spectrum, the light blue
curve (Figure 34) is used to establish the da/dN value associated with the AK value calculated for

a given stress from the spectrum, crack size, and crack geometry (thus K-solution).
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Figure 34: Experimental data truncated to 30 data points for application into AFGROW growth
rate tabular input. Da/dN data was generated using K-shed loading protocol at an R=0.5 and a
frequency at 20 Hz (unless otherwise noted)
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Of note, the AFGROW interface allows the environmental condition to be tagged to some
environmental parameter. For this study, temperature was used as the environmental tag as this
is how ENSTAFF reported the environmental condition. Therefore, the water vapor pressure
above ice at a given temperature is used to relate the data in Figure 34 to temperature values
(Table 7). Critically, regardless of the temperature-based tracking approach within AFGROW, the
da/dN vs. AK relationships used in the modeling are for a given water vapor pressure so the text
and charts reflect this reality. Two additional considerations regarding the description of the
environmental conditions should be noted. First, water vapor pressure is used to delineate the
environment, however literature as well previous chapters in this dissertation have established
that water vapor pressure over frequency (Pw20/f) more rigorously describes the environmental
severity parameter. Since all data in Figure 34 were established for a constant frequency (20 Hz),
the Ph2o and Puao/f parameters are equally descriptive, as such the Puyo is used for simplicity and
consistency. Second, it is important to note that recent studies have demonstrated that at
constant Pu2o/f, data for tests below -15°C exhibit slower growth than those at 23°C.[5,17,60]
The mechanistic causes for this temperature induced breakdown in similitude are being
investigated, but the fact that low Pu2o/f data at 23°C are faster than their low temperature

counterparts suggest that the use of the 23°C data (e.g., Figure 34) are conservative.
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T Przo(ice)
(°C) (Pa)

=1,500
0 > @85% RH
=750

1524 > @85% RH
3048 -5 402
4572 -14 181
6096 -24 70
7620 -34 25
9144 -44

10,668 -54

12,192-

18,288 >7 1

Table 7: The temperature of and water vapor pressures at altitudes relevant to airframe
operation. The water vapor pressure for each temperature corresponds to the vapor pressure
above ice for of the temperatures listed.

The da/dN curves generated at low water vapor pressure were loaded at a constant 20
Hz. As the loading frequency impacts the environmental parameter it needs to be noted that
water vapor pressure alone is not a perfect proxy for the environmental contribution. It is
recognized that this limits the direct quantitative applicability of the current predictions to
service components, however this short-coming only reflects the accuracy of the environmental
conditions. Since the goal of this paper is to exercise the LEFM model to determine the effect of
coupled load-environments on crack propagation (not to develop quantitatively accurate life
predictions), the subtle details of linking service environments to lab-testing environments does

not compromise the validity of the results and conclusions.

5.2.2 Modeling Condition 1: Constant Stress, Constant Environments
For Condition 1, a constant stress and environment are applied throughout the duration

of each test. A sample with a single corner crack at a hole, a=250 um, c=250um, was loaded
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cyclically at an R=0.5 in AFGROW until the flaw size reached 1.5 mm. This was repeated at various
constant maximum stress levels ranging from 200-450 MPa (input via the stress multiplication

factor (SMF) in AGRGROW) and in various constant environments from UHV to 2668 Pa

5.2.3 Modeling Conditions 2: Variable Stress, Variable Environment
Condition 2 applied a stress and environment which varied for each block of cycles (Table

8) This arbitrary loading spectrum was developed to simulate a changing environment during
different parts of a loading cycle. In order to do this, Spectrum Manager was used to assign each
stress with an environmental tag. This allows for an appropriate growth rate to be called for the
duration of the loading block. One model was performed with all high humidity (e.g., 2668 Pa)
FCGRs and compared to a model prediction that included variable low water pressure
environments. The prediction preferences in AFGROW for modeling Condition 2 used a max
growth increment of 5% and outputted the flaw size after each block of cycles. The failure
conditions were Kmax failure criteria (set to 29 MPavm) and crack growth to free surface. The
geometry of the specimen was a bar with a width (W) and thickness (T) of 7.62 mm containing a

center semi-elliptic surface flaw with a and c both equal to 1 mm, shown in Figure 35.
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10,000 100 MPa 2668 Pa  0.54 Pa
5,000 50 MPa 0.1 2668Pa 2668 Pa
15,000 150 MPa 0.5 2668Pa UHV
2,000 250 MPa 0.7 2668Pa 4Pa
300 300 MPa 0.1 2668 Pa UHV

Table 8: Stress and environment spectrum for modeling Condition 1 for both high humidity and

mixed environment conditions. FCGR for each water vapor pressure (shown in Figure 34) were

then applied appropriately applied according to this table. This loading spectrum was repeated
until crack growth reaches a free surface or K max for the material was exceeded

Figure 35: Initial specimen design for modeling conditions 3 and 6 is shown. A surface center
elliptical flaw in a bar where the width (W) and length (L) are 7.62 mm for condition 3 and 100
mm for condition 6. The initial flaw has parameters A and C of 0.5 mm for both condition 3 and

condition 6. (Definitions of A and C are shown)

5.2.4 Modeling Condition 3: ENSTAFF Generalized Load-Environment Spectrum
In order to develop a loading spectrum consistent with real world applications, the

previously developed loading and environment spectrums FALSTAFF and ENSTAFF were used.**>’
FALSTAFF provides a characteristic loading spectrum, consisting of 200 flights, based on the loads

115



experienced by the wing of a generic fighter in service. ENSTAFF assigns a temperature to each
of the load conditions described in the FALSTAFF spectrum. The water vapor pressure is
established based on the water vapor pressure above ice at a given temperature, as shown in
Table 7 for various relevant flight altitudes. Using Spectrum Manager, each load and temperature
were assigned a da/dN vs. AK relationship at the appropriate water vapor pressure, as shown in
Table 9. After this, two model iterations were conducted at various maximum stress values (50,
100, 150, 200, and 300 MPa), one where all loads were assigned high humidity growth rates,
(referred to as high humidity) and another where growth rates were assigned to each load based
on the ENSTAFF spectrum (referred to as realistic pressures). The prediction preferences for
modeling Condition 3 were more stringent than the previous modeling condition. Cycle-by-cycle
beta and Spectrum calculation was performed with an output every 0.02 mm. The failure
conditions were Kmax exceedance and crack growth to a free surface. The geometry of the
specimen was a bar with a W and T of 7.62 mm containing a center semi-elliptic surface flaw with

a and c equal to 0.5 mm shown in Figure 35.

emperature Corresponding | Corresponding Actual P,,
altitude water P, used

N/A N/A 2668 Pa

N/A N/A 2668 Pa

0 ft 1500 Pa 2668 Pa
3048 m 402 Pa 337 Pa
7620 m 70 Pa 38 Pa
11,582 m 14 Pa 18 Pa

Table 9: Comparison of structure temperature and corresponding water vapor content with
actual water vapor pressure FCGR utilized for ENSTAFF spectrum. This data was previously
generated and shown in Figure 34
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5.2.5 Modeling Condition 4: Boeing 707 Wing Station 360 Spectrum
A similar modeling approach was executed by SAFE Engineering where

loading/environmental spectrum from a Boeing 707 Wing Station 360 Spectrum and a business
jet were used. Using spectrum manager, the fatigue life using high altitude growth rates versus
high humidity growth rates were compared. The spectrum is shown in Figure 36, including the
temperatures used, which were correlated to a water vapor pressure using Table 7. The SMF was
129.35 MPa with a double corner crack at a hole where the thickness is 25.4 mm and the initial
crack was 1.27 mm. Using a double corner crack in plate geometry with a W of 25.4 mm, T of
2.54 mm, and a hole diameter (D) of 3.81 mm. The initial flaw size is 1.27 mm in both the a and

c crack directions.[133] Figure 37 shows the model inputs.
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" Segment Siax Snin Cycles Altitude Actual Binned
(MPa) (MPa) (m) (-0 (=0
1 TAKEOFF -38.27 -71.02 3 0 15.02 23
2 FLAPS DOWN DEPARTURE| 109.08 54.40 2 305 13.02 23
3 INIT CLIMB 118.04 79.78 3 914 9.07 23
4 FINAL CLIMB 112.39 76.40 3 5181 -18.65 -15
5 CRUISE 118.39 83.84 4 10363 -52.26 -15
6 CRUISE 128.25 73.91 2 10363 -52.26 -50
7 FINAL CLIMB 106.05 82.88 2 10591 -52.26 -50
8 CRUISE 106.94 71.36 7 10820 -54.21 -57
9 CRUISE 112.87 65.50 2 10820 -54.21 -57
10 FINAL CLIMB 92.26 69.57 2 10896 -56.21 -57
11 CRUISE 93.43 63.09 6 11582 -56.48 -57
12 CRUISE 98.74 57.71 2 11582 -56.48 -57
13 FINAL CLIMB 90.05 71.91 2 12039 -56.48 -50
14 CRUISE 87.57 62.95 4 12496 -56.48 -50
15 CRUISE 95.01 55.57 2 12496 -56.48 -37
16 INIT DESCENT 92.26 53.37 4 10058 -50.26 -37
17 CRUISE 78.95 54.19 3 7620 -34.48 -37
18 CRUISE 82.81 50.33 2 7620 -34.48 -37
19 CRUISE 91.29 62.88 3 7620 -34.48 -37
20 CRUISE 96.46 57.71 2 7620 -34.48 -37
21 CRUISE 121.28 83.50 4 7620 -34.48 -37
22 CRUISE 129.35 75.43 2 7620 -34.28 -50
23 FINAL CLIMB 111.84 80.05 3 8991 -42.37 -50
24 CRUISE 118.32 83.77 4 10363 -52.26 -50
25 CRUISE 128.18 73.91 2 10363 -52.26 -57
26 FINAL CLIMB 106.05 83.08 p 10591 -52.26 -57
27 CRUISE 107.15 71.23 7 10820 -54.21 -57
28 CRUISE 112.87 65.50 2 10820 -54.21 -57
29 FINAL CLIMB 92.46 69.78 2 11201 -56.21 -57
30 CRUISE 92.26 64.88 4 11582 -56.48 -57
31 CRUISE 99.15 57.99 2 11582 -56.48 -57
32 INIT DESCENT 93.50 69.02 2 5791 -22.59 -30
33 FINAL DESCENT 106.05 78.67 3 914 9.07 23
34 FLAPS DOWN APPROACH| 119.90 75.78 2 305 13.02 23
35 ROLL MANEUVER 99.36 92.32 40 305 13.02 23
36 LANDING ROLLOUT -24.41 -45.30 5 0 15.02 23
37 GAG 129.35 -71.02 1 Various -34.28 -30

Figure 36: Boeing 707 Load-Environment spectrum.
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Spectrum Preview

Status v 3 X

~[&) B707 WS 360
El Q Double Corner Crack at Hole - Standard Solution
' I:é Load
: |:C: Auxial Stress Fraction=1
------ B Bending Stress Fraction= 0
- |:C: Bearing Stress Fraction= 0
----- -..[8 Crack length (C) =0.00127
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Figure 37: AFGROW model for Boeing 707 and business jet crack life predictions. From top to
bottom, double corner crack at holes specimen design, spectrum preview, model inputs.
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5.2.6 Modeling Condition 5: Commercial Jet Wing Spectrum
Modeling Condition 5 used the same method AFGROW modeling inputs as Condition 4

with a different loading and environment spectrum (Figure 38).

Smax Stin Altitude | Actual Binned

Segment Cycles
(MPa) (MPa) (m) (<C) (<Q)
PRE-FLIGHT TAXI 51.37 19.37 1 0 15.02 23
CLIMB 85.43 62.61 1 1524 5.07 23
CLIMB 89.57 58.47 1 4572 -14.71 -15
CLIMB 90.53 66.19 2 7620 -34.48 -30
CLIMB 86.46 64.61 1 10667 -54.21 -57
CRUISE 101.49 62.37 20 12496 -56.48 -57
DESCENT 71.50 48.61 1 10667 -54.21 -57
DESCENT 73.57 46.54 1 7620 -34.48 -30
DESCENT WITH S/B 69.92 38.75 1 4572 -14.71 -15
DESCENT 75.64 44.47 1 1524 5.07 23
APPROACH 94.12 62.97 8 1524 5.07 23
LANDING 73.02 67.23 2 0 15.02 23
POST-FLIGHT TAXI 4.25 2.28 44 0 15.02 23
GAG 101.49 2.28 1 VARIOUS 16.96 23

Figure 38: Business Jet Load-Environment Spectrum

5.3 Results

5.3.1 Modeling Condition 1: Constant Stress, Constant Environments
The AFGROW predicted life for Modeling Condition 1 is reported in Figure 39. Specifically,

the cycles to failure are calculated using growth kinetics (Figure 34) for UHV and 2668, 4, 0.54 Pa
environment are plotted for various maximum stress levels. Critically, the 4 Pa and 0.54 Pa
conditions reflect environmental conditions relevant to flight environments at 9,144 to 18,288
meters of altitude. Two relevant trends are observed. First, at all stress levels the use of reduced
water vapor environment growth kinetics increases the predicted fatigue life. For example, at a
maximum stress level of 100 MPa there is 5 to 10-fold increase using data representative of flight

environments, and nearly two orders of magnitude increase in life using UHV data. Second, the
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magnitude of the increase in fatigue life decreases as the stress increases. This is expected given
the enhanced role of mechanical damage on the fatigue crack growth kinetics and the decrease
in environmental dependence observed in Figure 34 as AK increases. Similar modeling efforts
have previously been shown to accurately capture crack extension from corrosion features at
different temperatures, provided that the respective environment specific growth rates are
used.[131] This correspondence validates the application of the similitude principle and justifies
the use of such modeling techniques to demonstrate the impact of using environment specific

kinetics in life prediction modeling for various configurations and spectrums.

Single Corner Crack at Hole
R=0.5, a=250um, ¢=250um

X
i - ¢ 2668 Pa
- . g i Cruise
4 o TR .
- Altitude
: 150 & .e 0.54 Pa
=
; 300 ¢ .- s UHV
[ 7]
& 2% ¢ W am
3 200 < T T
1% 5 - 10x increase in life
10 + = L
50
100 1000 100 100000 1000000 100000

Cycles to L.5mm

Figure 39: Modeling Condition 1: Max stress (MPa) versus cycles to 1.5 mm crack length for
constant load, constant environment model. This was done at a variety of water vapor pressures
and max stresses and are shown here.
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5.3.2 Modeling Condition 2: Variable Stress, Variable Environments
The stress application (blue) and AFGROW predicted crack extension results for Condition

2, using growth rate data for a constant water vapor pressure (green) or data from various water
vapor pressures (red) are reported in Figure 40. While this effort does not scan various maximum
stress conditions, it clearly demonstrates that the life extension achieved for constant stress and
environment conditions (Figure 39) persists for variable stress levels and variable environment
simulations. Specifically, the damage progression was drastically slowed and the cycles to failure
increased by 257% when high altitude environment crack growth kinetics were employed for
portions of the loading cycles. The crack extension versus cycles plots shows that the increase in
life is dominated by slowing of the rapid growth that occurred during the high AK final portion of
the loading block (e.g., maximum stress of 300 MPa and R=0.1). Despite the decreased disparity
between the high humidity and high-altitude environment growth rates at higher AK (Figure 34)
the impact on life is most potent in that regime due to the fact that the majority of crack advance

occurs in response to the cycles with a high AK driving force.
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Figure 40: Modeling Condition 2: Crack growth versus cycles for an arbitrary variable load and
environment loading condition. Constant water vapor pressure (green) utilized da/dN data
generated at 2668 Pa while the variable water pressure curve (red) utilized da/dN from a variety
of pressures, detailed in Table 7. The blue curve represents the stress at each cycle and high
stresses can be seen to correspond with large jumps in crack length.

5.3.3 Modeling Condition 3: ENSTAFF Generalized Load-Environment Spectrum
Modeling results for Condition 3 are reported in Figure 41 and compare a coupled load-

environment spectrum (ENSTAFF; orange), with the same variable load spectrum but a constant

high humidity environment (FALSTAFF; blue). Figure 41 and
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Cycles to failure Cycles to failure | Change in fatigue life

\VEVE I\ LV Realistic Pressures  High Humidity % Difference
27,813,004 16,057,865 73.2%
1,426,156 852,299 67.3%
299,807 191,909 56.2%
92,273 63,954 44.2%
12,079 10,005 20.7%

Table 10 show that the cycles to failure increased dramatically when the environment-
specific da/dN vs. AK values are applied, with a 67.3% increase in cycles for the 100 MPa
condition. As was observed for Condition 1, the higher the maximum stress, the smaller the
observed increase in fatigue life associated with using environment specific da/dN vs. AK
relationships. Even though the magnitude of increase in fatigue life are lower than in Condition
2, there are still significant increases in fatigue life by applying realistic cracking environments to
in-service loading spectrum, particularly at lower stress levels. These results are a strong
demonstration of the potential impact of realistic service conditions on the structural integrity

management of airframes, albeit for a generalized coupled load-environment spectrum.
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Cycles to failure Cycles to failure | Change in fatigue life

\VEVE I\ LV Realistic Pressures  High Humidity % Difference

27,813,004 16,057,865 73.2%
1,426,156 852,299 67.3%
299,807 191,909 56.2%
92,273 63,954 44.2%
12,079 10,005 20.7%

Table 10: Cycles to failure for modeling Condition 3 at a variety of stresses for both mixed da/dN
and high humidity FCGR data as well as the relative difference between them.
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Figure 41: Modeling Condition 3: Crack growth versus cycles to failure for realistic loading-
environment spectrum for a general fighter generated from ENSTAFF. High humidity curves
(orange) utilized da/dN data from 2668 at all cycles. Realistic pressures curves (blue) utilized

da/dN a variety of da/dN curves based on ENSTAFF environmental temperature data and

relating these temperatures to an altitude and then a corresponding pressure detailed in Table
5. This was repeated for max stresses of 50 MPa (A), 100 MPa (B), 200 MPa and 300 MPa (C).

5.3.4 Modeling Conditions 4 and 5: Boeing 707 and Business Jet
Conditions 4 and 5, applied environment specific FCGRs to the spectra relevant to: (1) the

Boeing 707, and (2) a business jet, respectively. Figure 42 and Figure 43 show that there was a
substantial increase in the fatigue life of both planes undergoing in-service loading when the
proper environmental growth rate is applied to each load. The Boeing 707 was calculated to have

a 79% increase in fatigue life and the business jet saw a 67% increase in fatigue life. It was also
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estimated, that for the Boeing 707, this increase in fatigue life would decrease the inspection

burden by roughly half. This can provide critical savings both in monetary costs for inspection as

well as increased airframe availability.

Ng .. —Ng. . . .
1= w Initial Inspection

N, N, - i
H= w Recurring Inspection

Lab Air FCGR Data Environmental FCGR Data
VI;I{:TG.TQB r[}th: 137,656

o

1.8X Increase in
Fatigue Life, I, H

Crack Length (mm)
=

@

7H, = 96,923

' !
! T If Design Life = 716,000 cycles (39,000 FH)
i P «Lab Air
! - + 10 threshold, 10 recurring inspections for 10 part replacements
0 20,000 40,000 6000« Environmental -
+ 5 threshold, 5 recurring inspections for 5 part replacements

Figure 42: Comparison in inspection intervals for the Boeing 707 using the
environmental/mechanical loading spectrum compared to laboratory air fatigue crack growth

rates, based on cycles to critical crack length using AFGROW models.
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Figure 43: Comparison in inspection intervals for the business jet using the

environmental/mechanical loading spectrum compared to laboratory air fatigue crack growth
rates, based on cycles to critical crack length using AFGROW models.

5.4 Discussion:

5.4.1 Stress Level Dependent Environmental Fatigue Impact
The increased fatigue lives observed when low water vapor FCGR are applied to LEFM

modeling across all modeling conditions indicate that incorporating environment-specific da/dN
vs. AK relationships can potentially have a significant impact airframe structural management.
Modeling Condition 1 demonstrated that the largest increase in fatigue life was seen at low stress
levels. The high increases in fatigue life at low stresses is consistent with literature showing that
environmental cracking is exacerbated at low AK but has a less potent impact at higher AK levels

where the mechanical driving force dominates.[57]

However, results from Condition 2 indicate that a vast majority of crack advance occurs

during high stress portion of the loading profile. This suggests that even if the relative magnitude
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of the growth rate reduction is highest at low stresses, the more modest growth rate reduction
at high stress levels has a more potent impact on the overall fatigue life. For example, if a crack
advances 10 um at low stresses for a given number of cycles, an environment induced 50%
reduction in da/dN would decrease crack extension by roughly 5 um. At higher stresses, say the
crack advances 400 um in a given number of cycles, if the da/dN is reduced by only 25%, the crack
advance would be still be reduced by 100 microns. This analysis suggests that even through the
relative reduction in da/dN is smaller at higher stress levels (e.g., AK levels), the integration of
high-altitude specific growth kinetics for the high stress portions of the load cycle can have a

more potent impact on the total fatigue life.

To investigate this effect further, an additional series of modeling scenarios was
performed (Condition 6). Specifically, an arbitrary load spectrum was developed where 1000
cycles were performed at 0.50 (o represents a given stress that can be varied), then 30 cycles at
0. In Scenario 1, the FCGRs for 2668 Pa will be applied for the 0.50 cycles and UHV for the o
cycles. In Scenario 2, the FCGRs for UHV will be applied for the 0.50 cycles and 2668 Pa for the o
cycles. This is shown in Table 11. The results of these modeling scenarios will be compared to
determine the effect this phenomenon has on crack progression. Cycle-by-cycle beta and
spectrum calculation was performed with an output selected every 1 mm. The failure conditions
were Kmax exceedance and crack growth to a free surface. The geometry of the specimen was a
center semi-elliptic surface flaw with a W and T of 100 mm and an initial flaw of 0.5 mm shown
in Figure 35. Two values of o were explored (100 MPa and 200 MPa). Consistent with the prior
discussion, Scenario 1 (e.g., UHV at o) exhibited the highest increase in fatigue life (Figure 44) and

Scenario 2 (e.g., UHV at 0.50) showed a minimal increase in fatigue life. This simple and targeted
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evaluation confirms the important interaction between the magnitude of the environment

induced da/dN reduction, the stress level, and the number of loading cycles.

Cycles Environmental
Condition 1

1000 2668 Pa UHV

- 30 0.1 UHV 2668 Pa

Table 11: Load and environmental spectrum for modeling Condition 6. o is a stress that can be
varied (o = 50 MPa and 100 MPa for this study)

. . . . . .
50 MPa 2668 Pa-UHV
A 50 MPa UHV-2668 Pa —— 100 MPa UHV-2668 Pa
0.04 - 0.04
E E
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0.01
[ 0.00 .
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Figure 44: Modeling Condition 6: Crack length versus cycles for study on the effects of low water
vapor pressure at high or low stresses. The legend details which environment is assigned at each
of the stress levels (shown in Table 9), and what o is equal to (50 MPa in A, 100 MPa in B). The
first pressure corresponds with 1000 cycles at 0.5 o and the second pressure with 30 cycles at o.

It is also useful to consider the generalized load-environment spectrum evaluated in
Condition 3 which demonstrated 20 - 73% increases in predicted fatigue life. The model was run
for 5 different values of stress (Figure 44); critically, this value set the maximum and the rest of

the spectrum was proportionally scaled to that value. The results show that there was a higher
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potency of the environmental effect for lower maximum stress values (73% increase in life for 50
MPa) as compared to the higher maximum stress values (20% for 300 MPa). This finding suggests
that while implementing the environmental effect on the high stress peaks within the spectrum
will be most influential on the life (per the prior discussion), reducing the overall severity of the
spectrum (by reducing the maximum stress to which the spectrum is scaled) resulted in increased

potency of the environmental impact.

For any given airframe component, the exact interplay between differences in da/dN
reduction at different AK values and the overall predicted fatigue life will vary for different load-
environment spectrum. This important observation highlights the utility of such LEFM-based

prediction tools to the structural integrity management community.

5.4.2 Modeling of Real-world Airframe Components
While the results in Figure 42 and Figure 43 suggest that there is the potential to impact

structural management of airframe components, the preceding discussion suggestions that the
potency of the impact can vary with the details of the coupled load-environment spectrum.
Modeling Conditions 3-5 exercise the environment specific LEFM modeling code for a common
generalized spectrum and for two specific airframe components to determine the impact of for
service relevant conditions. While the results in Figure 41, Figure 42, and Figure 43 reflect the
expected distribution of potency of the environmental effect for different spectra, each of the

modeling cases clearly demonstrate a tangible beneficial impact.

Using the coupled load-environment spectrum in Figure 36 for the Boeing 707 in the LEFM
crack growth rate modeling tool the benefit of the environmentally influenced crack growth rates

becomes clear. The semi-circular initial flaw size of 1.27 mm is based on the detectability limit
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for non-destructive inspection techniques.[133] The inspection interval for parts is set such that
two inspections are required before an initial flaw would grow to a critical crack length.[133]
Using the coupled load-environment spectrum was shown to decrease the inspection burden by
a factor of 1.8. Figure 42 shows the comparison of the inspection burden for the initial and
recurrent inspections using the laboratory air crack growth rate data and the combined
spectrum.[133] Using the coupled load-environment spectrum for a business jet reduces the
inspection interval by a factor of 1.6.[133] Figure 43 shows the comparison of the time to critical

flaw size for the business jet example.[133]

Increased inspection intervals are of great interest to the airframe structural
management community due to the potential for cost reductions by eliminating unneeded
inspections. For the 707 case the number of required inspections over the life of an aircraft part,
assuming 719,000 cycles (39,000 flight hours) would reduce from 10 inspections and 10-part
replacements to 5 inspections and replacements. This cost savings would be substantial.
Likewise, there is cost savings in reduced aircraft unavailability due to inspection time. While the
guantitative accuracy of the model outputs are notional due to the simple modeling assumptions
(e.g., no retardation, not accounting for frequency in the exposure parameter, the use of a single
R-ratio for FCGRs, etc.), the scale of the environmental effect would persist with increasing model
complexity to incorporate these factors. In toto, the current data demonstrate that using
appropriate spectrum to life aircraft could substantially increase readiness for the Department

of Defense and commercial fleets, while also reducing costs.
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5.4.3 Opportunities and Challenges
Incorporation of environment-specific fatigue crack growth kinetics into the LEFM-

framework used to manage the structural integrity of airframe components allows these models
to more accurately reflect in-service conditions of the component. The current study focuses on
reaping the beneficial effects of high-altitude environments on AA7075 to decrease the
inspection burden and enable enhanced design. However, this environmental cracking
framework can be applied to other material and environment combinations that may exhibit
spectrum loading during flight. For example, one could envision a spectrum of environments for
carrier-based airframes that may range from aqueous (with associated galvanic coupling with
other components or metal-pigment laden coatings) to humid air, to dry air for a given mission
profile. Generally, any coupled load-environment can be probed so long as there are growth
kinetics that are representative of the environment, K-solution for the component, and a coupled
load-environment spectrum. Furthermore, while the focus of this paper was to generate life
predictions that would inform future structural integrity management, the full breadth of the
LEFM approach can also be employed to inform material selection, evaluate mitigation
strategies, enhance/optimize component design, and understand the sensitivity of components

to a change in operational environment.

The findings reported above are promising, however there remain challenges to
incorporating high-altitude environments into LEFM-modeling. First, it is critical that laboratory
generated environment specific growth rate data exhibit similitude with components across a
wide range of stress intensities. This is particularly relevant for AA7075-T651 in high-altitude

environments where both temperature and crack wake roughness can to compromise similitude
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for constant AK and bulk environment (e.g., Pr20o/f)
conditions.[5,10,134,11,14,17,19,20,28,54,57] Second, the current approach assumes that there
is no transient upon transitioning between environments. This assumption is reasonably
supported by the underlying H-based mechanisms that govern the growth rate enhancement
beyond the pure mechanical behavior observed at UHV. In the H-embrittlement paradigm, H is
considered to be generated, adsorbed at the crack tip, and then diffused into the crack tip process
zone. In the crack tip region H will align with and be trapped due to the crack tip hydrostatic
stress and the local plastic damage structure. As such any environment induced transient
associated with switching between environments would be governed by cracking through either
a precharged or depleted H-gradient that was caused by the prior environmental condition.
While the details of the stress state, the local damage structure, and the diffusion kinetics are
complicated, it is reasonable to expect that the H field will be localized within <20 um of the crack
tip based on the localized crack tip stress field (described by conventional HRR fields[135,136] or
strain gradient plasticity[137]) and the low diffusivity of H in Al-alloys.[138] At the growth rates
reported in Figure 34 the crack would rapidly pass through the first 20 um. Regardless, further
study is needed to validate this assumption. Third, more work is needed to generating load-
environment spectrum as each application can vary and accurate coupled spectrums are needed
to apply environmental FCGR at high altitude for damage tolerant models. Finally, a systematic
validation of the accuracy of the crack progression for a coupled load-environment spectrum is

needed.
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5.5 Conclusions:
Utilizing an LEFM program, AFGROW, the environmental effect on fatigue life on AA 7075-

T651 in aerospace applications was quantitatively determined. Through several different

modeling conditions, the fatigue life in low water vapor environments consistently produced

significant increases in fatigue life. Of critical interest, the following conclusions were

determined.

Simple, constant stress, constant environment conditions showed up to an order of
magnitude increase in fatigue life when comparing high humidity environments with UHV
environments. The highest change is observed at low stresses, with smaller increases in
fatigue life at higher stresses.

As more realistic loading-environment spectra were used in modeling Conditions 2-5,
significant increases in fatigue life were observed, though no longer orders of magnitude
as was seen in the single environment modeling condition. Again, at low stresses, the
relative change in fatigue life was greater across all different modeling conditions.

While environmental effects are most potent in the near-threshold regime of the da/dN
vs. AK relationship, targeted modeling demonstrates that the majority of the crack
extension occurs at high stresses (thus high AK). This leads to the counter-intuitive
conclusion that, despite the lower relative impact of environment on the da/dN at high
AK, the environmental effect at high stress levels has a more significant impact on the
total fatigue life.

Through these results, it is clear that implementation of low water vapor pressure, low

temperature, environmental FCGR into the next generation of airframe structural
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integrity management models can have a profound impact. While more work is needed
to be done to reach this goal, this research makes a compelling case for continuing the

needed research to make this goal a reality.
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Chapter 6 — Final Conclusions

This work found that the exposure parameter, which had previously been used to
describe the severity of the low water vapor pressure environment, has situations where it fails
to predict environmental cracking of aluminum alloy 7075. At high water vapor pressures, the
frequency no longer has an effect on the crack growth rate, and the exposure parameter is no
longer a valid descriptor of the environment. The exposure parameter is still the best variable to
describe the environment in low to intermediate water vapor pressures so it can still be a useful
environmental parameter. Caution must be used to ensure the environments it is being applied

to are within the range of water vapor pressures it describes.

Investigations into the threshold transition regime (TTR) behavior showed that sample
thickness has no impact on the crack behavior across all water vapor pressures, even those
experiencing the TTR. Investigations into this result using Franc3D, demonstrated that the
irregular crack front results in a large increase in the AK at the center of the sample. Additionally,
further modeling showed that constant size side cracks for all three thicknesses did not result in
a similar AK profile, as suggested by the identical da/dN curves. Further modeling is needed to

investigate this result and iterate on the currently proposed hypothesis to explain this behavior.

Study of the high atmosphere environment in AA 2199 showed that a similar behavior
was observed compared to 7075 at room temperature. 2199 did experience an earlier limit on
environmental damage where no environmental cracking was occurring compared to 7075. The
TTR was present in 2199 as well but it was overall less severe which was attributed to the smaller

effect of H on the 2199. Low temperature testing showed that above -15 °C, temperature had no
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effect on the growth rates. When above the critical water vapor for environmental cracking,
lower temperatures decreased, leading to the conclusion that environmental cracking was being
affected. It was suggested this was due to changes in the H-dislocation interactions as

temperatures decreased.

When applying low water vapor crack growth rates to linear elastic fracture mechanics
(LEFM) fatigue life models, large increases in fatigue life were observed in simple environments,
more modest but significant life extension was observed as in-service conditions were applied.
Additionally, an interesting interplay was discovered where even though low stresses have a
larger impact of environmental damage, it was found that having the high stress loads occur at a
low water vapor pressure had a larger overall impact on the fatigue life estimates. These findings
suggest that further study into the high atmosphere environment is warranted to hopefully

better understand the complicated environmental cracking behavior of aluminum alloys.
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