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The effect of water vapor pressure on the fatigue crack propagation 

rates in aerospace aluminum alloys 7075-T651 and 2199-T86 

ENS Jennifer L. Jones, USN  

 

ABSTRACT 

The objective of this research is to examine the effect of high purity water vapor on fatigue 

crack growth rates (da/dN) in aluminum alloys (AA7075-T651 and AA2199-T86).  

For decreasing ΔK testing (either at a constant stress ratio of R = 0.5 or constant a maximum 

stress intensity of Kmax = 16.5 MPa√m protocols), growth rates declined with decreasing water 

vapor pressure over a wide range of K-values. This behavior demonstrated consistency with 

current environmental theories where crack growth is limited by molecular flow or H-diffusion 

in the crack tip process zone.  A local minimum in da/dN, referred to as the threshold transition 

regime (TTR), was observed for low ΔK and low to intermediate ranges of water vapor pressures 

[1].  An initial decline in Stage I growth proceeded towards the UHV threshold before 

transitioning to increasing da/dN with further decreases in ΔK before merging with growth rates 

typical of high water vapor pressures at very low ΔK.  This behavior was observed for decreasing 

ΔK at both constant Kmax and constant R testing conditions.  The dip in growth rates corresponded 

to a transition from flat-transgranular (Stage II) cracking to crystallographic slip band cracking 

(SBC; Stage I) for decreasing da/dN [1].   

It is proposed that the da/dN minimum is attributed to roughness-induced changes in the 

mass transport behavior that alters the PH20 at the crack tip.  As the ∆K decreases in low PH2O 

environments, the cross-slip becomes limited which leads to a higher degree of slip band cracking.  

This increased crack wake roughness impedes the flow of water vapor molecules from the crack 

mouth to the crack tip, resulting in a decreased crack tip PH20 when compared to the PH20 of the 

bulk environment at the crack mouth.  The subsequent rise in da/dN with decreasing ΔK in the 

TTR is explained based on an increased supply of water vapor to the crack tip due to turbulent-

convective mixing.   Specifically, after a certain critical level of roughness is reached in the crack 
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wake, the PH20 transport mechanism changes to convective turbulent mixing as a result of crack 

wake asperity contact.  The convective mixing increases the supply of PH20 to the crack tip that 

helps to reignite the hydrogen environment embrittlement process and results in the subsequent 

rise in da/dN rates. 

This research addresses four primary objectives to validate and extend the threshold 

transition regime hypothesis presented in the Burns et al. paper [1].  First, quantitatively 

investigate the crack front evolution in the threshold transition regime to evaluate the proposed 

molecular transport based explanation.  Second, further investigate the interaction between 

molecular flow and the degree of roughness using targeted experimental evaluation.  Third, 

quantitatively evaluate the degree of asperity contact in the crack wake, as pertinent to the 

proposed turbulent mixing hypothesis and the post-minima regime behavior.  Fourth, extend to 

characterize the environmental fatigue crack growth behavior of a 3rd generation Al-Cu-Li alloy 

(2199-T86) with a different slip character than 7075-T651. In toto, this work focuses on 

understanding the interacting effects of PH20, crack wake roughness, and ΔK on crack closure and 

water vapor transport to the crack tip.   

The TTR behavior is an environmental effect; specifically associated with the enhanced 

transport of water vapor molecules from the bulk environment to the crack tip. This process is 

dependent on crack wake history and bulk PH2O.  The first objective was investigated by 

completing programed loading sequences at specific ΔK of interest to create marks on the fracture 

surface in order to track the crack front evolution during the threshold transition region.  The results 

showed an irregular crack front evolution in the TTR which suggests that molecular transport in 

the through thickness dimension controls the environmental influence, particularly in the TTR 

regime.  The results also showed that changing the specimen thickness, and by extension the 

through thickness dimensions, influences the environmental crack behavior at intermediate 

exposures.  

The second objective investigated the interaction between molecular flow and the degree of 

roughness through using a test method that kept constant the bulk PH2O, ΔK, and initial crack 

length, but allowed for different initial spans of crack wake roughness.  Constant ΔK, PH20/f 

experiments served to show that the interaction between the roughness on the fracture surface and 

the molecular transport can result in an order of magnitude change in growth rates directly 

following crack growth of increased roughness.  Additionally, the fractography suggests an 
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environmentally affected irregular crack front driven by the interaction of molecular transport, 

closure, asperity based mixing, and position dependent ΔK.   

The degree of asperity contact in the crack wake, as pertinent to the proposed turbulent mixing 

hypothesis and the post-minima regime behavior was investigated through developing a 

quantitative method to indicate the presence of crack wake asperity contact based on comparing 

the localized roughness and crack opening displacement was developed.  These results suggest 

that the start of crack wake asperity contact does not correspond directly to an increase in da/dN; 

counter to the proposed molecular transport hypothesis which stated that enhanced crack growth 

rates corresponded to the start of crack wake asperity contact occurring. The chosen contact metric 

indicates the presence of crack wake asperity contact, but the role it plays in controlling the upturn 

in da/dN rates until the Mode II displacement occurring is accurately measured.  These results do 

suggest that the upturn in da/dN is driven by the interaction of molecular transport, closure, 

asperity based mixing, and position dependent ΔK.  

Finally, the environmental fatigue crack growth behavior of a 3rd generation Al-Cu-Li 

alloy (2199-T86) was characterized using a decreasing ΔK at a constant R loading protocol. 

Fatigue crack growth rates in 2199-T86 (L-T) were seen to decrease with decreasing water vapor 

pressure over a wide stress intensity range (ΔK).  Despite different global cracking morphology, 

the similarities in the scope and span of the roughness transition in 2199-T86 suggest a similar 

threshold transition regime that depends on ΔK and the environment similar to the molecular 

transport based theory developed for 7075-T65.   

Analysis detailed above indicates that the threshold transition behavior observed in 7075-

T651 and 2199-T86 is governed by molecular transport that can be affected by the loading 

protocol, specimen geometry, and/or testing configuration.   While the false threshold behavior 

resulting in the dip in da/dN is real and repeatable, such behavior is geometry and molecular flow 

path dependent and should not be incorporated into fracture mechanics based predictions. 

Following appropriate testing procedures would help to ensure data that accurately represent the 

increased fatigue resistance of 7075-T651 and 2199-T86 at high altitudes.  The understanding 

developed in this investigation will better inform protocols in selecting environment appropriate 

crack growth rates for linear elastic fracture mechanics (LEFM) modeling. 
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1. Introduction 

Crack progression under fatigue loading is governed by cyclic plastic damage accumulation 

that can be described by the stress intensity range (ΔK=Kmax – Kmin) or the maximum stress 

intensity (Kmax) [1-5].  The stress intensity factor, K, can be used independent of the geometry of 

the sample to describe the crack tip driving force [77].  From the principle of similitude, fatigue 

cracks grow at an equal rate (da/dN) when subjected to equal ΔK, implying that the stress intensity 

factor range uniquely defines the crack-tip conditions [77].  Laboratory crack growth rate data are 

often coupled with linear elastic fracture mechanics (LEFM)-based approaches to predict the crack 

extension in engineering components using an assumed initial flaw size and loading representative 

of the service conditions.  Essentially, fatigue crack progression (FCP) life prediction integrates 

the da/dN associated with a given crack size and stress (thus ΔK) in order to predict the amount of 

crack extension.  LEFM prognosis models have made substantial progress in modeling crack 

growth, but remain limited in regards to incorporating metallurgical factors, transient loading 

conditions, and the environment [6-10].  

Airframe structures experience a substantial amount of fatigue loading during operation.  

Depending on the aircraft type, a significant proportion of this loading takes place at high altitude 

where the external environment is at low temperatures and low water pressures.  Inflight loading 

for airframe components occurs in environments ranging from ambient temperature and high 

humidity (low altitudes) to low-temperature and low water vapor pressure (high altitudes) [9].  

Specifically, recent work has focused on characterizing the operational environment of military 

and transport aircraft to help better inform and guide laboratory testing of aluminum aerospace 

alloys [11].  Similar work has also been performed to obtain a relevant coupled loading-

environment spectrum (ENSTAFF) to assist in the prognosis of composite structures [12].  
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Researchers found that a majority of fatigue loading in fighter aircraft wings occurred during 

aggressive maneuvering performed at high altitudes (~30,000 ft) [11, 13-14].  Takeoffs, landings, 

and wind gusts provide the highest amount of fatigue loading on the wings for transport vehicles 

[13, 15-17].   De Jonge et al. found that 17% and 42% of transport aircraft wing loads exceeding 

0.3G’s occur above 30,000 and 10,000 feet, respectively, suggesting a significant amount of 

loading is taking place in environments where low temperatures and low water vapor pressures are 

prevalent [13, 17].   

For precipitation hardened aluminum 7xxx-series alloys, moist gaseous environments have 

been shown to significantly impact fatigue crack propagation (FCP) rates (da/dN) under varying 

loading conditions [18-22].  Crack growth is strongly influenced by chemical and electrochemical 

considerations within the crack [23].  Both temperature and water vapor pressure impact fatigue 

crack formation and propagation [1, 13].  Specifically, decreasing the temperature and/or water 

vapor pressure results in an orders-of-magnitude decrease in fatigue crack growth rates for the 

aerospace aluminum alloys 7075-T651 and 2199-T86 [1, 13].  The dependence of da/dN on the 

effective water vapor pressure (PH20/f) has been quantified and modeled based on the hydrogen 

environment embrittlement (HEE) perspective on crack growth kinetics put forth by Wei and 

coworkers.  Specifically, the crack growth kinetics are affected by the slowest step in a sequence 

of events involving water-molecular transport from crack mouth to crack tip, crack surface 

reactions, and the diffusion of atomic hydrogen into the microstructure [10, 18].  Researchers 

propose that at high altitudes, moisture will condense to form an ice layer on the surface of a 

component resulting in a local water vapor pressure at the surface that is given by the gas 

equilibrium above solid ice at a given temperature (PH20-ice) [13, 24].   While prior work has shown 

that the water vapor pressure over frequency (PH2O/f) exposure parameter does not fully capture 
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the effect of temperature, it can be used as a conservative proxy to model the environmental 

influence on fatigue cracking [25 - 26].  Efforts are underway to investigate the beneficial effect 

of low temperature on the fatigue crack growth behavior beyond that associated with the reduction 

in the PH2O [25].  However, this work will focus on establishing and understanding the effect of 

varying PH2O at room temperature (23C) on the cracking kinetics. 

Research has established that for high strength aerospace Al alloys, da/dN is dependent on 

the interaction of ΔK, Kmax, and PH20/f  [1].  An extensive amount of work has been completed to 

understand and incorporate variable amplitude loading effects into lifetime modeling of fatigue 

damage [1, 13, 27].  However, there remains a need to increase understanding of the strong 

influence of the environment on fatigue cracking [13, 27].  Specifically, there remains a deficiency 

in incorporating the effect of a coupled load-environment spectrum (specifically, variable 

environments and variable amplitude loading) into LEFM based modeling [1].  Incorporating the 

effect of high altitude environments on da/dN rates in LEFM models would increase accuracy and 

reduce over-conservatism in current real world applications.  Current fracture mechanic-based 

prognosis methods often use ambient temperature-moist air fatigue properties to predict cracking 

in these high altitude environments, which can lead to highly conservative life predictions [28-29].  

It is necessary to quantify and understand the effect of these loading environments on the crack 

growth kinetics in order to reduce this over-conservatism by incorporating such environmental 

effects into LEFM modeling approaches. 

In that pursuit, work performed by Burns and coworkers examined the mechanistic 

understanding of fatigue crack propagation growth rate response to wide-ranging stress intensity 

protocol interactions with water vapor exposure in the legacy aluminum alloy 7075-T651 [1].  The 

authors set out to validate that the parameter, PH2O/f, accurately captured the relationship between 
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loading duration and the hydrogen embrittlement process (HEE) kinetics.  Secondly, they focused 

on exploring the effects of mechanical loading on environmental fatigue through looking at R-

ratio effects on environment induced crack closure and the ΔK-dependent environmental influence 

for various PH20 at 23°C [1, 13]. 

Fatigue crack growth rates in 7075-T651 (L-T) were shown to decrease with decreasing water 

vapor pressure over a wide stress intensity range (ΔK) (Figure 1) [1]. For PH2O above 4 Pa, da/dN 

decreased with decreasing ΔK in four power law segments that agreed with governing steps in the 

hydrogen environment embrittlement (HEE) process and literature [1, 19-21]. Most basically, the 

hydrogen environmental contribution to da/dN is governed by the concentration of atomic 

hydrogen produced on the crack tip surfaces and subsequent diffusion into the crack tip process 

zone [1, 18, 19]. Current crack growth kinetics models for Al alloys suggest that this process can 

be limited by: (1) water vapor molecule transport from the crack mouth to crack tip as governed 

by Knudsen diffusion, (2) the rate of the Al-H2O surface reaction to produce atomic H, (3) H 

diffusion into the crack tip fracture process zone, and (4) H-plasticity stress interaction [30-39].  

In the low water vapor exposures, fatigue crack growth is governed purely by crack tip plasticity 

due to limited hydrogen uptake.  At intermediate exposures, da/dN is proportional to the exposure 

parameter based on the water vapor transport via the Knudsen flow model [1, 25].  The da/dN 

dependence on PH20/f and ΔK in Figure 1 indicates that the HEE process and crack growth kinetics 

are sensitive to lowering the water vapor pressure [1].     

For decreasing ΔK testing (both at constant stress ratio (R = 0.5) and constant maximum stress 

intensity (Kmax = 16.5 MPa√m) protocols), a novel minimum in da/dN, referred to as the threshold 

transition regime (TTR), was observed for low ΔK and low to intermediate ranges of water vapor 

pressures [1].  An initial decline in Stage I growth proceeded towards the UHV threshold before 
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transitioning to increasing da/dN with further decreases in ΔK before merging with growth rates 

typical of high water vapor pressures at very low ΔK [1].  This behavior was observed for 

decreasing ΔK at both constant Kmax and constant R testing conditions.  The dip in growth rates 

corresponded to a transition from flat-transgranular (Stage II) cracking to crystallographic slip 

band cracking (SBC; Stage I) for decreasing da/dN [1].  The authors proposed that the da/dN 

minimum is attributed to roughness-induced changes in the mass transport behavior that alters the 

PH20 at the crack tip.  As the ∆K decreases in low PH2O environments, the cross-slip becomes limited 

which leads to a higher proportion of SBC in those low PH2O cases where H production is limited.  

This increased crack wake roughness impedes the flow of water vapor molecules from the crack 

mouth to the crack tip, resulting in a decreased crack tip PH20 when compared to the PH20 of the 

bulk environment at the crack mouth.  Optical and scanning electron microscopy (SEM) images 

were used to show that the density of faceted features in the TTR increased with decreasing PH2O, 

but a more quantitative comparison is needed.  The decreased PH20 at the crack tip results in higher 

amounts of slip band cracking which self-perpetuates the steep decrease in da/dN. Variations in 

the da/dN minima behavior occurred for different testing protocols (constant Kmax-decreasing ΔK, 

constant R-decreasing ΔK); highlighting the importance of the R-dependent crack wake opening 

displacement on the mass transport of water vapor to the crack tip [1].  After the initial onset of 

SBC, H diffusion and subsequent cracking inwardly from the crack faces could become a 

contributing factor to the threshold transition region due to the thickness dimension being the 

pertinent distance for molecular transport to the crack tip.  As such, the effect of the pertinent 

diffusion distance on the crack front progression within the threshold transition regime requires 

further investigation.  
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The subsequent rise in da/dN with decreasing ΔK in the TTR is explained based on an 

increased supply of water vapor to the crack tip due to turbulent-convective mixing.   Specifically, 

after a certain critical level of roughness is reached in the crack wake, the PH20 transport mechanism 

changes to convective turbulent mixing as a result of crack wake asperity contact.  The convective 

mixing increases the supply of PH20 to the crack tip that helps to reignite the hydrogen environment 

embrittlement process and results in the subsequent rise in da/dN rates.  Further research is needed 

to quantitatively evaluate the hypothesis that increasing roughness spans will result in the 

molecular flow transitioning from being impeded to enhanced.   Additionally, better understanding 

is needed about the controlling mechanisms in the post-minima regime of the TTR; specifically 

addressing why there is a transition back to transgranular fracture with decreasing ΔK and why a 

second minima is not observed.  

Due to the critical importance of the crack wake morphology in the threshold transition regime, 

it is of interest to investigate the relevancy of this mechanism for a 3rd generation Al-Cu-Li alloy 

(2199-T86).  Al-Cu-Li alloys have shown a strong dependence on moist environments and exhibit 

a superior fatigue performance when compared to Al-Zn-Mg-Cu alloys for a wide range of 

environmental exposures [40-43].  These initial trends could be linked to the shearable δ’-phase 

(Al3Li) in 2199-T86 that enables homogenous reversible planar slip [40-44].  Slip band cracking 

is able to occur at a wide range of ΔK, which could result in a different environmental dependence 

at low ΔK and low water vapor pressure as seen for 7075-T651.  Such differences may alter the 

molecular flow path that was hypothesized to be critical to the environmental cracking behavior, 

specifically in the threshold transition regime. 

This research will address four primary objectives to validate and extend the threshold 

transition regime hypothesis presented in the Burns et al. paper [1].  First, quantitatively investigate 
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the crack front evolution in the threshold transition regime to evaluate the proposed molecular 

transport based explanation.  Second, further investigate the interaction between molecular flow 

and the degree of roughness using targeted experimental evaluation.  Third, quantitatively evaluate 

the degree of asperity contact in the crack wake, as it is pertinent to the proposed turbulent mixing 

hypothesis and the post-minima regime behavior.  Fourth, extend to characterize the environmental 

fatigue crack growth behavior of a 3rd generation Al-Cu-Li alloy (2199-T86) with a different slip 

character than 7075-T651. This work will help to further understanding of the interacting effects 

of PH20, crack wake roughness, and ΔK on crack closure and water vapor transport to the crack tip.   

2. Experimental Methods 

2.1 Material Parameters 

The fatigue performance of two aluminum aerospace alloys (7075-T651 and 2199-T86) 

was investigated.  A 50.8 mm thick plate of 7075-T651 was used for experimentation.  The 7075-

T651 plate had a grain size in the rolling-longitudinal (L) direction from 20 to 100 μm, 30 to 300 

μm in the width (transverse, T) direction, and 10 to 70 μm in the thickness (S) direction [1].   The 

tensile yield and ultimate strengths in the rolling direction were 508 and 598 MPa, respectively 

[1].  7075-T651 has a plane strain fracture toughness of 33 MPa√m [1].  For 2199-T86, the tensile 

yield and ultimate strengths in the rolling direction were 423 and 461 MPa, respectively.  2199-

T86 has a plane strain fracture toughness of 59.5 MPa√m in the L-T orientation and 47 MPa√m in 

the T-L orientation [81].  The grain sizes and texture of the 2199-T86 plate were undocumented.     

Fatigue crack growth experiments for 7075-T651 were performed on compact tension 

(C(T)) specimens machined in the L-T orientation centered at 8.5 mm from the plate surface 

(T/7.3) [1].  The specimens had a width and thickness of 50.8 and 7.62 mm respectively, with a 

notch depth 12.7 mm ahead of the load line.  The fatigue crack growth rate tests were guided by 
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ASTM E647 with the crack length being calculated using unloading compliance from a clip gauge 

measured crack mouth opening displacement [45].  Testing was performed using two different 

loading formats to characterize the effect of PH2O/f on da/dN.  Both testing protocols were run at a 

frequency (f) of 20 Hz and a constant stress ratio (R=Kmin/Kmax) of 0.5.   

2.2 Mechanical Loading Parameters 

The first loading protocol measured growth rates under a decreasing ΔK protocol in 

accordance with ΔK= ΔKo exp[C(a-ao)] where ΔKo = 14.85 MPa√m, a0=12.7 mm, and C = 0.08 

mm-1 [1, 45].  Loading decreased from 10 MPa√m to a threshold da/dN value equal to 

approximately 5 x 10-8 mm/cycle or when ΔK reached 2 MPa√m.  Next, an increasing ΔK (C-

value of 0.2 mm-1) segment was run from a ΔK of approximately 4 MPa√m to 12 MPa√m.  Growth 

rates were calculated at a specific ΔK using a 7-point incremental polynomial curve fit [45].  The 

second loading format measured growth rates at low-constant ΔK (3.5, 4.5, and 5.5 MPa√m).  A 

single C(T) specimen was used for each ΔK level and da/dN rates were measured for varying 

PH2O/f exposures ranging from ultra-high vacuum (UHV) to relative high humidity (~2668 Pa).  

Each exposure was held constant for approximately 1 mm of crack growth and a linear regression 

of crack length versus cycles was utilized to calculate the steady state growth rate.  

A third loading protocol was designed to examine the effect of crack wake roughness on 

da/dN.  Two 7075-T651 samples were tested using a constant ΔK = 5 MPa√m (R=0.5, f=20 Hz) 

testing protocol at a PH20 =0.5 Pa.  Before starting the constant ΔK-testing segment, samples were 

fatigue cracked at UHV (ΔK = 4.5 MPa√m, R=0.5, f=20 Hz) for specific amounts of crack length 

(0.5 mm and 3 mm) to produce SBC.  These spans of increased crack wake roughness were 

determined based on examining the fracture surface of the 0.5 Pa exposure under a K-shed loading 

protocol.  The 0.5 Pa fracture surface, produced from the K-shed loading protocol listed above, 
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had a roughness span of SBC covering the entire width of the fracture surface that was 

approximately 0.75 mm long.  The magnitude of crack wake roughness for experimentation was 

selected to target the da/dN behavior with a roughness span smaller and larger than this critical 

roughness span (0.75 mm) as determined from the K-shed testing.  The constant ΔK-testing 

segment started at the same crack length (a=18 mm) for each specimen to ensure similar crack 

opening displacements throughout both experiments.  A fourth loading protocol was performed on 

a 7075-T651 sample using a constant ΔK = 3 MPa√m (constant Kmax, R=0.5, f=20 Hz) testing 

protocol at PH20 =0.5 Pa.  Unlike the previous tests, this sample started constant ΔK loading at 0.5 

Pa directly after completing the pre-crack at a crack length a=13.7 mm.  This test was performed 

to investigate the effect of no loading history, and by extension no crack wake roughness, on da/dN 

at a ΔK lower than the threshold transition regime.  

The fifth loading protocol measured growth rates under a decreasing ΔK protocol (C-value 

of 0.08 mm-1) from 10 MPa√m to a threshold da/dN value similar to the first loading protocol.  

During K-shed loading, three marker-bands were inputted into the fracture surface at ΔK of 5, 4, 

and 3 MPa√m by maintaining a constant Kmax value (10, 8, or 6 MPa√m respectively), but 

alternating between R=0.1, f=10 Hz and the baseline R=0.5, f = 20 Hz.  For the ΔK = 5 MPa√m 

loading sequence, a three time repeating sequence (50 marker cycles + 5000 baseline cycles) was 

completed to create a total marker-band series 10 microns in width. At ΔK = 4 and 3 MPa√m, a 

three time repeating sequence (50 marker cycles + 200 baseline cycles) for ΔK = 4 MPa√m and 

(50 marker cycles + 2000 baseline cycles) for ΔK = 3 MPa√m was completed.   The loading 

sequence produced a change in the fracture surface morphology that enabled the crack front at 

each location of interest to be identified.  By inputting markers into the surface, this loading 

protocol was utilized to target crack front progression during the threshold transition regime.    
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2.3 Environment 

Loading protocols 1 and 2 were performed at 2668, 340, 165, 38, 18, 4, 1.8, 0.5, 0.2 and 5 

x 10-7 (UHV) Pa; corresponding with the equilibrium water vapor pressures above water or ice at 

roughly 23°C (relative humidity of 95%), -4°C, -15°C, -30°C, -37°C, -50°C, -57°C, -65°C, -

73°C, and  -90°C, respectively, according to the Clausius-Clapeyron equation [25].  Loading 

protocols 3-5 were performed only at 0.5 Pa (-65°C). Experiments were completed in a Cu-

gasket-sealed stainless steel UHV chamber where varying levels of pure water vapor were 

introduced through a sealed glass flask via a leak valve [1].  The total pressure in the chamber 

was maintained at the desired level through balancing the water vapor input and the pumping of 

the vacuum system.   

2.4 Analysis Techniques  

2.4.1 Crack Closure Metrics 

 For each loading protocol and testing condition, the effective stress-intensity factor range 

(ΔKeff) was calculated using the compliance-based methods outlined in ASTM E647-08 to 

quantify the degree of crack closure occurring during testing [45].  Crack closure is the 

phenomenon where fracture surfaces come into contact during the unloading portion of a loading 

cycle, transferring force across the crack [46].  Crack closure results in a situation where the 

applied ΔK (ΔKnom) is reduced, which results in an effective stress intensity factor (ΔKeff).   The 

closure ratio reported in this work for ASTM 2% and adjusted compliance ratio (ACR) both reflect 

the ratio of ΔKeff / ΔKnom, but define ΔKeff differently resulting in differing values at the same 

crack length.  Both methods will be presented in this study, though it is debated as to which method 

presents a more rigorous and accurate representation of the presence of crack closure.  The 

difference between the ASTM 2% and ACR closure correction methods (outlined in Appendix X2 
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and X4 of ASTM E647-08) is that the ASTM 2% method assumes that the stress range below the 

opening stress does not affect crack growth behavior, whereas the ACR assumes it does [45-48].  

The effective stress intensity factor in the ASTM 2% ratio is calculated by using a least-square fit 

to the graph of the applied load vs. the corresponding crack mouth opening displacement.  The 

compliance value is determined by the slope of this line and is subsequently used to calculate the 

compliance offset. The opening force is determined based on a 2% offset criterion and used to 

calculate the effective force range that can be directly related to the effective stress intensity factor 

range (ΔKeff) [45].  The ACR is determined by the equation below:  

ACR = (Cs – Ci) / (Co – Ci) 

where Ci is the inverse slope of the applied load-crack mouth opening displacement plot prior to 

initiation, Cs is the secant compliance, and Co is the compliance above the opening load.  This ratio 

considers the bulk shielding mechanism in the wake of the crack and the effect on the cyclic strain 

field in front of the crack [46].  The effective stress intensity factor range can then be calculated 

by the equation: 

ΔKeff = ACR * ΔKnom 

The ACR method will generally indicate less closure when compared to the ASTM 2% due to the 

reduced sensitivity to local crack tip contact.  The adjusted compliance ratio and ASTM 2% 

indicate no crack closure effects occurring when the ratio is equal to ΔKeff /ΔKnom = 1.  As ΔKeff 

/ΔKnom decreases, this represents an increasing effect of crack closure that is reducing the overall 

effective stress intensity that is being felt at the crack tip.  This work normalized the calculated 

ΔKeff by the nominal ΔK as a means to qualitatively compare the degree of crack closure occurring 

during different testing conditions.   
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2.4.2 Fractography 

Each fracture surface produced by K-shed loading was examined under low magnification 

optical microscopy.  Additionally, SEM (Scanning Electron Microscope) fractography was 

performed for all exposures looking at key ΔK values before, during, and after the threshold 

transition region.  These locations were identified based on the compliance indicated crack front 

location at the ΔK of interest.  All SEM images taken were secondary electron images using a 10 

kV accelerating voltage with a working distance ranging from 10 to 20 mm.  The fracture surfaces 

of the 0.2, 0.5, 1.8, 4, and 2668 Pa exposures were examined using the Zygo White-Light 3D 

Surface Profilometer to enable 3-D characterization of the fracture surface and corresponding 

surface roughness.  A 3-D characterization of the fracture surface for the threshold transition region 

(approximately 8 mm x 10 mm) was examined for each sample that exhibited a dip in growth rates 

(0.2, 0.5, 1.8 Pa).  The roughness scans of the 4 and 2668 Pa fracture surfaces were used for 

baseline comparisons. Each sample was leveled and filtered using a Robust Gaussian filter.  

3. Results 

3.1 7075-T651 

3.1.1 Fatigue Crack Growth Kinetics  

Fatigue crack growth rates in 7075-T651 (L-T) were shown to decrease with decreasing 

water vapor pressure over a wide stress intensity range (ΔK) and presented in depth in a previous 

paper [1]. Figure 1 presents the dependence of da/dN on ΔK and PH2O for the L-T orientation of 

7075-T651 measured under decreasing ΔK at a constant R of 0.5 and a frequency of 20 Hz [1].   

For PH2O above 4 Pa, da/dN decreased with decreasing ΔK in four power law segments that are 

consistent with rate governing steps in the hydrogen environment embrittlement (HEE) process 

and literature [1, 19-21].  A novel da/dN versus ΔK trend was observed for PH2O values of 1.8, 0.5, 
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and 0.2 Pa, where da/dN decreased rapidly between a ΔK of 6-5 MPa√m.  The da/dN minima 

occurred for a ΔK range of 4.7 to 5.0 MPa√m, before systematically increasing with decreasing 

ΔK.  This region is referred to as the threshold transition regime [1].   

The effect of water vapor exposure on da/dN for constant ΔK (R=0.5) (Figure 2) shows 

strong dependence on both PH2O and ΔK with the following considerations: (1) fatigue crack 

propagation rates at UHV and low-rising PH2O/f below 10-4 Pa-s, which are environment 

independent, (2) molecular flow limited da/dN, directly proportional to PH2O/f up to about 10-2 Pa-

s, and (3) a reduced dependence on exposure perhaps including possibility of an exposure 

independent da/dN plateau controlled by the saturation of the surface reaction occurring on the 

crack surface [1, 10, 21, 30]. 

 

3.1.2 Fracture Surface Morphology  

Each fracture surface produced by K-shed loading was examined under low magnification 

optical microscopy and presented in Figure 3 with the decreasing ∆K portion of the fracture surface 

indicated by the red box.  For all decreasing ΔK experiments between 1.8 and 0.2 Pa (Figure 3b-

3d), the specimen’s fracture surface showed a transition from a smooth fracture surface to a rough 

surface in the middle.  The roughened region transitioned back to a similar smooth crack surface 

with increasing crack length and decreasing ΔK. The change in morphology correlates with the 

threshold transition region and is shown for the fracture surface of a L-T specimen stressed at PH2O 

= 0.5 Pa in Figure 4.  Lines of matching style between the optical fractograph and the da/dN plot 

correspond to the compliance indicated crack front location at the ΔK of interest; post-test optical 

crack length corrections varied less than 5% from the final compliance measured crack length for 

all of the completed tests.  The decrease in the da/dN rates correlates to the increased roughness 
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portion of the fracture surface.  For testing completed at a PH20 = 4 Pa or higher, the fracture surface 

had a nearly uniform macroscopic fracture pattern for the entirety of the K-shed loading segment 

(Figure 3e-3k).  The roughness transition seen for the exposures between 1.8 Pa and UHV suggests 

a mechanism transition that depends on ΔK and the environment [1]. 

Previous work on precipitation hardened Al alloys showed that the rough faceted features 

present in inert environments at low ΔK (Figure 5a) were characteristic of slip band cracking 

(SBC) parallel to the {111} slip planes [1, 49-50].    Slip band cracking was not present at higher 

ΔK (Figure 5b, 5d) for UHV and high humidity, which has been attributed to the activation of 

multiple slip systems as the stress intensity range and crack tip plasticity increases [1].  A non-

crystallographic transgranular morphology that also included flat void-like features, suggestive of 

fatigue cracking around constituent particles, was observed in the fracture surface at higher ΔK 

and high humidity (Figure 5d) [1, 51].    

The fracture surface morphology varied with water vapor pressure ranging from UHV to 

relative high humidity (2668 Pa) (Figure 6) when compared at a ΔK = 5 MPa√m.  The fraction of 

faceted features systematically decreased with increasing water vapor pressure.  SBC-like features 

were first observed at PH2O = 1.8 Pa (Figure 6d and 7d) with increasing occurrence as PH2O 

decreased to UHV.  At higher exposures (>1.8 Pa, Figures 6e-6k and 7e-7k), the crack morphology 

is fully non-crystallographic transgranular, which is typical of H-assisted cracking.  Additionally, 

the fracture surface morphology was compared before and after the threshold transition regime at 

ΔK = 9 and 3 MPa√m, respectively.  The fracture surface morphologies before the threshold 

transition regime showed transgranular fracture patterns for all tested exposures at ΔK = 9 MPa√m 

(Figure 8).  The fracture surface morphologies after the threshold transition regime at ΔK = 3 

MPa√m showed transgranular fracture patterns for exposures greater than 0.2 Pa (Figure 9).  For 
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the UHV exposure, the stress intensity range was below crack growth threshold, so no image was 

available for comparison.  In summary, prominent variations in the fracture surfaces between the 

exposures were only seen at an intermediate ΔK (5 MPa√m) and low water vapor pressures 

(Figures 6b-6d and 7b -7d). 

As shown in prior work [1], the fracture surface morphology has been used to interpret the 

threshold transition behavior as an occurrence related to a limitation in the governing mechanisms 

of the HEE process.  The fracture surface morphology in the threshold transition regime showed a 

transition from transgranular fracture to SBC-like morphology that was consistent with the low-

magnification optical images (Figures 3 and 4) [1].  Figure 10 shows SEM images of the fracture 

surface for the 0.5 Pa exposure at specific ΔK across the threshold transition regime.  Flat 

transgranular fracture patterns were seen at ΔK values of 7 and 6 MPa√m (Figure 9a and 9b), 

which corresponded to growth rates slightly before the onset of the dip in da/dN.  SBC-like features 

were present at a ΔK value of 5 MPa√m that corresponded to the minimum of the dip in da/dN 

(Figure 10c).  As the ΔK decreased to 4 MPa√m (Figure 10d), the crack surface morphology 

showed decreasing amounts of SBC-like features before transitioning to fully flat transgranular 

fracture and higher growth rates for low ΔK.  The more severe dips in growth rate corresponded 

to lower PH2O values and a higher fraction of SBC-like features.  Since the degree of SBC increases 

with decreasing HEE, the microscopic feature changes during the threshold transition regime are 

indicative of a minimum amount of HEE occurring at the da/dN minima [1].   

 

3.1.2.1 Crack Front Evolution in the Threshold Transition Regime 

The crack front evolution during the threshold transition region was examined by 

completing programed loading sequences at ΔK of 5, 4, and 3 MPa√m to create marks on the 
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fracture surface. Figure 11 is an overview image of the complete fracture surface with the crack 

fronts (blue lines) calculated from the compliance and the experimental crack front found from 

marker-banding (green/yellow lines) for each of the three ΔK values. The green lines correspond 

to marker-bands identified in the fracture surface and the yellow lines are the inferred crack fronts 

used to connect the observed marker-bands and identify the continuous crack front.  Example 

marker-bands produced at each ΔK location are provided below the overview fracture surface for 

each ΔK value. The calculated and experimental crack fronts for ΔK = 5 MPa√m are similar in 

location and shape suggesting strong correlation between the compliance calculated crack front 

and the experimental data at the start of the threshold transition region.  The experimental crack 

fronts for ΔK = 4 and 3 MPa√m are more elliptical in nature suggesting faster cracking on the 

sides then in the middle of the sample.  The crack front found from the ΔK =4 MPa√m marker-

bands has a steeper radius of curvature than at a ΔK = 3 MPa√m.   

The irregular crack shape seen at ΔK = 4 and 3 MPa√m could lead to inaccurate compliance 

and stress intensity solutions during the threshold transition regime.  Figure 12 plots the 

dependence of da/dN on ΔK and PH2O for the L-T orientation of 7075-T651 measured under 

decreasing ΔK (R=0.5, f = 20 Hz); specifically highlighting the low ΔK behavior of the 0.5 Pa 

exposure.  A rapid increase or spike in da/dN on the order of two magnitudes occurred for a ΔK 

range of 3.7 to 4.0 MPa√m.  After the spike, growth rates returned to systematically decreasing 

da/dN with decreasing ΔK.  Figure 12 correlates the location of the spike in growth rates to the 

optical fractograph of the 0.5 Pa exposure.  Lines of matching style between the optical fractograph 

and the da/dN plot correspond to the compliance indicated crack front location at the ΔK of 

interest.  The rapid spike in the da/dN rates correlates to the vertical span of the crack face with 

approximately 0.75 mm of SBC in the center of the specimen surrounded by transgranular fracture 
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from both crack flanks.  Growth rates after the spike correlate to a fracture surface that is fully 

transgranular.  The subsequent spike in da/dN after the TTR was also observed for the 0.2 Pa 

exposure and plotted in Figure 13.  The spike in da/dN for the 0.2 Pa sample had a similar 

magnitude as the 0.5 Pa sample, but occurred for a ΔK range of 3.3 to 3.7 MPa√m.  Unlike the 0.5 

Pa sample, the growth rates after the spike did not systematically decrease, but instead fluctuated 

with decreasing ΔK.  The difference between the compliance calculated and experimental crack 

fronts at these post da/dN minima ΔK values will be addressed in the Discussion as well as the 

potential impact of inaccurate compliance and stress intensity solutions on da/dN during the TTR.      

 

3.1.2.2 Impeded/Enhanced Molecular Flow Experimentation 

Two 7075-T651 samples with different magnitudes of crack wake roughness were tested 

using a constant ΔK = 5 MPa√m (R=0.5, f=20 Hz) loading protocol at a PH20 = 0.5 Pa to study the 

effect of roughness on da/dN.   The selection process for the different magnitudes of crack wake 

roughness (0.5 and 3 mm) was described previously in the Experimental methods.  Figures 14 and 

16 plot the da/dN behavior vs crack length for each specimen with the corresponding fracture 

surface underneath (scaled to match the crack lengths in the plot above).  Both experiments show 

that a steady state da/dN growth rate was not achieved in the long term, but instead showed 

oscillating trends with growing crack length.  The growth rate for ΔK = 5 MPa√m, estimated from 

the K-shed experiment (Figure 1), is da/dN = 4.0 x 10-6 mm/cycle and was used as the comparison 

to determine whether the roughness experiments were experiencing impeded or enhanced growth 

rates. For the 0.5 mm sample, da/dN rates were impeded and slowly increased for approximately 

2 mm before beginning to oscillate around a steady state growth rate approximately 3.0 x 10-6 

mm/cycle.  For the 3 mm sample, da/dN rates were impeded for approximately 1 mm before 
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becoming enhanced for 1 mm.  After the first two millimeters of crack growth, growth rates began 

to oscillate around a steady state growth rate approximately 2.0 x 10-6 mm/cycle in a more 

symmetric pattern than seen in the 0.5 mm sample.   Both samples showed an increased amount 

of SBC corresponding to subsequent decreases in the da/dN shown in Figures 15 and 17.  

Figures 14 and 16 also plot the closure ratios associated with the ASTM 2% and ACR 

methods vs crack length for each specimen scaled to match the crack lengths in the fracture surface 

and da/dN plot above.  The ACR results for the 0.5 mm sample (Figure 14c) show that crack 

closure is accounting for approximately a 5 to 15% reduction in the stress intensity factor for the 

entire duration of the test, whereas the ASTM 2% only indicates the presence of crack closure for 

a crack length range from 26 to 30 mm. The ACR results for the 3 mm sample (Figure 16c) show 

that crack closure is accounting for approximately a 5 to 13% reduction in the stress intensity factor 

for the entire duration of the test, whereas the ASTM 2% indicates a 20% reduction in the stress 

intensity factor only for the first four millimeters of crack growth.  The fluctuations in da/dN and 

the corresponding fracture surfaces will be addressed in the Discussion. 

A third 7075-T651 sample with no prior loading history, and by extension no crack wake 

roughness, was tested using a constant ΔK = 3 MPa√m (R=0.5, f=20 Hz) loading protocol at PH20 

=0.5 Pa to study the da/dN behavior at a ΔK lower than the threshold transition regime.  A plot of 

the da/dN behavior vs crack length for the specimen with the corresponding fracture surface 

underneath (scaled to match the crack lengths in the plot above) showed a near steady state, but 

mildly increasing da/dN approximately equal to 1.0 x 10-6 mm/cycle over 18 mm of crack growth 

(Figure 18a).  This steady state growth rate equaled the growth rate, da/dN = 1.0 x 10-6 mm/cycle, 

estimated from the K-shed experiment at a ΔK = 3 MPa√m (Figure 1).   The fractography of the 

surface revealed transgranular fracture for the duration of the test (Figure 18b).  A plot of the 
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ASTM 2% and ACR closure ratios vs crack length (Figure 18c) only showed a less than 3% 

reduction in the applied ΔK suggesting minimal effects of closure for the duration of the test.   

 

3.2 Roughness Profiling 

Key 7075-T61 fracture surfaces were examined using the Zygo White-Light 3D Surface 

Profilometer to enable 3-D characterization of the fracture surface and corresponding surface 

roughness pertaining to the TTR.  Figures 19a, 20a, and 21a show the 3-D characterization of the 

fracture surface and the corresponding optical fractograph for the 1.8, 0.5, and 0.2 Pa samples, 

respectively. Figures 19b, 20b, and 21b highlight example horizontal line scans, oriented with 

respect to the C(T) center line in the notch direction, which correlate to the plot of the localized 

topography of the corresponding crack face.  The distance on the x-axis of the plot corresponds 

with the length of the horizontal line segment and the y-axis is the localized roughness for the 

selected segment width.  Amplitude parameters (Ra, Rq, Rp, and Rv) are provided for each line 

segment and corresponding crack face topography plot.  For each sample, the crack length of 

highest roughness was determined by identifying the highest arithmetic average roughness (Ra).  

The Ra parameter is the arithmetic average height of the peaks and valleys as determined from a 

mean line within the sampling length [52].  The geometric average roughness (Rq) was also used 

as a comparison tool during characterization.  Rq is the geometric average height of the roughness-

components from a mean line within a sampling length.  The Rq parameter is more sensitive to 

extremely high or low peak/valley values resulting in a reading that will be approximately 11% 

higher than the Ra value for a given surface [52].  For this study, the Ra and Rq parameters were 

used as lower and upper bounds respectively for the roughness of features in the fracture surface 

at a given crack length.  
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The average Ra and Rq values for the three dip exposures (0.2, 0.5, and 1.8 Pa) and two 

higher humidity exposures (4 and 2668 Pa) are presented in Tables 1-3.   In order to more 

accurately represent the average Ra and Rq values for the entire width of the crack face, the total 

horizontal width (7.56 mm) was broken into approximately 0.5 -1 mm subsections each with 

corresponding amplitude parameters.  The amplitude parameters from the small subsections were 

used in a weighted average to calculate the total average Ra and Rq for the total segment (Tables 

1-3).  Table 1 shows that crack face topography roughness increased with decreasing PH2O.   After 

the threshold transition regime, the surface roughness of the 0.2, 0.5, and 1.8 Pa exposures 

decreased to values similar to the average roughness measured for the 4 and 2668 Pa exposures 

(Tables 2 and 3).   

The local crack face topography was examined to determine the average height of crack 

asperities.  The roughness parameters Rp and Rv (average height of the peak/valley from a mean 

line within a sampling) were taken at the location of highest roughness and listed in Table 4.   The 

Rp and Rv values were added together to represent the average total height of a crack wake 

asperity; listed as “Rpv” (Table 4).  The average Rp and Rv values increased with decreasing PH2O, 

which agreed well with the previous roughness measurements above (Table 1).  Additionally, the 

span of the localized roughness was measured for each the three TTR exposures and presented in 

Table 5.  The magnitude of the roughness span increased with decreasing PH2O.  The depth and 

roughness profile information is used in conjunction with crack-opening displacement (COD) 

calculations and ASTM 2%/ACR closure ratio analysis to evaluate the proposed roughness 

induced molecular transport theories in the Discussion.     
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3.3 2199-T86 

3.3.1 Fatigue Crack Growth Kinetics 

Fatigue crack growth rates, as a function of ΔK and PH2O, are shown for 2199-T86 in Figure 

22; plot scales are similar to those used in Figure 1 to enable direct comparison of the TTR trends 

between 7075-T651 and 2199-T86.  Figure 22 presents the dependence of da/dN on ΔK and PH2O 

for the L-T orientation of 2199-T86 measured under decreasing ΔK at a constant R of 0.5 and a 

frequency of 20 Hz. 

Initial 2199-T86 specimens demonstrated out of plane cracking, associated with inherent 

anisotropy and the high constraint (thus out of plane T-stress) in CT specimens, for low and 

intermediate water vapor exposures [53].  As such, a side-grooving protocol was performed on e 

C(T) specimens consistent with ASTM standard E399 [53].  In addition, a small notch was added 

to the preexisting C(T) notch through electrical discharge machining (EDM) to mitigate crack 

formation along the notched flanks (Figure 23).   Verification testing of the 2199-T86 side-grooved 

specimens was conducted at 38 Pa and UHV to investigate the procedure’s effect on the crack 

growth rate date between exposure levels (Figure 24).  The side-grooved and non-side-grooved 

specimens showed identical crack growth rate behavior at UHV suggesting that the crack 

mechanics and ΔK solutions are accurate for the new specimens.  However, side-grooved 

specimens tested at intermediate exposures (open circles in Figure 24) showed faster crack growth 

rates than the non-grooved specimens (crosses in Figure 24).  The da/dN rates at 38 Pa for the side-

grooved specimen showed similar rates to the non-grooved specimen data tested at 165 Pa.  The 

data presented in Figure 20 were completed with all side-grooved specimens except for the two 

tests completed at 2668 Pa.    



33 
 

Fatigue crack growth rates in 2199-T86 (L-T) were seen to decrease with decreasing water 

vapor pressure over a wide stress intensity range (ΔK) (Figure 22).  For PH2O above 38 Pa, da/dN 

decreased with decreasing ΔK in four power law segments consistent with the HEE process [1, 

19-21].  The equivalence of the da/dN rates observed at 0.5 Pa and UHV in 2199-T86 illustrates 

the elimination of environmental influences at a higher exposure than 7075-T651.   A rapid 

decrease in da/dN was observed for PH2O values of 18, 1.8, and 4 Pa between a ΔK of 8-7 MPa√m.  

The da/dN minima occurred for a ΔK range of 6.7 to 7.0 MPa√m, before systematically increasing 

with decreasing ΔK.  The threshold transition regime behavior for 2199-T86 occurred at a higher 

range of PH2O and stress intensity range than 7075-T651.  A direct comparison between the data 

from the 7075-T651 and 2199-T86 samples is complicated by the fact that the 2199-T86 side-

grooved samples have different water-molecular transport distances.  For PH2O below 38 Pa, a 

strong environmental dependence between da/dN and PH2O was observed.  Figure 25 plots the 

da/dN minimum value in the TTR as a function of PH2O for 7075-T651 and 2199-T86.  Both the 

7075-T651 and 2199-T86 data demonstrate that the magnitude of the drop increases with 

decreasing PH2O.  The mechanisms responsible for the da/dN vs ΔK differences in the threshold 

transition regime between 7075-T651 and 2199-T86 will be addressed in detail in the Discussion. 

  

3.3.2 Fracture Surface Morphology 

Each 2199-T86 fracture surface produced by ΔK -shed loading was examined through 

similar low magnification optical microscopy and SEM fractography (Figure 26).   For all 

decreasing ΔK experiments between 4 Pa and 0.5 Pa (Figure 26b-26d), the specimen’s fracture 

surface showed a transition from a smooth fracture surface to a rough surface in the middle.   The 

change in morphology correlates with the threshold transition region for the 18, 1.8, and 4 Pa 
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exposures and is shown for the fracture surface of a L-T specimen stressed at PH2O = 1.8 Pa in 

Figure 27.  Lines of matching style between the optical fractograph and the da/dN plot correspond 

to the compliance indicated crack front location at the ΔK of interest.  The decrease in the da/dN 

correlates to the increased roughness portion of the fracture surface.  This transition from a smooth 

to rough fracture surface occurred for the 0.5 Pa sample, but is not reflected in the corresponding 

growth rates seen in Figure 22 where da/dN systematically decreased with decreasing ΔK.  For 

testing completed at a PH20 > 18 Pa, the specimen’s fracture surface had a nearly uniformed 

macroscopic fracture pattern for the entirety of the K-shed loading segment (Figure 26f-26g).  The 

roughness transition seen for the exposures between 0.5 and 18 Pa suggests a potentially more 

complex mechanism transition that depends on ΔK and the environment. 

SEM fractography of the K-shed fracture surfaces was performed for all exposures looking 

at key ΔK values before, during, and after the threshold transition region as shown previously for 

7075-T651.  The 2199-T86 fractographic surfaces showed faceted cracking (SBC-like features) in 

inert environments for all ΔK (Figure 28).  At higher ΔK and high humidity (Figure 28b and 28d), 

the fracture surface transitioned to a combination of SBC and transgranular cracking.  The fracture 

surface morphology varied with water vapor pressure ranging from UHV to relative high humidity 

(2668 Pa) (Figures 29 and 30) when compared at ΔK = 7 MPa√m.  The fraction of faceted features 

systematically decreased with increasing water vapor pressure.  SBC-like features were first 

observed at PH2O = 4 Pa (Figures 29d and 30d) with increasing occurrence as PH2O decreased to 

UHV.  At higher exposures (>4 Pa, Figures 29e-29g and 30e-30g), the crack morphology became 

more transgranular; typically associated with H-assisted cracking [1].  The fracture surface 

morphologies before the threshold transition regime showed transgranular fracture patterns for 

exposures greater than 1.8 Pa at ΔK = 9 MPa√m (Figure 31).  A small degree of SBC was found 
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at UHV and 0.5 Pa at ΔK = 9 MPa√m (Figure 31a -31b).  The fracture surface morphologies after 

the threshold transition regime ΔK = 5 MPa√m showed transgranular fracture patterns for high 

humidity exposures (Figure 32f - 32g). SBC-like features were first observed at PH2O = 18 Pa 

(Figure 32e) with increasing occurrence as PH2O decreased to UHV.  

The fracture surface morphology in the threshold transition regime for the 1.8 and 4 Pa 

samples showed a transition from transgranular fracture to SBC-like morphology that was 

consistent with the low-magnification optical images (Figures 26 and 27).  Figure 33 shows SEM 

images of the fracture surface for the 1.8 Pa exposure at specific ΔK across the threshold transition 

regime.  Transgranular fracture patterns were seen at ΔK= 9 MPa√m (Figure 33a), which 

corresponded to growth rates slightly before the onset of the dip in da/dN.  SBC-like features were 

present at ΔK=7 and 6 MPa√m, which corresponded to the minimmum of the dip in da/dN (Figure 

33b and 33c).  As the ΔK decreased to 5 MPa√m (Figure 33d), the crack surface morphology 

showed decreasing amounts of SBC-like features.  Previous work investigating the fatigue 

behavior of peak-aged AA2090 (L-T) in various environments [54] supports the expected fracture 

morphology differences and complexity seen when comparing 2199-T86 to 7075-T651.  In 

AA2090, SBC was found in inert environments at all ΔK and relatively flat crystallographic {100} 

cracking was seen in H-producing environments.  While different alloy classes, both AA2090 and 

2199-T86 contain the same shearable δ’-phase (Al3Li) particle which can dictate slip behavior [40, 

44, 49, 50].  The mechanisms responsible for the fracture surface morphology differences between 

7075-T651 and 2199-T86 and the effect on the threshold transition regime will be addressed in the 

Discussion. 
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4. Discussion 

Experimental results reinforced the expected strong water vapor dependence of da/dN 

across a wide range of ΔK for 7075-T651 and 2199-T86.  Increasing the water vapor pressure 

resulted in increased da/dN at all ΔK levels and a substantial reduction in the cracking threshold 

[1].  This behavior is well known and has been addressed based on hydrogen environment 

embrittlement [1, 18-21, 55].  Additionally, a novel effect of water vapor on the ΔK dependence 

of da/dN in the near-threshold regime was exhibited for low water vapor exposures [1].  These 

data provide a solid foundation for incorporation into engineering prognosis to predict cracking in 

these high altitude environments, but further mechanistic and scientific knowledge of the near-

threshold regime behavior is needed before final integration.   

This Discussion first examines the effect of surface roughness on molecular transport from 

the crack mouth to the crack tip.  Specifically, the interaction between molecular flow and the 

degree of roughness and the subsequent effect on da/dN will be addressed.  The crack front 

evolution in the threshold transition regime will be determined as a means to evaluate the proposed 

molecular transport based explanation for the threshold transition regime. Next, the post minima 

behavior for 7075-T651 will be investigated as it relates to the proposed turbulent mixing 

hypothesis.  The environmental fatigue crack growth and near-threshold regime behavior of 2199-

T86 will also be examined.  Finally, the context of how these experimental results and 

understanding can be applied to engineering fatigue life prognosis will be discussed. 
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4.1 The Effect of Surface Roughness on Molecular Transport 

4.1.1 Molecular transport mechanisms 

The crack growth kinetics and rate controlling reactions occurring within a crack depend 

on the local environment, which is determined by the mass transport of water vapor molecules 

between the bulk solution and the crack tip [56].  Mass transport, also described as the molecular 

flow, from the crack mouth to crack tip will occur by the combination of fluid flow and diffusion 

[23].  As the crack grows, the increasing diffusion distance and the limited space within the crack 

can result in a limitation in the movement of the water vapor molecules from the crack mouth to 

the crack tip [40].  Wei and coworkers proposed that the PH2O at the crack tip is lower than the 

bulk PH2O due to the impeded diffusional (Knudsen) flow of water molecules interacting with crack 

walls.  They modeled the crack growth in this diffusion-based regime as [1, 10, 18, 30-31, 33-35, 

40]:   

 

where f is frequency, N is the density of surface reaction sites (1019 Al atoms/m2) in the Al-H2O 

reaction to produced a surface layer of absorbed-atomic H, k is the Boltzmann constant, d is 

distance from the crack tip at which the crack opening displacement (COD; used to approximate 

the flow channel dimensions) is calculated, T is absolute temperature, E is Young’s modulus, M 

is the molecular weight of water vapor, f(R) is a function of stress ratio, and α and β are empirical 

constants related to surface roughness of the crack increment formed during the previous cycle 

and flow geometry, respectively [1].  In this diffusion-based regime, the growth rates are directly 

related to the PH2O /f and the surface roughness of the crack face (α and β) which suggests that 

variations in the crack surface roughness could have differing effects on subsequent growth rates.   

 
Satcf

ysOH

cf dN

da

M

T

kTE

d
Rf

Nf

P

dN

da










































 2

1

2

2

4362








38 
 

The impeded molecular transport hypothesis proposes that the onset of the threshold 

transition minimum in da/dN is caused by roughness-induced changes in the mass transport 

behavior that governs the PH2O at the crack tip [1].  This hypothesis applies when the molecular 

transport of water vapor molecules from the crack mouth to crack tip is governed by diffusional 

(Knudsen) flow.  Turnbull proposed an alternative laminar flow transport mechanism, called 

advection, to describe the movement of molecules.  In fatigue cracking, the cyclic movement of 

the crack walls helps to induce bulk flow from the crack mouth to the crack tip [56].  Turnbull 

defined a critical crack distance (lcrit) where molecular transport switches from being diffusion 

supplied to advection supplied for deeper cracks.  When the molecular transport is advection 

supplied at a crack length > lcrit, the molecular flow can be viewed as diffusion limited.  This 

critical distance (lcrit) is the location where diffusion and advection are equally effective transport 

processes for an idealized smooth-surface trapezoidal crack of blunted tip opening displacement 

and elastic mouth opening displacement [1, 57, 58]:  

    lcrit   (DH2O/f )1/2 / (1 – R1/2)         

where DH2O is the diffusivity of water vapor molecules.  The DH2O for pure water vapor is 0.28 

cm2/s at 23oC and 100 kPa pressure [59].  DH2O decreases with increasing water vapor pressure 

proportional to 1/PH2O, in addition to decreasing for restricted channel volumes with dimensions 

that fall below the mean-free path of the molecules as given by the Knudsen flow [1, 57-62].  For 

loading conditions typical of the threshold transition regime, C(T) specimens have a crack opening 

displacement that is on average orders of magnitude smaller than the mean-free path for water 

molecules which results in a modified DH2O [1, 58].  The DH2O modified for diffusional (Knudsen) 

flow in an idealized channel with a height equal to the average COD (5 μm for R=0.5 testing) is 8 

cm2/s [1, 63].  Based on these values and presented previously [1], the lcrit value was found to equal 
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43 mm for K-shed/constant R testing.  The crack depth before the onset of the threshold transition 

regime was 22 – 30 mm ahead of the C(T) specimen notch root (<lcrit = 43 mm) suggesting that 

the threshold transition regime is within the diffusion supplied region of molecular transport.  

  As seen in Wei’s equation for crack growth rates in diffusion-based regimes, the growth 

rates are directly related to the PH2O /f and the surface roughness of the crack face (α and β).   As 

the crack surface becomes rougher with increasing proportions of SBC, the diffusion-based 

Knudsen flow of water molecules becomes increasingly impeded; resulting in decreased β and 

thus decreased local PH2O and da/dN [30, 31, 33].  Researchers have found that increasing crack 

wake roughness, and by extension, crack asperity topography, will result in a reduction in the 

effective crack opening for the molecular flow path [1, 64-66].  Increasing the height and 

decreasing the spacing between crack wake surface features has shown to increase the impedance 

of the molecular (Knudsen) flow through micro-channels [1, 64-68].  This roughness induced 

impeded flow would augment the likely contributions of roughness induced closure to cause a 

decrease in the da/dN. 

Previous work [1] has proposed that when a critical span and/or magnitude of roughness is 

reached, the water vapor transport mechanism changes from diffusion or advection based flow to 

a fully convective mixing due to crack wake asperity contact.  The asperity contact helps to initiate 

turbulent flow that imparts momentum into the crack tip water vapor molecules.  These enhanced-

flow molecules raise the PH2O at the crack tip back to the bulk PH2O.  This hypothesis agrees with 

the ideas presented by Somerday and coworkers who examined the flow of H2 gas along a flat 

crack without faceted roughness [1, 58].  After studying the flow properties of H2 in relation to its 

low Reynolds number, they recognized the possibility of turbulent flow occurring due to crack 

wake asperity contact helping to equilibrate the crack tip pressure [1, 58].  Taunt and Charnock 
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proposed that the pumping action of C(T) specimens may accentuate environmental effects by 

increasing the supply of species to the crack tip; specifically suggesting that large, frequent load 

cycles would result in increased fluid turbulence that would enhance mixing [59].  A quantitative 

analysis of the occurrence of crack wake asperity contact will be presented later, but there remains 

a need to quantify the effect of crack wake roughness on the da/dN behavior; specifically how it 

relates to impeding or enhancing molecular transport from the crack mouth to the crack tip. 

 

4.1.2 Initial influences of crack wake roughness on da/dN behavior (< 5 mm of crack growth)  

The interaction of the bulk PH2O, ΔK, and crack wake roughness can have differing effects 

on crack closure and water vapor transport in the crack wake leading to deviations from the unique 

da/dN versus ΔK relationship for constant intermediate water vapor exposures, as established in 

Figure 1 [1].  A quantitative interpretation of the interaction between surface roughness and 

molecular transport is difficult to reach using the K-shed experiments (Figure 1), because the load 

history, crack wake roughness, and ΔK are all varying simultaneously.  In order to isolate and 

target this relationship, a test method was designed to change the crack wake roughness while 

keeping constant the bulk PH2O, ΔK, and initial crack length.  The roughness spans were selected 

to represent a crack tip that would experience impeded-molecular (0.5 mm) or enhanced (3 mm) 

turbulent convective flow based on the molecular transport hypothesis which presented the idea 

that a critical magnitude of roughness is needed to initiate turbulent mixing and enhance growth 

rates [1].  Based on the molecular transport hypothesis, the 0.5 mm of crack wake roughness would 

represent a subcritical amount of roughness that would initially impede the molecular transport 

and retard crack growth rates.  The 3 mm of crack wake roughness experiment would represent 

the condition where the magnitude of roughness is large enough to encourage turbulent convective 
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mixing resulting in enhanced crack growth rates.  This information will be inferred by the da/dN 

behavior; elevated levels of da/dN will suggest continued enhanced crack tip PH2O, while a 

consistent or steady state da/dN will suggest a diminished effect of turbulent convective mixing.  

The results of these varying roughness span experiments will be critical to understanding (1) 

whether subcritical spans of roughness lead to impeded growth and longer spans will lead to 

enhanced crack growth, and (2) the extent to which crack wake roughness will continue to 

influence the crack growth behavior as the crack tip moves further away from these features.   

For each crack wake roughness experiment, the da/dN behavior was plotted as a function 

of crack length with the corresponding fracture surface underneath (Figures 14 and 16).  The 

growth rate for ΔK = 5 MPa√m, estimated from the K-shed experiment (Figure 1), is da/dN = 4.0 

x 10-6 mm/cycle and was used as the comparison to determine whether the roughness experiments 

were experiencing impeded or enhanced growth rates.  The da/dN behavior of the 0.5 mm of crack 

wake roughness experiment was initially impeded (da/dN < 4.0 x 10-6 mm/cycle) for 2 mm before 

increasing to reach a steady state da/dN = 5.0 x 10-6 mm/cycle that was maintained for 2 mm of 

crack growth.  The da/dN behavior for the first 4 mm of crack growth agreed well with the 

molecular transport hypothesis that suggested the crack wake roughness would impede water 

vapor transport from the crack mouth to the crack tip.   The ACR and ASTM 2% ratio were plotted 

to account for the possible effects of crack closure on da/dN (Figure 14c).  The highest contribution 

of crack closure (closure ratio = 0.8) would reduce the ΔKeff from 5 to 4.0 MPa√m, corresponding 

to a steady state da/dN = 1.0 x 10-6 mm/cycle.  The impeded growth rates observed for the first 

millimeter of crack growth for the 0.5 mm sample start at da/dN = 1.0 x 10-7; rapidly increasing 

before reaching a steady state da/dN.  While the initial lower growth rate trend is consistent with 

the ACR ratio change, an additional influence of environmental cracking is suggested since the 
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magnitude of the ΔK change is not sufficient enough to explain the initial impedance in growth 

rates.  Additionally, at longer crack lengths (> 22 mm) the changes in the ASTM 2% and ACR 

ratios do not directly correspond to changes in the da/dN behavior of the 0.5 mm sample indicating 

that crack closure is not the controlling mechanism.     

The da/dN behavior of the 3 mm of crack wake roughness experiment was initially 

impeded (da/dN < 4.0 x 10-6 mm/cycle) for 2 mm of crack growth before increasing to a maximum 

da/dN = 1.0 x 10-5, signifying enhanced growth rates when compared to the ΔK-shed growth rate.  

Again, the ACR and ASTM 2% ratio were plotted to account for the possible effects of crack 

closure on da/dN (Figure 16c).  The 3 mm of roughness experiment also produced a 20% reduction 

in the ΔKeff corresponding to an adjusted steady state da/dN = 1.0 x 10-6 mm/cycle.  Similar to the 

0.5 mm sample, the low da/dN values correlate with similar trends in the ASTM 2% and ACR 

plots for the 3 mm sample, however the magnitude of the ΔK reduction would not fully describe 

the initial impedance in da/dN and the trends for longer cracks do not directly correspond to 

changes in the da/dN behavior.   

These results tend to generally support the hypothesis that shorter spans of crack wake 

roughness will impede subsequent crack growth due to Knudsen flow limitation, while longer 

spans can enhance crack growth due to turbulent convection.  However, the initial impedance in 

the longer span test is only partially attributed to closure; the remaining cause of this reduction is 

not known and may compromise this conclusion.  The fracture surface corresponding to the region 

of crack growth prior to the onset of the first fluctuations in da/dN and surface roughness was 

examined to investigate the initial impedance before increasing to elevated crack growth rates for 

the 3 mm sample (Figure 17).  For this initial region, the fracture pattern from the sides (Figure 17 

B.1 and B.3) show cracking inwardly from the sides.  The fracture surface in the middle of the 
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sample at the same crack length showed a crack progression from left to right (Figure 17 B.2).  

The macroscopic overview of the fracture surface for this region suggests that cracking in from 

the sides may be dominating over crack growth in the notch direction.  Cracking from the sides 

would result in an irregular crack front that could alter the relationship between the recorded 

compliance and the applied load to achieve the programed ΔK value.   

One theory to explain the increase in da/dN from being initially impeded to elevated in the 

3 mm sample could be related to the mechanics associated with an irregular crack.  Specifically, 

an irregular crack front (similar to that reported in Figure 11) would result in a higher ΔK driving 

force at the center portion of the specimen.  The increased driving force could combine with high 

levels of constraint in the center of the specimen, resulting in enhanced da/dN in order for the 

center crack portion to “catch up” to the environmentally enhanced cracking along the sides.  Based 

on this theory and the molecular transport hypothesis, the proposed crack front progression during 

the first 4 mm of crack growth following the crack wake roughness is illustrated in Figure 34 for 

the 0.5 and 3 mm roughness experiments.  The crack wake roughness performed at UHV is 

indicated by the blue lines and the green lines represent the crack front as it progresses left to right 

corresponding to the numbers above each continuous crack front.  As the crack wake roughness 

impedes molecular transport in the notch direction, environmental contributions from the crack 

faces results in faster cracking inwardly than in the notch direction.  As the irregular crack front 

becomes more pronounced, the slower cracking portion in the center experiences a growing 

amount of applied load and an increased potential for further contributions of H diffusion from the 

crack faces (crack fronts 2-3 in Figure 34a and 34b).  Both of these factors contribute to enhanced 

growth rates as the middle portion of the crack front catches up to the sides and a regular crack 

front is resumed (crack front 4 in Figure 34a and 34b).  The differences in the crack front 
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progression between the two roughness experiments is a result of the 3 mm of roughness 

completely impeding diffusion from the notch direction and diffusion inwardly from the sides 

dominating, whereas the 0.5 mm of crack wake roughness only partially impedes diffusion from 

the notch direction resulting in a combination of diffusion inwardly from the sides and from the 

notch.   

These constant ΔK, PH20/f experiments serve to show that the interaction between the 

roughness on the fracture surface and the molecular transport can result in an order of magnitude 

change in growth rates directly following crack growth of increased roughness.  Additionally, the 

fractography suggests an environmentally driven irregular crack front that is driven by the 

interaction of molecular transport, closure, asperity based mixing, and position dependent ΔK.  

These findings will be extended upon through examining the crack front evolution in the threshold 

transition regime during K-shed loading and the effect of the initial roughness span on the da/dN 

behavior vs. crack length as the crack continues to grow will be addressed in depth in Section 

4.3.2.   

       

4.2  Crack Front Evolution in the Threshold Transition Regime 

The results of the crack wake roughness experiments suggested that different magnitudes of 

roughness could have an effect on crack front evolution and subsequent da/dN behavior.  This 

finding indicates that the observed surface roughness in the 0.2 Pa and 0.5 Pa exposures (Figure 

3a and b) could also be producing an irregular crack front during the threshold transition region.  

To that end, initial fracture surface morphology for low exposure ΔK-shed testing in the post-

minimum region (Figure 3a and b) showed the possibility of a complex crack front where 

environmentally enhanced transgranular fractures dominates inwardly from specimen surfaces and 
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SBC continues in the center of the specimen [1].  Figure 11 shows the crack front evolution during 

the threshold transition region with marker-band loading sequences at ΔK of 5, 4, and 3 MPa√m. 

The calculated and experimental crack fronts for ΔK = 5 MPa√m are similar in location and shape 

suggesting a strong correlation between the compliance calculated crack front and the 

experimental data at the start of the threshold transition region.  At this location, there is no SBC 

in the crack wake to initially impede the molecular transport.  As ΔK continues to decrease, the 

experimental crack fronts for ΔK = 4 and 3 MPa√m become more irregular, suggesting cracking 

inwardly from the crack faces is dominating over crack progression in the middle of the sample.  

Since the half-thickness dimension is small compared to the crack depth it is reasonably assumed 

that the pertinent molecular transport distance is inward from the specimen faces.  For diffusion-

based flow, the crack wake roughness will further decrease the molecular transport from the notch 

direction.  As such the shorter flow distances from the specimen surfaces facilitates hydrogen 

enhanced cracking (thus faster da/dN) near the edges as opposed to the specimen center that is 

starved of crack tip PH2O due to the longer and more impeded diffusional flow [1].   As the crack 

surface near the specimen face becomes rougher, the diffusion based flow becomes more difficult, 

and the transport from the surface to the center is harder.  The resulting reduction in PH2O at the 

center results in retarded crack growth in the center compared to faster cracking on the edges.  

From a purely mechanics perspective, researchers have investigated the influence of free 

surfaces on fatigue crack behavior and resulting variations in the stress intensity distribution [69-

71].  Work by Lin and Smith showed that during crack progression, the presence of free surfaces 

made it increasingly difficult for a constant, i.e., iso-K profile to be maintained across the thickness 

direction of the sample [71, 79].  Garcia-Manrique and coworkers used a model to numerically 

evaluate the stress intensity distribution along the thickness for an Al 2024-T35 C(T) specimen 
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under Mode I nominal loading.  They found that curvature of the crack front (where the crack 

flanks lagged behind) could result from a non-uniform K distribution along the thickness of the 

specimen.  They postulated two mechanisms that would contribute to an uneven load distribution 

along the crack front: (1) crack closure effects near the free surface of the specimen resulting in a 

smaller ΔKeff and slower growth rates near the exterior and (2) a decrease in the plastic zone size 

in regions closer to the surface resulting in a smaller ΔKeff near the sides than in the middle [69].  

Both these mechanisms would imply an irregular crack front shape that is retarded on the sides 

when compared to the middle of the sample.  The experimental crack fronts observed at ΔK = 4 

and 3 MPa√m for the 0.5 Pa exposure show retarded growth in the center when compared to the 

exteriors of the sample, suggesting that the plastic zone and crack closure effects are not the 

controlling mechanisms for this behavior, but instead that this irregular crack front is 

mechanistically controlled by the environment and the molecular transport from crack mouth to 

crack tip.   

The irregular crack shape observed at ΔK = 4 and 3 MPa√m results in non-uniform stress 

intensity values along the crack front (which would be compounded by inaccuracies in compliance 

readings and the applied load due to the assumption of a straight crack front during testing). As 

the crack shape becomes more irregular, compliance readings (which assume a straight crack front) 

may erroneously report the crack length.  It is not clear how such an irregular crack front will 

influence the compliance measurement, but if the true crack length is longer than crack size 

calculated via compliance, an erroneously high ΔK load would result.    Figures 12 and 13 plotted 

the dependence of da/dN on ΔK and PH2O for the L-T orientation of 7075-T651 measured under 

decreasing ΔK (R=0.5, f = 20 Hz); specifically highlighting the low ΔK behavior of the 0.5 and 

0.2 Pa exposures.  The rapid increase or spike in da/dN two orders of magnitude occurred for a 
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ΔK range of 3.7 to 4.0 MPa√m.  After the spike, growth rates returned to systematically decreasing 

da/dN with decreasing ΔK.  The irregular crack front developed during the threshold transition 

regime likely causes this spike in the data.  Similar to the roughness experiments, the proposed 

crack front progression during the threshold transition regime of the 0.5 Pa K-shed experiment is 

shown in Figure 35.   Based on the interaction between an irregular crack front and the molecular 

transport hypothesis; as the crack wake roughness impedes molecular transport in the notch 

direction (crack fronts 1-2 in Figure 35), an environmental contribution from the crack faces results 

in faster cracking inwardly than cracking in the notch direction. As the crack shape becomes more 

irregular (crack fronts 3-5 in Figure 35), the driving force at the center would continue to increase 

resulting in an upswing in growth rates, thus the spike in da/dN, as the middle portion of the crack 

front catches up to the sides and a regular crack front is resumed (crack fronts 6-7 in Figure 35) at 

the conclusion of the TTR.  This behavior is consistent with the results of Branco et al. that showed 

that the K profile is dependent of the geometry of the component and the applied load which can 

ultimately affect crack shape evolution [82].  The K distribution along a crack front was the driving 

force for crack shape variations and that a crack shape with a lagging center will result in a higher 

applied stress intensity at that center [82].  The optical fractograph of the 0.5 Pa exposure showed 

fully transgranular cracking at ΔK =3 MPa√m corresponding to the return of the systematically 

decreasing da/dN with decreasing ΔK.  

The subsequent spike in da/dN after the TTR was also observed for the 0.2 Pa exposure 

and plotted in Figure 13.  The spike in da/dN observed for the 0.2 Pa sample had a similar 

magnitude as the 0.5 Pa sample, but occurred for a ΔK range of 3.3 to 3.7 MPa√m.  Unlike the 0.5 

Pa sample, the growth rates after the spike did not systematically decrease, but instead fluctuated 

with decreasing ΔK, indicating a high degree of scatter.  Both these exposures exhibited similar 
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TTR behavior, but showed different da/dN behavior in the post-minima regime suggesting that the 

magnitude of roughness and the morphology of the subsequent cracking along the side of the 

specimen can affect post-TTR da/dN behavior. The fluctuations may be attributed to either of two 

things.  First, if a fully regular crack front were not achieved, a simple mechanics explanation 

would suggest that the non-crack area in the center would be experiencing a high driving force and 

would quickly crack in response to the varying stress intensity along the non-uniform crack front.  

The fluctuations observed for 0.2 Pa K-shed results in the post TTR regime may be due to this 

process repeating to various degrees.  Second, the 0.5 Pa exposure had a smaller roughness span 

and less crack asperity roughness when compared to the 0.2 Pa exposure (Tables 1 and 5).  Based 

on the molecular transport hypothesis, a higher magnitude of roughness may affect crack tip PH2O 

for longer periods of crack growth.  This would suggest that the scatter in growth rates after the 

TTR for 0.2 Pa sample could be a result of the irregular crack front experiencing enhanced PH2O 

for a longer period of crack growth when compared to the 0.5 Pa sample.   

In summary, the K-shed marker-band experiment showed that cracking after the bands of 

roughness will initiate at the specimen surface and propagate as an elliptical crack toward the 

center and along the crack flanks.  This behavior is uniquely explained by a molecular transport 

mechanism, thus an environmentally based effect.  Further, this reinforces the assertion that the 

through thickness direction is the pertinent molecular transport distance, particularly for post 

roughness cracking where the SBC morphology further impedes crack flow in the cracking 

direction.  Molecular transport in the through thickness dimension controls the environmental 

influence, particularly in the TTR regime.  The non-uniform crack front that is developed has 

varying stress intensity along the crack front.   The spike in growth rates and the change in fracture 

morphology suggest a mechanics based "fast" cracking mechanism that is responsible for the 
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observed spike and fluctuations in the post TTR for the 0.2 and 0.5 Pa K-shed tests.  Errors in the 

compliance based interpretation and the K-solution associated with the irregular crack front likely 

also contribute to the spike behavior.   A better understanding of the controlling mechanisms in 

the post-minima regime is needed and will be examined next before a strong conclusion can be 

made about how long the surface roughness and irregular crack front will affect da/dN behavior 

after the threshold transition regime.   

 

4.3 Post Minima Regime Behavior for 7075-T651  

The results of previous experimentation have shown that the magnitude of surface 

roughness can have an effect on crack front evolution and da/dN behavior at low exposures and 

intermediate ΔK, but there remains a need to explain and quantify the controlling mechanisms for 

the increase in crack growth rates following the da/dN minima.  Specifically, investigating why 

the fracture surface transitions back to fully transgranular facture and increasing da/dN, instead of 

continuing to slip band crack.  The Burns et al. paper proposed three hypotheses to explain the 

continued elevated crack growth kinetics after the crack grows 10-15 mm beyond the crack wake 

roughness:  (1) for low PH2O exposures, SBC is only active at intermediate ΔK and becomes limited 

at low ΔK, (2) discontinuous cracking shifts the relevant exposure parameter out of the molecular 

flow controlled regime and allows more time/cycles for molecular transport, or (3) a continued 

strong contribution of turbulent mixing is maintained keeping elevated PH2O [1].      

The first hypothesis proposed that the transition back to fully transgranular cracking is due 

to SBC being active only at intermediate ΔK and limited at low ΔK for low PH2O exposures.  To 

test the validity of this hypothesis, a constant ΔK=3 MPa√m (Kmax =6 MPa√m, f=20 Hz, R=0.5) 

test was completed to examine the ability of 7075-T651 to slip band crack at low ΔK and exposures 
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with no load effects in the fracture surface.  The lack of SBC at ΔK above 6 MPa√m transitioning 

to SBC at intermediate ΔK (4-5 MPa√m), is postulated to be caused by the ability for cross-slip at 

higher ΔK [1].  Specifically, in UHV and low PH2O environments, there are many active slip 

systems at higher ΔK (7-9 MPa√m)(Figures 6 and 9) and sufficient local driving force to enable 

cross-slip and facilitate a non-crystallographic crack path along the notch direction [1].  However 

at intermediate ΔK (4-5 MPa√m), cross slip is hindered due to the small number of active slip 

systems, leading to the localization of slip on a limited number of slip systems and particle 

shearing, resulting in cracking occurring along planar slip bands [72].    

For decreasing ΔK testing at low PH2O exposures, the low ΔK behavior (which exhibited a 

flat non-cyrstallographic morphology) may be influenced by the interaction of the molecular 

transport with the crack wake roughness, so a low exposure (0.5 Pa) at constant low ΔK (3 MPa√m) 

test was performed to investigate the morphology of the cracking in the ΔK regime below the UHV 

threshold without prior load effects. The results in Figure 18 show that in this low ΔK and exposure 

regime, the cracking morphology is flat and non-crystallographic, despite the fact that SBC will 

occur at higher ΔK values, as observed in Figures 7c and 9.  At ΔK = 3 MPa√m with no prior load 

effects, SBC is limited at low ΔK for low PH2O exposures.  There remains a need to investigate if 

SBC could initiate at this low ΔK if crack wake roughness was inputted into the surface initially 

which could lead to further insights into the influence of crack wake roughness on turbulent 

mixing, however this work is outside the scope of the current study. 

These finding suggests either that at the lower ΔK values: (1) there is a mechanically based 

change in the mechanism from cracking along the slip bands to non-crystallographic transgranular 

cracking, or (2) the crack growth rate is discontinuous thus altering the governing exposure 

parameter.   Discontinuous crack growth occurs when an increasing number of cycles (ΔN) are 
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needed between each crack advance.  As the number of cycles increases, the time available for 

water vapor molecules to diffuse over the crack path increases.  The discontinuous crack growth 

alters the effective frequency to f /ΔN, which drives the effective exposure parameter from PH20 /f 

to PH20 / (f /ΔN); corresponding to a higher effective exposure that is potentially outside the 

molecular flow rate limited regime of the H-embrittlement process [1, 38, 73-74].  If discontinuous 

crack growth was occurring at these low ΔK, da/dN vs ΔK behavior would be nearly independent 

of the exposure parameter [1, 38, 73-74].  When considering the post minima regime of the TTR, 

these results show that low ΔK slip behavior and discontinuous crack growth behavior could be 

contributing to the mechanisms responsible for the increase in growth rates.  The third hypothesis 

suggesting that elevated growth rates are a result of the continued strong contribution of turbulent 

mixing maintaining higher PH2O will be addressed next. 

4.3.1 Crack Wake Induced Turbulent Mixing 

The Burns et al. paper proposed that after a certain critical level of roughness is reached in 

the crack wake, the PH20 transport mechanism changes to convective turbulent mixing as a result 

of crack wake asperity contact [1].  The convective mixing increases the supply of PH20 to the crack 

tip which helps to reignite the hydrogen environment embrittlement process and results in the 

subsequent rise in da/dN rates. Specifically, it is critical to establish the extent to which asperity 

contact is possible as the crack tip progresses and the SBC-based region of roughness is moved 

further behind in the crack wake.  In order to do so, it is necessary to quantify how the crack wake 

opening profile evolves for the specific loading protocol used in the decreasing ΔK experiments.  

4.3.1.1 Crack Opening Displacement Calculations 

Crack-opening displacement along the entire crack wake was calculated using a 

combination of methods in accordance with the work of Newman and Saxena [75-76].   Newman 
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utilized a boundary collocation method to calculate the theoretical opening displacement at 

positions along the crack wake.  The boundary collocation method incorporated an analytical 

solution that used boundary conditions where the complex-series stress functions were satisfied 

exactly on the crack surfaces [75].  Newman developed polynomial functions of crack length–

width ratio to calculate the crack opening displacement at five locations along the crack profile 

starting at 12.7 mm (corresponding to the location V2 in Figure 36a) to the right of the load line 

and ending at the crack mouth opening (12.7 mm to the left of the load line and corresponding to 

V0 in Figure 36a) [75].  Newman represented the crack face profile from the crack tip to the load 

line as a straight line and did not incorporate crack tip opening displacement into the overall COD 

calculation (Figure 36a).   Saxena expanded on Newman’s method by incorporating an “axis of 

rotation” in the specimen crack profile to more accurately describe the elastic behavior of crack 

growth near the crack tip (Figure 36b) [76].  The axis of rotation factors into consideration crack 

tip constraint and instead uses a larger fictitious crack length known as ao calculated by:  

ao/W = 0.0924/ (1 – V1/V0 ) – 0.25 

where W is the specimen width, V1 and V0 are the crack opening displacements at two locations 

along the crack wake profile, shown in Figure 36b, calculated using Newman’s crack length 

polynomial functions.  The red line in Figure 36b represents the crack face profile for a crack of 

length ao, compared to the crack profile in black which represents the crack face corresponding to 

the standard compliance calculated crack length.   

For this work, the Newman/Saxena method was combined with elastic-plastic theory to 

accurately model the total crack opening displacement at a specific crack length.  Figure 36c 

provides a crack profile schematic of the combined model that calculates crack mouth opening 
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displacement (CMOD) using elastic theory and linear modeling of the crack surface. The angle of 

displacement (θ in Figure 33c) was calculated by utilizing the equation below:   

θ = tan-1 (0.5 CMOD/ao) 

where CMOD is the crack mouth opening displacement as calculated from the experimentally 

measured compliance data.  By calculating the angle of displacement for any given loading 

condition, the crack opening displacement at any specific location of interest along the crack wake 

(labeled as “x” in Figure 36c) can be identified.  This combined method makes it possible to graph 

the full crack wake profile for each crack length, based on the exact loading protocol used during 

testing.  The total crack opening displacement at a specific location of interest (x) was calculated 

using equation below:   

CODTOTAL x = 2(ao – x)*tan(θ) + CTOD 

where x is the crack length of interest, a0 is the fictious crack length factoring in the axis of rotation 

described above, θ is the angle of displacement between the crack surface and the crack tip opening 

displacement.  The crack tip opening displacement (CTOD) is calculated using [77]: 

CTOD = 0.6*Kmax
2/ (2σys*E) 

where Kmax is the maximum stress intensity factor, E is Young’s modulus, and σys is the yield 

stress.                  

Crack-opening displacement calculations for the 1.8, 0.5, and 0.2 Pa exposures, tested 

under K-shed loading, were completed at locations corresponding to the start and end of the 

roughness span to investigate the possible effect the roughness magnitude could have on 

maintaining asperity contact.  Each specimen exhibited a different crack length span of roughness 

corresponding to the threshold transition regime (listed in Table 5) and the roughness span 
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increased with decreasing PH2O.  Figure 37 provides a schematic of a C(T) fatigue crack growing 

with increased crack wake roughness.  As the crack continues to grow, the COD calculations 

reflect the crack-opening displacement at the location of roughness indicated by the red line.  Only 

the COD locations corresponding to the start of the span of roughness have been plotted in Figures 

39, 41, and 43.  The black arrows in the optical fractographs serve to visually highlight the location 

corresponding to the COD calculations. 

The crack-opening displacement at the location corresponding to the start of increased 

roughness (a=27.5 mm) for the 1.8 Pa specimen was plotted as a function of crack length and 

shown in Figure 39.  While the x-axis plots increasing crack length, the y-axis is plotting the 

increasing crack-opening displacement at the location of a = 27.5 mm.  The crack opening at a 

crack length of 27.5 mm steadily increased for maximum and minimum loading as the crack grew 

to a length of 42 mm.  Similar COD calculations were completed for the location of a = 30.0 mm, 

corresponding to the end of any SBC or rougher portions of cracking.  The crack-opening 

displacement calculations for the 0.5 Pa exposure were completed at crack lengths a=21.9 and 25 

mm, with the COD results from a=21.9 being plotted in Figure 41.   The crack-opening 

displacement calculations for the 0.2 Pa exposure were completed at crack lengths a=29.6 and 34.7 

mm, with the COD results from a=29.6 being plotted in Figure 43. Both exposures experienced 

increasing crack-opening displacement for maximum and minimum loading with growing crack 

length, but each profile had roughness spans that occurred at different crack lengths.  As such, 

these COD values are specific for each exposure and the corresponding specific decreasing K 

loading protocol.  Experimentally measured CMOD compliance data helped to ensure that a 

specific crack length was associated with the correct crack wake profile and crack-opening 
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displacement.  These specific locations were selected to enable direct comparison between 

observed roughness values in the crack wake and the crack opening at that location.    

 

4.3.1.2 Roughness Characterization in the Threshold Transition Regime 

In order to fully characterize the potential for crack wake asperity contact to occur, an 

accurate representation of the localized roughness for each fracture surface in the TTR was needed.  

Figures 19a, 20a, and 21a show the 3-D characterization of the fracture surface and the 

corresponding optical fractograph for the 1.8, 0.5, and 0.2 Pa samples, respectively.  The average 

Ra and Rq values for the three exposures (0.2, 0.5, and 1.8 Pa) with a TTR regime and two higher 

humidity exposures (4 and 2668 Pa) are presented in Tables 1-3.   Table 1 shows that crack face 

topography roughness increased with decreasing PH2O.  Additionally, the span of this localized 

roughness increased with decreasing PH2O as shown in Table 5.  After the threshold transition 

regime, the surface roughness of the 0.2, 0.5, and 1.8 Pa exposures decreased to values similar to 

the average roughness measured for the 4 and 2668 Pa exposures (Tables 2 and 3).  These findings 

support the optical fractograph conclusions that the magnitude of SBC and faceted features 

increased with decreasing PH2O [1].  Additionally, the local crack face topography was examined 

to determine the average height of crack asperities. The average Rp and Rv values increased with 

decreasing PH2O, which agreed well with the previous roughness measurements above.  To 

summarize, the localized roughness area associated with the TTR increased in magnitude and span, 

as well as average asperity height, with decreasing PH2O. 

In comparing the COD to the measured asperity metrics, it is critical to recognize that the 

degree of contact will depend on both the measured topography and the Mode II displacement that 

will offset the features on either side of the crack wake and cause contact [78].  To compare the 
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surface roughness characterization and the crack-opening displacement calculations, three 

different Mode II displacement conditions were considered.  Figure 38 shows example crack 

asperity schematics for the upper and lower bounds considered (Figure 38a and 38c), as well as a 

condition that would be representative of the middle (Figure 38b).  First, Figure 38a illustrates a 

condition where the Mode II displacement is equal to the CTOD, representing the minimum or 

lower bound of Mode II displacement that would cause asperity contact.  Figure 38c illustrates a 

condition where the Mode II displacement results in opposing crack asperities that are directly 

aligned, resulting in peaks and valleys directly opening and closing on top of each other.  This 

condition would represent the maximum or upper bound of Mode II displacement that would cause 

direct asperity contact.  The magnitude of the total crack asperity height (Rpv) was used to quantify 

this displacement condition with the localized roughness.  Second, Figure 38b illustrates a 

condition where the amount of Mode II displacement results in 80% of the crack asperity height 

remaining in contact with the opposing face during loading.  This situation was quantified as 

having a crack asperity height magnitude of 20% of the total crack asperity height (0.2*Rpv). 

The final condition was selected based on the findings of Suresh and Ritchie that suggested 

that the Mode II displacement may be as much as 30% of the Mode I displacement at near-

threshold stress intensities for 1018 steel with no environmental effects [78].  This study also 

established a model for predicting crack closure induced by surface roughness which established 

that crack wake roughness and some degree of Mode II displacement are required for asperity 

contact to occur. It is acknowledged that extrapolating the Mode II/Mode I = 0.3 relationship to a 

different material and environment may not provide the most accurate representation of Mode II 

displacement in 7075-T651, but it will enable a comparison to build on.  A reasonable measure of 

the Mode I displacement at the crack tip given by the CTOD value which is estimated as [77]: 
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CTOD = 0.6*Kmax
2/ (2σys*E) 

where Kmax is the maximum stress intensity factor, E is Young’s modulus, and σys is the yield 

stress.  The corresponding Mode II displacement was calculated by multiplying the CTOD by 0.3.   

At the location of highest roughness, the maximum CTOD was used to calculate the Mode 

II displacement.  This value (shown in Table 6) was then divided by Rpv to allow for direct 

comparisons to be made within the conditions.  The CTOD values and Rpv values were different 

for each exposure which results in each condition having a different percentage of Rpv to signify 

when the Mode II/Mode I displacement ratio equaled 0.3.  Table 7 summarizes the three different 

Mode II displacement conditions (Rpv, 0.2*Rpv, Mode II/Mode I = 0.3) and the corresponding 

magnitudes in meters for each of the conditions that were used in comparison with the COD.  

Figures 39, 41, and 43 plot the respective magnitude of the two middle conditions for Mode II 

displacement (listed in Table 7) in addition to the COD at the start of the roughness for each of the 

three exposures.   

 

4.3.1.3  Comparison of the Crack Wake Roughness Topography and the Crack Opening 

Displacement 

In order to quantitatively evaluate the degree of asperity contact in the crack wake, as 

pertinent to the proposed turbulent mixing hypothesis, crack opening displacement measurements 

were coupled with characterization of the fracture surface roughness in order to better understand 

the extent of crack wake asperity contact occurring in the post-minima regime. 

A metric to determine the presence of crack wake asperity contact during the threshold transition 

regime was illustrated by plotting the effective crack opening (δeff ) over the nominal crack opening 

(δnom = COD at the maximum load - COD at the minimum load). These values were calculated at 
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two fixed positions in the crack wake, corresponding to the start and end of the roughness, for 

values of increasing crack length and measured stresses observed during the decreasing ΔK 

protocol.  The effective crack opening was defined as the difference between the maximum COD 

occurring during the loading cycle and asperity contact height calculated for each of the Mode II 

displacement conditions listed in Table 7.  According to this metric, crack wake asperity contact 

is occurring when δeff /δnom < 1. When Rpv is larger than the maximum opening at that crack length, 

δeff /δnom is a negative number indicating asperity contact is occurring over the entire loading cycle; 

in theory the more negative the number the more load transfer or closure would be occurring.   

When 0 < δeff /δnom <1, crack wake asperity contact is occurring over a portion of the loading cycle. 

When δeff /δnom > 1, crack wake asperity contact at the positions of interest in the crack wake is not 

occurring.   According to the proposed hypothesis when δeff /δnom > 1, the molecular transport 

would not be influenced by turbulent mixing and would revert to being controlled by diffusion 

based (Knudsen flow) or advection-based molecular transport.   The δeff /δnom metric enables 

quantification of the degree of asperity contact that can be expected in the rough region as the 

crack continues to grow; evaluating this metric for large (Rpv and 0.2Rpv) and small 

(0.00256*Rpv for 0.2 Pa, 0.00375*Rpv for 0.5 Pa, and 0.00689*Rpv for 1.8 Pa) Mode II 

displacements will provide upper and lower bound estimates of the degree of contact.  

Additionally, the span over which asperity contact is acting, indicated by looking at δeff /δnom at 

both the beginning and end of the roughness region, is identified for each loading protocol and 

environment of interest. 

 Figures 40, 42, and 44 show the relationship between δeff /δnom, calculated at both the 

beginning and the end of the roughness span (measured from Figures 19-21) plotted versus the 

location of the growing crack tip for the 1.8, 0.5, and 0.2 Pa exposures, respectively.  When 
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comparing the magnitudes of the three Mode II displacement conditions to the COD for each 

exposure, the upper bound (Rpv in Figure 38c) was 3-5 times larger than the crack opening 

displacement which would indicate that high levels of crack wake asperity contact are occurring 

for the duration of the TTR.  The changing trend in the da/dN behavior does not support this high 

level of asperity contact, so work focused on characterizing the δeff /δnom behavior for the 0.2*Rpv 

(Figure 38b) and the Mode II/Mode I =0.3 lower bound conditions (Ritchie and Suresh). 

 The δeff /δnom behavior for the 1.8 Pa exposure plotted for the 0.00689*Rpv Mode II 

displacement condition showed values greater than 1 for the entire duration of the TTR for both 

the start and end of the roughness, suggesting that crack wake asperity contact was not taking place 

under these conditions (Figure 39).   The δeff /δnom behavior plotted for the 0.2*Rpv Mode II 

displacement condition showed that, at the location near the start of the roughness (a = 27.5 mm), 

δeff /δnom was between 0 and 1 for crack lengths a= 27.5 – 31 mm, indicating that some degree of 

crack wake asperity contact was occurring over a portion of the loading cycle at this location for 

3.5 mm of crack growth.  At a roughness location of a= 30 mm (the end of the roughness span), 

δeff /δnom was between 0 and 1 for crack lengths a= 30 – 38 mm.  The combination of the results 

from these two locations show that for the 0.2*Rpv Mode II displacement condition, partial 

asperity contact is occurring for 10.5 mm of crack growth (a = 27.5 – 38 mm) for PH2O = 1.8 Pa 

and ΔK-shed loading.      

 The δeff /δnom behavior for the 0.5 Pa exposure plotted for the 0.00375*Rpv Mode II 

displacement condition also showed values greater than 1 for the entire duration of the TTR for 

both the start and end of the roughness, suggesting that crack wake asperity contact was not taking 

place under these conditions (Figure 42).   The δeff /δnom behavior for the 0.2*Rpv Mode II 

displacement condition showed that at the location near the start of the roughness (a = 21.9 mm), 
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δeff /δnom was between 0 and 1 for crack lengths a = 21.9 – 30 mm, indicating that some degree of 

partial crack wake asperity contact was occurring for 3.5 mm of crack growth.  At a roughness 

location of a = 25 mm (the end of the roughness span), δeff /δnom was less than zero for crack lengths 

a = 25 – 29 mm followed by δeff /δnom behavior between 0 and 1 for crack lengths a = 29 – 33 mm 

(the end of the K-shed loading segment).  This plot suggests that at the location a = 25 mm, asperity 

contact was occurring over the entire loading cycle between a = 25-27 mm and transitioned to 

partial asperity contact for the duration of the testing segment.  The combination of the results 

from these two locations show that for the 0.2*Rpv Mode II displacement condition, 11.5 mm of 

crack growth is experiencing some form of partial asperity contact during crack growth from a = 

21.9 - 34 mm.  

The δeff /δnom behavior for the 0.2 Pa exposure plotted for the 0.00259*Rpv Mode II 

displacement condition also showed values greater than 1 for the entire duration of the TTR for 

both the start and end of the roughness, suggesting that crack wake asperity contact was not taking 

place under these conditions (Figure 44).   The δeff /δnom behavior for the 0.2*Rpv Mode II 

displacement condition showed that at the location near the start of the roughness (a = 29.6 mm), 

δeff /δnom was below zero for crack lengths a= 29.6 – 36 mm followed by δeff /δnom behavior between 

0 and 1 for crack lengths a= 36 – 38 mm (the end of the K-shed loading segment).  At a crack 

surface location of a = 34.7 mm (the end of the roughness span), δeff /δnom was less than zero for 

the entire duration of crack growth from a =34.7 – 38 mm. This plot suggests that the location 

corresponding to the start of the roughness experienced asperity contact occurring over the entire 

loading cycle between crack growth from a= 29.6 - 36 mm before transitioning to partial contact 

from 36 mm to 38 mm.  The crack location at the end of the roughness (a=34.7 mm) experienced 

asperity contact during the full load cycle from crack growth from 34.7 – 38 mm.   The combination 
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of the results from these two locations show that for the 0.2*Rpv Mode II displacement condition, 

8.4 mm of crack growth is experiencing some form of asperity contact starting with full asperity 

contact occurring from a = 29.6 – 36 transitioning to partial asperity contact occurring for 36-38 

mm. 

 When comparing the crack wake asperity contact behavior for each exposure, the Suresh 

and Ritchie proposed amount of Mode II displacement yielded no crack wake asperity contact.  

According to the proposed hypothesis [1], molecular transport would continue to be controlled by 

diffusion based (Knudsen flow) or advection-based molecular transport without asperity contact.  

These results would not explain the upturn in da/dN rates.  When using a higher amount of Mode 

II displacement (0.2*Rpv), each exposure exhibited varying degrees of crack wake asperity 

contact.  This analysis is complicated by the uncertainty associated with the value of Mode II 

displacement to investigate; however, further analysis in this study uses the results for the 0.2*Rpv 

displacement condition to represent a reasonable Mode II displacement to show the crack wake 

asperity contact behavior during the TTR.      

The span of affected crack growth for the three exposures is difficult to compare, because 

each exposure ended the K-shed loading protocol at different ΔK values. While a direct 

comparison cannot be made between the duration of affected crack growth, the extent (full vs. 

partial) of crack wake asperity contact can be considered across the three exposures.  The 0.2 Pa 

exposure was the only sample to show a high degree of asperity contact during the entire load 

cycle throughout the TTR (6.4 mm of partial contact and 2 mm of full contact). The 0.5 Pa 

exposure experienced 12.1 mm of crack growth with 4 mm of full asperity contact and 8.1 mm of 

partial asperity contact.   The 1.8 Pa exposure experienced 10.5 mm of crack growth corresponding 

with partial asperity contact occurring during loading.  As PH2O increased, the severity of the crack 
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wake asperity contact (full vs. partial contact) decreased presumably due to a reduced fraction of 

SBC facets.     

For the 0.5 Pa sample, the crack front experienced partial crack wake contact transitioning 

to full asperity contact for the crack lengths a = 21.9 - 25 mm.  This crack span correlates to the 

roughness span and the drop and upturn in da/dN rates for the TTR.  The 0.5 Pa crack front then 

experienced full asperity contact during the total load cycle (a = 25-29 mm) before transitioning 

to partial crack wake asperity contact and ultimately unimpeded flow.  The spike in da/dN (Figure 

12) occurred at a crack length (a = 25.6 mm) just following this period of increased contact asperity 

contact.  For the 0.2 Pa sample, the crack front experienced full crack wake asperity contact for 

the entire duration of the TTR corresponding to a = 29.6 – 38 mm.  Figure 13 showed that the 

spike in da/dN rates occurred at a crack length a=34.4 mm, corresponding to this region of full 

asperity contact occurring. If the Mode II displacement value is reasonable, then this correlation 

between the degree of asperity contact and the up-turn would support the proposed turbulent 

mixing hypothesis. 

The ACR and ASTM 2% ratio were plotted for each exposure to investigate whether strong 

crack closure could affect da/dN behavior during the TTR.  The 1.8 Pa exposure started to exhibit 

the effects of crack closure at a = 33 mm (5.5 mm after the start of the SBC cracking) with a 5% 

reduction in the ΔKeff increasing to a 15% reduction for the ACR and a 20% reduction in the ΔKeff 

increasing to a 30% reduction for the ASTM 2% at the end of the K-shed loading protocol (a = 43 

mm) (Figure 39).  The 0.5 Pa exposure started to exhibit the effects of crack closure starting at a 

= 25 mm (3.1 mm after the start of the SBC cracking) with a 5% reduction in the ΔKeff increasing 

to a 15% reduction for the ACR and a 20% reduction in the ΔKeff increasing to a 45% reduction 

for the ASTM 2% at the conclusion of the K-shed loading protocol (a = 34 mm) (Figure 41).  The 
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0.2 Pa exposure started to exhibit the effects of crack closure starting at the start of the roughness 

(a = 29.6 mm) with a 5% reduction in the ΔKeff increasing to a 30% reduction for the ACR and a 

30% reduction in the ΔKeff increasing to a 65% reduction for the ASTM 2% at the conclusion of 

the K-shed loading protocol (a = 34 mm) (Figure 43).  These plots indicate that closure is playing 

an increasing role during the threshold transition progression, but the da/dN behavior does not 

scale with the rise in da/dN suggesting that crack closure is not the controlling mechanism for the 

increasing portion of the TTR. As the observed roughness increased with decreasing PH2O, the 

amount of roughness induced crack tip closure increased as well.  Roughness induced closure 

could serve as a possible indicator of the presence of crack wake asperity contact.  For the 0.2 and 

0.5 Pa exposures, the points where crack closure effects are detected (a = 29.6 and 25 mm, 

respectively) for the ASTM 2% ratio correspond directly to the beginning of full crack wake 

asperity contact experienced by both maximum and minimum loading.  The closure data presented 

in Figures 39c, 41c, and 43c were used to make an informed selection for the Mode II displacement 

condition that would be modeled.  The 0.2Rpv condition (Figure 38b) calibrated the δeff /δnom 

behavior to agree with observed closure trends.  All three exposures showed increasing effects of 

crack closure as the crack progressed which could indicate lingering effects of crack asperity 

contact or simply be a function of the longer crack, lower loads, thus decreased crack tip angle 

(Figures 39c, 41c, and 43c). 

Comparing the crack wake asperity contact behavior for each exposure indicates that there 

is some degree of crack wake asperity contact occurring from the start of the roughness for all 

three exposures. The molecular transport hypothesis argued that once a sufficient degree of crack 

wake asperity contact started to occur, turbulent mixing would increase the crack tip PH2O and 

da/dN would begin to rise.  The observed crack wake asperity contact behavior for each exposure 
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would imply that there is crack wake asperity contact occurring during the impeded crack growth 

segment, instead of relying on a certain amount of roughness being achieved. These results indicate 

that the interaction between the surface roughness, crack wake asperity contact, and turbulent 

mixing may be more intricately connected then simply the onset of first the asperity contact.  The 

role crack wake asperity contact plays in controlling the upturn in da/dN rates cannot be fully 

determined until the Mode II displacement occurring is accurately measured.   

The correlation between when both the start and end of roughness experienced δeff /δnom 

values greater than zero was examined for the three exposures.  This point would represent when 

the localized roughness is not larger than the magnitude of the crack opening (i.e. there is no 

asperity contact at Kmax), so water molecules would be able to travel into the crack channel to the 

crack tip.  Both the 0.5 and 1.8 Pa exposures had δeff /δnom values that transitioned to being greater 

than zero at a crack length that corresponded to the da/dN behavior at the start of the systematically 

decreasing da/dN portion that mirrored higher exposures after the TTR (Figure 12 - dotted line for 

0.5 Pa).  δeff /δnom values were greater than zero starting at a crack length of a = 31.5 mm for the 

1.8 Pa exposure and a = 28.5 mm for the 0.5 Pa exposure. Both 0.5 and 1.8 Pa began to resume 

expected da/dN vs ΔK trends as the channel became open (δeff /δnom >0) to allow the flow of water 

vapor molecules.  These results suggest that a certain amount of channel opening is needed to 

allow molecules to travel before the presence of asperity contact can help to impart momentum to 

the water vapor molecules.  The chosen contact metric indicates the presence of crack wake 

asperity contact, but the role it plays in controlling the upturn in da/dN rates and the potential effect 

of molecular transport from the sides is not sufficiently understood.  These results do suggest that 

asperity contact will be maintained even as the crack progresses 10-15 mm beyond the roughness, 
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but the degree to which this contact will influence the molecular flow behavior to the crack tip is 

still in question. 

As established with the crack wake roughness experiments and marker-band experiments, 

the molecular flow from the sides is critical and could play a role in controlling the rise in da/dN 

out of the TTR.  It appears that a certain amount of crack extension inwardly from the sides is also 

required in order to interact with the roughness at the center of the sample and initiate turbulent 

mixing.  Results suggest that the upturn in da/dN is more complicated than initial molecular 

transport hypothesis [1].  Testing indicates that the upturn in da/dN is driven by the interaction of 

molecular transport, closure, asperity based mixing, and position dependent ΔK. The fluctuations 

in the da/dN behavior of the 3 mm crack wake roughness experiment showed a similar transition 

from impeded to enhanced crack growth rates that was first observed for the post-minima regime 

in the K-shed loading protocol.  The possible correlation between the surface roughness and the 

enhanced growth rates could help in identifying the controlling mechanisms in the post-minima 

regime for the K-shed loading experiments. 

 

4.3.2 Influence of crack wake roughness 10-15 mm behind the crack tip on molecular 

transport 

Insights into the degree to which crack wake roughness that is 10-15 mm behind the crack 

tip influences the molecular flow can be considered by analyzing the two 7075-T651 samples with 

different magnitudes of crack wake roughness.  These growth rate data showed that as the crack 

continued to grow, the da/dN behavior began to fluctuate; directly corresponding to changes in the 

fracture surface morphology (Figures 14 and 16).  Both samples exhibited da/dN behavior that 

began to fluctuate after the initial 4 mm of crack growth.  The 3 mm experiment showed 5 cycles 
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of da/dN decreasing for 1 mm before increasing for another 1 mm to reach a similar maximum 

da/dN (Figure 16).  This self-perpetuating cycle showed near perfect repeatability four times 

during the course of testing while PH20/f and ΔK were held constant.  The fluctuations seen for the 

0.5 mm span of roughness were not repeatable in shape or occurrence (Figure 14).  The results of 

these varying roughness span experiments will be addressed in regards to investigating: (1) the 

difference in growth rate data and corresponding fracture surface between the 0.5 and 3 mm 

samples and (2) the fluctuations in the context of the crack wake asperity contact hypothesis 

presented above.    

The reason for the difference in the da/dN fluctuations between the two experiments is 

unclear and it is difficult to tell if this deviation is systematic and repeatable or if this is just 

experimental variation.  The repeatability of the fluctuations within the 3 mm experiment would 

support the idea that this is a systematic and repeatable effect of roughness on da/dN.  If this 

behavior is real, the differences in the fluctuation behavior between the 0.5 mm and 3 mm data 

would suggest that the crack wake roughness continues to influence the molecular transport and 

crack growth behavior even after the crack grows well beyond the roughness.  As described in 

Section 4.1.2, the initial impedance in growth rates for the 3 mm sample is suggested to be a result 

of an irregular crack front.  The center of the specimen is initially impeded resulting in 

environmentally enhanced cracking along the sides.  As the crack front at the center “catches up,” 

the crack front becomes more regular in shape and the center is once again impeded resulting in 

the initiation of SBC-like features (Figure 17.D2); resulting in a repetition of the crack front 

progression sequence shown in Figure 34.  This cycle was repeated four times in sixteen 

millimeters of crack growth (Figure 16).  The irregularity in the fluctuations in the 0.5 mm sample 

could be explained by diffusion distances (notch or inwardly from the sides) competing for 
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dominance resulting in unsystematic oscillations in da/dN.  Completing additional experiments 

with this same subcritical roughness and other additional magnitudes of SBC would help to further 

investigate the deviation in da/dN vs crack length, however this work is outside the scope of the 

current study          

Next, the roughness experiments were examined to see if the fluctuations in da/dN and the 

fracture surface morphology could be explained in relation to the crack wake asperity contact 

hypothesis presented above.  Both the 0.5 mm and 3 mm sample showed 2 mm of crack extension 

from the sides following different initial area sizes of SBC that covered the entire thickness of the 

specimen.  It appears a certain amount of crack extension inwardly (1 – 2 mm) from the sides as 

well as the presence of crack wake asperity contact is required in order to initiate turbulent mixing.  

This could support the claim that a certain amount of channel opening is needed for molecules to 

be able to travel to the crack tip before the presence of asperity contact can help to impart 

momentum.   Further research would need to investigate and quantify the possible molecular 

transport effects of having crack wake asperity contact occurring only in the center of the specimen 

and cracking dominating in from the sides.  These constant ΔK, PH20/f experiments serve to show 

that the interaction between the roughness on the fracture surface and the molecular transport 

continues to affect crack growth rates as the crack wake roughness moves 10-15 mm behind the 

crack tip. 

 

4.4 PH2O/f Dependence of Crack Growth for 2199-T86 

Al-Cu-Li alloys have shown superior fatigue performance when compared to Al-Zn-Mg-Cu 

alloys for a wide range of environmental exposures [40-43].  Researchers have attributed this 

increased fatigue resistance due to the beneficial interaction of slip with microstructural features 
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and the resulting influence on the crack tip driving force [25].  The superior fatigue resistance is 

controlled by two factors: (1) increased extrinsic shielding as a result of crack closure and (2) 

reduced environmental embrittlement when compared to 7075-T651 [44].  The primary 

strengthening phase in the 7xxx-series alloy equilibrium is incoherent η-phase (or the semi-

coherent metastable η’-phase) (Mg(Zn,Al,Mg)2) [25]. This non-shearable incoherent phase 

encourages dislocation looping and heterogenous slip.  In Al-Cu-Li alloys, the shearable δ’-phase 

(Al3Li) enables homogenous reversible planar slip which serves as an extrinsic toughening 

mechanism that helps to reduce the crack tip driving force [40-44]. Peak aged Al-Li 

microstructures are hardened by the presence of ordered coherent precipitates that dictate the 

localized planar and reversible slip character of the alloy [40].  The Al-Li based alloys exhibit 

faceted cracking (SBC-like features) in inert environments, regardless of ΔK and temper [80]; 

suggesting that 2199-T86 would also have a different environmental dependence at low ΔK and 

low water vapor pressure than that seen for 7075-T651 [44, 80].  The different crack morphology 

in 2199-T86 is of particular importance to the potential of a similar threshold transition regime.  

The threshold transition regime for 7075-T651 is predicated on the fact that SBC-like features are 

promoted at low water vapor pressures/low temperatures at intermediate to low ΔK values.  The 

extent of this environmental threshold is also affected by the amount of roughness interacting with 

the molecular transport from the crack mouth to crack tip.  As such, it would be expected that the 

2199-T86 data would behave differently since faceted cracking can persist to higher ΔK values.     

 Fatigue crack growth rates in 2199-T86 (L-T) were seen to decrease with decreasing water 

vapor pressure over a wide stress intensity range (ΔK) (Figure 22).  For PH2O above 38 Pa, da/dN 

decreased with decreasing ΔK in four power law segments consistent with the HEE process [1, 

19-21].  The equivalence of the da/dN rates observed at 0.5 Pa and UHV in 2199-T86 illustrates 
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the elimination of environmental influences at a higher exposure than 7075-T651.   A rapid 

decrease in da/dN was observed for PH2O values of 18, 1.8, and 4 Pa between a ΔK of 8-7 MPa√m.  

The da/dN minima occurred for a ΔK range of 6.7 to 7.0 MPa√m, before systematically increasing 

with decreasing ΔK.  The threshold transition regime behavior for 2199-T86 occurred at a higher 

range of PH2O and stress intensity range than 7075-T651.  For all decreasing ΔK experiments 

between 4 Pa and 0.5 Pa (Figure 26b-26d), the 2199-T86 fracture surfaces showed a transition 

from a smooth fracture surface to a rough surface in the middle.  The change in morphology 

correlates with the threshold transition region observed for the 18, 1.8, and 4 Pa exposures.  Unlike 

7075-T651, the 2199-T86 fractographic surfaces showed SBC in inert environments for all ΔK 

(Figure 28-32).  At higher ΔK for UHV (Figure 29a, 30a, and 31a), the fracture surface transitioned 

to SBC, whereas 7075 showed flat void-like features at higher ΔK.  The similarities in the scope 

and span of the roughness transition in 2199-T86 suggest a similar threshold transition regime that 

depends on ΔK and the environment similar to the molecular transport based theory developed for 

7075-T61 [1] 

The da/dN vs ΔK behavior of the 2199-T86 specimens with reduced thickness also supported 

the molecular transport hypothesis proposed for 7075-T651.  By reducing the thickness, the 

molecular flow distance from the sides was decreased resulting in faster growth rates.  The side-

grooved sample tested at UHV did not show a shift in the da/dN vs ΔK, showing that the thickness 

dependence of da/dN was only observed in the molecular flow controlled regime (Figure 24).  

Additionally, the threshold transition regime for the 1.8 and 4 Pa side-grooved tests was similar in 

magnitude and shape, but occurred at higher ΔK when compared to the TTR behavior for the 

thicker specimens. The side-grooving process reduces the cross-sectional area for the Mode I crack 

and reduces the molecular flow distance for diffusion, resulting in faster growth rates at similar 
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ΔK values. The pertinent diffusion distance for molecular transport to the crack tip is the through 

thickness direction, as such, changing the specimen geometry reasonably influences the 

environmental crack behavior at intermediate exposures. This behavior supports that the molecular 

transport in the through thickness dimension controls the environmental influence, particularly in 

the TTR regime as previously seen with 7075-T651.  The differences in crack morphology for 

2199-T86 could result in a differing effect of surface roughness and crack wake asperity contact 

on da/dN behavior. It would be beneficial to complete similar COD vs asperity height analysis to 

determine if any more information can be gleaned on the post-minima regime.  

 

4.5 Impact on Fatigue Life Prediction 

The 7075-T651 and 2199-T86 da/dN vs ΔK data for varying PH2O illustrated that there can be 

a significant reduction in crack growth rates in high altitude environments pertinent to airframe 

operations.  The water vapor pressure over frequency (PH2O/f) exposure parameter is used as a 

conservative proxy to model the environmental influence on fatigue cracking, but does not fully 

capture the effect of temperature on fatigue growth rates [25-26].  To that end, efforts are underway 

to investigate the beneficial effect of low temperature on the fatigue crack growth behavior beyond 

that associated with the reduction in the PH2O [25]. Analysis detailed above indicates that the 

threshold transition behavior observed in 7075-T651 and 2199-T86 is governed by molecular 

transport that can be affected by the loading protocol, specimen geometry, and/or testing 

configuration.  While the false threshold behavior resulting in the dip in da/dN is real and 

repeatable, such behavior is geometry and molecular flow path dependent and should not be 

incorporated into fracture mechanics based predictions.   This behavior at intermediate ∆K and 

PH2O will vary with crack geometry, loading ratio, ∆K, and environmental exposure and should 
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not be incorporated in lifetime prognosis for real airframe structures.  Several potential solutions 

are available.  First, develop a protocol for crack growth rate generation that limits the threshold 

transition regime behavior.  One example of such protocol could be to include a K-rise protocol 

that has a compression precrack, but the effect of the testing protocol on the da/dN vs. ∆K data is 

needed before incorporation. Second, use an interpolation from high ∆K cracking to low ∆K 

cracking that will capture the broad non-TTR influenced effect of the environment, but eliminate 

the TTR behavior. This method is currently being implemented in a companion study that uses 

these data to augment LEFM modeling tools (AFGROW) with the ability to incorporate 

environmental effects.  The interpolated data provided to colleagues for this effort are included in 

Table 8 and Figure 45. 

Failure to recognize the “apparent threshold” behavior could lead to highly non-conservative 

LEFM predictions if experimental tests are concluded in the threshold transition regime.  A 

common stopping experimental cracking threshold is 1.0 x 10-6 mm/cycle, which falls in the 

middle of the threshold transition regime for lower exposures.  Concluding an experiment at this 

growth rate would imply that crack growth would not occur for ΔK < 4 MPa√m.  Testing to a 

crack growth threshold of 1.0 x 10-7 mm/cycle shows that cracking occurs to ΔK = 2 -3 MPa√m 

for low PH2O.  Following a test protocol that uses a crack growth threshold of 1.0 E-7 mm/cycle 

will help to reduce the chance of using non-conservative growth rates.  Additionally, these 

experiments show that component geometry influences the molecular flow path and by extension, 

crack growth rates for a given stress intensity factor.  From the principle of similitude, fatigue 

cracks grow at an equal rate (da/dN) when subjected to equal ΔK, implying that the stress intensity 

factor range uniquely defines the crack-tip conditions.  This principle allows experimental data 

taken from lab specimens to be used in life prediction for real components.  These experimental 
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results suggest that similitude is compromised by the environment and geometry dependency.  To 

mitigate for this concern, test specimens should be selected that are representative (similar flow 

path) of the airframe component to be modeled.  Following these testing procedures would help to 

ensure data that accurately represent the increased fatigue resistance of 7075-T651 and 2199-T86 

at high altitudes.    

 

5. Conclusions 

Compliance-based characterization of 7075-T651 and 2199-T86 C(T) specimens fatigued under 

ΔK-shed and constant ΔK loading protocols for various high purity PH2O exposures representative 

of high altitudes yielded a novel set of fatigue crack growth rates.    Lower exposures exhibited a 

novel threshold transition regime that was analyzed with respect to prominent environmental 

fatigue theories.  The following conclusions are established:  

 The TTR behavior is an environmental effect; specifically associated with the enhanced 

transport of water vapor molecules from the bulk environment to the crack tip, this process 

is dependent on crack wake history and bulk PH2O 

• Constant ΔK, PH20/f experiments served to show that the interaction between the roughness 

on the fracture surface and the molecular transport can result in an order of magnitude 

change in growth rates directly following crack growth of increased roughness.  

Additionally, fractography suggests an environmentally driven irregular crack front driven 

by the interaction of molecular transport, closure, asperity based mixing, and position 

dependent ΔK. 
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• The pertinent diffusion distance for molecular transport to the crack tip is the through 

thickness direction, as such, changing the specimen geometry reasonably influences the 

environmental crack behavior at intermediate exposures.  

• A quantitative method to indicate the presence of crack wake asperity contact based on 

comparing the localized roughness and crack opening displacement was developed.  These 

results suggest that the start of crack wake asperity contact does not correspond directly to 

an increase in da/dN; counter to the proposed molecular transport hypothesis which stated 

that enhanced crack growth rates corresponded to the start of crack wake asperity contact 

occurring. The chosen contact metric indicates the presence of crack wake asperity contact, 

but the role it plays in controlling the upturn in da/dN rates until the Mode II displacement 

occurring is accurately measured.  These results do suggest that the upturn in da/dN is 

driven by the interaction of molecular transport, closure, asperity based mixing, and 

position dependent ΔK.  

• Despite different global cracking morphology, the similarities in the scope and span of the 

roughness transition in 2199-T86 suggest a similar threshold transition regime that depends 

on ΔK and the environment similar to the molecular transport based theory developed for 

7075-T65. 

Analysis detailed above indicates that the threshold transition behavior observed in 7075-T651 

and 2199-T86 is governed by molecular transport that can be affected by the loading protocol, 

specimen geometry, and/or testing configuration.   While the false threshold behavior resulting in 

the dip in da/dN is real and repeatable, such behavior is geometry and molecular flow path 

dependent and should not be incorporated into fracture mechanics based predictions. Following 
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appropriate testing procedures would help to ensure data that accurately represent the increased 

fatigue resistance of 7075-T651 and 2199-T86 at high altitudes.    
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8. Figures 
 

 

 

Figure 1: Fatigue crack growth rate versus decreasing ΔK at constant R of 0.50 (f = 20 Hz) 

for 7075-T651 (L-T) at various-constant water vapor exposure levels from ultra-high vacuum 

(0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa) [1]. 
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Figure 2: Effect of high purity water vapor exposure parameter on fatigue crack growth rate in 

7075-T651 (L-T) stressed at various-constant K levels, each at fixed R of 0.50 and f = 20 Hz, 

taken from the wide-range decreasing ΔK data in Figure 1 [1]. 
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Figure 3: Optical fractographs for decreasing ΔK at constant R of 0.50 (f = 20 Hz) for 7075-T651 

(L-T) at various-constant water vapor exposure levels: (a) Ultra-high vacuum, (b) 0.2, (c) 0.5, (d) 

1.8, (e) 4, (f) 18, (g) 38, (h)165, (i) 340, (j) 2668, and (k) 2668 Pa (f=2 Hz). Crack growth is from 

left to right in each image. 
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Figure 4: Crack growth rate versus K (a) and corresponding optical fractograph (b) illustrating 

the transition from macroscopically smooth to rough topography on the fatigue crack surface of 

7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.5 Pa.  For constant R, K 

decreased with increasing crack length from right to left in this image 
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Figure 5: SEM images of the fatigue crack surface of 7075-T651 tested at constant R = 0.5, f  = 20 

Hz (from Figure 1) for an L-T oriented specimen exposed to PH2O of: UHV (a-b) and high humidity 

(c-d) with a ΔK of:  (a,c) ~5, (b,d) ~9 MPa√m. Crack growth is from left to right in each image. 
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Figure 6: SEM images of the fatigue crack surface of 7075-T651 tested at constant R = 0.5,  f  = 

20 Hz and constant ΔK = 5 MPa√m (from Figure 1) for an L-T oriented specimen exposed to 

PH2O of:  (a) UHV (b) 0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, (h) 165, (i) 340, (j) 2668, and (k) 

2668 Pa (f =2 Hz). Crack growth is from left to right in each image. 
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Figure 7: Higher magnification SEM images of the fatigue crack surface of 7075-T651 tested at 

constant R = 0.5,  f  = 20 Hz and constant ΔK = 5 MPa√m (from Figure 1 and Figure 8) for an L-

T oriented specimen exposed to PH2O of:  (a) UHV (b) 0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, 

(h) 165, (i) 340, (j) 2668, and (k) 2668 Pa (f =2 Hz). Crack growth is from left to right in each 

image. 
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Figure 8:  SEM images of the fatigue crack surface of 7075-T651 tested at constant R = 0.5,  f  = 

20 Hz and constant ΔK = 9 MPa√m (from Figure 1) for an L-T oriented specimen exposed to PH2O 

of:  (a) UHV (b) 0.2, (c) 0.5, (d) 1.8, (e) 4, (f) 18, (g) 38, (h) 165, (i) 340, (j) 2668, and (k) 2668 

Pa (f =2 Hz). Crack growth is from left to right in each image. 
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Figure 9: SEM images of the fatigue crack surface of 7075-T651 tested at constant R = 0.5,  f  = 

20 Hz and constant ΔK = 3 MPa√m (from Figure 1) for an L-T oriented specimen exposed to 

PH2O of:  (a) 0.2, (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, (g) 165, (h) 340, (i) 2668, and (j) 2668 Pa (f 

=2 Hz). Crack growth is from left to right in each image. 
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Figure 10: SEM images of the fatigue crack surface of 7075-T651 tested under decreasing ΔK 

loading at constant R = 0.5, f  = 20 for an L-T oriented specimen exposed to PH2O = 0.5 Pa with 

ΔK of: (a) ~7, (b) ~6, (c) ~5, and (d) ~4.0 MPa√m.  The direction of crack growth is left to right 

in each image. 
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Figure 11: SEM overview of fracture surface produced from a Kshed loading protocol at a PH2O 

= 0.5 Pa  with vertical compliance calculated crack fronts (blue) and 3 experimental crack fronts 

identified by marker-bands (green/yellow lines). The green lines correspond to marker-bands 

identified in the fracture surface and the yellow lines are the inferred crack fronts used to connect 

the observed marker-bands.  Example marker-bands produced at each ΔK location are provided 

below the overview fracture surface for each ΔK value. For constant R, K decreased with 

increasing crack length from left to right in this image.  The blue lines correspond to the 

compliance crack lengths associated with a ΔK of: (a) 5, (b) 4, and (c) 3 MPa√m.  
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Figure 12: Crack growth rate versus K (a) and corresponding optical fractograph (b) illustrating 

the transition from macroscopically rough to smooth topography on the fatigue crack surface of 

7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.5 Pa.  For constant R, K 

decreased with increasing crack length from right to left in this image. The 0.5 Pa exposure showed 

a spike in da/dN approximately at ΔK = 3.9 MPa√m. 
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Figure 13: Crack growth rate versus K (a) and corresponding optical fractograph (b) illustrating 

the transition from macroscopically rough to smooth topography on the fatigue crack surface of 

7075-T651 (L-T orientation) stressed in pure water vapor at PH2O = 0.2 Pa.  For constant R, K 

decreased with increasing crack length from right to left in this image.  The 0.2 Pa exposure 

showed a spike in da/dN approximately at ΔK = 3.6 MPa√m. 
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Figure 14: (a) Fatigue crack growth rate versus crack length at constant ΔK =5 MPa√m and R of 

0.50 (f = 20 Hz) for 7075-T651 (L-T) at PH2O = 0.5 Pa.  0.5 mm of crack wake roughness was 

imparted into the surface before beginning the exposure testing. (b) Optical fractograph of the 

test specimen corresponding to the crack length scale of the above and below plots. Crack 

growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack 

length.   
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Figure 15: Optical fractograph of the 0.5 mm of crack wake roughness test specimen tested at PH2O 

= 0.5 Pa.  The SEM images below correspond to the number location where the red dots are on the 

optical fracture surface.  Crack growth occurred left to right.  
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Figure 16: (a) Fatigue crack growth rate versus crack length at constant ΔK =5 MPa√m and R of 

0.50 (f = 20 Hz) for 7075-T651 (L-T) at PH2O = 0.5 Pa.  3 mm of crack wake roughness was 

imparted into the surface before beginning the exposure testing. (b) Optical fractograph of the test 

specimen corresponding to the crack length scale of the above and below plots. Crack growth 

occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack length.   
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Figure 17: Optical fractograph of the 3 mm of crack wake roughness test specimen tested at PH2O 

= 0.5 Pa.  The SEM images below correspond to the number location where the red dots are on 

the optical fracture surface.  Crack growth occurred left to right. 
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Figure 18: (a) Fatigue crack growth rate versus crack length at constant ΔK =3 MPa√m and R of 

0.50 (f = 20 Hz) for 7075-T651 (L-T) at PH2O = 0.5 Pa.  No crack rack roughness or load effects 

were imparted into the surface before beginning the exposure testing. (b) Optical fractograph of 

the test specimen corresponding to the crack length scale of the above and below plots. Crack 

growth occurred left to right. (c) Closure analysis (ASTM 2% and ACR ratio) versus crack length.      
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Figure 19:  (a) 3D characterization and the corresponding optical fractograph of the threshold 

transition regime area for the 7075-T651 1.8 Pa sample produced under decreasing ΔK loading at 

constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 1.8 Pa sample with a horizontal line 

scan (shown by the black line).  The plot on the right graphs the localized topography of the crack 

face corresponding to the horizontal line segment.  From this plot, the local roughness parameters 

(Ra – average roughness, Rq – geometric average roughness, Rp - average peak height, Rv- 

average valley height) can be gleaned for the horizontal line segment of interest.     
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Figure 20: (a) 3D characterization and the corresponding optical fractograph of the threshold 

transition regime area for the 7075-T651 0.5 Pa sample produced under decreasing ΔK loading at 

constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.5 Pa sample with a horizontal line 

scan (shown by the black line).  The plot on the right graphs the localized topography of the crack 

face corresponding to the horizontal line segment.  From this plot, the local roughness parameters 

(Ra – average roughness, Rq – geometric average roughness, Rp - average peak height, Rv- 

average valley height) can be gleaned for the horizontal line segment of interest. 
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Figure 21: (a) 3D characterization and the corresponding optical fractograph of the threshold 

transition regime area for the 7075-T651 0.2 Pa sample produced under decreasing ΔK loading at 

constant R of 0.50 (f = 20 Hz), (b) 3D characterization of the 0.2 Pa sample with a horizontal line 

scan (shown by the black line).  The plot on the right graphs the localized topography of the crack 

face corresponding to the horizontal line segment.  From this plot, the local roughness parameters 

(Ra – average roughness, Rq – geometric average roughness, Rp - average peak height, Rv- 

average valley height) can be gleaned for the horizontal line segment of interest. 
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Figure 22: Fatigue crack growth rate versus decreasing ΔK at constant R of 0.50 (f = 20 Hz) 

for 2199-T86 (L-T) at various-constant water vapor exposure levels from ultra-high vacuum (0.25-

0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa).   
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Figure 23:  Optical image of the notch for the 2199-T86 un-grooved (left) and side-grooved (right) 

C-T specimens.  Additionally, a small notch was added to the preexisting CT notch through 

electrical discharge machining (EDM) for the side-grooved specimens.  The side-grooving process 

reduced the overall thickness of the specimen in the crack plane.    
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Figure 24: Fatigue crack growth rate versus decreasing ΔK comparison for the 2199-T86 side-

grooved and un-grooved C-T specimens at constant R of 0.50 (f = 20 Hz) for three constant water 

vapor exposure levels from ultra-high vacuum (0.25-0.50 Pa-s) to 165 Pa.  The growth rate data 

for the side-grooved specimens are open circles and the un-grooved specimens are labeled as 

“regular” and are shown as crosses.     
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Figure 25:     Effect of water vapor exposure on the observed crack growth rate minima in the 

threshold transition regime for 7075-T651 loaded under constant Kmax (16.5 MPa√m)-decreasing 

ΔK in both L-T and T-L orientations as well as constant K-constant R (0.5) loading in the L-T 

orientation (Figure 1) as shown in previous work [1].  Additionally, the effect of water vapor 

exposure on the observed crack growth rate minima in the threshold transition regime for 2199-

T86 loaded under decreasing ΔK in the L-T orientation (Figure 22) is plotted.  
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Figure 26:  Optical fractographs for decreasing ΔK at constant R of 0.50 (f = 20 Hz) for 2199-T86 

(L-T) at various-constant water vapor exposure levels: (a) Ultra-high vacuum, (b) 0.5, (c) 1.8, (d) 

4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is left to right in each image.  
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Figure 27:     Crack growth rate versus K (a) and corresponding optical fractograph (b) illustrating 

the transition from macroscopically smooth to rough topography on the fatigue crack surface of 

2199-T86 (L-T orientation) stressed in pure water vapor at PH2O = 1.8 Pa.  For constant R, K 

decreased with increasing crack length from right to left in this image.   
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Figure 28:     SEM images of the fatigue crack surface of 2199-T86 tested at constant R = 0.5, f  = 

20 (from Figure 22) for an L-T oriented specimen exposed to PH2O of: UHV (a-b) and high 

humidity (2668 Pa) (c-d) with a ΔK of:  (a,c) ~5, (b,d) ~9 MPa√m. Crack growth is from left to 

right in each image.    
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Figure 29:   SEM images of the fatigue crack surface of 2199-T86 tested at constant R = 0.5, f  = 

20 Hz and constant ΔK = 7 MPa√m (from Figure 22) for an L-T oriented specimen exposed to 

PH2O of:  (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from left 

to right in each image. 
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Figure 30: Higher magnification SEM images of the fatigue crack surface of 2199-T86 tested at 

constant R = 0.5, f  = 20 Hz and constant ΔK = 7 MPa√m (from Figure 22) for an L-T oriented 

specimen exposed to PH2O of:  (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. 

Crack growth is from left to right in each image. 
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Figure 31:   SEM images of the fatigue crack surface of 2199-T86 tested at constant R = 0.5,  f = 

20 Hz and constant ΔK = 9 MPa√m (from Figure 22) for an L-T oriented specimen exposed to 

PH2O of:  (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from left 

to right in each image. 
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Figure 32:   SEM images of the fatigue crack surface of 2199-T86 tested at constant R = 0.5,  f = 

20 Hz and constant ΔK = 5 MPa√m (from Figure 22) for an L-T oriented specimen exposed to 

PH2O of:  (a) UHV (b) 0.5, (c) 1.8, (d) 4, (e) 18, (f) 38, and (g) 2668 Pa. Crack growth is from left 

to right in each image. 
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Figure 33:    SEM images of the fatigue crack surface of 2199 – T86 tested under decreasing ΔK 

loading at constant R = 0.5,  f = 20 for an L-T oriented specimen exposed to PH2O = 1.8 Pa with 

ΔK of: (a) ~9, (b) ~7, (c) ~6, and (d) ~5 MPa√m.  The direction of crack growth is left to right in 

each image.  
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Figure 34:  (a) Schematic of crack front progression and corresponding optical fractograph 

stressed in pure water vapor at PH2O = 0.5 Pa at constant ΔK =5 MPa√m and R of 0.50 (f = 20 

Hz) for 7075-T651 (L-T).  0.5 mm of crack wake roughness was imparted into the surface before 

beginning the exposure testing. (b) Schematic of crack front progression and corresponding 

optical fractograph stressed in pure water vapor at PH2O = 0.5 Pa at constant ΔK =5 MPa√m and 

R of 0.50 (f = 20 Hz) for 7075-T651 (L-T).  3 mm of crack wake roughness was imparted into 

the surface before beginning the exposure testing.  Crack front evolution progresses left to right 

and each number corresponds to a continuous crack front.  The increased roughness portion of 

the crack front is represented by triangles and the transgranular/flat portion of the crack front is 

identified by a straight line.  The black line in both images outlines the increased roughness 

portion of the fracture surface.    
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Figure 35: Schematic of crack front progression and corresponding optical fractograph stressed 

in pure water vapor at PH2O = 0.5 Pa.  For constant R, K decreased with increasing crack length 

from right to left in this image.  Crack front evolution progresses left to right and each number 

corresponds to a continuous crack front.  The increased roughness portion of the crack front is 

represented by triangles and the transgranular/flat portion of the crack front is identified by a 

straight line.  The black line in both images outlines the increased roughness portion of the 

fracture surface.    
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Figure 36: (a) C(T) specimen geometry and various locations where crack-line displacements were 

calculated according to the Newman method [75].  Newman represented the crack face profile from the 

crack tip to the load line as a straight line. (b) C(T) specimen geometry and various locations where crack-

line displacements were calculated according to the Saxena method [76].  The red lines represent the crack 

face profile for a crack length of a0 which is used to represent the elastic behavior of crack growth near the 

crack tip.  V0 corresponds to the crack mouth opening for both diagrams.  (c) Crack profile schematic of 

the combined model and C(T) specimen geometry that calculates crack mouth opening displacement 

(CMOD) using elastic theory and linear modeling of the crack surface:  x is a specific crack length location 

of interest along the crack wake, a0 is the current crack length factoring in the axis of rotation described 

previously, and θ is the angle of displacement between the crack surface and the crack tip opening 

displacement (CTOD).  
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Figure 37: Schematic of a C(T) specimen [53] and a C(T) fatigue crack growing with a portion 

of increased roughness in the crack wake.  As the crack continues to grow (left to right in the 

diagram above), the COD calculations still reflect the crack-opening displacement at the location 

of roughness indicated by the red line.  

 

Figure 38: (a) Crack asperity schematic illustrating a condition where the Mode II displacement is equal 

to the Mode I displacement.  This condition would represent the minimum or lower bound of Mode II 

displacement that would cause asperity contact.  (b) Crack asperity schematic illustrating a condition 

where the amount of Mode II displacement results in 80% of the crack asperity height remaining in 

contact with the opposing face during loading.  This situation was quantified as having a magnitude of 

20% of the total crack asperity height (0.2*Rpv). (c) Crack asperity schematic illustrating a condition 

where the Mode II displacement results in opposing crack asperities that are directly aligned, resulting in 

peaks and valleys directly opening and closing on top of each other.  This condition would represent the 

maximum or upper bound of Mode II displacement that would cause asperity contact.  The magnitude of 

the total crack asperity height (Rpv) was used to quantify this displacement condition with the localized 

roughness.   
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Figure 39: (a) Crack-opening displacement (COD) calculations at the location corresponding to the start of 

increased roughness (a=27.5 mm) for the 1.8 Pa exposure specimen plotted as a function of crack length 

under maximum and minimum loading.  Additionally, the respective height of the crack asperities under 

two Mode II displacement conditions (0.2 Rpv and 0.0069 Rpv) are plotted.  (b) Optical fractograph of the 

test specimen corresponding to the crack length scale of the above and below plots with the black arrow 

indicating the location where the COD was calculated. Crack growth occurred left to right.  (c) Closure 

analysis (ASTM 2% and ACR ratio) versus crack length. 
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Figure 40:     The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at 

the maximum load - COD at the minimum load) is plotted as a function of crack length for two 

Mode II displacement conditions (0.2 Rpv and 0.0069 Rpv) and two locations (a=27.5 and 30.0 

mm) for the 1.8 Pa specimen.  The optical fractograph of the test specimen, corresponding to the 

crack length scale of the above plot, indicates the two locations where the COD was calculated. 
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Figure 41: (a) Crack-opening displacement (COD) calculations at the location corresponding to the start of 

increased roughness (a=21.9 mm) for the 0.5 Pa exposure specimen plotted as a function of crack length 

under maximum and minimum loading.  Additionally, the respective height of the crack asperities under 

two Mode II displacement conditions (0.2 Rpv and 0.0037 Rpv) are plotted.  (b) Optical fractograph of the 

test specimen corresponding to the crack length scale of the above and below plots with the black arrow 

indicating the location where the COD was calculated. Crack growth occurred left to right.  (c) Closure 

analysis (ASTM 2% and ACR ratio) versus crack length. 
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Figure 42:    The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at the 

maximum load - COD at the minimum load) is plotted as a function of crack length for two Mode 

II displacement conditions (0.2 Rpv and 0.0037 Rpv) and two locations (a=27.5 and 30.0 mm) for 

the 0.5 Pa specimen.  The optical fractograph of the test specimen, corresponding to the crack 

length scale of the above plot, indicates the two locations where the COD was calculated. 
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Figure 43: (a) Crack-opening displacement (COD) calculations at the location corresponding to the start of 

increased roughness (a=29.6 mm) for the 0.2 Pa exposure specimen plotted as a function of crack length 

under maximum and minimum loading.  Additionally, the respective height of the crack asperities under 

two Mode II displacement conditions (0.2 Rpv and 0.0069 Rpv) are plotted.  (b) Optical fractograph of the 

test specimen corresponding to the crack length scale of the above and below plots with the black arrow 

indicating the location where the COD was calculated. Crack growth occurred left to right.  (c) Closure 

analysis (ASTM 2% and ACR ratio) versus crack length. 
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Figure 44:     The effective crack opening (δeff ) over the nominal crack opening (δnom = COD at 

the maximum load - COD at the minimum load) is plotted as a function of crack length for two 

Mode II displacement conditions (0.2 Rpv and 0.0025 Rpv) and two locations (a=29.6 and 34.7 

mm) for the 0.2 Pa specimen.  The optical fractograph of the test specimen, corresponding to the 

crack length scale of the above plot, indicates the two locations where the COD was calculated. 
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Figure 45:  LEFM modeling (AFGROW) formatted fatigue crack growth rate versus decreasing 

ΔK at constant R of 0.50 (f = 20 Hz) for 7075-T651 (L-T) at various-constant water vapor exposure 

levels from ultra-high vacuum (0.25-0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa).  The plotted data 

represents 30 data point sets (Table 8) that are taken from the results from Figure 1.  The threshold 

transition regime has been removed for the 1.8, 0.5, and 0.2 Pa exposures. 
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9. Tables 
Table 1: Weighted average Ra and Rq values taken in the threshold transition regime for 0.2, 0.5, 

and 1.8 Pa 

PH20 (Pa)  Ra (μm) Rq (μm) 

0.2 20.0 23.9 

0.5 10 12.2 

1.8 8.4 10.3 

 

 

Table 2: Weighted average Ra and Rq values taken after the threshold transition regime for 0.2, 

0.5, and 1.8 Pa 

PH20 (Pa)  Ra (μm) Rq (μm) 

0.2 5.4 7.0 

0.5 7.2 8.7 

1.8 9.2 11.2 

 

Table 3: Weighted average Ra and Rq values taken for 4 and 2668 Pa 

 

PH20 (Pa) Ra (μm) Rq (μm) 

4 7.7 10 

2668 6.7 8.2 

 

Table 4: Largest Rp and Rv values observed in the threshold transition regime for 0.2, 0.5, and 1.8 

Pa.  Rpv is the sum of Rp and Rv and reflects the total magnitude of the crack face roughness.    

PH20 (Pa) Rp (μm) Rv (μm) Rpv (μm) 

0.2 45.3 46.5 91.8 

0.5 46.0 24.6 70.6 

1.8 23.2 26.6 49.8 
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Table 5: The magnitude of the fracture surface roughness span for the 0.2, 0.5, and 1.8 Pa 

exposures 

 

 

 

 

 

Table 6: The CTOD, Mode II displacement, and the corresponding percentage of Rpv for the 

condition where Mode II/Mode I=0.3 for the 0.2, 0.5, and 1.8 Pa exposures.  These values were 

calculated at crack lengths corresponding to the start of the roughness span.   

 

PH20 (Pa) CTOD max 

(m) 

 

Mode II 

Displacement (m) 

Rpv (m) Mode II 

Displacement/Rpv 

0.2 7.2 x 10-7 2.4 x 10-7 9.2 x 10-5 0.00259 

0.5 8.8 x 10-7 2.7 x 10-7 7.1 x 10-5 0.00375 

1.8 1.1 x 10-6 3.4 x 10-7 5.0 x 10-5 0.00689 

 

Table 7:  The 3 Mode II displacement conditions and the corresponding magnitude of the crack 

asperities for the 0.2, 0.5, and 1.8 Pa exposures.   

PH20  

(Pa) 

Rpv (m) 

(Figure 38c) 

0.2 Rpv (m) 

(Figure 38b) 

Mode II/Mode I =0.3 

(in terms of Rpv) 

(Table 6) 

Mode II/Mode I =0.3 

 (m) 

0.2 9.2 x 10-5 1.8 x 10-5 0.00259*Rpv 2.4 x 10-7 

0.5 7.1 x 10-5 1.4 x 10-5 0.00375*Rpv 2.6 x 10-7 

1.8 5.0 x 10-5 1.0 x 10-5 0.00689*Rpv 3.4 x 10-7 

 

 

 

PH20 (Pa) Span of SBC (mm) 

0.2 5.1 

0.5 3.1 

1.8 2.5 
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Table 8: AFGROW formatted fatigue crack growth rate versus decreasing ΔK at constant R of 0.50 (f = 20 Hz) for 7075-T651 (L-T) at various-constant water vapor exposure levels from ultra-high vacuum (0.25-

0.50 Pa-s) to 1.3 kPa-s (PH2O = 26.7 kPa.  The data (plotted in Figure 42) represents 30 data point sets that are taken from the results in Figure 1.  The threshold transition regime has been removed for the 1.8, 0.5, 
and 0.2 Pa exposures.   

2668 Pa (2 Hz)  2668 Pa  340 Pa  165 Pa  38 Pa  18 Pa  

da/dN (mm/cycle) ΔK (MPa√m) da/dN ΔK da/dN ΔK da/dN ΔK da/dN ΔK da/dN ΔK 

1.44E-06 1.94 3.74E-06 2.69 3.33E-07 1.80 1.22E-07 1.82 2.39E-07 1.89 3.02E-07 1.81 

2.08E-06 2.06 4.75E-06 2.80 6.15E-07 1.86 1.64E-07 1.84 6.65E-07 1.97 7.44E-07 2.00 

2.52E-06 2.19 5.32E-06 2.89 9.19E-07 1.93 3.13E-07 1.89 8.69E-07 2.05 1.01E-06 2.15 

2.91E-06 2.33 5.70E-06 2.98 1.1E-06 2.03 6.04E-07 1.98 1.14E-06 2.15 1.40E-06 2.32 

3.36E-06 2.48 6.29E-06 3.08 1.35E-06 2.17 1.11E-06 2.05 1.75E-06 2.35 1.45E-06 2.50 

4.28E-06 2.65 7.19E-06 3.17 1.81E-06 2.34 1.28E-06 2.16 1.99E-06 2.55 1.97E-06 2.63 

5.19E-06 2.82 7.22E-06 3.26 2.01E-06 2.47 1.37E-06 2.27 2.27E-06 2.74 2.01E-06 2.86 

6.53E-06 3.00 8.85E-06 3.36 2.07E-06 2.62 1.58E-06 2.36 2.72E-06 3.00 2.28E-06 2.95 

9.71E-06 3.19 9.52E-06 3.51 2.5E-06 2.77 1.82E-06 2.50 3.15E-06 3.26 2.58E-06 3.08 

1.22E-05 3.40 1.02E-05 3.60 2.94E-06 2.94 2.03E-06 2.61 3.84E-06 3.53 2.69E-06 3.32 

1.36E-05 3.50 1.05E-05 3.64 3.01E-06 3.10 2.54E-06 2.82 5.45E-06 3.84 3.12E-06 3.51 

1.72E-05 3.62 1.44E-05 3.70 3.63E-06 3.25 2.81E-06 3.01 7.69E-06 4.00 4.22E-06 3.89 

2.75E-05 3.85 1.59E-05 3.72 3.98E-06 3.43 3.31E-06 3.26 1.12E-05 4.23 5.09E-06 4.01 

3.37E-05 4.11 1.65E-05 3.75 7.02E-06 3.88 3.56E-06 3.38 2.01E-05 4.69 5.42E-06 4.21 

4.01E-05 4.20 1.79E-05 3.87 1.1E-05 4.09 4.22E-06 3.62 3.73E-05 5.00 7.91E-06 4.51 

5.98E-05 4.37 2.10E-05 3.95 1.6E-05 4.33 5.74E-06 3.88 4.25E-05 5.22 1.07E-05 4.73 

7.55E-05 4.65 2.58E-05 4.04 2.27E-05 4.52 9.50E-06 4.11 6.00E-05 5.49 1.84E-05 4.99 

8.50E-05 4.84 3.09E-05 4.22 3.23E-05 4.80 1.99E-05 4.66 6.25E-05 5.72 2.82E-05 5.30 

9.48E-05 4.95 4.74E-05 4.39 4.09E-05 5.07 2.80E-05 4.89 6.63E-05 6.04 4.39E-05 5.83 

1.11E-04 5.27 6.54E-05 4.66 5.14E-05 5.35 3.78E-05 5.21 7.70E-05 6.30 5.21E-05 6.10 

1.31E-04 5.61 8.91E-05 4.89 6.81E-05 5.66 4.83E-05 5.52 8.78E-05 6.57 5.65E-05 6.39 

1.36E-04 5.69 1.03E-04 5.11 7.29E-05 5.90 5.73E-05 5.75 9.27E-05 6.89 6.36E-05 6.62 

1.54E-04 5.97 1.57E-04 5.95 8.75E-05 6.18 6.28E-05 5.86 1.08E-04 7.05 7.08E-05 6.81 

2.34E-04 6.68 2.04E-04 6.45 9.8E-05 6.46 6.99E-05 5.97 1.33E-04 7.32 9.62E-05 7.07 

3.62E-04 7.85 2.51E-04 6.95 0.000112 6.79 7.13E-05 6.15 1.41E-04 7.71 1.03E-04 7.37 

5.41E-04 9.23 3.00E-04 7.50 0.000118 7.00 8.40E-05 6.25 1.80E-04 8.03 1.30E-04 7.71 

9.12E-04 10.85 3.65E-04 8.00 0.000129 7.32 8.54E-05 6.42 1.96E-04 8.34 1.48E-04 8.08 

1.65E-03 12.74 4.04E-04 8.37 0.000144 7.58 9.64E-05 6.61 2.35E-04 8.77 1.87E-04 8.47 

2.07E-03 13.26 7.50E-04 10.48 0.000188 7.99 1.02E-04 6.92 2.74E-04 9.13 2.05E-04 8.88 

  9.00E-04 11.00 0.000401 9.70 1.15E-04 7.14 3.33E-04 9.64 2.84E-04 9.78 
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4 Pa  1.8 Pa  0.5 Pa  0.2 Pa  UHV  

da/dN (mm/cycle) ΔK (MPa√m) da/dN ΔK da/dN ΔK da/dN ΔK da/dN ΔK 

7.69E-07 1.96 1.04E-07 1.71 2.77E-07 2.09 2.11E-07 2.64 7.96E-07 5.25 

1.01E-06 2.10 1.87E-07 1.81 5.34E-07 2.27 3.00E-07 2.71 1.28E-06 5.52 

1.16E-06 2.24 3.65E-07 1.89 7.31E-07 2.45 4.89E-07 2.83 2.30E-06 5.80 

1.32E-06 2.39 4.94E-07 2.01 8.82E-07 2.61 6.00E-07 3.01 4.66E-06 5.97 

1.50E-06 2.55 6.40E-07 2.14 9.33E-07 2.66 7.00E-07 3.17 6.60E-06 6.08 

1.78E-06 2.76 7.32E-07 2.30 1.00E-06 2.90 9.50E-07 3.39 9.02E-06 6.31 

1.90E-06 2.80 9.53E-07 2.47 1.21E-06 3.08 1.10E-06 3.58 1.27E-05 6.46 

2.00E-06 2.89 1.22E-06 2.61 1.30E-06 3.29 1.30E-06 3.78 1.75E-05 6.81 

2.12E-06 3.08 1.36E-06 2.78 1.50E-06 3.50 1.50E-06 3.87 2.23E-05 6.99 

2.57E-06 3.29 1.40E-06 2.97 1.75E-06 3.60 1.60E-06 4.00 2.69E-05 7.17 

2.79E-06 3.50 1.55E-06 3.10 1.80E-06 3.85 2.00E-06 4.21 2.82E-05 7.40 

2.98E-06 3.60 1.61E-06 3.21 2.40E-06 4.20 2.10E-06 4.37 3.01E-05 7.45 

3.23E-06 3.74 1.70E-06 3.41 2.80E-06 4.40 2.30E-06 4.56 3.56E-05 7.75 

4.01E-06 4.02 2.00E-06 3.57 4.50E-06 4.80 2.75E-06 4.80 4.01E-05 8.01 

5.29E-06 4.29 2.75E-06 3.78 5.00E-06 4.90 3.50E-06 5.05 4.32E-05 8.11 

6.63E-06 4.45 3.50E-06 3.99 6.00E-06 5.22 4.00E-06 5.17 5.63E-05 8.50 

6.86E-06 4.58 4.00E-06 4.35 9.00E-06 5.47 5.60E-06 5.33 6.79E-05 8.75 

8.55E-06 4.89 5.00E-06 4.56 1.33E-05 5.93 7.21E-06 5.40 8.40E-05 9.25 

1.53E-05 5.22 6.50E-06 4.89 2.00E-05 6.10 8.90E-06 5.57 9.20E-05 9.50 

2.85E-05 5.57 8.50E-06 5.07 2.75E-05 6.42 1.29E-05 5.95 1.11E-04 10.00 

3.15E-05 5.64 2.00E-05 5.60 3.91E-05 6.95 2.27E-05 6.31 1.19E-04 10.22 

4.73E-05 5.94 3.02E-05 6.05 4.50E-05 7.12 3.05E-05 6.79 1.72E-04 10.75 

6.01E-05 6.34 5.05E-05 6.61 5.31E-05 7.53 3.61E-05 7.08 1.91E-04 11.08 

7.58E-05 6.77 6.24E-05 6.93 6.42E-05 8.12 4.96E-05 7.66 2.32E-04 11.50 

8.59E-05 7.18 6.95E-05 7.30 9.04E-05 8.66 7.20E-05 8.02 2.58E-04 12.02 

9.66E-05 7.22 9.00E-05 7.78 1.00E-04 9.00 8.11E-05 8.48 3.45E-04 13.03 

1.27E-04 7.71 1.04E-04 8.32 1.29E-04 9.43 9.33E-05 8.91 3.53E-04 13.03 

1.54E-04 8.23 1.14E-04 8.57 2.30E-04 10.61 1.11E-04 8.92 5.02E-04 13.75 

1.79E-04 8.78 1.50E-04 9.04 5.40E-04 12.94 1.19E-04 9.22 6.52E-04 14.50 

2.36E-04 9.38 1.75E-04 9.28 1.17E-03 15.39 1.24E-04 9.35 8.71E-04 15.28 

 


