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ABSTRACT

Gaseous environmental effects on intrinsic fatigue crack growth are signifi-
cant for the Al-Li-Cu alloy 2090, peak iged. For both moderate AK-low R and
low AK-high R regimes, crack growth rates decrease according to the environ-
ment order: purified water vapor, moist air, helium and oxygen. Gaseous
environmental effects are pronounced near threshold and are not closure
dominated. Here, embrittlement by low levels of H,0 (ppm) supports hydrogen
embrittlement and suggests that molecular transport controlled cracking,
established for high AK-low R, is modified near threshold. Localized crack
tip reaction sites or high R crack opening shape may enable the strong
environmental effect at low levels of AK. Similar crack growth in He and 0,
eliminates the contribution of surface films to fatigue damage in alloy
2090. While 2090 and 7075 exhibit similar environmental trends, the Al-Li-
Cu alloy is more resistant to intrinsic corrosion fatigue crack growth.
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INTRODUCTION

The objective of this research is to characterize and understand intrinsic
fatigue crack propagation in advanced iluminum - lithium based alloys, with
emphasis on the damage mechanisms for environmentally assisted transgranular
cracking.

Al-Li alloys such as 2090 and 8090 exhibit outstanding fatigue crack propa-
gation resistance, but attributable to the extrinsic effects of crack
surface closure contact and crack tip deflection (Venkateswara Rao et al.,

1988). Extrinsic crack growth resistamce is likely to be geometry, orienta-
tion and loading history dependent; thus complicating mechanistic under-
standing and defect tolerant predictions. The intrinsic fatigue crack
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growth (FCG) rate is that which is governed by crack tip chemical and
mechanical driving forces, independent of external influences of closure,
deflection and bulk chemical factors.

Electrical potential monitoring of physically short (0.3 to 5 mm) fatigue
cracks, with programmed stress intensity range (AK) and stress ratio (R),
successfully yielded intrinsic crack growth kinetics for high strength
aluminum alloys (Piascik and Gangloff, 1988a). Application of these methods
to alloy 2090 in aqueous chloride electrolytes evidenced good corrosion
fatigue resistance relative to alloy 7075, a potentially important effect of
surface films and a notable lack of classical hydrogen embrittlement
(Piascik and Gangloff, 1988b). The current work examines corrosion fatigue

in purified gaseous environments to further understand these damage
mechanisms.

EXPERIMENTAL PROCEDURE

Two high strength aluminum alleys, Al-Li-Cu-Zr alloy 2090 and Al-Zn-Mg-Cu
alloy 7075-T651 rolled to plate, were studied in the unrecrystallized peak
aged condition. Compositions, heat treatment, microstructure and mechanical
properties are summarized in Table 1. The crystallographic texture of alloy
2090 is similar to that reported by Yoder et al., (1987); precipitate
structures are equivalent to these analyzed by Cassada et al., (1987).

Table 1. Material Proeperties

Chemical Composition (WT %):
ALLOY 2090 (3.8 cm thick plate)

Li Cu Zr Fe Si Mn
2.14 2.45 0.09 0.05 0.04 0.00
Mg Cr Ni Ti Na Zn

0.00 0.00 0.00 0.01 0.001 0.01

ALLOY 7075 (6.4 cm thick plate)

Zn Mg Cu Cr Zr Fe
5.74 2.31 1.58 0.20 0.01 0.26
Si Mn Ni Ti Na Ca

0.10 0.05 0.01 0.05 0.000 0.0001

Mechanical Propertijes: (long-Transverse,Peakaged)

Yield Ultimate
ALLOY 2090 496 MPa 517 MPa
ALLOY 7075 (1651) 466 MPa 540 MPa

Alloy 2090 Material Condition:
Solution treated, water quenched and stretched.
Peakaged 190°C - 4 hrs

Alloy 2090 Microstructure:
Grain size - 3.3 mm (trans.); 0.11 mm (short trans.)
Subgrain size - 15 pym (trans.); 5 pm (short trans.)

Fatigue crack propagation experiments were conducted with single edge
notched (SEN) specimens (10.16 m wide, 2.54 mm thick, 0.25 or 0.89 mm notch
depth) machined in the L-T orientation at 1/3 plate thickness. The growth
of short cracks, sized between 0.3 and 5 mm, was monitored continuously by a
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direct current electrical potential method including 8 to 12 amps current,
0.1 pV potential measurement resolution, 3 um crack length resolution and art:
analytical calibration relation (Gangloff, 1982). Long crack con:ipa(.:

tension (CT) experiments, with compliance monitoring, were conducte in
accordance with ASTM E647, (1988).

Specimens were stressed cyclically (sine wave) with a 44.5 kN servohydraulic
test frame at a frequency of 5 Hz in load control. By computer measurem?nt
and feedback control, AK was maintained constant over segments of growing
crack length (0.5 to 1 mm), with step reductions in constant AK at constan;
K producing increasing stress ratio (R) (Piascik and Gangloff, 1988a) .
u'{lﬁ}éle specimen characterizes intrinsic and transient to steady state cor-
rosion fatigue crack growth rates for the moderate AK Paris regime and for
near threshold at high R (namely, ripple loading) (Gao et al., 1988, Crooker
et al., 1987). For CT specimens, continuously decrefasing AK for constix;t.: R
or K. . 1is accomplished by established methods with controlled shedding
rate, C (Saxena et al., 1978, Herman et al., 1988). Crack growth rates
(da/dN) are calculated by linear regression analysis of crack length j(:_c’:l)
versus load cycles (N) data for constant AK and by secant met:h'ods1 or
continuously decreasing AK. Out of plane cracking, common to Al-Li alloys
was not produced by the short crack method.

Fatigue experiments in static gaseous environments; including 2 kPa heliumi
20 kPa oxygen and 2 kPa water vapor; were performed in a bakable, meta
bellows and gasket-sealed, chamber. Prior to testing, the ch.?mber was evacu-
ated to below 3 puPa and backfilled at low flow with high purity gas (99:99{?%
pure helium or oxygen), further purified by passage through a liquid
nitrogen cold trap (Method A). An improved procedure (Method B) Waf‘
employed for selected experiments. Helium was purified by passage t.:hrot:lg
molecular sieve at 23°C to remove HZO’ followed by a reactive, hot tLtalzuum
alloy chip getter to further reduce H20, 0, and H contami:nant:s. -Fatlgue
loading times were minimized for this second method to limit environment
contamination due to outgassing. A quartz vial, attached to the vacuum
chamber and containing distilled water, was used for the water vapor experi-
ments. This water was further purified by repeated (3 times) freezing,
evacuation, and boiling. Pressures were measured with a capacitance mano-
meter and specimen temperature was monitored by an attached thermocouple.

RESULTS AND DISCUSSION

Intrinsic Fatigue Crack Growth in Moist Air

The intrinsic fatigue crack growth characteristics of alloy 2090 in moist
air (>30% R.H.) are accurately characterized by the short crack, AK control
method, Fig. 1. Data points (A) labeled with R, relate to a short edge
crack, less than 4 mm in depth. These seven constant AK levels of crack
growth were Tb%ained by step increases and decreases in R at a constant K.
of 17 MPa'm /Z, Crack growth rates were linear for each AK segment,
without rate transients. Delay retardation was never observed after a AK
change, due to constant K, and maximum plastic zone size.

Excellent agreement is observed between short crack, constant AI(-st?p
increased R and long crack, continuously decreasing AK constant K,  experl-
mental results. Plotted in Fig. 1 are data for a continuously decreasing AK
experiment at constant Kha conducted with a CT specimen an{i/ztwo K-

X’ .
gradii ;z' parameters; C=-188 m 1 forl QK ranging from 13 MPa'm to 8
MPa'm 7 and C=-394 m™~ for AK<8 MPa'm /2 Because the experiment was per-
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formed e_nI' constant Kmax' the high K-gradient parameter (ASTM E647 recommends
C>-80 m™ ") does not introduce overload effects causing reduced da/dN. The

FCG in Controlled Gaseous Environments

data in Fig. 1 are in excellent agreement with literature results for a

2090 (Piascik and Gangloff, 1988a, Herman et al., 1988). s
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Fig. 1. The intrinsic fatigue crack growth behavior of alloy

2090 in moist air.

Because opening loads were not measured for shor i
compliance based experiments were performed using 1ongtcrcaf:id;£t‘lsp:ce];:n;;2f1;
g38.3!. mm wide, 5.0 mm thick, 5.0 mm notch depth) to demonstralize that
intrinsic rates of crack growth are measured at low AK. For cracks rangin
from 5 mm to 13 mm in depth, interfering closure was not observed fogr l%
greater than 0.5 and over the AK regimes represented in Fig. 1 It i
therefore unlikely that closure affects the growth rates of shc;rt .cracks ](i
5 mm) for R greater than 0.6 and AK less than 7 MI“a‘u:i/2 Roughness induced
closure may occur during the moderate AK (R=0.05) experiments shown in Fi
1. Severe deflected crack growth is observed, increasing the likelihood fgr:‘
c].’.‘ac.:k wake closure if Mode II displacements occur. Notably
mlnlmi}zclosure was reported for peakaged alloy 2090 at f
MPa'm and R=0.1 (Venkateswara Rao et al., 1988).

however,
AK greater than 9
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FCG of Alloy 7075 in Gaseous Environments. Fig. 2 contains the results of
short crack experiments performed with alloy 7075 in water vapor, helium
(purified by Method A), and oxygen. At moderate cyclic stress intensity and
low R, a factor of three increase in da/dN is observed in water vapor
compared to helium, and oxygen retards fatigue crack growth by a factor of
two compared to helium. These results agree with previous findings; dashed
lines in Fig. 2 (Gao et al., 1988); where accelerated crack growth was
observed for water vapor followed by argon, vacuum, and oxygen. Accelerated
growth in water vapor is consistent with hydrogen embrittlement (Gao et al.,
1988) and retarded crack growth in oxygen may be caused by oxide induced
crack closure, however, surface film effects have not been ruled out. The
roles of crack tip rewelding in vacuum and of slip dispersion and irreversi-
bility for oxide covered surfaces remain speculative. Since physically
adsorbed He or Ar molecules minimize each process and favor reversible crack
tip deformation, such gases provide a reference basis for plastic
deformation dominated fatigue damage.

At low AK, increased crack growth rate is correlated to the presence of
water vapor. The results shown in Fig. 2 reveal accelerated crack growth in
2 kPa water vapor followed by a slight reduction in da/dN for helium and a
factor of five reduction in crack growth rate for oxygen compared to water
vapor. Notably, the water vapor and helium results exhibit similar crack
prowth rates compared to moist air, the shaded area in Fig. 2. Here, the
upper bound represents intrinsic fatigue crack growth results from micro-
structural small crack experiments (Linkford and Davidson, 1986) and the
lower bound is from high R, long crack experiments (Herman et al., 1988).
These rates are significantly faster than crack growth in vacuum.

Petit and coworkers suggest that near-threshold fatigue crack growth in H,0
contaminated nitrogen is rapid relative to dynamic vacuum and similar to
moist air due to hydrogen embrittlement (Petit and Zeghloul, 1988). Closure
corrected compact tension results in Fig. 2 show accelerated crack growth
for nitrogen containing 3 ppm H,0 compared to vacuum. (For vacuum, the
upper bound represents results from short crack experiments and the lower
bound is the result of closure corrected compact tension measurements.)
This acceleration of cracking in N,/H,0 is consistent with current data for
alloy 7075-T651 in Fig. 2. The He environment, purified by Method A,
contained between 1 and 5 ppm water due to ineffective cold trap purifica-
tion and chamber and specimen outgassing. It is not clear why low levels of
water vapor are embrittling, because low pressure H,0 molecule transport
from the bulk environment to the crack tip may be insufficient to support
hydrogen production (Gao et al., 1988). Petit did not consider this kinetic
factor when claiming near threshold hydrogen embrittlement in dilute water
vapor. We evaluate this consideration for alloy 2090.

Retarded da/dN for oxygen, under closure free high R conditions, suggests
that crack tip oxide films mitigate fatigue damage by either precluding
contaminant based hydrogen production or by affecting slip processes. The
relationship between purely inert gas crack growth rates and values for 0,
must be characterized to resolve the effect of surface films. Such data are
obtained for Al-Li alloy 2090, and thte competing effects of hydrogen and
film formation are examined.

9



ALLOY 7075-T651

10 25 L=S; &5 Hz
3 (HyO, ARGON, VACUUM, OXYGEN) - Gao et al. (1988)
] Moist Air - Lankford/Davidson (1986), Herman et al. (1988)
n § [N#3ppm Ha0, VACUUM] - Petit and Zehgloul (1988)
© i
>~
< 3
-3 /
Em 3 4~ s— WATER VAPOR (%)
£ ] /
~ ] 7 {1 HELIUM (O)
< *
= 7 Nl s
z v/ 4/ TS——0xYGEN (2)
C 10 'S i /
(&) = A,
] o/
% ] @QQQ/ﬁ
o 1 OQ/QA
5 _ AV' OQ//
© -5
v 10 4
o 3
= ]
= ]
L =
10 =e T T T T T T T 1]
1 10

10
Stress Intensity Range (MPavm)

Fig. 2. The fatigue crack growth behavior of alloy 7075-
T651 in gaseous environments.

FCG of Alloy 2090 in Gaseous Enrironments. Shown in Fig. 3 are the results
of short crack experiments on alloy 2090 in water vapor, helium (purified by
Method B), oxygen, and moist air. At moderate AK, da/dN for helium, oxygen
and water vapor are equal and only slightly greater than moist air.
Retar eg fatigue crack growth, & maximum reduction by a factor of five at 11
MPa-ml/ » is observed for oxygen. Constant AK results plotted in Figs. 2
and 3 represent intrinsic crack growth, not considered in previous studies.
At moderate AK and low R, extrinsic effects are minimized by short crack
lengths and closure free crack growth is ensured by evaluating each constant
AK experiment for constant da/dN.

Increased crack growth rate in alloy 2090 is correlated to the presence of
water vapor for near threshold loading, similar to 7075. At low AK and high
stress ratio, results in Fig. 3 reveal that 2 kPa HZO produces the fastest
growth followed by moist air. Equal factors of eight reduction in da/dN are
observed for helium and oxygen compared to pure water vapor. A comparison
of moist air results with the accelerated fatigue crack growth observed for
water vapor and the retarded da/dN for oxygen suggests a complex water
vapor/oxygen environmental effect for alloy 2090 in moist air.
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Fig. 3. A comparison of the fatigue crack growth characteris-
tics of alloy 2090 in purified helium, oxygen, water
vapor and moist air.

FCG of Alloy 2090 and 7075 in Water Vapor and Helium.. Fig. 4 reveals that
alloy 2090 generally exhibits a reduced intrinsic fatlg-ue crack gxfowt:h f‘ite
for water vapor compared to 7075. At moderate cyclic stress 1ntens;’y,
crack growth in helium is equivalent for the two alloys. (Note thatohe I1“um
was purified by Method A for alloy 7075 and by Method B for alloy 2090. or
moderate AK, this difference is not significant l?ased on H20 pressure-
frequency data Gao et al., 1988). Alloy 2090, in 2 kPa' water \t{apor,
exhibits similar fatigue crack growth rates compared to helium. A factor
of two increase in da/dN is observed for Alloy 7075 in 2 kPa water vapor
compared to helium.

" For near threshold cracking, fatigue in 7075 for 2 kPa water vapor is signi-

ficantly faster, a factor of ten, than that observed for 2090. Alloy 2090
exhibits a factor of ten increase in da/dN for 2 kPa water v.apot f:ompared 1-’_0
pure helium (Method B), while alloy 7075 exhibits only a slight }ncreasehu(;
fatigue crack growth rate for 2 kPa water vapor compared to. helium (Met ot
A). Alloy 2090 crack growth rates in the gettered helium environglet;
(Method B) are fifteen times less than those observet% for 70_75 expose A o
cold trap purified helium (Method A). Because of.poss?ble hell'.um cont:z«xml.nac-1
tion, the crack growth rate due to mechanical fatigue in 7075 is unknown an
the cause for this dramatic effect is unclear.
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Fig. 4. The fatigue crack growth behavior of alloy. 2090
compared to alloy 7075 for water vapor and helium.
. 1/2 .
A series of near threshold constant AK (2.2 MPa'm / , R=0.88) experiments

1s of H,0 in otherwise pure helium accelerate
fatigue crack growth in alloy 2090. Data'points 1, 2, and 3 lnd Flig. t;
represent the sequential measurement of fat).g_ue cr.ack g.rowth ra;:e uf\ rigum
constant AK experiment. Point 1 was obtained immediately a ter2 e ; ,
(Method B) introduction, followed by crack growth rate‘measuremetl;t:s fant >
as cycling progressed. The fatigue crack ’growth rate lncr-eased yka actz

of five, suggesting that environment purity changed during crac hgrowin.
After chamber evacuation, the experiment was repeated (data point )husbe§
cold trap purified helium (Method A), with the wall of the vacuum ¢ ar[x)nata
initially heated for 15 minutes to simulate contamin'an-t outgassing. ,haee
point 4 exhibits an accelerated crack growth rate, §1m11ar to pou:\t an

fatigue in moist air. A third experlmen.t, data point 5 in
Fig. &4, was performed in pure helium (Method B) containing 3 ppm HZO.'C(Thz
chamber was evacuated to 3 uPa, 3 ppm H,0 .was added based on c'apaCL a;;:1

manometer measurement and the chamber backfilled with 2 kPa' hel].um..) eni
crack growth rate obtained for the 3 ppm '(7 mPa.) HZO/hellmnder.\v1r(.>mzlar
increased 10-fold compared to dry helium, point 1 in _F:Lg. 4, and 1is ilm 2
to the value obtained for the 2 kPa water vapor experiment. The ?.esz.ts of
alloy 2090 are consistent with results for 7075, Fig. 2 and the findings o©

Petit and Zeghloul, (1988).

confirm that small (ppm) leve

equivalent to

914

FGC of Alloy 2090 and 7075 in Oxygen and Helium. Results shown in Fig. 5
suggest that oxygen has little effect on the intrinsic fatigue crack growth
rate in alloy 2090 compared to purified helium (Method B), particularly near
threshold. At moderate AK and low R, reduced da/dN (up ]tfo a factor of
three) is observed for 2090 and 7075 at a &K of 10.4 MPa'm/Z (R=0.05) in
oxygen compared to helium. These data can be interpreted based on oxide
induced closure or surface film effects.
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Fig. 5. The fatigue crack growth characteristics of alloy 2090
compared to alloy 7075 for oxygen and helium.

Alloy 2090 crack growth rates at low AK and high R for oxygen are comparable
to those observed for helium (Method B). Here, alloy 2090 exhibits a factor
of ten decrease in intrinsic fatigue crack growth compared to alloy 7075 for
oxygen. Presumably oxygen poisons low pressure H,0 environment cracking;
the difference in 2090 and 7075 near threshold FCG is thus indicative of a
mechanical effect. This speculation will be examined.

Mechanistic Implications

Most studies of environmental fracture of aluminum alloys in gaseous
environments containing H,0 conclude that hydrogen, with contributions from
dislocation and grain boundary transport, causes embrittlement (Ricker and

Duquette, 1988, Gao et al., 198%). Our evidence supports hydrogen
embrittlement, particularly near threshold, for transgranular fatigue of Al-
Li-Cu alloys. Surface films have a minimal effect on mechanical crack tip

damage, but may mitigate hydrogen uptake.
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Hydrogen Embrittlement. Water vapor enhanced FCG in aluminum alloys is
driven by hydrogen produced through reactions of water vapor with newly
created crack tip surfaces (Gio et al., 1988). Because aluminum alloy
surfaces react rapidly, the crack growth rate is limited by impeded
molecular gas transport to the crack tip. Molecular transport is reduced

with decreasing pressure or increasing frequency below a saturation level,
resulting in reduced hydrogen production and lower fatigue crack growth
rates. Measurements and modeling suggest that the saturation pressure is 5

to 10 Pa for a variety of aluninum alloys loaded at 5 Hz. Environmental
embrittlement is eliminated at pressures below about 1 Pa (5 H%). These
trends were established for moderate AK, above about 7 MPa‘ml/ and low R

below about 0.1.

Results of corrosion fatigue experiments at moderate AK and saturation
frequency-H,0 pressure suggest a reduced hydrogen effect in alloy 2090
compared to 7075. Alloy 7075 results are consistent with modeling (Gao et
al. 1988) where da/dN in 2 kPa water vapor (saturation) is greater than
rates in helium. For alloy 209(, fatigue crack growth rates are similar for
the two environments. The difference in behavior for alloys 2090 and 7075
suggests that:

L. The saturation pressure for alloy 2090 is higher due to a rough
fracture surface. (Surface roughness impedes molecular transport
to the crack tip (Gao et al., 1988)).

2; The limiting coverage at saturation is low for alloy 2090 compared
to 7075 due to different surface reactions.

3. Surface reactions in alloy 2090 are slow and rate limiting.

Alternately, equal hyirogen forms but less enters alloy 2090 due
to surface impedance, viz the formation of 1lithium hydride or
hydroxide.

4. For equal surface hydrogen production, embrittlement is reduced or
bulk hydrogen diffusion in alloy 2090 becomes rate limiting.

The precise mechanism is unclear.

Near threshold, extremely low concentrations of water vapor exacerbate FCG
in alloys 2090 and 7075. Specifically, data establish a three order of
magnitude reduction in the saturation value of Hy,O0 pressure to load
frequency ratio. These results reveal a significant extension of the trans-
port controlled crack growth region for alloy 2090 near threshold compared
to high AK behavior. Increased molecular transport to the crack tip due to
increased mean crack opening at high R explains a portion of the reduced
Hy0 saturation level (Gao et al., 1988). Reduced, but highly localized,
crack tip reaction area could also explain the reduction in saturation value
at low AK. For the moderate AK regime, the crack tip contains newly created
surfaces, possibly along distributed slip steps, that act collectively as
active sites for hydrogen production and subsequent embrittlement. As the
cyclic stress intensity is lowered, crack tip damage is localized, possibly
along single slip or cleavage jlanes, reducing the area of active sites.
Because of the reduced area, fewer molecules of water vapor are required for
coverage and saturation is obtained at a greatly reduced pressure. Even
though fewer hydrogen atoms may be produced at the crack tip, the effective
hydrogen concentration may not be altered if embrittlement is localized.
These speculations are being exanined.

Film Effects. Equal fatigue cractk growth rates for oxygen and helium at low

AK in alloy 2090 demonstrate that surface films do not alter crack tip
damage by affecting either slip irreversibility or homogenized crack tip
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deformation. Surface films are thought to increase fatlguedcr:fkaﬁizggh
rates for planar slip materials, particularly age hzrdenisel surfacé
preventing reversible slip (Jata and Starke, 19-86). onvi- ny"rhe e
films could decrease da/dN by homogenizing localized defo‘%’ma ion. gt
of an environmental effect of oxygen compared to helium suggmecha“ism
surface films do not change the mechanical crack tip clamageof iSOLatin:s
Fatigue studies in purified oxygen provide an excellent means

film effects; a tool here-to-fore not exploited.

Alloy 2090 exhibits a slower fatigue crack growth ra'te in moist ::r coglz;gzi
to pure water vapor and accelerated da/dN_relatnve to oxy_gnhi:biti“g e
molecules in moist air competitively adsorb with ‘water vaporf,.f e b e
formation of free hydrogen or forming a crack tip surface film

hydrogen entry ahead of the crack tip.

CONCLUSIONS

j-Cu alloy 2090 are signi-
t closure dominated.
moist air,

L. Gaseous environmental effects on FCG in Al-L
ficant, particularly near threshold, and are no :
Growth rates decrease according to the order:lwatte; /vdi]po i

i en a p
helium and oxygen; the latter two cause equiva cisue

2. A hydrogen embrittlement effect is supported by accele%atef%efi :Ear
crack growth for water vapor. The unexpectedly strong }!2 e e e
threshold is attributed to localized crack surface reaction an P g
shape.

35 No %ifference in the intrinsic fatigue crack gro_wth rates fo'r fiiﬁizz
compared to inert helium indicates that surface films do not 1n
mechanical crack tip damage mechanisms. .

4. Fatigue crack growth rates in moist air are governe

oxygen/hydrogen embrittlement damage m.echanlsm.

Alloy 2090 exhibits better intrinsic trans u

fatigyue crack growth, and by inference hydrogen resistance, compared to

alloy 7075.

d by a complex

granular environmental

v
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