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ABSTRACT

‘ An investigation was performed to assess the, effects of water vapor on
fatigue crack grdwth in 7475-T651 aluminum alloy plate at frequencies of 1 Hz
and 10 Hz; Twenty-ffve mm thick compact specimens were squécted to constant
ampTitude fatique testing at'a-1oad ratio of 0.2. Fatique ;rack groth rates
were calculated from effective-crack 1engfhs detérmined using a compliance
method. Tests were ﬁonducted in hard vacuum and at water vapor partial pres-
sures ranging from 94 Pa.to 3.8 kPa.

| Fatigue crack growth rates were frequency-insensitivé under all environ-
mental conditions tested. For constant stress intehsity factor ranges crack
growth rate transitions occurred at low and high water vapor pressures. Crack
growtﬁ rates at intermediate pressures were relatively constant and showed rea-
sonab]eAagreement_with published data for two Al-Cu-Mg qlloys. The existence
of two crack growtﬁ rate transitions suqqests either a chaﬁqe in rate control-
ling kinetics or a'change in corrosion fatigue_mechanism as -a function of water
vapor pressure. Reduced résidua] deformation and'trénsverse cracking on speci;
mené fested in wa;er vapor versus vacuum may be evidence of embrittlement

within the plastic zone due to environmental interaction.
INTRODUCTION

ACorrbsion-fatfgue,_the response of a material to the combined actions of
cyclic stress and a corrosive environment, is recognized as a principal factor
in accé]eréting structural degradation of aerospace vehicles in service. A
lack of understanding of the fundamental mechanisms involved in chemical/mecha-
nical environment interactions has seriously limited consideration of cor-

rosion fatigue in the structural design process and in alloy development.
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The susceptibility of aluminum alloys, the most widely used matefia]s of
aircraft construction, to corrosion fatique in even relatively innocuous envi-
ronments such as air is well known. There is general agreement in the litera-
ture that water vapor has a much greater effect on fatigue in aluminum alloys
than the other constituents of pure air. Dry nitrogen appears to have no detri-
mental effect [1,2], and except in nearly pure aluminum, dry oxygen appears to
have little if any effect on the fatigue of aluminum alloys [2-5]. On the other
hand, wet nitrogen, wet oxygen, wet air, and pure water vapor shorten fatique
lives and acce]efate fatigue crack growth rates of aluminum alloys [1-8]. The
severity of the effect is a function of the water vapor pressure [2-4, 6-8], and
no effect occurs below some water vapor pressure threshold [2-8].

The present study was undertaken to assess the effects of water vapor'on
fatigue crack growth in 7475-T651 aluminum alloy plate at frequencies of inter-
est for aerospace applications. Because of its excellent balance of tensile
properties, fracture toughness, and fatigue resistance, 7475 (an improved chem-
istry modification of the widely used 7075 alloy) is expected to find increased
application in future aerospace vehicles. Fatigue crack growth rates were
determined at frequencies of 1 Hz and 10 Hz iﬁ hard vacuum and in mixtures: of
water vapor and nitrogen at various partial pressures of water vapor. Fracture
surfaces were characterized in an attempt to correlate fracture morphology with

environmental interaction.




SYMBOLS

a crack length, m

bj coefficients in compliance ca]ibrat%on equation

B thickness of compact specimen, m (See Fig. 1.)

da/dN fatigue crack growth rate, m/cycle

E modulus of elasticity, Pa

H half height of compact specimen, m (See Fig. 1.)

i.] indices

K stress intensity factor, N/m3/2

AK stress intensity factor range in fatigue cycle, N/m3/2

N number of load cycles

P applied load, N

AP load range in fatigue cycle, N

R ratio of minimum load to maximum load

v crack-opening disb]acement at the crack mouth of compact specimen, m
AV crack-opening displacement range in fatigue cycle, m |

i width of compact specimen, m (See Fig. 1.)




EXPERIMENTAL DETAILS

The material used in this study was aluminum alloy 7475-T651; the chemical
composition, as reported by the manufacturer, is shown in Table 1. A1l speci-
mens were cut from a single 25.4 mm thick plate of the alloy. The tensile and
fracture properties of the plate are shown in Table 2. Standard compact (CT)
specimens with a straight-through notch and integral knife edges at the notch
mouth were machined from the plate. The specimen configuration is shown in
Fig. 1. _Specimen-thickness, B, was nominally 25 mm, and initial uncracked
a/W ratios ranged from 0.45 to 0.50.

Fatique crack growth experiments were performed in an environmental
fatigue testing system capable of maintaining either vacuum or controlled gas-
eous environments. Basically the system consisted of an environmental chamber
mounted on a servocontrolled, closed-loop, hydraulically-actuated testing
machine. Details of this system are given in Refs 9 and 10.

Experiments were performed at ambient temperature in a vacuum of 130 uPa
to obtain fatique crack growth rates in an inert, reference environment and in
mixtures of water vapor and nitrogen at water vapor partial pressures ranging
from 94 Pa to 3.8 kPa. For vacuum tests the chamber was initially evacuated to
a pressure of 70 pPa. The pressure was then adjusted and maintained at 130 uPa
by an automatic pressure control unit which admitted appropriate quantities of
air vhile the chamber was continuously pumped. For the water vapor-nitrogen
experiments, the chamber was initially evacuated to a pressure of 130 uPa or
less and was backfilled with a water vapor-nitrogen mixture immediately after
stopping the pumps. The water vapor-nitrogen mixtures were obtained by bub-

bling high purity nitrogen gas through a heated column of distilled water.




5
. Nitrogen was chosen as the carrier gas because it is inert with respect to alu-
minum. Conditions within the chamber were allowed to stabilize for approxi-
mately one hour before beginning a fatigue experiment. Total pressure, dew
point, and dry bulb temperature within the chamber were monitored continuously
by an electronic mahometer, a hygrometer, and a copper-constantan thermocouple,
respectively. In most tests water vapor pressure varied +2 percent or less,
but in tests at nominal pressures of 2.62 kPa and 150 Pa, water vapor pressure
varied #6 percent and +15 percent, respectively.

Experiments were performed under constant amplitude loading with R = 0,2
under load control at frequencies of 1 Hz and 10 Hz using a sinusoidal wave-
form. Maximum and minimum Toads for all tests in water vapor-nitrogen mixtures
were set to produce an initial stress intensity factor range of 8.8 MN/m3/2.
Tests in vacuum employed initial stress intensity factor ranges of 8.8
MN/m3/2 or 17.6 MN/m3/2, Prior to carrying out tests in controlled envi-
ronments, specimens were fatigued in laboratory air to extend a starter crack
about 1.3 mm from the notch tip. Tests in controlled environments were per-
formad without interruption to avoid transient effects on crack growth rate.

To preclude notch geometry effects crack growth rates were not calculated until
a crack had extended at least 3 mm from the notch tip.

Effective crack lengths were determined continuously during fatigue test-
ing by a compliance method. The crack-opening displacement at the notch mouth,
V, was monitored by a ¢lip gage mounted on the specimens integral knife edges.
The clip gage and load cell signals were fed to peak-reading digital voltmeters

" for determination of the maximum and minimum displacements and loads occurring
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during fatigue cycling. Values of the effective crack length were calculated
from the compliance calibration equation

/W = z b [1n(EBV/P) ]J = )’* b n( (EBaV/aP) 13 (1)

&)

Jj=0 j=0

where bg = -1.0429, by = 0.5609, by = -0.0470, and b3 = 0.0008, and E
was determined experimentally for the material. Eq 1 is based oh a theoreti-
cal calculation of compliance of the CT specimen configuration by Newman [11]
and was developed using regression analysis employing the method of least
squares. A comparison between Eq 1 and MNewman's theoretically calculated val-
ues is shown in Fig. 2. Values of a/W computed using Eq 1 are within 0.4 per-
cent of the theoretical values for 0.2 < a/W < 0.8. For additional details
concerning the development of Eq 1, see Ref 9.

Fatigue crack growth rates were calculated by averaging the secants be-
tween three sequential a,N data points. For the ith data point
- a,

i+1 - N

4% " %1 Y4iv
M- + T
2

da/dN =

0f course, da/dN was not calculated for either the first or last crack lengths.

Stress intensity factors were calculated using the expression for the CT
specimen configuration from ASTM Method for Plain-Strain Fracture Toughness
Testing of Metallic Materials (E399-78a)

a
2 + = 2 3 q
P 1] a b} a a
BN1/2 - %)3/2 0.866 + 4.64 i 13.32 5 + 14,72 =3 - 5.6 —

W W Wt




Fracture surface morphology was.characterized optically and by scanning
electron microscopy. Immediately after broken spécimens were removed from the
environmental fatigue testing system, fracture surfaces were sprayed with a
clear acrylic lacquer to prevent contamination. The lacquer was removed prior

to microscopic examination by cleaning in acetone.

RESULTS AND DISCUSSION
Fatigue Crack Growth Behavior

Fig. 3 shows.fatigue crack'growth rate as a function of AK for the LT
Qrientation in hard vacuum at‘frequencies of 1 Hz and 10 Hz. These results
clearly indicate the absence of a frequency effect on fatique crack growth
rates in an inert environment. Results obtained for the TL orientation (not
shown) in hard vacuum also displayed no discernable difference in fatique crack
growth rates at these frequencies. Fatigue crack growth rates for the two
orientations were nearly identical at low AK values, and little difference in
crack growth rates was observed except at AK values in.excess.of 20 MN/m3/2
where crack growth rates for TL orientation were somewhat higher than those for
the LT orientation. For experiments in water vapor-nitrogen mixtures, only the
LT orientation was used.

Fig. 4 shows fatigue crack growth rate as a function of AK for various
‘water vapor ﬁressures and in vacuum at a frequency of 1 Hz. These water vapor
pressures range from 94 Pa to 3.8 kPa and correspond to relative humidities
ranging from about 4 percent at 22°C to about 100 percent at 28°C. At Tow AK
vélues crack growth rates at the lowest and highest water vapor preséures were,
respectively, about two times higher and five times higher than crack growth

rates in vacuum. Similar fatigue crack growth response was observed for water
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vapor pressures from 94 Pa to 1.03 kPa, but the effect of water vapor on crack
growth rates was significantly greater for pressures from 2.61 to 3.8 kPa. At
high &K values crack growth rates at water vapor pressures of 1.03 kPa and less
tended to converge with rates in vacuum, but crack growth rates at the higher
water vapor pressures remained substantially higher than the rates in vacuum.
Fig. 5 shows data obtained under similar environmental conditions at a frequen-
cy of 10 Hz, A comparison of Figs. 4 and 5 indicates that the .general trends
in the fatigue crack growth behavior at 10 Hz were similar to the trends ob-
served at 1 Hz. At the same values of AK, the effect of frequency on fatique
crack growth rates at similar values of water vapor pressure was insignificant.

The variation of fatigue crack growth rate with water vapor pressure at
four AK levels is shown in Fig. 6. Since the predominant component of the re-
sidual gas in a vacuum of 130 wPa is watér vapor, the crack growth data ob- ’
tained in hard vacuum are plotted as if the total pressure were due to water
vapor only. This figure shows data from both the 1 Hz and 10 Hz tests and
clearly indicates the relative insensitivity of the fatique crack growth
response to frequency at all water vapor pressures tested. The effect of water
vapor on fatique crack growth rates was qualitatively similar at each
MK level. Even at the lowest water vapor pressure used in these tests (94 Pa),
a relatively dry condition, a significant effect of water vapor on crack growth
rates was apparent. Little change in the crack growth rates occurred over the
water vapor pressure range from 94 Pa to 1.03 kPa. However, an abrupt accele-
ration in crack growth rates was observed at higher water vapor pressures. Two
transitions in crack growth rates as a function of water vapor pressure are in-
dicated by these results. The first transi?ion occurred somewhere between hard
vacuum levels and 94 Pa, and the second transition occurred at pressures in ex-

cess of 1.03 k?a.
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These results also indicate that corrosion fatique of 7475-T851 <in water '
vapor is not due to a simple interaction (superposition) of mechanical fatigue
and stress corrosion cracking but is more 1ike1y the result of a more complex
phenomenon. Although fatfgué crack growth rates were as much as five times
higher in water vapor than in hard vacuum, crack growth rates in water vapdr
were Unaffected by a ten fold change in frequency. If the acceleration of
fatique crack growth rates iﬁ water vapor were a result of stress corrosion
cracking, fétigue crack growth rates should have been higher at 1 Hz than 10
Hz., Of course, this does not préc]ude some contribution of stress corrosion
cracking to the corrosion fatigue of 7475-T651 in water vapor at frequencies
less than 1 Hz.

Wei et'a1._[8] studied the effect of water vapor on fatigue‘créck growth
in 16.5 mm thick specimens of the Al1-Cu-Mg alloy 2219-T851 at a ffeduenéy of 5
Hz. The present results for 7475-T651, an Al-ZIn-Mg-Cu alloy, are compared to
the results for 2219-T851 at a AK value of 15 MN/m3/.2 in Fig. 7. For
2219-T851 fatigue crack growth rates were virtually unaffected by water vapor
until a thfeého1d pressure was reached. Crack growth rates then increased
rapidly but reached a maximum value at a water vapor pressure only one order of
magnitude higher than the threshold pressure. The present results for |
7475-T651 show good agreement with Wei's data for 2219-T851 at hard vacuum con-
ditions and at water vapor pressures over the range from 94 Pa to 1.03 kPa.
The similarity of crack growth rates for the two alloys in both vacuum and
water vapor suggests a common corrosion fatique mechanism for Al-Cu-Mg and
Al-Zn-Mg-Cu alloys and supports the contention that stress corrosion cracking

plays little role in corrosion fatigue of aluminum alloys in water vapor. -
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Bradshaw and Wheeler [2] studied the effect of water vapor on fatigue
crack'growth in 1.6 mm thick specimens of the Al1-Cu-Mg alloy DTD 5070A at
frequencies of 1 Hz and 100 Hz. The present results for 7475-T651 are compared
to the results for DTD 5070A at a AK value of 12 MN/m3/2 in Fig. 8. Similar
to the results for 2219-T851‘(Fig. 7), the results for DTD 5070A display a
threshold watér vapor pressure below which crack growth rates were unaffected
by water vapor and a relatively narrow pressure region over which a rapid
transition in crack growth rates occurred. For DTD 5070A the transition in
crack growth rates was frequency sensitive; a 100 fold increase in the frequen-
cy produced two orders of magnitude increase in the threshold water vapor pres-
sure. The present results for 7475-T651 show good agreement with Bradshaw and
Wheeler's data for DTD 5070A at hard vacuum conditions and at intermediate
water vapor pressures (94 Pa to 1.03 kPa) once transition was complete.
Although the present results for 7475-T651 indicate the existence of a crack
growth rate transition at water vapor pressures less than 94 Pa, a second
frequ‘ency-insensitiive crack growth rate transition was observed at very high
water vapor pressures. This second crack growth rate transition for 7475-T651
occurred at water vapor pressures in excess of the highest pressures at which

2219-T851 and DTD 5070A were tested.

Fractographic Characterization

Fracture surfaces of specimens fatigued in hard vacuum and at various
water vapor pressures were characterized in an attempt to correlate fracture
morphology with environmental interaction. Macroscopically, the fracture
morphology of specimens tested in vacuum contrasted sharply with that of
specimens tested in water vapor. As-illustrated in Fig. 9, the fracture

morphology of specimens tested in vacuum varied across the thickness of the
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specimens. Comparéd to the mid-thickness region, the fracture surface near the
edges was highly roughened or rumpled, having an undulated appearance. The
roughened portions of the fracture surface appeared to have grown toward the
center of the specimen with increasing AK. This change in morphology from the
center to the edges indicates a change in fatique crack propagation mode asso-
ciated with a change of stress state along the crack front. In the mid-thick-
ness region where the fracture plane was normal to the applied load axis, the
crack propagated predominantly in the opening (tensile) mode. However, the
highly roughened surface indicates thaf the crack propagated in a mixed
opening/sliding (tensile/shear) mode in the near-edge regions.

Fig. 10 shows optical macrographs of specimens tested at low and high
water vapor pressures. Compared to specimens tested in vacuum, these specimens
exhibited a more uniform fracture morphology across the thicknesss. Although
some roughening of the near-edge regions was exhibited by specimens tested at
low water vapor pressure (Fig. 10(a)), the process began at higher AK values
and involved much iess of the fracture surface than for specimens tested in
vacuum. Little evidence of fracture surface roughening was found on specimens
tested at high water vapor pressures (Fig. 10(b)), but crack front curvature
was noticeable at high AK values near the onset of fast fracture.

Differences in the amount of residual deformation on the fracture surfaces
of specimens tested in water vapor and vacuum may be evidence of environmental
interactidn within the plastic zone ahead of the crack tip. Reduced residual
deformation on the fracture surfaces of specimens tested in water vapor may be
the result of embritt}ement within the plastic zone.

The apparent differences in residual deformation and crack propagation
mode in the near-edge regions may account for differences in fatigue crack

growth rates in vacuum and water vapor. Greater residual deformation may have
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caused crack closure at higher loads in vacuum than water vapor, and mixed mode
crack propagation near the edges may have retarded the overall fatique crack
growth rate in vacuum.

- The marked contrast in macroscopic fracture appearance for specimens
tested in vacuum and water vapbr was not evident microscopically. At
relatively low magnification in the scanning electron microscope, the fracture
morpho1ogy of specimens tested at all water vaﬁor pressures was generally
similar to that of specimens tested in vacuum for similar AK va]ués. No
significant difference in morphology for near-edge and mid-thickness regions
was detected regardless of the test environment.

Fatigue striations were found on the fracture surfaces of specimens tested
in vacuum and water vapor. However, the appearance of striations formed in
vacuum and water vapor was quite different, and striations were much less pre;
valent on specimens tested in vacuum. Fatigue striations formed in water vapor
(Fig. 11(a)) were classic in appearance, but striations formed in vacuum (Fig.
11(b)) were poorly defined and exhibited large, local vafiations in spacing.
Measured striation spacings were compared to fatigue crack growth rates. In
genaral, good agreement was found for specimens tested in water vapor, but
large discfepencies were found for specimens tested in vacuum.

In addition to fatigue striations, numerous areas of transverse~cracking
viere found at low to moderate AK values on specimens tested in vacuum.

Examples are shown in Fig. 12. These transverse cracks were parallel and
fairly reqularly spaced. Fine striation-like markings were found on the
relatively flat surfaces between the cracks. Although some transverse cracks
were also found on specimens tested in water vapor, this feature was much more
prevalent on specimens tested in vacuum. The much lower amount of transverse
cracking exhibited by specimens tested in water vapor may be additional

evidence of localized embrittlement within the plastic zone.
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Mechanisms

The énhancemént of aluminum alloy fatigue crack growth rates by water
vapor has been attributed to hydrogen embrittlement [1,3,5,8]. Such a
mechanism invoives a sekies_of sequentia] or concurrent steps or processes
which have been deséribed by Marcus [12] for the general case of gas-metal
interactioné duringlfatigue. Following the diffusional transbort of water
vapor to the crack tip vicinity, molecular water is adsorbed on the clean alum-
,inum’surféce produced by the advancing crack. The reaction of water with alum-
inum produces an oxide or hydrated oxide film and liberates hydrogen. After
dissociation to the atomic or ionic form, hydrogen adsorbs on the aluminum sur-
face, enters thé aluminum lattice, and is transported into the plastic zone
ahead of the ckack tip wheré localized embrittlement occurs. In addition to
norma1 bulk d%ffusion, hydrogen transport within the plastic zone is presumed
to océur by pipe diffusion through the densé dislocation network at the crack
tip and mobile dislocation sweep-in [13]. |

If hydrogén embrittlement is the causative mechanism, fatigue crack growth
rates'in water vapor would depend on the kinetics associated with the processes
outlined above. The rate cqntro]linq process may be the transport of water va-
por to fﬁe crack tip vicinity, the reaction of water and aluminum to produce .
atomic or ionic hydrogen, or the rate of diffusion of hydrogen within the plas-
tic zone ahead of the crack tip. The present results for 7475-T651 and those
of Bradshaw and Wheeler [2] and Wei et al. [8] for the Al-Cu-Mg alloys DTD
5070A and 2219-T851 showed a crack growth rate transition that occurred at rel-
atively low water vapor pressures. Mathematical models [14] haQe been devel-

oped for the 1imi£ing cases of gas phase transport control and surface reaction
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rate control with the assumption that these processes are slower than hydrogen
diffusion within the plastic zone. Predictions from the gas phase transport
control model have shown reasonable correlation [8,15] with the data for DTD
5070A and 2219-T851. These correlations support the suggestion of Bradshaw and
Wheeler [2] that corrosion fatique crack growth rates for aluminum alloys in
water vapor are related to the exposure (pressure X time) during each load
cytle.

Although the present results for 7475-T651 indicate a crack growth rate
transition at low water vabor pressures, a second, frequency-insensitive crack
growth rate transition was observed at high water vapor pressures. If both of
these crack growth rate transitions are due to hydrogen embrittlement, either
the rate controlling process or the specific embrittlement mechanism must
change as a function of pressure. Alternatively, the transition at high
pressure may be due to some other mechaniém'acting in concert with or instead
of hydrogen embrittlement. Although the fractographic evidence presented
herein tends to support plastic zone embrittlement, anodic reactions in the
crack tip region must necessarily accompany the cathodic reactions that produce
hydrogen. Since the relative humidity levels during the tests at high water
vapor pressure were at or near 100 percent, water reaching the crack tip may
have been liquid rather than vapor. A bulk liquid phase at the crack tip may.

be favorable for the onset of an anodic dissolution mechanism.

CONCLUSIONS

An investigation has been performed to assess the effects of water vapor

on fatigue crack growth in 7475-T651 aluminum alloy plate at frequencies of
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interest for aerospace applications. Fatique crack growth rates were deter-
mined at frequencies of 1 Hz and 10 Hz in hard vacuum and in mixtures of watér
Vapor and nitroéen at water vapor partial pressures ranging from 94 Pa t0.3.8 .
.kPa. The important findings and conclusions from this study are as follows:

1. Two crack growth rate transitions were observed as a functiOﬁ of.water
vapor pressure for constant stress intensity factor ranges. One transition
occurred at water vapor pressures less than 94 Pa, and the second transition
occurred at pressures in excess of 1.03 kPa. At intermediate water vapor pres-
sures and at hard vacuum, the present results show reasonable agreement with
published data for two A1-Cu-Mg alloys.

2. The existence of two crack growth rate transitions suggests either a
change in the rate controlling kinetics or a change in the corrosion fatique
mechanism as a function of pressure. The low pressure transition may be rea-
sonably attributed to hydrogen embrittlement. However, the frequency-insensi-
tive high pressure transition may be due to a change of rate controlling pro-
cess, a change of specific embrittiement mechanism, or the oriset of some other
mechanism, such as anodic dissolution, acting in goncert with or instead of
hydrogen embrittlement.

3. The effect of frequency on fatigue crack growth rates was insignifi-
cant under hard vacuum and over the entire range of water vapor pressures
tasted.

4. Corrosion fétigue of 7475-T651 in water vapor is not due to a simple
interaction (superposition)'of mechanical fatfque and stress corrosion crackihq

but is more likely the result of .a more complex phenomenon.
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5. Differences in the amount of residual deformation and transverse
cracking on the fracture surfaces of specimens tested in water vapor and vacuum
may be evidence of environmental interaction with the plastic zone ahead of the
crack tip. Reduced residual deformation and transverse cracking on the
fracture surfaces of specimens tested in water vapor may be the result of

localized embrittlement within the plastic zone.
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TABLE 1.- CHEMICAL COMPOSITION OF 7475 IN WEIGHT PER CENT

In Mg Cu Cr Fe Si “n Ti Othars
: Al
Max. | Min. | Max. | Min. | Max. { Min. | Max. | Min. | Max. | Max. | Max. | Max. | Each | Total
6.2| 5.21 2.6 19| 1.9 1.2}10.25}0.18]0.12]0.10| 0.06]0.06} 0.05] 0.15 | Bal.

6L



TABLE 2.- TENSILE AND FRACTURE PROPERTIES OF 25.4 mm THICK 7475-7651 PLATE

of fset

Elongation,

Plane strain

Modulus of |Ultimate tensile 0.2%
elasticity, strength, yield strength, % in 51 mm fracture tg?ghness,
GPa MPa ' tPa MN/m
{a) (a) (a) (a) (b)
Long. | Trans. Long. | Trans. Long. | Trans. | Long. | Trans. LT TL
7.7 | 73.1 572 578 525 515 15.2 | 14.9 49.9 37.4

aAverage of 5 tests

bOne test, as reported by manufacturer
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FIG. 1 - Compact specimen configuration (dimensions in mm).
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FIG. 2 - Comparison of theoretical compliance for the CT
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1 Hz and 10 Hz. R = 0.2.
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FIG. 4 - Comparison of fatigue crack growth rates for 7475-T651

at various water vapor pressures and in a vacuum of
130 uPa at a frequency of 1 Hz. LT orientation; R = 0.2.
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FIG. 5 - Comparison of fatigue crack growth rates for 7475-T651
at various water vapor pressures and in a vacuum of
130 uPa at a frequency of 10 Hz. LT orientation; R 0.2.
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FIG. 6 - Variation of da/dN with water vapor pressure for 7475-T651
at constant AK values. LT orientation; R = 0.2.
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FIG. 7 - Comparison of the variation of da/dN with water vapor pressure
for 7475-T651 and 2219-T851 at AK = 15 MN/m%2.
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FIG. 8 - Comparison of the variation of da/dN with water vapor pressure
for 7475-T651 and DTD 5070A at AK = 12 MN/mY/2,
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FIG. 9 - Optical macrographs of fracture surfaces
specimens fatigued in vacuum.

of

7475-T651
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FIG. 10 - Optical macrographs of fracture surfaces of 7475-T651
specimens fatigued at Tow and high water vapor pressure.
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(a) 94 Pa water vapor. AK =14 MN/m3/2. (b) Vacuum, AK =15 MN/m3/2.

FIG. 11 - Scanning electron fractorgraphs of fatigue striations
formed on 7475-T651 specimens tested in water vapor
and vacuum,
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FIG. 12 - Scanning electron fractographs showing regions of
transverse cracking on 7475-T651 specimens tested
in vacuum.
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