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MECHANISMS OF CORROSION FATIGUE IN HIGH STRENGTH

I/M AND P/M ALUMINUM ALLOYS

by

R. P. Wei
Lehigh University

and
P. S. Pao

McDonnell Douglas Research Laboratories

ABSTRACT

High strength aluminum alloys are employed extensively in
the primary structure of current and projected Air Force and
civilian aircraft. The service lives and reliability of these
airzrafts depend to a great extent on the corrosion fatigue
resistance of the structural alloys. Significant efforts are
underway to develop powder metallurgy (P/M) alloys that would
provide improved corrosion fatigue resistance along with improve-
ments in other mechanical properties. The objective of this
study is to understand the chemical and metallurgical aspects of
environmentally assisted fatigue crack growth (or corrosion
fatigue) that can serve (i) as a basis for guiding the
development of new and improved alloys, and (ii) as a basis for
developing rational design procedures for service life
predictions. A coordinated fracture mechanics, surface chemistry
and materials science approach is used. The research is being
performed by Lehigh University with technical support by
McDonnell Douglas Research Laboratories.

The kinetics of fatigue crack growth, as a function of water
vapor pressure and for water vapor-oxygen mixtures, and the
accompanying fractographic observations and surface roaction
kinetics, on 7050-T7451, 705-T651 and 7075-T651 (I/M) alloys and
on 7091-T7E69 and 7091-T7E70 (P/M) alloys are described and
discussed. Comparison between the I/M and P/M alloys are given,
and is discussed in relation to the micromechanisms for crack
growth and environmenta.l response.-- Based on this study, a revi-
sion of the superposition model for corrosion fatigue was made.
This revision and its implication are described and discussed.
"1. Ltical evaluations of a model for transport controlled crack
were made, and improvements in understanding were obtained. The
important role of yield strength and microstructure-controlled
fricture surface roughness was identified. The chemical role of
segregated magnesium in influencing the corrosion fatigue sus-
ceptibility of 7000 series alloys was established. The implica-
tions of these findings on alloy development are discussed.

• ., , , | . -



1.0 INTRODUCTION

This report describes work performed on "Mechanisms of Cor-

rosiun Fatigue in High Strength I/M and P/M Aluminum Alloys".

High-strength aluminum alloys are used extensively in the primary

structures of military and commerical aircraft. These alloys are
e

based on either the Al-Cu system (2000 series alloy) or the Al-

Zn-Mg or Al-Zn-Mg-Cu systems (7000 series alloys). Because these

aircraft parts are exposed to chemically-active service environ-

ments, such as moisture and runway salt sprays, their useful

lives and reliability depend on the corrosion fatigue resistance

of the structural alloys. The need for improved performance,

greater structural reliability, and longer service lives in ad-

vanced aircraft designs have called for new and improved alloys

that combine high. strength, good fracture toughness, and improved

corrosion fatigue resistance. Significant improvements in these

properties have been achieved on alloys produced by ingot metal-

lurgy (I/M alloys) during the past decade through better ingot

processing, improved compositions, and the use of thermo-mechani-

cal treatments.

In recent years, powder metallurgy (P/M) or rapid solid-

ification processing (RSP) have emerged as alternative routes for

the optimization of aluminum alloy properties and for the dee-

lopment of new alloys. High solidification rates associated with

the production of P/M alloys minimize segregation, reduce signi-

ficantly the size and volume fraction of constituent particles,

and refine and homogenize the microstructures. Rapid solidifica-

tion processing also offers considerable freedom in alloying and
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thus permits the processing of new and novel compositions that

cannot be handled readily by ingot (I/M) techniques. These

alloys promtise to provide high strength, along with good frac-

ture, fatigue and stress corrosion cracking resistances, and are

undergoing considerablq development. The alloy development ef-

fort is expected to accelezate in the coming years.

The resistance of high-stren~gth I/M and P/M aluminum alloys

to crack growth under fatigue loads is known to be influenced by 4

moisture in the surrounding air. Water vapor can significantly

accelerate fatigue crack growth and thereby spesd the failure of

structural components. This effect of water vapor is strongly

coupled to the frequency of load fluctuations over a critical

range of water vapor pressures. Fatigue crack growth can also be.

influenced by alloy composition and microstructure, the presence

of oxygen, temperature, load ratio (R), material thickness (or

tnickneas in relation to plastic zone size), stress intensity

range, and the processes used in preparing the alloys. It is

recognized that the interactions among these variables complicate

the proper interpretation and extrapolation of experimental data

and introduce additional uncertainties with respect to damage-

tolerant design and failure analysis.

A systematic investigation has been conducted of the effects

of environmental, taechanical, and metallurgical variables on the

fatigue crack growth characteristics of high strength I/M and P/M

aluminum alloys. The program was directed towards (i) the deve-

lopment of a quantitative understanding of the influence of -
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metallurgical variables on the rates and mechanisms of surface

reactions of water vapor with I/M and P/M aluminum, alloys, and

the chemical, metallurgical and mechanical interactions responsi- -

ble for environmentally assisted fatigue crack growth, and

(ii) the formulation and evaluation of improved models for pre-

dicting crack growth response. It utilized the combined fracture

mechanics, surface chemistry and materials science approach that

had been applied successfully to elucidate environmentally as-

sisted crack growth in steels and titanium alloys, and capi-

talized on models that had already been developed (see [1-3) and

other references cited therein).

The specific research objectives were to:

(1) Quantify the influencos of ccmpoaition and microstruc-

ture (including precipitate type and distribution,

impurities, etc.) on chemical reaction kinetics and

fatigue crack growth rates and response, with parti-

cular emphasis on comparisons between I/M and P/M

alloys.

(2) Verify the proposed model [1-31 for a range of aluminum

alloys, with different compositions and microstruc-

tures, by measuring both fatigue crack growth response

as a function of water vapor pressure and frequency,

and thi appropriate chemical reaction rates.

(3) Modify the proposed model [1-3) to incorporate other

significant vatiables (such as load ratio, waveform,

and thickness), and .'erify the model for a broad range

of loading and environznenal variables. *-""
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(4) Develop a quantitative mechanism for embrittlement and

formulate a model for estimating the rates of environ-

mentally assisted fatigue crack grcwth that incorpo-

rates the significant chemical, metallurgical and

mechanical variables.

Fracture mechanics techniques, quantitative metallography (in-

cluding scanning and transmission electron microscopy), and sur-

face analysis techniques (such as Auger electron and x-ray

photoelectron spectroscopy) are used.

2219-T851, 7050-T7451 (formerly 7050-T73651) and 7075-T651

aluminum alloys were included in this study to represent 2000 and

7000 series I/M alloys that are or may be used in current and

advanced Air Force aircraft. Alloy 7091, the most probable 7000

series P/M alloy to be utilized and to be available in quantity,

was selected as the representative 7000 series P/M alloy. Since

no suitable 2000 series P/M alloy was available, a small quantity

of P/M alloy was made to the 2219 alloy composition for use in .

the third year of this study. This experimental 2000 series P/M

alloy, however, failed to meet specifications, and was not in-

cluded in further studies. The other alloys provided a reason- S

able range of composition and microstructure for evaluation and

comparison. Two aging treatments were used on the 7050 (I/M) and

7091 (P/M) alloys to further investigate the influence of temper

and microstructure. Results from this study are compared with

available data on other 2000 and 7000 alloys to broaden the basis

of understanding corrosion fatigue mechanism.. Adequate numbers

S'
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of replicate tests were carried out for selected alloys and test

conditions to assess inter-laboratory and intra-laboratory

,* variability and to ensure statistical significance of the test

• results. The results from this program are summarized and dis-

"cussed. Modeling of crack growth response is also considered.
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2. 0 MATERI. AND -WPEIMUTAL WORK

2.1 Material

7050-T7451 (formerly 7050-T73651) and 7075-T651 aluminum

alloys are included in this study, in conju.nction with 2219-T851

"alloy used in a previous study Ell, to represent 2000 and 7000

U series I/M alloys that are or may be used in current and advanced

Air Force aircraft. Alloy 7091, the most probable 7000 series

P/M alloy to be utilized and to be available in quantity, was

Sselected as the representative 7000 series P/M alloy. Since no

suitable 2000 series P/M alloy was available, a small quantity of

P/M alloy was made to the 2219 alloy composition for use in the

third year of this study. Becaise of manufacturing difficulties,

this experimental P/M alloy proved to be unsatisfactory and was

not examined further.

The retmaining alloys provided a reasonable range of composi-

tions and microstructures for evaluation and comparison. Two

aging treatments were used on the 7050 (I/M) and 7091 (P/M)

alloys to further investigate the influence of temper and micro-

structure. In addition a 7075-T7351 alloy was included in the

surface chemistry studies to examine the effects of heat treat-

ment on segregation and on reaction kinetics. Qualification and

characterization of the principal alloys used are described in

the following subsections.

2.1.1 7050-T7451 (I/M) Alloy

Qualification and microstructural characterization of the

25.4 mm thick 7050-T7451 aluminum alloy plate were carried out.

Chemical composition and tensile properties of this plate are
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given in Table 1, and conform with specifications [4,5]. Frac-

ture toughness measurements were made using 12.7 mm thick

compact tension (CT) specimens in the LT orientation in accor-

dance with ASTM Method E-399. The indicated values (KQ) are also

I given in Table 1. The specimen thickness was not sufficient for

these values to qualify as "valid" plane strain fracture tough-

ness (Kic), but the values suggest the level of fracture tough-

ness of this plate is consistent with that of the 7050-T7451

alloy.

Texture for this plate was determined from distributions of

the (2001, [220) and [111i poles at the surface and mid-thickness

plane of the plate (see Figs. 1 and 2). The results indicate a

strong preferred orientation for this plate, with a (110)[2r.1

i rolling texture. In other words, most of the grains are aligned

with their [110) planes nearly parallel to the plate surface and

their <211, directiona along the rolling direction. The trans-

* verse direction coincides with one of the <111> directions in the

crystal.

optical and transmission electron micrographs for the 7050-

T745] alloy are shown in Figs. 3 and 4. The optical micrographs

.- (Fig. 3) shows a partially recrystallized structure that is typi-

• •cal of this heat treatment or temper. The transmission electron

micrographs (Fig. 4) indicate a dense distribution of precipi-

tates and a high density of dislocations in this alloy. The

precipitates have been identified, and are composed of the hexa-

gonal ly shaped equilibrium n (MgZn 2 )phase and the intermediate 7'
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phase [6]. Both types of precipitates are present at the grain

boundaries, and there does not appear to be a clearly discernible

precipitate-free (or "denuded") region adjacent to the grain

boundaries.

Selected area diffraction (SAD) analyses have been made (see

Fig. 5), and show that the coarse hexagonal n precipitates can be

indexed as shown in Fig. 5c. The lattice parameters of this

phase are determined to be a = 0.52 nm and c - 0.85 nm. The

crystallographic relationship between the precipitate and the

matrix is as follows:

(1100)nh/011) Al; E0001Jnh//011)Al

Hence, these n precipitates correspolud to n9 in the classifica-

tion scheme of Gj~nnes and Simensen [7]. The plate-like precipi-

tates are tentatively identified as the transitional n' phase.

SAD analyses showed that the lattice parameters are a - 0.51 nm

and c - 0.67 nm. These values are close to but are not in

complete agreement with those reported by Gj~nnes and Simensen

[7]. Additional work to better identify these precipitates is

needed.

2.1.2 7075-T651 (I/M) Alloy

A 12.7 mm thick plate of commercial 7075-T651 aluminum alloy

was used. The nominal composition and mechanical properties of

this alloy are given in Table 1 [4,53. Representative optical

and transmission electron micrographs of the alloy microstructure

are shown in Figs. 6 and 7. The overall grain structure of this

alloy is similar to that of the 7050-T7451 alloy. The anisotro-

pic nature of the uncrystallized grains is evident in Fig. 1,
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with "packets" of grains elongated along the rolling direction

(L) of the plate. Transmission electron micrographs indicate the

typical microstructure of 7075-T651 alloy contains a high density

of n' precipitates and of dislocations. A number of large "cons-

tituent" particles (some as large as 1 Um) are also present.

2.1.3 7091-T7E69 and 7091-T7E70 (P/M) Alloy

38 mm by 114 mm (1.5 in. by 4.25 in.) extrusions of 7091-

T7E69 and 7091-T7E70 (P/M) alloys were obtained from ALCOA. The

T7E69 designation refers to an over-aging treatment of 4 h, while

T7E70 refers to over-aging for 14 h. Chemical composition and

tensile properties of these extrusions were supplied by ALCOA and

are given in Table 1 [8]. Fracture toughness of these extrusions

was measured with the use of 24.7 mm (0.97 in.) thick wedge-

opening-load (WOL) specimens. For 7091-T7E69, the plane strain

fracture toughness, Kic was determined to be 44.6 MPa/iii. The

measured fracture toughness for 7091-T7E70 of 58.7 MPavi failed

to satisfy the specimen thickness requirement and is not consi-

dered to be a "valid" KIC measurement.

The crystallographic texture of 7091-T7E70 alloy was again

determined from the distributions of [200), (220) and (111) poles

at the surface and mid-thickness planes of the extrusion (see

Figs. 8 and 9). The results indicate that the 7091-T7E70 alloy

has a (110)[1r2) type texture. This texture is similar to that

observed in the 7050-T7451 alloy plate, except that the texture

is sharper in the 7091-T7E70 alloy extrusion. Texture determina-

tion was not made on the 709?.-T7E69 alloy extrusion. It is



-10 -

expected, however, that the texture for the two extrusions would

be similar.

Representative optical micrographs of the 7091-T7E70 alloy

are shown in Fig. 10, and show the extremely fine-grained struc-

ture of this P/M alloy. Transmission electron micrographs of

7091-T7E70 alloy are shown in Figs. 11 and 12. Figure 11 shows

typical grains or subgrains of this alloy, which are on the order

of 1 to 3 Pm in dimension. The pair of bright-field and dark-

field transmission electron micrographs in Fig. 12 show the pre-

cipitates in this alloy. The precipitates in the matrix and

along the grain boundaries are the equilibrium n (MgZn 2 ) and

intermediate n' phases C6,73. Some coarse precipitates are pre-

sent at the boundaries, and there appears to be a narrow precipi-

tate free zone adjacent to the grain boundaries. Unlike the I/M

alloys, large constituent particles were not observed in this

7091 (P/M) alloy.

2.2 Fatigue Crack Growth Tests

2.2.1 Specimen and K Calibration

Compact tension (CT) and modified wedge-opening-load (WOL)

specimens, with thickness (B) of 12.7 mm (0.5 in.) and width (W)

of 63.5 mm (2.5 in.), were used. The CT specimens were used for

the I/M alloys, and the WOL specimens were used for the P/M

alloys to conserve material. The specimens were oriented in the

longitudinal (LT) orientation, that is, with the crack plane

perpendicular and the crack growth direction transverse to the

rolling (or extrusion) direction.



An initial (or crack starter) notch, 15.9 mm (0.625- in.) in

length, was introduced into each specimen by electrodischarge

machining (EDM). Each specimen was precracked in fatigue, while

exposed to the test environment, through a decreasing sequence of

loads that terminated at the desired load level (or initial K)

for the actual experiment. The precracking procedure provided a

fatigue crack of about 2.5 mm (0.1 in.) in length from the

starter notch, corresponding to a crack length of about 18.4 mm

at the start of each experiment. This precracking procedure

ensured that the subsequent fatigue crack growth would be through

material that had not been altered by the notch preparation
0

procedure, and would be unaffected by the starter notch geometry.

The stress intensity factor, K, for the CT specimen was

computed from Eqn. (1) [93:

K = (P/BWl/2)[(2 +.a/W)/(l-a/W)3/2])0.886 + 4.64(a/W) -
/

- 13.32(a/W) 2 + 14.72(a/W) 3- 5.6(a/W) 4 ] (1)

P = applied load; B - specimen thickness, W = specimen width, and

a = crack length. Both specimen width and crack length are

measured from the line of loading. The stress intensity factor

for the modified WOL specimen was computed from Eqn. (2) [93:

K - (Pal/2/BW)[30.96 - 195.8(a/W) + 730.6(a/W) 2

- 1186.3(a/W) 3 + 754.6(a/W) 41 (2)

The terms in Eqn. (2) are defined in the same way as those in

Eqn. (1). S .

,".
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2.2.2 Test Environment,

Crack growth experiments were performed inside a modified
0

commercial ultrahigh vacuum chamber using a static environment.

The test environment included pure argon, pure oxygen, vacuum and

high purity water vapor. Expeviments in vacuum were made at

pressures below 1.3 x 10-6 Pa. Experiments in4 argon, oxygen and

water vapor were made by back-filling the chamber with the se-

lected gases from sources attached to the chamber. Purification

of argon and oxygen was achieved by passing the high purity gases

through a cold-trap at about 77 K, principally to remove residual

water vapor. High purity water vapor was obtained from a source

containing triply distilled water that haO been subjected to

alternate cycles of freezing, and thawing and pumping to remove

dissolved gases. Prior to each experiment, the chamber was baked

out and evacuated to about 1.3 x 10-6 Pa. The test environment

was then admitted into the chamber to the prescribed pressure.

Pressure was monitored by a capacitance manometer. Purity was

checked with the aid of a quadrupole residual gas analyzer.

2.2.3 Fatigue Testing Procedure

The fatigue crack growth experiments were carried out prin-

cipally under constant amplitude loading in a closed-loop elec-

trohydraulic testing machine operated in load control at a load

ratio (R) of 0.1, and at a frequency of 5 Hz. Load control was

est~imated to be better than ±1 pct. Some experiments were

carried out under constant stress intensity range conditions,

where AX was maintained constant by computer-controlled load

shedding.



-13-

To investigate the effects of temperature, some experiments

were carried out at 353 K (80°C). The test temperature was

achieved by heating the entire environmental chamber wi.th elec-

trical heating tapes, and was maintained constant to within

±2 K.

2.2.4 Crack Monitoring System

An ac electrical potential system was used for monitoring

crack growth [10-12]. For the CT specimen used, an analytical

calibration equation, relating crack length to the ac potential,

was not available, and a calibration relationship had to be

established experimentally. Calibration was accomplished by

making concurrent visual and electric potential measurements of

crack lengths on specimens fatigued in air. The visual measure-

ments were made from plastic replicas of the cracks taken from

bcth specimen surfaces.

The experimental calibration results can be represented by

Eqn. (3) as a least-squares-error fit to the crack length (a)

versus the normalized potential (V*) data.

a - 15.9 + AIV* + A2 V' 2  (in mm) (3)

where V* - (V-Vr)/Vr, V - V(a) - the potential corresponding to

crack length a, and Vr -the reference potential corresponding to

the initial notch. ihe coefficients A1 and A2 were determined

experimentally for each specimen geometry.

Because of specimen to specimen variations, some deviations

from this crack length-potential relationship were observed.

Post fracture corrections to the empirical constants in Eqn. (3)
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were made, therefore, for each specimen by using the average

initial (precrack) and final crack lengths measured from the

fatigue fracture surface markings. Accuracy of crack length

measurement with the ac system, after this correction, was esti-

mated to be better than 1 pct, for crack lengths from 18.5 to

44.5 mm (0.725 to 1.75 in.). The resolution was better than

0.025 mm (0.001 in) based on 12.5 nV resolution in electrical

potential.

2.3 Fractography

Characterizations of the fracture surface morphology were

made by scanning electron microscopy (SEM). Entire broken halves

of the specimens were placed inside the microscope for examina-

tion. The specimens were tilted 15 degrees about an axis paral-

lel to the direction of crack growth. In addition, the chemical

compositon of particles found on the fracture surfaces was deter-

mined qualitatively with the aid of an EDX microprobe attached to

the scanning electron microscope.

Micro-etch-pitting technique is a simple method for identi-

fying the crystallographic orientation of a fracture surface, and

has been used successfully in the study of mechanisms of fatigue

crack growth. This technique has been utilized recently, in

conjunction with TEM or STEM techniques, to make more detailed

studies of fracture surfaces produced by fatigue in various

environments [13], and is used here.

According to Nix et al. [131 and Pelloux [14], etching rea-

gents, with the composition of 50% H2 0, 50% HNO 3 , 32% HC1 and

2% HF, and of 1.5% HCl, 2.5% HNO 3 , and 0.5% HF by volume, would
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preferentially attack the [100) planes, and produce well-defined

etch pits. Fracture 3urfaces of 7075-T651 aluminum alloy pro-

duced by fatigue in air at room temperature with 42% relative

humidity (or a partial pressure of water varor of 1100 Pa) and in

water vapor at a pressure of 67 Pa were studied using the etch

pit method. The first of the etching reagents, with 50 H2 0,

50 HNO 3 , 32 HCl, and 2 HF, was selected for use and an etching

time of about 6 s was utilized. 0

2.4 Surface Reaction Kinetics

Auger electron spectroscopy (AES) was used to determine the

kinetics of the reactions of water vapor with aluminum and magne-

sium alloy surfaces at room temperature. For AES analyses, clean

surfaces were produced by in situ impact fracture of notched

round specimens [li. Exposures of these clean surfaces to water P

vapor were achieved by back-filling the spectrometer chamber from

a high purity water source attached as a side arm to the spectro-

meter. Again, purification was achieved by alternately freezing .

and thawing triply distilled water, and -.umping away the dis-

solved gases.

For the surface reaction studies, background pressure inside 0

the spectrometer was typically_6.7 x 10-8 Pa (5 x 10-10 torr), as

measured on an ionization gage. Water vapor was admitted into

the chamber to pressures below 6.7 x 10-4 Pa (5 x 1i- 6 torr) to

effect the desired exposure. The ch&a'ber was then re-evacuated

to below 2.67 x 10-7 Pa (2 x 10-9 torr) prior to each analy,'4s.
S
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-4.

At these low pressures (below 1.33 x 10 Pa), reactions induced

by species created by the ionization gage filament were minimal.
n

To minimize reactions and adsorption induced by the primary

electron beam, and to minimize the variations in the observed

amplitudes of Auger signals caused by differences in surface

roughness, a large, fixed area of the sample surface was analyzed

after each exposure. A primary electron beam of 5 keV energy at

10-6 A was used to excite the Auger transitions. Typically the

electron beam was scanned over an area of 6.8 x 10-5 mm2 during

recording of an Auger spectrum. By using this procedure, it was

possible to make AES analysis with a relatively low primary beam

density of 1.5 x 10-6 A/mm2 . Even at this low primary electron

beam current density, the primary beam was observed to induce

reacticns between residual water vapor and the aluminum alloy

surfaces at a system pressure above about 1 x 10-6 Pa. This

effect was minimized by operating the electron beam only when the

pressures were reduced to below 2.6 x 10"7 Pa (2 x 10-9 torr),

and by recording a complete Auger spectrum within 4 minutes (as

compared with more than 8 minutes that were needed to change the

scanning aLea after each exposure).

The extent of reactions of water vapor with the alloy sur-

faces was determined by measuring the oxygen Auger (510 eV)

electron peak-to-peak height (APPH) as a function of exposure

(pressure r time). To compare the results of several different

experiments,.. the oxygen Auger electron signal (measured for con-

stant instrumental parameters) was normalized with respect to the

APPH of the aluminum (1396 eV) signal from a clean aluminum alloy

-I
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surface (for the aluminum alloys), or with th•e APPH of the magne-

sium (1186 eV) signal from a clean magnesium alloy surface (for S

the magnesium alloy).

,0.<.

:2"-i:

0

0- i -

S
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3.0 RESULTS

3.1 Kinetics of Fatigue Crack Growth
C

The kinetics of fatigue crack growth in 7050-T7451, 7050-

T651 and 7075-T651 (I/M) aluminum alloys and in 7091-T7E69 and

7091-T7E70 (P/M) aluminum alloys at room temperature have been

determined, for a frequency of 5 Hz and a load ratio (R) of 0.1;

and in selected cases for R -0.5. Test environments included

vacuum, pure argon, pure oxygen at 266 Pa, and pure water vapor,
S.0

(over a range of pressures from 0,13 to 1330 Pa, or 0.001 to

10 tort). Tests in argon and in oxygen were carried out to

provide additional reference data and for comparison. To examine

the possible rola of oxygen in inhibiting the influence of water

vapor on fatigue crack growth, tests were also conducted in

oxygen-water vapor binary mixtures. A fixed water vapor partial

pressure of 67 Pa (0.5 torr) was selected, while the oxygen

partial pressure covered a range from 0.466 to 200 kPa (3.5 to

150 tort). Principal results from these tests are summarized

separately for the I/H and P/H alloys in the following subsec-

tions. The effect of t.st temperature is considered in cnnjunc-

tion with the results on 7075-T651 alloy, and the influence of

o2xygen is described in a separate subsection.

3.1.1 7050-T7451 and 7050-T651 (I/M) Aluminum Alloys

The kinetics of fatigue crack growth have been determined

for the 7050-T7451 alloy at room temperature. Two load ratios

(R - 0.1 and 0.5) were used. Tests were carried out in vacuum

(c41"6 Pa), water vapor and distilled water at a loading frequen-

cy of 5 Hz. Data from the different tests are shown in Figs. 13
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to 15, and trend lines (or least-squares regression lines) for

the data are shown for R = 0.1 and R = 0.5 in Fig. 16. To

examine the role of aging treatment and the effects of magnesium

on fatigue crack growth, additional tests were carried out on

this alloy in the peak-aged (T651) condition. Crack growth rate

data on the 7050-T651 alloy are summarized in Fig. 17 as a func-

tion of water vapor pressure at two &K levels. Data on the 7050-

T7451 alloy are also shown in Fig. 17 to demonstrate the effect

of water vapor pressure and to provide for direct comparison.

These results indicate that water vap3r/water produced less

than a factor of two increase in the rate of fatigue crack

- growth, over that observed in vacuum, for the 7050-T7451 alloy.

The initial increase in growth rate in the 7050-T651 alloy was

comparable to the 7050-T7451 alloy. At water vapor pressures

"above about 67 Pa, however, there was approximately another

"factor of two increase in growth rate. The reason for this

additional increase in rate is discussed in Section 4.0.

3.1.2 7075-T651 (I/M) Aluminum Allcy

3.1.2.1 Room Temperature (795K)

Fatigue crack growth data for 7075-T651 (I/M) aluminum alloy

tested in vacuum, pure argon and pure oxygen, and in air (rela-

"tive humidity - 42%) and distilled water are shown in Figs. 18

and 19, rea'oectively. Data for tests in water vapor, for pres-

sures ranging from 1.3 to 665 Pa, at R - 0.1 and R - 0.5 are

shown in Figs.20 to 23. To facilitate comparisons, representa-

tive data for the *inert" environments and for water vapor at 1.3
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and 2.0 Pa are shown in Fig. 24, and those for water vapor (in-

cluding moist air) at R - 0.1 ;nd 0.5 are shown in Figs. 25 and

26, respectively. The influence of water vapor on fatigue crack

growth in this I/M alloy, at R - 0.1, is shown explicitly in Fig.

27 for two AK levels. Data in Figs. 18, 20 and 23 illustrate the

reproducibility of these tests.

The results shown in Figs. 24, 25 and 27 indicate that the

crack growth rates in vacuum and in argon were faster than those

observed in pure water vapor at the lowest vapor pressures (1.3

and 2 Pa). The rates were also faster than those observed in

oxygen. The crack growth rates in oxygen, however, were compara-

ble to those in water vapor at 1.3 and 2 Pa. The reasons for the

faster growth rates in vacuum and in argon are not yet fully

understood. Fractographic results to be described later, how-

ever, do indicate a difference in the micromechanism for crack

growth in vacuum and in argon from that in oxygen and low pres-

sure water vapor. For the interpretation of data in terms of the

model for transport controlled crack growth [1-33, it appears

appropriate to use the data in pure oxygen as the reference

rates, i.e., (da/dN)r.

From Fig. 27 it is seen that at low water vapor pressures,

fatigue crack growth rates are strongly dependent on pressure,

and conform to the model for transport controlled crack growth as

indicated by the solid lines in the figure. The "saturation"

water vapor pressure is estimated to be about 4.7 Pa [2,33.

Above the saturation pressure, crack growth rates are essentially

independent of water vapor pressure up to about 100 Pa.
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At higher vapor pressures (above 600 Pa) and in liquid

water, the crack growth rates exceeded those of the "saturation"

level (see Fig. 27). The rates at 1.3 kPa and in distilled water

are about twice higher than the "low pressure" saturation rates.

The observed further increase in growth rate is consistent with

the results reported by Dicus 153 for 7475-T651 aluminum alloy.

Taken together, these results indicate that there might be a

second transition in crack growth rate with water vapor pressure.

The cause for this transition has been attributed now to a slower

step in the reactions of water with the segregated magnesium in

this alloy, and is discussed separately later.

3.1.2.2 "High" Temperature (354K)

To investigate the effect of temperature on fatigue crack

growth response, crack growth measurements were made at 353 K

(80 "C) in water vapor at pressures from 1.3 to 665 Pa, and in

pure oxygen at 267 Pa. Data for the individual tests are shown

in Figs. 28 to 31, and are summarized in Fig. 32. The crack

growth response at 354 K is similar to that at room temperature

(see Fig. 27). The crack growth rates increased with increasing

water vapor pressure at low pressures, then became independent of

". pressure after a "saturation" pressure, of about 5.0 Pa, had been

+. reached. *The "saturation" pressure at 353 K is slightly higher

than that for the room temperature tests. Unlike the response at

room temperature, a second transition in crack growth with in-

creasing water vapor pressure was not observed over the range of

pressures from 1.3 to 670 Pa.
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3.1.3 7091-T7E69 and 7091-T7E70 (P/M) Aluminum Alloys

Wedge-opening-load (WOL) specimens, with LT orientation,

were used to determine the kinetics of fatigue crack growth in

the 7091 (P/M) alloys. In the early tests, it was found that

the fatigue crack deviated by more than 10 degrees from the plane

of symmetry (or the intended, crack plane) in about 50 pct of the

cases. This large deviation rendered the test data invalid C9J.

To alleviate this problem, face grooving of the specimens

was employed. A face groove, with depth equal to 5 or 10 pct of

the specimen thickness, was introduced into each face of the test

specimen along the desired crack growth direction, and was found

to be effective in confining the fatigue crack to the plane of

symmetry. Fatigue data reported herein were obtained either from

the face grooved specimens or from the ungrooved specimens that

were deemed to be acceptable [9).

Representative fatigue crack growth data for 7091-T7E69 and

7091-T7E70 alloys tested in vacuum and in water vapor are shown

in Figs. 33 ard34. (The data in Fig. 33 serve to illustrate the

intorlaboratory reproducibility of results.) Composite trend

lines for these alloys are shown in. Fig. 35. Comparison of

Figs. 35a and 35b shows that fatigue crack growth rates are

comparable for the 7091-T7E69 and 7091-T7E70 elloys, although the

latter alloy was overaged for a longer period of time (14 h vs.

4 h). Depending on the AK level, enhancement of fatigue crauk

growth rates by dater vapor is as much as a factor of 2 over that

observed in vacuum.
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The influence of water vapor pressure on the rate of fatigue

crack growth in these alloys is shown more explicitly in Fig. 36

at three AK levels. Test data from both 7091-T7E69 and 7091-

T7E70 alloys have been combined in this figure. It is seen, from

Fic. 36, that fatigue crack growth rate started to increase when

the water vapor pressure exceeded a threshold level of about

0.13 Pa. Above this threshold pressure, crack growth rate in-

creased with increasing vapor pressure, and reached a maximum and

then remained constant above a "saturation" pressure. The ob-

served response is again consistent with the model for transport

controlled fatigue crack growth [2,31. The saturation pressure

for the 7091 (I/M) alloys is estimated to be about 0.67 Pa, and

the range of pressure over which fatigue crack growth rates

remained essentially unchanged in this study extended from about

0.67 to 66.7 Pa.

3.1.4 Inhibition by Oxygen

To investigate the possible inhibiting effects of oxygen on

the enhancement of fatigue crack growth by water vapor, crack

growth measurements were made in binary mixtures of water vapor

and oxygen for the 7075-T651 (I/M) alloy. The ratio of partial

pressures of water vapor to oxygen was varied from 1:7 to 1:300,

while the water vapor pressure was maintained constant at 67 Pa.

A test was also- carried out in air, at 42 pct relative humidity,

to provide for comparison.

No inhibiting effect of oxygen was observed under these test

conditions (see Fig. 37). These results are not in agreement

with model predictions (3), and are at variance with convincing
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evidence- in support of the inhibition of crack growth by oxygen

E16,171, at least for sustained loading. Plausible explanations

for the observed response and additional studies ars considered

in Section 4.0.

Tests in mIxtures of water vapor and oxygen were also car-

ried out on 7091-T7E70 (P!M) alloy, with a fixed water vapor

partial pressure of 67 Pa and water vapor to oxygen partial

pressure ratios from 1:21 to 1:300. The test results are shown

in Fig. 38. Again, in agreement with similar results on the

7075-T651 (I/M) alloy, there was no apparent inhibiting effect of

oxygen under these test conditions. The implications of these

results are also considered in Section 4.0.

3.2 Fractographic Analyses

To assist in understanding the role of metallurgical and

chemical variables on environmentally assisted fatigue crack

growth, fractographic analyses were performed on fatigue fracture

surfaces of the 7050-T7451 and 7075-T651 (I/M) alloys, and of the

7091 (P/M) alloys. Principal attention was directed to the 7075-

T651 (I/M) alloy. Systematic observations were made of the

changes in fracture surface morphology as a function of water

vapor pressure to assist in elucidating the mechanism for embrit-

tlement. In addition, micro-etch-pit analysis was applied to the

7075-T651 alloy to assist in the identification of fracture

planes. This information, along with fractographic data obtained

from specimens tested in inert environments, serves as a basis

for the formulation of a quantitative model for estimating the
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rates of environmentally assistýi fatigue, which would incorpo-

rate the significant chemical, metallurgical and mechanical

variables. Fractographic results from the 7050-T7451, 7075-T651

and 7091 alloys are presented and discussed separately.

3.2.1 7050-T7451 (I/M) Alloy

Representative scanning electron (SEM) microfractographs

from the fatigue crack growth specimens for R - 0.1 and R = 0.5,

corresponding to a AK of 10 MPavii, are shown in Figs. 39 and 40,

respectively. These micrographs indicate the crack path to be

transgranular, irrespective of the test environment.

The morphology of fracture surfaces for specimens tested in

water vapor and distilled water are similar,-but are different

from that for specimens tested in vacuum. Fracture surfaces in

vacuum (Figs. 39(a) and 40(a)) show evidence of ductile tearing

and fatigue striations. Fracture surfaces of specimens tested in

water vapor (Figs. 39(b,c) and 40(b)) and in water (Fig. 39(d)),

on the other hand, are characterized by flat featureless regions,

regions that contain "brittle" striations, and small areas of

ductile tearing.
/

Comparisons of striation spacings on the microfractographs

indicated little difference in the rate of fatigue crack growth

for this alloy exposed to the different environments. This

observation is consistent with the data on fatigue crack growth

kinetics, which showed only a small effect of environment. These

fractographic observations will be considered in relation to

those for the 7075 (I/M) and 7091 (P/M) alloys.
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3.2.2 7075-T651 (I/M) Alloy

Representative scanning electron (SEM) microfractographs

taken from specimens tested in vacuum, pure oxygen and pure water

vapor are shown in Figs. 41 to 52. Fractographs and stereo pairs

from mating fracture surfaces were obtained to provide more

detailed information on the fracture processes (see Figs. 42, 43,

44, 46, 51 and 52). Because the effect of water vapor pressure ?

on fracture surface morphology is of special interest, particu-

larly in the low pressure region where the crack growth rates are

controlled by gas transport, microfractographs representing five

different water vapor pressures (that is, 1.3, 2.7, 4.6, 67, and

665 Pa) have been included (see Figs. 47 to 50). Results from

micro-etch-pit analyses of specimens tested in air (42% relative

humidity) and in water vapor are shown in Figs. 53 to 55.

3.2 • 2.1 Fractographic Observations

Comparisons of Figs. 41 to 44 with Figs. 45 to 52 show that

the morphology of fracture surface produced in vacuum is clearly

different from those produced in pure oxygen and in water vapor.

Figure 41 shows that the fracture surface is composed of regions

that are associated with (constituent) particles and regions that

appear relatively featureless at low magnifications. More de-

tailed nature of the fracture surfaces may be seen in the SEM

microfractographs and stereo pairs. of the mating surfaces

(Figs. 42 to 44).

A close match between mating surfaces is seen. Holes on one

surface are closely matched to particles or protrusions on the -

other surface. Every ridge on the one surface has a correspon-
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ding valley on the other. This correspondence indicates the

"brittle nature" of fatigue cracking in 7075-T651 as compared to

the more "ductile", void coalescence mode found in over-load

fracture; where ridges correspond to ridges, and valleys to

valleys. The featureless regions at low magnifications are

actually composed of a large number of slip steps, which al,ays

exhibited striation-like features. Slip steps are more pro-

nounced on one surface than the other (Figs. 42 to 44), and their 0

spacings are much larger than those that would be indicated by

the macro-crack growth rates. Extensive amounts of plastic de-

fcrmation (ductile tearing), with "patch" steps, were also ob-

served. The patch steps reflect a crack having passed through

"patches" that were at different levels.

Representative SEM microfractographs for the specimen tested

in 267 Pa pure oxygen are shown in Figs. 45 and 46. It can be -

seen that the fracture surface morphclogy of the specimen tested

in oxygen Is clearly different from that produced in vacuum, but

is nearly identical to that of the specimen tested in 1.3 Pa

wa-:er vapor; (compare Figs. 45 and 47). Instead of slip steps,

the surface is composed principally of dense clusters of dimples

that are associated with large constituent particles. Energy

dispersive x-ray (EDAX) analyses showed that these particles are

rich in iron and in copper. Regions of extensive plastic defor-

mation (ductile tearing) and a small amount of flat featureless

facets were also observed.
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Because of the differences in fracture surface morphology

and in crack growth rates between specimens tested in vacuum and

those tested in oxygen and at the lowest water vapor pressure,

there is reason to believe that the mechanism of fatigue cracking

in vacuum is different. The reason for this difference is un-

clear, and may be associated with either the influence of surface

oxides on slip (i.e., deformation) or local heating at the crack

tip. It appears, therefore, that the fatigue crack growth rates

in vacuum should not be used as a reference in evaluating the

models for environmentally assisted crack growth.

The changes in surface morphology as a function of water

vapor pressure are illustrated in Figs. 47 to 50. Figure 47

shows representative microfractographe taken from a specimen that

had been tested in water vapor at 1.3 Pa and at 665 Pa. The

micrographs clearly show two regions with completely different

fracture surface morphology.

The fracture surface produced in 665 Pa water vapor (region

A in Fiu. 47(a), and Fig. 47(b)) is flat and appears to be brittle.

The brittle nature of cracking in water vapor at the higher

pressures is confirmed by stereo pairs of SEM microfractographs S

obtained from mating fracture surfaces of 7075-T651 alloy tested

in 133 Pa water vapor (Figs. 27 and 52). Brittle striations or

slip steps are clearly discernible in each of the mating sur-

faces, and the various microscopic facets are closely keyed with

each other across the crack plane. The surface produced in

1.3 Pa water vapor (region B in Fig. 47(a), and Fig. 47(c)), on the •-

other hand, appears to be rougher and.more "ductile"l exhibiting
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extensive amounts of ductile tearing and dimpled rupture. The

surface produced at the lower pressure is comparable to that

produced in pure oxygen. Because of the similarity in fracture

surface morphology hence, micromechanism of cracking in crack

growth rates for these two environments (pure oxygen and 1.3 Pa

water vapor), it is reasonable to use pure oxygen as the refer-

ence environment for analyzing fatigue crack growth data in water

vapor.

The marked contrast in microscopic fracture appearance of

specimens tested in water vapor at 1.3 Pa and 665 Pa suggests the

operation of at least two different micromechanisms, and provides

a basis for the interpretation and correlation of fractographic

data. As an initial effort, one may choose to identify the -

fracture morphology for 665 Pa water vapor (Fig. 47(b)) with the

micromechanism for "pure" corrosion fatigue. The morphology

shown by. the tests in 1.3 Pa water vapor (Fig. 47(c)) and in pure

oxygen is identified with "pure" mechanical fatigue.

Based on these premises, it can be seen clearly from

Figs. 47 to 50 that the fraction of fracture surface created by

"corrosion fatigue" increased rapidly as the water vapor pressure

increased from 1.3 to 67 Pa, The fracture surface morphology of

specimens tested at pressures higher than 4.7 Pa was essentially

identical to that of specimens tested at 665 Pay i.e., 100 pct by

corrosion fatigue.
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3.2.2.2 Micro-Etch-Pit Analyses

Figure 53 shows well-defined etch pits on the fatigue frac-

ture surfaces of 7075-T651 alloy produced in air. The etch pits

conform to that shown in the accompanying sketch with the side

faces corresponding to [100) planes and the base to anothA" (100)

plane. The edges of the pit, or of the basal plane, are parallel

to the <100> directions. For this case, the striations are

parallel to the edges of the pits, which indicate that fatigue

crack growth had occurred along a (100) plane and in the <100>

direction.

Based on the examination of a large number of fatigue frac-

ture surfaces of 7075-T651 aluminum alloy produced in air (RH =

42%) and in water vapor at 67 Pa, the following observations can

be made:

(i) The fracture planes were predominantly of [100).

(ii) The striations on these (100) planes were either paral-
lel to (100> or approximately parallel to <110>,
Figs. 54 and 55. The striation orientation, however,.
varied slightly from one adjacent subgrain to another.

(iii) Very small amounts of cracking along (110{ planes, with
striations aligned parallel to <111>, were also found.

These results, however, must be interpreted with care. The shape

of the etch pits may or may not be the same between very slightly

etched and well-etched surfaces. For well-etched fracture sur- - .

faces, the shape of etch pits is only related to the orientation S

of the main crack plane, whereas the etch pits on slightly etched

surfaces would reflect the orientations of individual striations.

It may be necessary, therefore, to examine the shape of etch J

pits at the early stage of etching, and couple the observations

0o°
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with other techniques (such as transmission electron microscopy

and sectioning) to better identify the micromechanisms of crack .

growth.

3.2.3 7091 (P/M) Alloy

Representative SEM microfractographs from 7091-T7E69 alloy

tested in vacuum and in 13.3 Pa water vapor, at AK of 11 MPa/i,-.

are compared in Fig. 56. Representative SEM microfractographs

from 7091-T7E70 alloy tested in pure oxygen at 267 Pa, also at AK

of 11 MParm, are shown in Fig. 57. These microfractographs

indicate that the fracture path in all three environments is
.0

priraary transgranular and is typical of high strenath aluminum

alloys fractured in fatigue. No clearly discernible fatigue

striations can be found for any of the test environments. -

The morphology of fracture surfaces for specimens tested in

water vapor is different from that for specimens tested in vacuum

and in oxygen. Fracture surfaces in vacuum and in oxygen ex-

hibited finer features and more ductile tearing than those in

water vapor. Reqions showing the presence of constituent parti-

cles were also observed on the fracture surfaces exposed in

oxygen, although the density and size of these particles are much

smaller than those in the ingot-processed 7075-T651 alloy. .

Fracture surfaces of specimens tested in water vapor are charac-

terized by many flat patches and smaller areas of ductile

tearing. Some slip steps are discernible in the flat patches.

This type of fracture surface morphology is a good indication

that the fatigue crack had propagated through previously

a-.7
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"embrittled" zones, as envisioned in the proposed model for

environmentally assisted fatigue crack growth.

3.2.4 Comparison between I/M and ?/M Alloys

Comparisons of the SEM microfractcgraphs for the 7075 (I/M)

and 7091 (P/H) alloys, for the respective environments, show

that, overall, the micromechanisms for fatigue crack growth are

essentially similar. The constituent particles are smaller and

far fewer in the powder processed alloy. Being much finer in .

grain (and subgrain) size, the detailed fracture surface features

are much more difficult to discern in the P/M alloys, vis-a-vis,

the I/M alloy.

A more direct comparison of the fracture surface morphology

of powder-processed 7091-T7E69 and ingot-processed 7050-T7451

alloys is given in Fig. 58. Both specimens were tested in water

vapor and the SEM microfractographs were take., from regions of

fracture surfaces that correspond to a AK of 11 MPaVi.

Since fatigue crack propagated primarily along crystallogra-

phic planes in both 7091 (P/M) and 7050 (I/M) alloys, the crack

path (hence, the fracture surface morphology) would be influenced

strongly by the orientation and the size of the grain& encoun-

tered by the crack. During fatigue, a crack that followed one

set of slip bands in one grain (or subgrain) would be forced to

continue on another set of slip bands and change orientation when S

it encountered the neighboring grain or subqrain boundary, thus

forming a zig-zag crack path.

In the ?056-T7451 (I/M) alloy (Fig. 58(b)), this zig-zag

crack pattern or macroscopic fracture surface roughness is much

,0 ,
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more pronounced, when compared to the 7091-T7E69 (P/M) alloy,

because of the much larger grain (or subgrain) size of the I/M

"alloy. As the crack follows the zig-zag path, it deviates

Slocally from the plane of symmetry. As a result, the effective

stress intensity factor at the crack tip is slightly reduced and

* thereby lowers the corresponding crack growth rate. The more

pronounced zig-zag crack path in the large-grain 7050-T7451 (I/M)

alloy may be partially responsible for the lower observed fatigue

crack growth rates as compared to the 7091-T7E69 (P/M) alloy.

3.3 Surface Segregation and Surface Reaction Kinetics

As a part of the study of surface reaction kinetics, Auger

analyses of impact fracture surfaces alloys used in this study

were made. Auger mapping of impact fracture surfaces of the

7075-T651 alloy showed pronounced segregation of magnesium; an

"example of the extent of magnesium segregation is shown in

Fig. 59. Quantitative AES analyses indicated that the maximum

concentration of magnesium in the segregation area is about five

"times higher than the average concentration in the bulk (18).

This finding suggested that the surface reactions of water vapor

with the segregated magnesium in this alloy may be important, and

an AZ-31 (96Mg-3A1-lZn, wt pct) magnesium alloy was added to the

surface reaction and fatigue crack growth studies.

Typical Auger electron spectra from impact fracture surfaces

of 7075-T651 aluminum alloy and AZ31 magnesium alloy, before and

after exposure to water vapor, are shown in Figs. 60 to 63.

Figures 60 and 62 wore taken from the clean surfaces, and indi-
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cate the presence of the principal alloying elements in the two

alloys. Typical. changes in these spectra after exposure to water

vapor are shown in Figs. 61 and 63 for the 7075-T651 and AZ31

alloys, respectively. In these figures, peak-to-peak heights of

the oxygen Auger (510 eV) transition signal may be taken as a

measure of oxygen concentration*.

The kinetics of the reactions of water vapor with the clean

surfaces of 7075-T651 and AZ31 alloys at room temperature are
k

shown in terms of the normalized oxygen Auger peak intensities,

or APPH, versus exposure in Figs. 64 and 65. The results showed

that an initial saturation value was reached following an expo-

sure of approximately 1.9 x 10-2 Pa-s (1.5 x 10-4 torr-s) for the

7075-T651 alloy and 1.3,x 10-2 Pa-s (1 x 10-4 torr-s) for the

AZ3ý. allo,. Data on a 7075-T7351 alloy showed similar response

and thu: art initial saturation value was reached at a comparable

exposure ot about 2.6 x 10-2 Pa-s (2.0 x 10- torr-s). The

limi.ted react..Z.,ns with water vapor at the initial stage are

consistent w3. i previous results on a 2219-T851 aluminum alloy

(see Fig. 66) .1).

It is significant to note that, beyond the initial satura-

tion, there was an additional increase in the reaction of water

*This procedure is not strictly valid, because of the attenua-
tion of Auger electrons by atoms in the overlayers (adsorbed
layer or reaction products) 11,193. For the initial stage of
reactions (i.e., at low exposures), this effect is small and may
be neglected. For higher exposures, however, signal attenuation

Sneeds to be considered. In addition, the change in the shape of
aluminum and magnesium spectra reflects changes in the chemical
state of the surface layers; (suggesting oxidation of the sur-
face), and needs to be taken into consideration in quantifying
the reaction kinetics.
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vapor with all three alloys. This increase occurred at an expo-

sure of about 1.3 Pa-s (1 x 10- 2 torr-s). The reactions then

continued to increase with increasing exposure up to the highest

exposure applied to each alloy; namely, 19.9 Pa-s for 7075-T651,

13 Pa-s for 7075-T7351, and 60 Pa-s for AZ31.

A comparison of the aluminum Auger (68 eV) peak from the

clean surface with the corresponding peak following 7.3 Pa-s (5.5

x 10-2 torr-s) exposure to water vapor is given in Fig. 61 for

the 7075-T651 aluminum alloy. The change in the aluminum Auger

(68 eV) peak is significant and suggests oxidation of the sur-

face. No further noticeable chantes in the aluminum Auger

(68 eV) peak were observed for exposures above 7.3 Pa-s. Similar

changes in this peak were observed also for the 7075-T7351 alloy.

For the AZ31 magnesium alloy, the magnesium Auger (45 eV)

peak changed continuously with increased exposure to water vapor.

The changed shape of this peak, following 60 Pa-s (4.45 torr-s)

exposure to water vapor, Fig. 63, is similar to that reported by

Davis, et al. [20] for bulk MgO, with a characteristic peak at

about 32 eV. This change in peak shape indicates possibly the

initiation of oxidation. Noticeable changes in the shape and

intensity (or APPH) of the magnesium Auger (1186 eV) peak were

also observed. The APPH of the magnesium (1186 eV) signal de-

creased quickly at first, became essentially constant with in-

creasing expocure up to about 6.6 Pa-s, and then increased rapid-

ly with further increases in exposure, (see Fig. 65). The signi-

ficance of these observations is discussed later in connection

with the influence of magnesium on fatigue crack growth response.
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4.0 DISCUSSIOBS

The results from this study have provided additional insight

into the mechanisms of environmentally assisted fatigue crack

growth in high-strength aluminum I/M and P/M alloys. These

results also formed a basis for critical assessments of the

models for environmentally assisted fatigue crack growth [2,3),

and have led to refinements of these models. In addition, the

role of magnesium in determining the corrosion fatigue (and

stress corrosion) cracking susceptibilty of 7000 series (AlMgZn)

alloys was identified. The implications of these results, and

their impact on modeling and on understanding the role of al-

loying elements are discussed separately in the following sub-

sections.

4.1 Comparison between I/M and P/M Alloys

Because the various portions of the fatigue crack growth

experiments were carried out at two different laboratories

(Lehigh and MDRLI, it is important to assess inter-laboratory

variability before comparison of data are made. Figure 33 shows

the results of replicate' fatigue crack growth tests in vacuum on

7091-T7E70 (P/M) alloy conducted at the two laboratories. Agree-

ment between the results results indicates good inter-laboratory

(i.e., between laboratories) reproducibility of data, using com-

parable but different systems and procedures [21,223. An addi-

tional indication of reproducibility can be seen by comparing the

test results for water vapor (obtained at MDRL) with those in the

water vapor-oxygen mixture (obtained at Lehigh) in Fig. 35 and

38. Intra-laboratory (i.e., within laboratory) reproducibility

/
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may be seen by replicate tests in several of the environmental

conditions and alloys (see Figs. 18, 20 and 23). Based on these

results, reproducibility of data was estimated to be within

10 pct between the two laboratories and within each laboratory.

It is reasonable, therefore, to make direct and quantitative

comparisons between the various data sets.

Comparison of Figs. 27 and 36 shows that the crack growth

response of 7091 (P/M) alloys. closely resembles that of 7075-T651

(I/M) alloy. The susceptibility of 7075-T651 alloy to moisture,

as measured by the ratio between the "saturation" growth rate and

the "reference" rate, however, is greater than that of the 7091

alloys. The difference in saturation pressures, at a given test

frequency, between the alloys (4.7 vs. 0.67 Pa) cannot be fully

accounted for by their differences in yield strength [2,3,233.

This difference may be attributed to differences in fracture

surface *roughness and is discussed in greater detail in Section

4.4.

A comparison between the crack growth kinetics for 7091-

T7E69 (P/M) and 7050-T7451 (I/M) alloys, which contain similar

major alloying elements, is shown in Fig. 67. It is seen that

fatigue crack growth rates are faster in the P/M alloy for both

water vapor and vacuum, particularly in the lower AK region. The

faster growth rates in the powder processed 7091-T7E69 alloy are

attributed to its finer grain/subgrain size, which reduces slip

reversibility and produces less zig-zag in crack path. At high

AK, the effect of grain size diminishes and the fatigue crack
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growth rates in 7091-T7E69 alloy become comparable to those in

7050-T7451.

The apparent absence of inhibition of crack growth by oxygen

in the binary water vapor-oxygen mixtures for both the I/M and

P/M alloys is puzzling. An indication of this behavior was seen

in the data of Bradshaw and Wheeler [24], particularly at the

lower AK levels. A plausible explanation is that water vapor

condenses at the crack tip and thereby effectively shields the

crack tip from exposure to oxygen. This possibility needs to be

tested by examining the crack growth response at lower water

vapor partial pressures (that is, well below 67 Pa used in the

present experiments) over the same range of partial pressure

ratios. Another possibility is that the kinetics of reactions of

oxygen and water vapor with the 7000 series alloys are consider-

ably different from those of the 2000 series alloys [1], which

may be associated in part with the reactions of segregated magne-

sium with water vapor (see Section 4.5). Additional surface

chemistry experiments are needed to resolve these iiues.

4.2 Reconsideration of the Superposition Model

Fractographic analyses of specimens tested during this study

have confirmed that there are at least two concurrenc micromecha-

nisms in the corrosion fatigue process. The first, pure mechani-

cal fatigue, may be represented by fatigue in pure oxygen for the

7075-T651 aluminum alloy. The second, a pure corrosion fatigue

micromechanism, may be represented by fatigue in water vapor

above the initial saturation pressure. The fraction of fracture

surface created by "corrosion fatigue" increased rapidly as the

A,-
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water vapor pressure was increased from 1.3 to 4.7 Pa. Measure-

ments were made of the areal fraction of each component on the

fracture surface as a function of water vapor. The results are

shown as data points in Fig. 68.

A modification of the superposition model [25] for corrosion

tatigue has been made to give explicit recognition to the fact

that mechanical fatigue and corrosion fatigue can proceed by

different micromechanisms and occur concurrently or in parallel

[26]. The modified model [26] provided a firmer and more consis-

tent basis for the interpretation of fractographic results, but

is otherwise fully consistent with (that is, does not invalidate)

the transport and surface reaction controlled models for fatigue

crack growth [2,3,23].

In the original formulation, crack growth rate was assumed to

be the sum of three terms [25]:

(da/dN)e - (da/dN)r + (da/dN)cf + (da/dN)scc (4)

The first two terms represent the contributions of mechanical

fatigue and cycle-dependent corrosion fatigue, and the last term,

the contribution of sustained-load growth or SCC. Because the

first two processes occur concurrently or in parallel, simple

summation of rates is riot appropriate even though Eqn. (4)

correctly represents the experimental data. The addition of the

third term is appropriate,, since SCC contribation is considered

to be sequential. But, because SCC contribution is not important

to the consideration of aluminum alloys in the LT and TL orien-



-40-

to the consideration of aluminum alloys in the LT and TL orien-

tations, this term is not included in the subsequent discussions.

To give recognition to the concurrent processes, Eqn. (4) is

rewritten into the following form:

0

(da/dN)e - (da/dN)r (1 - () + (da/dN)f,s (5)

(da/dN)r is the mechanical fatigue rate, (da/dN)*f 5 is the

"pure" corrosion fatigue rate, and 4 is the fractional area of

crack that is undergoing pure corrosion fatigue. In the limit,

for 0 - 0 or for test in an inert envirornment, (da/dN)e

(da/dN)r, which corresponds to pure fatigue. For d = 1, corres- 0

ponding to saturation [2,3), (da/dN)e -(da/dN)e, 3 - (da/dN)cf,s

or the pure corrosion fatigue rate. By rearranging Eqn. (5) and .

recognizing the correspondence between c and 9 (the fractional 7

surface coverage [2,3)), it is clear that the modified model is

identical to the original version [251, where ((da/dN)*f, 5  .

(da/dN)r3 - (da/dN)cf, s.

Modified: (da/dN)e - (da/dN)r 1 [(da/dN)*f, - (da/dN)r]) (6)

Originals (da/dN)e - (da/dN)r + (da/dN)cf

- (da/dN)r + (da/dN)cf, s 9 (7)

The relationship between the two models and the various terms are

illustrated schematically in Fig. 69.

The implications of the modified model are that the parti-

tioning of hydrogen to the various microstructural sites would

not be uniform. The fractional area of fracture surface (4)

produced 'y pure corrosion fatigue would be equal to 9, and would
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conform to one of the models for corrosion fatigue [2,3]. Sta-

tistically reliable experimental verification is difficult. Pre-

liminary support for the proposed modification has been obtained

from fractographic analyses of this 7075-T651 aluminum alloy;

(compare model prediction, represented by the solid line, with

the experimental observations in Fig. 68). Additional crack

growth experiments and more detailed fractographic analyses are

needed, however, to provide additional quantitative support.

4.3 Modeling of the Effect of Load Ratio

It was recognized early in this program that the possible

influence of load ratio (R) on crack growth-response had not been

explicitly considered in the initial formulation of the model for

transport-controlled fatigue crack growth [2,3). Load ratio can

affect gas transport to the crack tip through its influence on

the effective crack opening and the effective length over which

gas flow is restricted. A modification of the model for trans- .

port-controlled fatigue crack growth was proposed and has been

tested using a 2219-T851 aluminum alloy E233.

In essence, the root-mean-squared (r.m.s.) value of the 0

crack opening during each loading cycle and the cyclic plastic

zone are used to scale the effective opening and flow length, in

place of the corresponding quantities at maximum load used in the

original formulation [2,3,23). Because there is less constric-

tion in gas flow at the higher load ratios (i.e., at higher mean

loads), environmental effect is expected to extend down to lower -

pressures or exposures (pressure/frequency). In other words, the
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so-called "saturation" exposure, (po/2f)s, is expected to de-

crease with increasing R. The functional form of this depen-

dence, for sinusoidally varying loads, is given by the following S

relationship [23):

(po/2f)s [f(R)]-I (0.25[((l+R)/(I-R)) 2 + 0.5])- 1  (8)

Data on 2219-T851 aluminum alloy tested in water vapor at room

temperature provided support for this proposed relationship (see

Fig. 70). 0

In formulating the model [2,3), it was assumed that the

enhancement of fatigue crack growth resulted from embrittlement

by hydrogen that was produced by the reactions of water vapor

with the clean crack surfaces. Because the extent of reactions

of water vapor with aluminum is Uimited, the extent of enhance-

ment of fatigue crack growth would also be limited and would be

independent of R at a given AK. Data on 2219-T851 also provided

support for this corollary to the model [23). Data on the 7075-

T651 alloy are also in support of this corollary.

4.4 Critical Assessment of the Model for Tranport-Controlled
Fatigue Crack Growth

Fatigue crack growth data obtained from this investigation

cover a range of aluminum alloying with different yield strengths

and microstructures, and can serve as a basis for making critical

assessments of the model for environmentally assisted fatigue

crack growth, such as the model for transport controlled crack

growth [2,3,233. In the model, enhancement of fatigue crack

growth is assumed to result from embrittlement by hydrogen that

• 'tA "
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is produced by the reaction of water vapor with the freshly

produced fatigue crack surfaces. The rate of reaction, and hence

the extent of reaction and the amount of hydrogen production per 0.

cycle, is controlled by the rate of supply of water vapor to the

crack tip.

By assuming that the transport of water vapor is by Knudsen

(molecular) flow at low pressures, the corrosion fatigue compo-

nent of crack growth rate, (da/dN)cf, and the "saturation" expo-

sure, (po/2f)s, were obtained and are described by Eqns. (9) and 76

(10), respectively [2,3,232.

(da/dN) 2
(da/dN)cf s * oT (T/M)"1 2 (p /2f) (9)

e,s N kTE0
0

(p/" NTE2 (M/T) 1/2 c(10)
0P/f 5 CL 2 (1 '

0ys

in Eqns. (9) and (10), f - cyclic load frequency; M - molecular

weight of the gas; NO - density of surface sitet; po0  pressure

of the deleterious gas in the surrounding environment; k - the

Boltzmann's constant; T - absolute temperature; E - Younr's -

modulus; and ays - yield strength. The constants a and 0* are

empirical parameters for surface roughness and for flow, respec-

tively [2,3,233. The 8* parameter for flow depends on the geome-

try of the flow path and hence is expected also to be related to

surface roxighness. The precise dependence of 8* on surface

roughness, however, is not known..

3'%, -
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The influences of water vapor pressure (po) and frequency

(f) on the fatigue crack growth rate as predicted by the model

(Eqn. (9)) have been reasonably well established by experimenta-

tion [1,3,23,27,28]. A truly critical assessment of the model

has not been made, and may be achieved by examining the predicted "

effects of yield strength and fracture-surface roughness (as

affected by microstructure and environment) on the saturation

exposure, defined through Eqn. (10). Specifically, Eqn. (10)
0

shows that the value of the saturation exposure, (po/2f)s, is

proportional to the roughness related parameter, B*/c, and is

inversely proportional to the square of the yield strength. The -

yield strengths were determined from independent measurements,

and the surface roughness of the fatigue fractured surfaces for

each alloy was measured using a Tally Surf 4 profilometer. These

data were used to determine the relative changes in (po/2f)s from

one alloy to another.

For this assessment, data on the 7000 series I/M and P/M

alloys are used. Comparisons of these alloys in terms of the

influences of water vapor pressure on fatigue crack growth rates

are shown in Figs. 71 to 74. Figures 71 to 73 show comparisons

between a reference alloy, overaged 7050-T7451 (I/M) alloy, and

the fatigue crack growth responses of 7091-T7E69 (P/M), peakaged

7050-T651 (I/M) and peakaged 7075-T651 (I/M) alloys, respective-

ly. A comparison between the 7091 (P/M) alloys in the T7E69 and

T7E70 conditions is shown in Fig. 74.
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The general response for the different alloys is similar and

can be divided int, several regions as illustrated schematically

in Fig. 75. In thx. low vapor pressure region (Region I), the 0

rate of fatigue crack growth conforms to the model for transport

controlled crack growth [2,3,23J, and exhibits a saturation level

(Region II). Above the saturation pressure, fatigue crack growth

rates for the overaged alloys (7050-T7451, 7091-T7E69 and 7091-

T7E70) remained essentially independent of water vapor ptessure

(Figs. 71 and 74). For the peakaged 7050-T651 aad 7075-T651 -

alloys, however, there was a definite further increase in crack

growth rate with increasing water viper pressure above a certain

pressure, reaching an apparent second plateau, or saturation

level (Region III) (Figs. 72 and 73). The occurrence of Regicn -.

III growth in the peakaged 7000 series alloys is attributed to

the segregation of magnesium at the fracture surface and is .

discussed in Section 4.5 and [293.

It is important to note the significant difference in sa-

turation vapor pressure at the onset of Region II among the

different alloys. Figure 71 shows that the saturation vapor

pressure for the 7091-T7E69 (?/M) alloy is less than one-tenth of

that for the 7050-T7451 (I/M) alloy. The difference in satura- -

tion vapor pressure between the 7000 series (I/M) aluminum alloys

is significantly less, and is negligible between the 7091-T7E69

and 7091-T7E70 (P/M) alloys. For transport-controlled crack

growth, the saturation exposure, (po/2f)s, is given by Eqn. (10).

Since the 7000 series aluminum alloys have comparable Young's

9."••

9"° .



-46-

moduli, the saturation water vapor pressures for two alloys, at

the same test frequency and temperature, are related as follows:

20
(1*/C0) 1 a ysl"(

0 (2o Sla 2 o 1 .••

ys2

Subscripts 1 and 2 denote the values for alloys 1 and 2, respec-

tively. Thus, the saturation water vapor pressure of alloy 2 can . -

be predicted from that of alloy 1, if the yield strength and the

roughness-related term "/a for both alloys are known.

The roughness of fatigue fracture surfaces of the 7000

series aluminum alloys, tested at or above the saturation water .

vapor pressure, was measured using a Tally Surf 4 profilometer.

The average fracture surface roughness for these alloys are

listed in Table 2, along with the measured and predicted satura-

tion pressure and the alloy yield strength. The results indicate

very good agreement between the measured and predicted values of

saturation pressure, provided that the roughness related para-

meter, 8*/c, is assumed to be directly proportional to surface

roughness. For the 7050 and 7091 alloys, whose fracture surface

roughness were essentially unaffected by the two different aging

treatments, the saturation pressures reflected correctly the

influence of yield strength. For 7050-T651 and 7091-T7E69, at

comparable yield strength, the saturation pressure reflected the

linear dependence on surface roughness. The other alloy combina-

tions, correctly reflected in combined effects of roughness and

yield strength. Data on the 7075-T851 at room temperature
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(295 K) and at 354 K confirm the predicted effect of temperature,

including that associated with the temperature related change in

"yield strength.

Quantitatively, it is unclear why 8*/a should vary directly

with surface roughness. The constant a is modeled as an empiri-

cal constant for surface roughness and is related to surface

roughness through increases in surface area. The overall effect,

however, would result in a relatively small change in 3aturation

pressure (about 30%). The constant 8* is a composite empirical

flow parameter, which depends the effective crack opening and

flow lenqth. It is strongly dependent on the geometry of the

flow path and is surface roughness related. Rougher fracture

"surfaces mean greater crack surface area (hence more surface

reaction sites) and appear to provide more severe constriction in

flow (slower water vapor transport rate to the crack tip), and

result in higher saturation water vapor pressures. A more de-

tailed study is required to fully understand the complex role of

surface roughness in influencing environmentally assisted fatigue

crack growth response.

"*- The foregoing discussion dealt specifically and solely with

the changes in fatigue crack growth rate when the environmental

conditions are altered. The model, however, does not address the

significant differences in the absolute fatigue crack growth

"rates and in resporse among the different alloys. For example,

thi powder metallurgy 7091-T7E69 alloy exhibited higher fatigue

* crack growth rates than the ingot metallurgy 7050-T7451 alloy at

the same AK level (Fig. 71). While aging treatment produced
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little effect on the Region I and Region II fatigue crack growth

rate in the 7050 alloy, the peakaged 7050-T651 alloy exhibited

Region III behavior and had higher fatigue crack growth rate at

the higher exposures (see Fig. 72). Peakaged 7075-T651 alloy

also had higher fatigue crack growth rates than the overaged

7050-T7451 alloy, Fig. 73. The crack growth rates in Region I

and II are believed to depend on a number of metallurgical para-

metersy such as strength, toughness, microstructure, deformation

mode, and texture. Because of the complex nature of the fatigue

process, there is no accepted theoretical or empirical model that

can quantitatively predict the absolute fatigue crack growth

rate. The development of such a model is needed, but is beyond

the scope of this study.

4.5 I-ole of Magnesium in Corrosion Fatigue

As a part of this study, the kinetics of fatigue crack

growth of 7000 series I/M and P/M aluminum alloys were determined

as a function of water vapor pressure or equivalent exposure

(po/2f); (see Section 3.1). The reactions of water vapor with

these alloys were also determined as a function of exposure

(Section 3.3). Correlations between the fatigue crack growth and

surface reaction results were made in terms of a model for trans-

* port-controlled crack growth proposed by Weir et al. E2J and Wei

* and Simmons 33].

Unlike the previous results on 2219-T851 (AlCu) alloy Ell,

* 7075-T651 (AlMgZn) alloy exhibited further increases in fatigue

crack growth rate beyond an initial *saturation" level with
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increasing water vapor pressure or exposure (beginning at about

40 Pa or 4 Pa-s) as shown in Figs. 75 (to facilitate comparison,

fatigue crack growth data on the 7075-T651 alloy, shown in

Fig. 73, have been replotted in semi-logarithmic coordinates in

Fig. 75). The response is similar to that reported by Dicus [15)

for 7475-T651 alloy. Comparable increases in rates, however,

were not observed on the overaged and 7091 (P/M) alloys. Ana-

lyses oi" impact-fracture surfaces of -these alloys by Auger elec-

tron spectroscopy showed significant segregation (or enrichment)

of magnesium over regions of the surfaces for the 7075-T651 (I/M)

alloy (Fig. 59), and no apparent segregation in the overaged 7091

(P/M) alloys. Segregation of magnesium in peak-aged aluminum

alloys has been reported by Pickens et al. [30).

These observations suggested that the commonly acknowledged

environmental susceptibilty of 7000 series alloys in the peak-

aged condition [16) might be attributed to further reactions of

water vapor with the segregated magnesium or with magnesium in

the enriched regions. Further Auger measurements of the reac-

tions of water vapor with the 7075-T651 alloy, to include higher

exposures (up to 15 Pa-s), and surface reaction and fatigue crack

growth experiments on an AZ31 magnes3.um alloy were added to the

original program to explore this possibility, and the surface

reaction results are described in Section 3.3 and are shown in

Figs. 64 and 65, respectively. The data have been normalized to

the level in the intermediate plateau region. Surface reaction

data for the 2219-T851 alloy [1,29) are shown in Fig. 66 for

comparison.
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Figure 64 shows clearly further increases in reaction of

7075-T651 aluminum alloy with water vapor, beginning at about

1 Pa-s. A similar increase is observed for the AZ31 magnesium

alloy at about the same exposure (compare Fig. 65 to Fig. 64).

On the other hand, there was no apparent increase in reactions

with the 2219-T851 aluminum alloy (Fig. 66) at comparable expo-

sures. These results strongly suggested that the additional

reactions in the 7075-T651 alloy are associated with the presence

of magnesium on the fracture surfaces.

Fatigue crack growth data for the AZ31 magnesium alloy are

shown in Fig. 76. The results show an additional increment of

increase in crack growth rate over the same range of pressures or

exposures as that observed on the 7075-T651 alloy. Comparisons

between the i-orface reaction data with the results on fatigue

crack growth (Figs. 64, 65, 75 and 76) show that the increases in

reaction occurred in the same range of exposurea as that for the

observed increases in fatigue crack growth rates (i.e., from

about 1 to 10 Pz.-s). No such increase in the extent of surface

reaction or in fatigue crack growth rate was observed in the

2219-T851 (Al-Cu) alloy [1,293.

To further verify the role of magnesium in enhancing fatigue

crack growth, additional experiments were carried out on a 7050-

T651 alloy. The results (Fig. 72) clearly show the similarity in

response between the peakaged 7050-T651 and 7075-T651 alloys.

These results strongly suggest that thi additional enhancement in

fatigue crack growth rate and the further reactions in the peak-
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aged 7000 series alloys are associated with the presence of

magnesium on the fracture surfaces. The observed increases in

fatigue crack growth rates in the 7050-T651 and 7075-T651 alumi-

num alloys (i.e., from about 1 to 10 Pa-s), in Fig. 72 and 75,

are to be attributed to the reactions of water vapor with this

magrnesium. Limited information in the literature [31J suggests

that the reactions of interest are likely to be the initial

formation of Mg(OH) 2 and the subsequent formation of MgO. More

complete studies are needed, however, to fully confirm these

findings.

Although segregation of magnesium has been reported recently

by Pickens et al. [30J, it is believed that the data presented

herein are the first evidence that link magnesium chemically to

the corrosion fatigue and stress corrosion cracking susceptibi-

lity of 7000 series (AlMgZn and AlMgZnCu) alloys.

This explanation based on magnesium, however, is not wholly

adequate, because 7075 aluminum alloy in the overaged (T73)

condition showed magnesium segregation and enhanced reactions at

the higher exposures. Yet no additional increases in fatigue

growth rates were observed. It is apparent, therefore, that the

presence of segregated magnesium and its reactions with water

vtpor.provided a source of additional hydrogen for crack growth

enhancement. While necessary, the availability of additional

hydrogen is not sufficient in itself to produce embrittlement.

The susceptibility of the microstructure needs to be considered

also. Further work to examine the interactions of hydrogen and
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microstructure is needed, and the possible contribution of zinc

to the reactions with water vapor also needs to be clarified.

Although further research is needed to explore more fully

the chemical role of magnesium in the susceptibility of 7000

series aluminum alloys, clearly its presence as a necessary

condition for this susceptibility has been demonstrated. Efforts

should now be made to capitalize on this important new finding in

the development of improved alloys.
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5.0 SUMMARY

The influence of water vapor on the kinetics of fatigue

crack growth has been systematically determined for 7050-T7451,

7050-T651 and 7075-T651 (I/M) and 7091-T7E69 and 7091-T7E70 (P/M)

aluminum alloys. The possible influence of oxygen in inhibiting

the enhancement of fatigu3a crack growth by water vapor was also

examined. Detailed fractographic analyses were performed on

these alloys to provide information on the micromechanisms of

corrosion fatigue crack growth and on the role of metallurgical

variables. Surface chemistry studies were carried out to develop

further understanding of the influence of water vapor on fatigue

crack growth in aluminum alloys. The study has provided signifi-

cant additional understanding and has led to improvements in the

modeling of environmentally assisted fatigue crack growth.

Fatigue crack growth responses of the 7091 (P/M) alloys and

of the 7000 series (I/M) alloys in water vapor are similar,

although the behavior for the peakaged (T6) alloys differs some-

what from the overaged (T7) alloys. In the low pressure region,

crack growth rate increased with water vapor pressure, for all of

the alloys, up to some critical (or "saturation") pressure. The

rate then remained essentially constant with further increases in

pressure of the overaged (T7) alloys. For the peakaged (T6)

alloys, on the other hand, there were additional increases in

rate with further increases in pressure above a certain value.

The low-pressure region response for all alloys could be

quantitatively described by a model of transport controlled crack

growth, which in turn provided confirmation for the adequacy of
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the proposed model for a range of aluminum alloys with differing

composition and microstructure. The mechanism for crack growth

enhancement in the second region, however, is less clear. Fa-

tigue crack growth and surface chemistry studies carried out on

the aluminum alloys and an AZ31 magnesium alloy showed clearly

that the enhancement in growth is attributable to the further

reactions of wate: vapor with segregated magnesium in this alloy.

Fractographic examinations suggested that the crack growth

mechanism in oxygen and at low water vapor pressures may be

different from that in vacuum for these aluminum alloys. The

fracture surface morphology, typified by that of the 7075-T651 .

(I/M) alloy, varied continuously as water vapor pressure was

increased. At low water vapor pressures and in oxygen, the

fracture surfaces of 7075-T651 alloy contained dense clusters of

dimples, associated with large constituent particles, and regions

of extensive deformation. At the higher water vapor pressures,

the fracture surfaces were essentially brittle. Stereographic 0

analyses of the mating surfaces of 7075-T651 alloy indicate the

close match between the surfaces and the limited extent of (duc-

tile) deformation on the gross scale. Micro-etch-pit analyses 0

showed that the fatigue fracture surfaces were predominately

(100), with striations parallel to approximately the <100> and

<110) directions. The fracture surface morphology of the P/M 0

alloys are similar to that of the I/M alloys, but on a much finer

scale. The observed higher fatigue crack growth rates in the

7091 (P/M) alloys, as compared to those in the I/M alloys over .

I,,*



-55 -

the low and intermediate AK range, is attributed to the effects

of grain size on slip reversal and on fracture surface roughness.

Based in part on these fractographic observations, a modifi-

cation of the superposition model for corrosion fatigue has been

made to give explicit recognition to the fact that mechanical
0

fatigue and corrosion fatigue can proceed by different micro-

mechanisms and in parallel. Fractographic data, principally on

the 7075-T651 alloy, from this study provided support this modi- .S

fication. In addition, revision of the model for transport

controlled fatigue crack growth was made to account for the 6

changes in effective crack opening with load ratio. -

Data from this study permitted a critical assessment of the

model for transport controlled crack growth through an examina-

tion of the effects of yield strength and fracture surfaca rough-

ness. Both were found to be significant parameters in influ-

encing the fatigue crack growth response of 7000 series P!M and

I/M aluminum alloys in relation to water vapor pressure. The

saturation water vapor pressure was found to vary inversely with

the second-power of yield strength and directly with the fracture

surface roughness, and is consistent with the model predictions.

Because the yield strength of 7000 series aluminum alloys ranged

between 400 to 600 MPa, its effect on the saturation water vapor

pressure was relatively small. Fracture surface roughness, on

the other hand, had a strong influencel changing the saturation

water vapor pressure by more than an order-of-ragnitude between

selected powder metallurgy alloys, with their very fine micro-

structure and smooth fracture surfaces, and the coarser and

S
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rougher ingot metallurgy alloys. Peakaged 7000 series aluminum

alloys tended to have slightly lower saturation water vapor

pressure because of their higher yield strengths. The transport-

controlled modal for fatigue crack growth and its applicability

to high strength aluminum alloys have been demonstrated. 0

Identification of the chemical role of magnesium in corro-

sion fatigue and stress corrosion cracking susceptibility of 7000

series (Al-Mg-Zn and Al-Mg-Zn-Cu) alloys represents one of the

key findings of this study. The evidence, although limited,

strongly supports the further reactions of magnesium with water

as being the cause for environmental cracking (CF and SCC) sus-

ceptibility of 7000 series aluminum alloys. This explanation is

very different from the current hypotheses that are based solely

on deformation (e.g., slip planarity), and opens up new avenues

for improving the environmental cracking resistance of high

strength aluminum alloys.

For a water vapor :)artial pressure of 67 Pa (with a load

ratio of 0.1), oxygen appeared to exert no i.ahibiting effect on

fatigue crack growth in the 7075-T651 and 7091 aluminum alloys

for oxygen-water vapor partial pressure ratios from 4 to 300.

This apparent disagreement with expectation and model prediction

is probably caused by capillary condensation of water vapor at

the crack tip, thereby preventing access by oxygen, of by the

influence of magnesium. Additional research is needed to fully

resolve this issue.
0°. •.

-9- %.°
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Fig. 32: Comparison of kinetics of fatigue crack growth
in I/M 7075-T651 aluminum alloy at 354K in
pure oxygen and in wacer vapor.
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Fig. 33: Comparison of kinetics data of fatigue crack "'.
growth experiments in vacuum on P/H 7091-T7E70 0
aluminum alloy conducted at LU and MDflL. .
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F~ig. 37: Effect: of oxygen pressur'e on fatigue crack•
growth kinetics in a binary gas mixture.--'.....
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alloy.
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Fig. 38: Effect of oxygen pressure on fatigue crack
growth in a binary gas mixture (Po20 " 67 Pa)
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(a) Vacuum (b) Water vapor, 6.7 Pa

(c) Water Vapor, 67 Pa (d) Water

Fig. 39: Scanning electron microfractographs of 7050-T7451
aluminum alloy specimens tested in fatigue at room

-. temperature at R = 0.1 (AK = 10 MPaAm): (a) in
vacuum; (b) in water vapor at 6.7 Pa; (c) in water

* vapor at 67 Pa, and (d) distilled water.
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S4
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(a) Vacuum

-A-

(b) Water vapor at 67 Pa

Fig. 40: Scanning electron microfractographs of 7050-T7451
aluminum alloy specimens tested in fatigue at
room temperature at R - 0.5 (AX - 10 MPar'm)
(a) in vacuum, and (b) in water vapor at 67 Pa.
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Fig. 41: SEM microfractographs of I/M 7075-
T651 specimen tested in vacuum (AK=
11 MPa/Rn, R - 0.1 and f =5 Hz), at
low magnification.
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Fig. 42: SEM microfractographs from matiag fracture
surfaces at the area indicated by arrows in
Fig. 41, showing the difference in fracture
surface morphology.
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Fig. 45"E irfatgapso / 05T5
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(a) ;.

j. •

(b)...

Fig. 45: SEM microfractographs of I/H 7075-T651.../
specimen tested in pure oxygen at 266 i[
Pa (AK - 11HPavS, R - 0.1 and f = 5Hz),
a) 300x, and b) 600X.' --
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Fig. 16: SEX microfractographs from mating frac-
ture surfaces tested in pure oxygen at
266 Pa (AX - 11 MParm, R - 01 and f-
5 Hz) showing particle-hole pairs. EDX
spectrum shows that these particles are
iron-rich.

% -J .: ..



-109-

IN*V4' %0 O- 14 41 0) r
H r- . O 0ý ~4)
40 W 0 Wo.O 04f _C

2 11 4-40 (d.i 4

waj'u~ 0)~~S4

0*w*4i 4-1 4J O"
-W uo x 0 0 .4 41J

au )t 0 m41 41 o 0
M0. -~ C. C arS4

d W 0W r-402Mj04 '44 M
44 0H r- .4 H-

u 0> .404 r

-r4E4 X r0

1 nT i %00
Ln (D 449 WM.C -

f- 41w tylu t0



-110-

M 4L I - - )r

go 0 -~V4 00

4g N 0 to 4

ON 4 4 -4 44

4 0 r4 40 0 4
C ~ a. In a 1 0 4 U

"4 0 9 0w. ~41
rx -

41 M*

0 p 1 ( ....

0 0 0a 0.



4.44

0
r. 10" 0

00

0 0

1 0 c0

fm0

0 (A e -94 4



-112-

(a)-

(b)

Fig. 50: SEX aicrofractographs of I/14 7075-
T651 specimen tested in water vapor
at 67Pa. (AN - 11 ParmR 0. 1
and f -5 Hz), a) 300X and b) 600X.
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Fig. 56: SEN microfractogzraphs of P/N 7091-T7269tested in (a) vacuum, and (b~) 133.3 Pain water vapor (R -0.1 and f S 5 B).
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Fig. 58: Comparison of the fracture surface morphology
of (a) P/?. 7091-T7E69, and (b) I/i. 7050-T7451._
Both specimens were fatigue tested in water
vapor environment CR -0. 1 and f -5 Hz) .
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Fig. S9: Auger electron spectra and Auger map of im-
pact fracture surface of a 7075-T651 aluminum
alloy showing extensive segregation of magnesium.
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Fig. 64: Kinetics of reactions of water vapor with
7075-T651 aluminum alloy at room temperature,
showing the contributions from a second reac-
tion step £26].
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Fig. 65: Kinetics of reactions of water vapor with
AZ31 magnesium alloy at room temperature,
showing two reaction steps (26].
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Fig. 66: Kinetics-of reactions of water vapor with 2219-
T851 aluminum alloy at room temperature, with
no apparent second reaction step [1,261.
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Fig. 68: Comparison between model predictions
and fractographic observations on a
7075-T651 aluminum alloy tested in
water vapor.
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Fig. 69: Schematic il1ustratiois of environmentally
assisted fatigue crack growth response and
of the relationship between the various
terms in the original and the modified
models.

--- - - - - - - -- b----.- --.- p.-. -. . .



132-

2219-T851 Aluminum Alloy
in Water Vapor f 5Hz
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Fig. 70: Influence of load ratio on the saturation value
of exposure in 2219-T851 aluminum alloy at room
temperature. Solid line represents the best fit
to the data.

"-.-

* *. ... c ,. t4 ~~ .~-. *-.w-. - 4 - - . - - -



-133-

00ý

w 0

$4J

IE-

-p
00 W
I-E-S

~r.

C..

IA-

0 z CJ~
U0%

caI

EU
I..ai6



134 -

c• I

4) 0

e-Z

•,

44

- - -o - .a
" i I,-

CL tC

Igo

- U

I 00I ~we

4"

44 1 .-

JJ.

• -.

• .- •. o 
o*°.-°.'



-135-

0) 0

00

all
o P4

0 r

$4 (1

Ir



-136- .

0 0

0

r4)

c~o. ,..

O• 0

1 144

0 -- - u.d -.-N c--
c ~ 0

4.E-4

0 #- I . ... .. ..

0

0 r- "•4

r(n

00c E41

.I . .. . . . ..



-137- •

- -4

- 0

I%--- P

0

"'-up. I - I .

0..~

0........

$,4

Lu

Cc C

u b ,y -..-

=: '' = -['0--I

I.. .. a. •

_ S ,,I•

-, .° .

°° J. -

.*.',4
-__.-
• I-

'U-i~'

C-'.-Lui

/S



-138-

.2 AZ31 Magnesium Alloy 0
Te;.ie in Water Vapor at Room Temperature .0

~A a. 1Ku0. 5MPa.I/IW
01 RoO.l f a Hz

i0.8-
*0 0

~0.6- 0 0.
01 ccOxygen
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010

Fig. 76: The ef fect of water vapor pressure (or
pressure/2xfrequency) on fatigue crack
growth in AZ31 magnesium alloy at room
temperature (26].
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Fig. 77: The effect of water vapor pressure (or pres-
sure/2xfrequency) on fatigue crack growth in
7075-T651 aluminum alloy at room temperature
126].
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