
(NASA-TM-X-69223) AN EXPERIMENTAi

iINVESTIGATION OF THE EFFECTS OF VACUUM

ENVIRONMENT CN THE FATIGUE LIFE,

FATIGUE-CRACK-GROWTH BEHAVIOR, AND (NASA)

67 p HC $45k4t89 CSCL 11F

N73-21450

Unclas
G3/17 68627

AN EXPERIMENTAL INVESTIGATION

OF THE EFFECTS OF VACUUM ENVIRONMENT

ON THE FATIGUE LIFE, FATIGUE-CRACK-GROWTH BEHAVIOR,

AND FRACTURE TOUGHNESS OF 7075-T6 ALUMINUM ALLOY

by

CHARLES MICHAEL HUDSON

A thesis submitted to the Graduate Faculty of
North Carolina State University at Raleigh

in partial fulfillment of the
requirements for the Degree of

Doctor of Philosophy

DEPARTMENT OF MATERIALS ENGINEERING

RALEIGH

1972

APPROVED BY:

rman of Adviso Committe

Reproduced by

NATIONAL TECHNICAL
' INFORMATION SERVICE

U S Department of Commerce
Springfield, VA. 22151



ABSTRACT

HUDSON, CHARLES MICHAEL. An Experimental Investigation of the Effects

of Vacuum Environment on the Fatigue Life, Fatigue-Crack-Growth Be-

havior, and Fracture Toughness of 7075-T6 Aluminum Alloy (Under the

direction of Dr. C. R. Manning.)

Axial-load fatigue-life, fatigue-crack propagation, and fracture

toughness tests were conducted on 0.090-inch thick specimens made of

7075-T6 aluminum alloy. The fatigue life and fatigue-era& propagation

experiments:were conducted at a stress ratio (ratio of the minimum

gross stress to the maximum gross stress) of 0.02.

Maximum stresses ranged from 33 to 60 ksi in the fatigue life

experiments, and from 10 to 40 ksi in the fatigue-crack propagation

experiments. Fatigue life experiments were conducted at gas pressures

of 760, 5x10 
21

, 5x10 , 5x10
4
, and 5x10

8 
torr. Fatigue-crack-growth

and fracture toughness experiments were conducted at gaS pressures.of

760 and 5x10
 

torr.

Residual stress measurements were made on selected fatigue life

specimens to determine the effect of such stresses on fatigue life

The fracture surfaces of typical specimens were examined after

failure using both transmission and scanning electron microscopes to

study fracture modes in vacuum and air.

Analysis of the results from the fatigue life experiments indicated

that fatigue life progressively increased as the gas pressure decreased.

At a pressure of 5x10
-8 

torr fatigue lives were fifteen to thirty times



longer than at 760 torr, and the fatigue limit wa.S approximately 11

ksi higher. It appeared that the reduction of the available water

vapor around the test specimen is responsible for this increase in.

. fatigue life.

Analysis of the results from the fatigue-crack-growth experiments

indicates that at low values of stress-intensity range, the fatigue

crack growth rates were approximately twice as high in air as in

vacuum. However at higher values of stress intensity range, the

fatigue crack growth rates were nominally the same in vacuum and air.

An empirical equation developed by Forman et al was fitted to the

crack propagation data using least squares techniques. This equation

gave an excellent fit to the data generated in both vacuum and air.

Analysis of the fracture.toughness data showed there was

essentially no difference in the fracture toughness of 7075-T6 in

vacuum and in air.

The X-ray stress analysis portion of the investigation indicated

there was no consistent variation of fatigue life with residual stress

level.

Fractographic examination of the specimens tested in both vacuum

and air indicated that fatigue striations oceurred. in both vacuum and

air, although the striations were considerably more numerous on the

surfaces of air tested specimens than on the vacuum tested ones.
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INTRODUCTION

The effects of vacuum environment on the fatigue behavior of pure

metals have been studied by several investigators. Generally these in-

vestigators found that fatigue lives were longer in vacuum than in air.

However, space vehicles are generally constructed of high-strength

metal alloys rather than pure metals, and the fatigue behavior of these

high strength alloys is not generally known. In order to provide some

of this knowledge a series of axial-load fatigue-life, fatigue-cradk-

propagation, and fracture toughness experiments have been performed on

sheet specimens made of 7075-T6 aluminum alloy. (This alloy was se-

lected because of its frequent usage for aerospace applications.)

These tests were performed at gas pressures ranging from 760 to 5x10
-8

torr to determine how fatigue behavior varied with decreasing gas pres-

sure; and at stress levels ranging from 60 to 10 ksi to determine the

effects of different stress levels on fatigue resistance.

In addition* selected specimens were X-rayed prior to testing to

determine the residual stress state on the specimen surface and thus

study the effects of these residual stresses on overall fatigue

behavior.

The fracture surfaces of selected specimens were also examined

using transmission and scanning electron microscopes techniques to

determine whether there were different fracture modes in vacuum and in

air.
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The fatigue-crack-growth and fracture toughness data were analr-

zed using stress-intensity aaalysis procedures. Figge and Newman

(1967) showed that by using these procedures, the data from simple

sheet specimens could be used to predict fatigue-crack-growth behavior

in simulated structural configurat•ions.

An empirical equation developed by Forman, Kearney, and Engle

(1967) was fitted to the data generated in this investigation by using

least-squares techniques.
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LITERATURE REVIEW

As explained in the Introduction section of this dissertation, a

vacuum environment generally increases the fatigue resistance of pure

metals.

Only the fatigue resistance of the precious metals gold and silver

was unaffected by the vacuum environment. The mechanism or mechanisms

responsible for this increase in fatigue resistance have not been iden-

tified as yet, but some very perceptive research aimed at fdentifying

this mechanism(s) has been conducted. The primary objective of this

literature review is to collate the findings of the various researchers,

and determine the most likely mechanism(s) to explain the observed in-

crease in fatigue resistance in vacuum. In addition, this review will

consider the overall fatigue behavior which was observed in the various

vacuum-fatigue experiments. Included in this overall fatigue-behavior

review are: (1) the variation of fatigue life with decreasing gas

pressure, (2) the microscopic and macroscopic surface morphology of

the fatigue-fractured specimens, (3) the phase of fatigue affected by

the environment, i.e., the fatigue-crack-initiation or fatigue-crack-

propagation phases, (4) the effects of prolonged exposure to vacuum

prior to testing, (5) the effects of different gas environments on

fatigue behavior, and (6) the gasses given off by the specimen during

fatigue cycling.

A detailed discussion of the six preceding review topics will be

given in the last section of the Literature Review.
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Variation of Fatigue Life With
Decreasing Gas Pressure

The variation of fatigue life with gas pressure, in the range 760

to 10
-8 

torr, has not been clearly established to date. In some in-

'stances, a continuous variation between fatigue life and gas pressure

was found, whereas in other instances, a stepped variation occurred.

An example of continuous variation is shown in figure 1. In this •

figure, the fatigue lifeof pure copper, pUre aluminum, and an aluminum

alloy has been replotted from a paper by Wadsworth (1959) as a functton

of gas pressure. Similar continuous variations of fatigue life with

decreasing gas pressure were observed by Snowden (1961) in tests on

pure aluminum, by Kramer and Podlaseck (1961) testing pure aluminum

crystals, and by Christensen (1963) in tests on 2014-T6 aluminum alloy.

A number of possible mechaniaus were proposed to explain how the

interaction of the environment and the material could produce the Ob-

served increase in fatigue life with decreasing gas pressure.

Wadsworth and Hutchings (1958) suggested that the oxygen molecules in

the atmosphere combine with the freshly exposed atoms at the tip of the

fatigue crack, which weakens the material and thus accelerates fatigue-

craCk propagation. At a lower gas pressure, there are fewer oxygen

molecules available to combine with and weaken the material; conse7

quently, the rate of fatigue-crack growth is longer.

Wadsworth and Hutchings (1958) also suggested that coldwelding

could be responsible for the observed increase in fatigue life in vacu-

um. Materials studies by Ham (1962) have shown that two uncontaminated
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Figure 1.- Continuous variation between fatigue life and gas pressure
(from Wadsworth (1959)). R = - 1.
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metal surfaces, e.g., the fracture surfaces of a specim
en fractured in

high vacuum, when placed in contact and subjected 
to a moderate com-

pressive stress will actually coldweld together. 
Wadsworth and

Hutchings proposed that at low gas pre8sures, the new
 fatigue-crack

surface that developed under the tension loading i
s only partially con-

taminated because of the limited number of conta
minating molecules

available. During the compression portion of the cycle, the
 uncontami-

nated portions of the surface are brought back t
ogether under pressure

and coldwelding occurs. The net effect is a delay in fatigue crack-

propagation and an extended life at the lower gas 
pressures. Ishii

and Weertman (1969) also indicated they believed
 coldwelding of freshly

cracked surfaces was a contributing factor to the 
increased fatigue

life in vacuum.

Broom and Nicholson (196?) suggested that hydrogen
 was responsible

for the difference in fatigue behavior in vacuum and 
air. They pro-

posed that hydrogen ions are produced at clean metal 
surfaces when .the

water vapor in the air combines vrith the cleap. uetal 
to form an oxide.

Broom and Nicholson proposed three posoible mechan
isms by which these

ions could affect overall fatigue behavior. In the first mechanism,

the hydrogen ions diffuse into the metal and .acc
umulate at voids which

exist in the metal. The constant diffusion of these ions builds up in-

ternal pressure in the voids which facilitates cra
ck initiation. In

the second mechanism, the diffusion of hydrogen 
ions alters the surface

energy of cracks and, thus, modifies the rate at wh
ich the cracks pro-

pagate. In the third suggested ,echanism, the rate of diff
usion of the
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hydrogen ions governs the generation of vo ids by controlling the clus-

tering of vacancies formed by moving dislocations.

Bradshaw and Wheeler (1965) similarly proposed that some form of

hydrogen eMbrittlement was responsible for the increased fatigue-crack-

propagation rates in air.

Grosskreutz and Bowles (1965) proposed that, in vacuum, freshly

exposed slip steps are not immediately oxidized when they form (as they

are in air). Consequently, reversible motion. of the dislocation loops

near the surface of the metal can occur when the fatigue loading re-

verses direction. Under such conditions, Grosskreutz and .Bowles state,

the rate of strain hardening would be decreased as would be the rate of

slip-step formation and dislocation dipole formation. Conversely, in

air, the atmosphere would oxidize the freshly exposed surfaces intro-

ducing obstacles to dislocation movement. These obstacles would cause

higher rates of work-hardening, slip-step formation, and dislocation

dipole formation. Grosskreutz and Bowles contended that these higher

rates constituted a higher rate of fatigue-damage accumulation in air

and consequently, a shorter fatigue life. Grosskreutz and Bowles pre-

sented supporting experimental data on aluminum single .crystala which

were obtained using replica and transmission electron microscopy,

These data showed that for a given number of fatigue cycles, the speci-

mens tested in air exhibited more numerous and more intense slip bands

than specimens tested in vacuum. Also, specimens tested in air contain-

ed many dislocation dipole clusters on the primary glide planes while
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specimens tested in vacuum contained dislocation dipole cluste
rs with

much less frequency.

Pelloux (1969) proposed a sirdlar mechanism for explainin
g the

difference in fatigue-crack propagation in vacuum and in air
. In air,

Pelloux suggests an oxide forms on the slip steps generat
ed by growth

of the fatigue crack and blocks reversed slip when the load 
direction

changes from tension to compression. In vacuum, of course, no such

oxide film forms and consequently, reverse slip can occur. Pelloux

explains that this model accounts for the existence of fa
tigue striae

on specimens tested in air, and the absence of such striae o
n vacuum-

tested specimens.

Wilkov and Applewhite (1967) similarly proposed that in air 
an

oxide film forms on the freshly exposed slip-step surfaces a
nd inhibits

dislocation movement. Wilkov and Applewhite suggest that such inhibi-

tion leads to more rapid fatigue-damage accumulation. In vacuum, they

propose that no such oxide film forms, therefore dislocations 
can es-

cape to the surface of the metal more easily and fatigue dam
age does

not occur as rapidly as in air.

A typical example of the stepped variation of fatigue lif
e with

decreasing gas pressure is shown in figure 2 which is replotted fr
om

Hordon and Wright (1968). This figure shows that the fatigue life of

1100-H14 aluminum was nearly constant from 760 torr (atmospheric pr
es-

sure) to approximately 10
-1 

torr, increased steadily from 10
-1 

to 10
-4

torr, and was again nearly constant for lower pressures. Snowden (1961)
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in tests on pure lead, Sumsion (1968), and Nelson and Williams (1967)

in tests on pure magnesium, Ham (1963) and Shen (1967) in tests on

1100-H14 aluminum, and Shen, Podlaseck and Kramer (1966) in tests on

pure aluminum found similar stepped variations of fatigue life with ,de-

creasing gas pressure. In all of these investigations in which the

stepped variation in fatigue life was found, the pressure range ov
er

which the fatigue life increased rapidly with decreasing gas press
ure

was approximately 10
-1 

to 10
-4 

torr. There were minor variations for

different materials, however.

Three somewhat similar mechanisms were proposed to explain this

stepped variation of fatigue life with gas pressure. Ham (1963) pro-

posed that in the initial stage of fatigue-damage accumulation in 1100-

H14 aluminum (prior to crack initiation) localized plastic deforma
tion

occurs in some surface crystals as a result of fatigue loading. It was

assumed that some of this deformation occurs in the form of reversible

slip, which initially exposes clean-surface material to .the gas mole-

cules of the surrounding environment. The buildup of aluminum oxide on

this clean surface is time-dependent but tends towards an equilibrium

thickness at a given pressure; at a higher pressure, the thickness is

greater. At higher pressures, a sufficient oxide thickness forms the

structure characteristic of Al2
0
3' 

Ham proposed that only this struc-

ture can be bound tightly enough to the base metal to be carried into

the metalwhen reverse slip occurs. Rebonding of the surfaces is thus

inhibited and a crack nucleated. If there is an insufficient thickness
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of oxide to form Al2
0
3' 

the attached oxygen can be displaced upon re-

versal of slip, and the rebonding of the surfaces can be accompli
shed.

It was proposed, therefore, that above approximately 10
-1 torr there is

always a sufficient thickness of oxide to form A1203 and, cons
equently,

fatigue life is governed by the nucleation of oxide-caused cracks
. Be-

low 10
-4 

torr, there is an insufficient thickness of attached oxygen 
to

form 
Al2

0
3' 

and fatigue life is assumed to be influenced by some other

damage phenomenon. Between 10
-1 

and 10
-4 

torr, there is a transition

range, and life varies rapidly within this range.

A mechanism similar to Ham's (1963) was suggested by Sumsion

(1968) to explain the stepped variation in fatigue life with decr
easing

gas pressure. Sumsion hypothesized that in vacuum no reaction occurs

between the new metal surface created by a fatigue crack and th
e envi-

ronment, since there is little reactive gas present in the vacuum.
 The

absence of a resultant surface film (since no reaction occurs) wil
l per-

mit the unimpeded egress of dislocations from the metal surface, eas
ier

deformation of the metal at the crack tip, and therefore, great
er

blunting of the crack tip. Consequently, there should be a lower rate

of fatigue-crack propagation and an increase in fatigue life in vacuum.

Sumsion cited the following experimental results, on magnesium to sup-

port his mechanism: (1) the fracture surfaces of the specimens tested

in vacuum showed more ductile fracture areas than did the air-tested

specimens, and (2) fatigue life was not pressure-dependent below or

above a certain critical range, i.e., above a certain pressure, a sur-

face film forms, and below a certain pressure, no surface film forms.
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Shen, Podlaseck, and Kramer (1966) have found that a so-called

"debris" layer containing a high concentration of dislocations forms 
in

the base metal near the surface of a specimen during plastic daforma-

tion. The formation rate of this "debris" layer is a function of the

ease with which dislocations can escape through the specimen surface.

The oxide film at the surface of 'the base metal retards the progress of

dislocations to the surface and consequently, increases the formation

rate of this layer. Shen, Podlaseck, and Kramer proposed that a

"debris" layer also accumulates in the surface regions of a fatigue

crack. Under fatigue loading, the accumulation process is continually

repeated inthe newly created surface of a propagating fatigue crack.

When a metal surface is exposed to the air, the surface regions are

immediately covered by an oxide film. Therefore, the dislocation-

escape rate is law and the accumulation rate and concentration of dis-

locations in the surface region will be high. Consequently, the forma-

tion of voids and cavity dislocations due to dislocation interactions

will be high. The formation of these voids and cavity dislocations are

proposed to facilitate the growth of the fatigue crack. In vacuum the

oxide film forms slowly on the newly created crack surface. The ab-

sence of this oxide film permits easy dislocation escape from the metal

surface. Consequently, the accumulation rate of voids and cavity dis-

locations occurs at a lower rate, and the fatigue crack will propagate

more slowly than in air. This lower crack-growth rate will lead to

longer fatigue lives in vacuum.
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Effect of Vacuum on SpeciMen Deformation

Exterior Surfaces

Study of the exterior specimen surfaces by a number of researchers

revealed that specimen surfaces which were initially smooth became

visibly roughened after testing in vacuum, whereas the surfaces of

specimens tested in air generally remained smooth. In addition, speci-

mens tested in vacuum generally contained a larger number of cracks

than similar specimens tested in air. Figure 3 illustrates the advan-

ced degree of surface cracking which occurs in specimens tested in

vacuum.

The manner in which cracks developed in the vacuum environment was

apparently different for different materials. For example, Wadsworth

(1959) and Wadsworth and Hutchings (1958) found in fatigue tests on

copper that fatigue cracks initiated in the same number of cycles in

both air and vacuum tests. However, the rate of fatigue-crack propaga-

tion was significantly lower in vacuum than in air. This lower rate of

crack propagation allowed more time for other cracks to form, and as a

consequence, at the end of a test in vacuum, many more cracks were

present.

On the other hand,Ham and Reichenbach (1962) in fatigue tests on

1100-H14 aluminum found that no cracks formed in his vacuum-tested

specimens until the total fatigue life of his air-tested specimens was

exceeded. In observing the fatigue-crack propagation which eventually

occurred in vacuum-tested specimens,Ham and Reichenbach found that the

fatigue cracks would initially propagate a short distance and then stop.
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failure, 678,000.

Figure 3.- Surfaces of fatigued aluminum specimens (from Ham 1963)).
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(h) Tested in vacuum. Nominal strain = 0.081 percent. Cycles to

failure, 3,880,000.

Figure 3.— (continued
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A second crack would then initiate and repeat the process. Eventually,

either one crack would propagate to failure, or a network of partially

propagated cracks would become so extensive that the specimens became

too flexible to test.

Similarly, Snowden and Greenwood (1958) in fatigue tests on pure

lead found that specimens tested in air at a given stress level and for

a given number of cycles contained fatigue cracks. However, identical

specimens tested in vacuum at the same stress level and for the same

number of cycles contained no cracks.

Thus it appears the development of fatigue cracks in vacuum and

air is a function of the material being investigated.

The increased surface roughening which occurred in vacuum was usu-

ally attributed to increased slip. Here again though, the various re-

searchers found that surface slip developed indifferent manners.

Snowden and Greenwood (1958), in tests on pure lead, examined the sur-

face deformation of specimens tested in air and in vacuum after a given

number of loading cycles had been applied. Their examination showed

that the surface deformation was greater in vacuum than in air.

Similarly, Wilkov and Applewhite (1967) in tests on pure aluminum,

found that for a given number of cycles, slip .lines formed faster in

vacuum than in air. Surface intrusions were also observed to form in

both air- and vacuum-tested specimens. The intrusions which developed

in vacuum-tested specimens were longer than those which deNieloped in

air-tested ones, and the rate at which these intrusions formed was high-

er in vacuum-tested specimens. Formation of these intrusions is usually
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associated with the escape of dislocations from the body of the metal

grains. Consequently, the greater rate of intrusion formation in

vacuum is indicative of higher dislocation mobility in vacuum.

Wadsworth (1959) and Wadsworth and Hutchings (1958), in tests on

copper, found that slip bands developed at apprOximately the same rate

in vacuum and air. However, the vacuum-tested specimens had longer

fatigue lives than the air-tested specimens. Therefore the vacuumr

tested specimens experienced more fatigue cycles, and consequently more

slip roughening prior to final failure.

Grosskruetz (1967), on the other hand, investigated the very early

stages of fatigue-damage accumulation, (i.e., the first 300 cycles), in

single crystals of pure aluminum and found that the entire surfaces of

the air-tested crystals were covered with entire slip lines. However,

slip was not as widespread on the specimens subjected to 300 loading

cycles in vacuum. Grosskruetz's tests were not run for prolonged periods

in either vacuum or air, however; therefore the total slip accumulation

at failure for the two environments was not known.

Fracture Surfaces

The fracture surfaces of specimens fatigued in vacuum and in air

were observed by several investigators using electron microscopic tech-

niques. Generally, the fracture surfaces of the vacuum-tested specimens

had a more ductile appearance. In addition, no fatigue striae were

usually observed on the fracture surfaces of the vacuum-tested specimens,

whereas such striae were usually found on the fracture surfaces of air-

tested specimens.
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Suasion (1968) found, in tests on pure magnesium, an
d on magnesium-

lithium and magnesium-thorium alloys, a marked di
fference in the appear-

ance of the fracture surfaces of air-tested and 
vacuum-tested specimens.

In the air-tested specimens, many flat, platelet-like 
areas were present,

and the fracture surfaces appeared to resemble br
ittle crystallographic

cleavage. In vacuum, the brittle character of the fractur
e surface was

less apparent, evidence of plastic deformation was 
more pronounced, and

many short cracks were apparent.

Meyn (1968) similarly found, in tests on 2024-T3 
aluminum alloy,

that the fracture surfaces of specimens fatigued 
in air were smooth and

flat with numerous characteristic features. Some of these features

appeared to be small scattered cleavage facets. Meyn indicated similar-

ity to cleavage was rather complete on these facets, i
.e., these facets

contained forked cleavage and a high specular reflecti
vity. The overall

appearance of the air-tested specimens was a mosaic of
 bright and dull

patches with bright areas predominating. These bright areas contained

the cleavage facets with superimposed fatigue striae.

Examination of the fracture surfaces of the specimens whi
ch were

fatigued in vacuum indicated these surfaces were quite roug
h and ragged,

indicative of a more ductile fracture mode. Like Sumsion (1968), Meyn

found numerous irregular secondary cracks on the surfaces of 
the vacuum-

tested specimens.

Meyn also found there were generally no fatigue striae on the

fracture surfaces of the vacuum-tested specimens. A similar absence of

fatigue striae on the fracture surfaces of vacuum-tested specimens
 was

reported by Pelloux (1969) in tests on 2024-T3 aluminum alloy.
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Subsurface Dislocation Behavior

Several investigators have studied the arrangement of dislocations

in the base metal near the oxide-base metal interface using transmis-

sion electron fractography. Both studies indicated that the disloca-

tion arrangement immediately below the interface contained disloca
tion

dipoles and tangled and jogged dislocations. Differences were noted in

the arrangement of dislocations in vacuum- and air-tested specimens,

however.

Wilkov and Applewhite (1967) found, in experiments on pure alumi-

num, that for air-tested specimens, there were numerous dislocations i
n

the immediate vicinity of the surface-slip steps. For vacuum-tested

specimens, there were considerably fewer dislocations in the immediate

vicinity of the slip lines.

Grosskruetz (1967) similarly found, in air tests on single

crystals of aluminum, that dense clusters of dislocation dipoles formed

in the base metal in the vicinity of well-developed slip bands. In

vacuum tests, the dislocations were evenly spaced, and heavy patches of

dislocation dipoles were rarely found.

The Phase of the Fatigue Phenomenon

Affected by Vacuum Environment

The fatigue phenomenon can be divided into three sequential phases,

each of which has a significant effect on the overall fatigue behavior

of a material. These three phases include (a) fatigue-crack initiation,

(b) fatigue-crack propagation, and (c) residual static strength. The

fatigue-crack-initiation phase begins with the application of the first
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load cycle and is generally thought to continue until a macroscopi
c

crack develops in the test specimen. The fatigue-crack-propagation

phase begins with the development of this macroscopic crack and en
ds

immediately before the application of the final load cycle (i.e., 
the

one causing failure) in the fatigue test. The residual static-strength

phase includes only the loading cycle which causes final failur
e of the

test specimen.

The effects of vacuum environment on the fatigue-crack-initiation

and fatigue-crack-propagation phases have been studied by a num
ber of

investigators. The effects of vacuum environment on the residual

static-strength phase has generally been overlooked and this ph
ase will

be studied in the investigation reported in this dissertation.

Fatigue-crack-propagation studies were conducted in at least

eleven investigations. It was found in all eleven investigations that

fatigue-crack growth was generally slower in vacuum than in air. 
In

three of these investigations, however, the rate of fatigue-crack 
pro-

pagation in air approached the rate of fatigue-crack propagation in

vacuum at high crack-propagation rates, i.e., very near the end of
 the

tests. In the remaifting eight investigations, the fatigue-cradk-

propagation rates which occurred during the vacuum and air tests were

not compared.

Fatigue-crack-initiation studies were conducted in at least five

investigations. In two of these investigations, fatigue cracks initi-

ated in the same number of cycles in both vacuum and air. In the re-

maining three investigations, fatigue cracks initiated more rapidly in

air than in vacuum.



Table 1. Summary of findings on the phase of fatigue affected by a vacuum environment.

Investigator(s) Year Materials Tested
Nominal Minimum
Gas Pressure,

torr

Fatigue-Crack
Initiation

Fatigue-Crack
Propagation

Ishii and
Weertman

1969 1100-H14
aluminum

1 x 10
-4 Not considered Fatigue cracks propa-

gated about fifteen

times faster in vacuum

than in laboratory air.

Hordon and
Wright

1968 1100-H14
aluminum

8 x 10
-7

Not considered Fatigue cracks propa-

gated six times faster

in vacuum than in
laboratory air.

Nelson and
• Williams

1967 Pure magnesium 1 x 0
8 Not considered

•

Fatigue-crack-propaga-

tion stage was influ-
enced by vacuum environ-

ment, i.e. cracks
propagated more slowly
in vacuum than in labora-

tory air.

Wright and
Argon

1970 Fe - 3-1/2 per-
cent Si iron

0.05 Not considered Fatigde-crack-propaga-

tion rates were twice
as high in laboratory
air as in vacuum.

• Tests in both air and
vacuum were conducted
at 200°C.

Grosskreutz 1960 Pure aluminum

•

1 x 10
-5 Fatigue-crack

initiation in
vacuum not con-
sidered

Fatigue-crack-propaga-
tion rates were con-
siderably lower in
vacuum than in air.



Table 1 (continued).

Investigator(s) Year Materials Tested
Nominal Minimum
Gas Pressure,

torr

Fatigue-Crack
Initiation

Fatigue-Crack
_ Propagation

Meyn 1968 2024-T3 aluminum
alloy

2 x 10-6 Not considered At low crack-propagation
rates, fatigue cracks
propagated about three
times faster in air than
in vacuum.

At high crack-propagation
rates, fatigue cracks
propagated at about the
same rates in vacuum and
laboratory air.

Mabberley 1966 Overaged
A1-7 percent
Zn-5 percent
Mg-1 percent
Mn aluminum alloy

Peak aged
A1-7 percent
2n-5 percent
Mg-1 percent
Mn aluminum alloy

x lo-8

NOt considered

Not considered

At low crack-propagation
rates, fatigue cracks
propagated about twice
as fast in laboratory
air as in vacuum.

At high crack-propagation
rates, fatigue cracks
propagated at about the
same rates in laboratory
as in vacuum.

At low crack-propagation
rates, fatigue cracks
propagated 250 times
faster in laboratory air
than in vacuum.

At high crack-propagation
rates, fatigue cracks
propagated at about the
same rates in vacuum as
in laboratory air.



Table 1 (continued).

Investigator(s) - Year Materials Tested
Nominal Minimum Fatigue-Crack Fatigue-Crack

Gas Pressure,. Initiation Propagation

torr

Bradshaw and 1965 DTD 5070A

Wheeler aluminum alloy

A1-2.2 percent
Cu-1.6 percent
Mg aluminum alloy

3 x 10-8

-4 x:10-8

Analysis of data
indicated crack
initiation was
relatively in-
sensitive to en-
vironment

Analysis of.data
indicated crack
initiation was
relatively in-
sensitive to
enviroament

At low crack-propagation

rates, fatigue cracks
propagated about six
times faster in labora-

tory air than in vacuum.

At high.crack-propagation

rates, fatigue cracks
propagated at about the

same rates in vacuum and

laboratory air.

At low crack-propagation

rates, fatigue cracks
propagated about five
times faster in laboratory

air than in vacuum

At high crack-propagation

rates, fatigue cracks
propagated at about the
same rates in vacuum and

laboratory air.

Wadsworth 1959 OFHC copper

Pure aluminum

3 x 10-6

3 x 10
-6

Fatigue cracks
in vacuum and
laboratory air
tests formed
in. the same
number of cycles

Fatigue cracks
in vacuum and
laboratory air
tests formed
in the same

number of cycles

Fatigue cracks propagated

faster in laboratory air

than in vacuum.

Fatigue cracks propagated

faster in laboratory air
than in vacuum.



Table 1 (continued).

Investigator(s) Year Materials Tested
Nominal Minimum
Gas Pressure,

torr

Fatigue-Crack Fatigue-Crack

Initiation Propagation

Broom and
Nicholson

1961 A1-4 percent
Cu aluminum alloy

2 x 10-6 The absence of a Fatigue cracks propagated

deleterious en- faster in laboratory air

vironment slowed than in vacuum.

crack init•iation.

Ham and
Reichenbach

1962

'

1100-H14 aluminum 7 x 10-7 A fatigue speci- In air, a single fatigue

men tested in crack initiated and

vacuum developed propagated to failure.

no cracks after In vacuum, a crack would

being cycled a start, propagate awhile,

sufficient num- and stop. Another crack

ber of times to would then start and the

cause failure process repeated. Even-

in an air-tested tually, one crack grew

specimen. There- to failure, or the speci-

fore, the vacuum men developed a network

environment de- of cracks and became too

layed crack ' flexible to test.

-initiation.

Snowden and
Greenwood

1958 Pure lead 5 x 10-3 Air-tested speci- Not cOnsidered

mens developed
fatigue cracks
well before com-
plete fracture of
the specimen.

Vacuum-tested
specimens showed
no evidence of
fatigue cracking
after the same

- number of cycles.
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A summary of the findings in these investigations is given in

Table 1.

Effect of Prolonged Exposure

to Vacuum on Fatigue Life

In one of the earlier vacuum-fatigue investigations, Christensen

(1963) reported that the fatigue lives of aluminum-alloy specimens 
in-

creased by a factor of about two after short-time exposure to vacuum

environment. Christensen also found, howeVer, that the longer the

vacuum-exposure time prior to testing (up to 161 hours), the smaller

the increase in fatigue life in vacUum. Christensen suggested that' if

the specimens were subjected to the vacuum environment for a suffici-

ently long time, the vacuum-fatigue life would approach the fatigue

life in air.

Christensen's findings prompted several other investigaticins into

the effects of long-time exposure to vacuum prior to testing. Sumsion

(1968), Meyn (1968), and Bradshaw and Wheeler (1965) found in experi-,

ments on aluminum and magnesium alloys that prolonged exposure to

vacuum prior to testing (up to 282 hours) had no detrimental effects on

vacuum-fatigue behavior. Further, Hoeppner and Hyler (1966) found the

fatigue lives of two aluminum alloys actually increased with increasing

vacuum-exposure time (up to 160 hours).

Effect of Composition of
Environment on Fatigue

One of the greatest contributions of research in vacuum-fatigue

may be the identification of constituents in the atmosphere which have

a detrimental effect on fatigue life. Experimental evidence already



26

indicates that it is the absence of deleterious constituents rather

than low gas pressure which is responsible for the increased fatigue

life found in vacuum. A number of fatigue investigations have been

conducted in different gas environments, and the results indicate

strongly that water vapor significantly reduces the fatigue resistance

of a wide range of materials. In contrast, the fatigue resistance of

these materials is considerably higher in pure oxygen, hydrogen, nitro-

gen, and argon than in laboratory air (which, of course, contains

water vapor). The effects of various constituents on fatigue life and

fatigue-crack propagation are summarized in Table 2.

Gas Evolution During the Fatigue Process

In one of the earlier investigations into the effects of environ-

ment on the fatigue phenomenon, Bennett, Holshouser, and Utech (1961)

coated their aluminum-alloy specimens with transparent pressure-

sensitive tape to protect the specimens from the atmosphere. Bennett

et al. found in this investigation that the fatigue lives of the taped

specimens were significantly longer than the lives of the untaped

specimens. They also found that gas bubbles formed under the tape

during the latter portions of their fatigue tests.

In a subsequent report, Bennett (1964) stated that mass spectro-

metric analysis of the gas 'under the tape indicated that the gas was

hydrogen. Bennett also reported that metallographic examination of the

test specimens during testing indicated that bubble development and

fatigue-crack development began at approximately the same time. The

development of these bubbles was also found to be a function of the



Table 2. Summary of effects of composition of environment on fatigue.

(a) Constituent - Water Vapor

Investigator(s) Year
Materials
Tested

Baseline
Environment

Relative
Humidity, % Findings

Moist Dry

1. Fatigue Life Investigations

Ham and
Reichenbach

1962 1100-H14 air not
given

not
given

Fatigue lives were approximately

three times longer in dry air

than in moist air.

Shives and
Bennett

1968 composition
22 brass

AZ61A mag-
nesium alloy

Ti-4A1-4Mn
titanium
alloy

4340 steel

air

air

air

air

85

85

85

85

3

3

3

3

Fatigue strength was three per-

cent lower in moist air than in

dry air.

Fatigue lives were approximately

three times longer in dry air

than in moist air.

Fatigue lives were approximately

three times longer in dry air

thin in moist air.

Fatigue limit. was two percent

lower in moist air than in

dry air.

Bennett 1964 6061-T6
aluminum
alloy

air 90 5 Fatigue lives were three times

longer in dry air than in moist

air.

.-
Wadsworth 1959 - copper air not

given
not
given

• Fatigue lives were not affected

by moisture.

Cough and
Sopwith

• . 1946 copper air not
given

not
given

Fatigue lives were not affected

by moisture.



Table 2 (continued).

(a) Constituent - Water Vapor

Investigator(s) Year
Materials Baseline Relative
Tested Environment Humdiity, % Findings

Moist Dry

2. Fatigue-Crack-Propagation Investigations

Hartman et al. 1967 7075-T6 air 100 0.05 Fatigue cracks propagated
aluminum approximately eight times

alloy faster in moist air than in
dry air.

2024-T3 air 100 0.05 iatigue cracks propagated
approximately eight times
faster in moist air than in
dry air.

Spitzig and
Wei

1967
.

0.45C-Ni- Argon 100 ' Fatigue-crack-propagation
Cr-Mo rates in moist Argon were
steel nearly twice as high as the

rates in dry Argon.

Shives and
Bennett

1968

'

AZ61A air 85 3 Fatigue cracks propagated
magnesium approximately three times
alloy faster in moist air than in

dry air.

Feeney,
McMillan,
and Wei

1969 2024-T3 air 90 10 Fatigue cracks propagated
aluminum about ten percent faster in
alloy moist air than in dry air.



Table 2 (continued).

(a) Constituent - Water Vapor

Materials Basline Relative

Investigator(s) Year T(,si.cd Enviconment Humidity, % 

Moist Dry

Findings

. Fatigue-Crack-Propagation Investigations - continued

Feeney, 1969 7075-T6 air 90 10 Fatigue cracks propagated

McMillan, 
about ten percent faster in

.and Wei 
moist air than in dry air.

7178-T6 air 90 10 Fatigue cracks propagated

approximately ten percent

faster in moist air than in

dry air.

Bradshaw and 1965 DTD 5070A

Wheeler aluminum
alloy

ai r not not Fatigue cracks propagated

giveh given approximately three times

faster in moist air than in

dry air. .

Hartman et al. 1967 2024-T3 air 100 to 25 Fatigue-crack-propagation

rates did not vary with

relative humidity over the

range 100 to 25 percent.

7075-T6 air 100 to 25 . Fatigue-crack-propagation

rates did not vary with

relative humidity over the

range 100 to 25 percent.



Table 2 (continued).

(b) Constituent - Oxygen

Investigator(s) Year Material(s)
Tested

Environments Findings

1. Fatigue Life Investigations

Broom and
Nicholson

1961 A1-4 percent Cu
aluminum alloy

B.S. L65
aluminum alloy

D.T.D. 683
aluminum alloy

pure oxygen and
laboratory air

pure oxygen and
laboratory air

pure oxygen and
laboratory air

Fatigue lives were approximately

eight times longer in pure oxygen

than in laboratorv air.

Fatigue lives were approximately

four times longer in pure oxygen

than in laboratory air.

Fatigue lives were approximately

twice as long in pure oxygen as

in laboratory air.

Nelson and
Williams

1967

.

pure magnesium pure oxygen and
laboratory air

Fatigue lives were approximately

eight times longer in pure oxygen

than in laboratory air.

Achter, Danek,
and Smith

1963 nickel pure oxygen,
nitrogen, and
Argon

Fatigue lives were about the same

in oxygen as in the iaert gasses
nitrogen and Argon.



Table 2 (continued).

(b) Constituent - Oxygen

Investigator(s) Year Material(s)
Tested

Environments Findings

2. Fatigue-Crack-Propagation Investigations

Bradshaw and

Wheeler
1965 D.T.D. 5070A

aluminum alloy
pure oxygen and

laboratory air
Fatigue cracks propagated about

three times faster in laboratory

air than in pure oxygen.

Mabberley 1966 Overaged
A1-7 percent

Zn-5 percent
Mg-1 percent
Mn aluminum
alloy

Peak aged
A1-7 percent

Zn-5 percent
Mg-1 percent

Mn aluminum
alloy

pure oxygen and
laboratory air

pure oxygen and

laboratory air

Fatigue cracks propagated about

two times faster in laboratory

air than in pure oxygen.

Fatigue cracks propagated about

eight times faster in laboratory

air than in pure oxygen.



Table 2 (continued).

(c) Constituent - Nitrogen

Investigator(s) Year Material(s)
Tested

Environments Findings

Thompson,
Wadsworth,
Louat

and
1956 pure copper pure nitrogen and Fatigue lives were five to six

laboratory air times longer in nitrogen than in

laboratory air.

Wadsworth 1959 OFH copper pure,nitrogen and Fatigue lives were about ten

laboratory air times longer in nitrogen than in

laboratory air.

Broom and
Nicholson

1961 A1-4 percent
Cu aluminum
alloy

B.S. L65
aluminum
alloy

D.T.D. 683
aluminum
alloy

pure nitrogen and Fatigue lives were approximately

laboratory air six times longer in nitrogen than

in laboratory air.

pure nitrogen and Fatigue lives were approximately

laboratory air ten times longer in nitrogen than

in laboratory air.

pure nitrogen and Fatigue lives were approximately

laboratory air seven times longer in nitrogen
than in laboratory air.

Nelson and
Willians

1967 pure
magnesium

pure nitrogen and Fatigue lives were about eight

laboratory air times longer in nitrogen than in
laboratory air.



:Table 2 (continued).

(d) Constituent - Hydrogen

Investigator(s) Year Material(s)
Tested

Environments Findings

Broom and
Nicholson

1961 A1-4 percent Cu
aluminum alloy

B.S. L65
aluminum alloy

D.T.D. 683
aluminum alloy

pure hydrogen and Fatigue lives were about three

laboratory air times longer in hydrogen than in

laboratory air.

pure hydrogen and Fatigue lives were about three

laboratory air times longer in hydrogen than in

laboratory air.

pure hydrogen and Fatigue lives were about the same

laboratory air in hydrogen and laboratory air.

Bradshaw and
Wheeler

1965

.

D.T.D. 5070A
aluminum alloy

pure hydrogen and Fatigue cracks propagated about

laboratory air five times faster in laboratory

air than in hydrogen.



Table 2 (continued)

(e) Constituent - Argon

Investigator(s) Year Material(s)
Tested

Environments Findings

Wadsworth 1959 OFHC copper pure Axgon and
laboratory air

Fatigue lives were approximately

eight times longer in Argon than

in laboratory air.

Nelson and
Williams

1967 pure magnesium pure Argon and
laboratory air

Fatigue lives were approximately

eight times longer in Argon than

in laboratory air.
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environment in which the fatigue tests were conducted. 
No bubbles

formed during tests in dry air, whereas the bubbles did 
form in tests in

moist laboratory air. Bennett concluded therefore that the hydrogen-

gas evolution resulted from a reaction between the moistur
e in the air

and the metal.

Discussion

The most universal conclusion to be drawn from this Litera
ture

Review is that the fatigue resistance of a wide v
ariety of materials is

significantly higher in vacuum than in air. It further appears that it

is the exclusion of atmospheric water vapor from the environmen
t sur-

rounding the test specimen which is responsible for this incr
eased

fatigue life in vacuum. The mechanisms proposed by various investiga-

tors to explain this increased fatigue life can be classified into
 three

general categories: (1) coldwelding, (2) oxide-layer formation
, and

(3) hydrogen embrittlement. No definite conclusions can be drawn as to

whether any or all of these three types of mechanisms contribute to t
he

increased fatigue life in vacuum. However, some comparisons between the

proposed mechanisms and the experimental results are warranted.

The conditions necessary for coldwelding are certainly satisfied in

a vacuum-fatigue test. In such a test, a fatigue crack develops creat-

ing two uncontaminated metal surfaces which are brought back into con-

tact during the unloading portion of the loading cycle. Elber (1970)

has shown that regardless of the stress ratio, R, used in the test,

these freshly created crack surfaces will be brought back into contact on
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unloading. (The stress ratio R is the ratio of the minimum applied

stress to the maximum applied stress.) And indeed, coldwelding may con-

tribute to some extent in increasing fatigue life in vacuum. 
However,

there is evidence that increased fatigue life in vacuum caa occur i
n

materials which will not coldweld. For example, Martin (1965) found

the fatigue lives of 1018 and 1113 carbon steels about a factor of 
two

higher in vacuum than in air. Both of these steels showed very low

reweldment ability in coldwelding tests in vacuum, however.

Another indication that coldwelding is not the only mechanism

responsible for increased fatigue life in vacuum may be drawn fr
om the

oxygen-fatigue-test results. Fatigue lives in dry oxygen were consider-

gbly longer than fatigue lives in laboratory air. (In some instances,

fatiele lives in dry oxygen were as long as fatigue lives in vacuum.)

Yet coldwelding could occur in neither dry oxygen nor laboratory air,

since freshly exposed metal surfaces would be readily oxidized in both

environments. Obviously, some mechanism other than coldwelding must be

responsible for the longer fatigue lives in dry oxygen.

The oxide-formation mechanisms proposed by a number of different

investigators may also be questioned in light of the finding that the

fatigue lives of some materials is considerably longer in dry oxygen

than in laboratory air. Since the oxide layers form as readily in dry

oxygen as in laboratory air, there should be no difference in these

fatigue lives if oxide-layer formation significantly affected fatigue

behavior. Again, there must be some additional Uechanism active which

increases fatigue lives in dry oxygen.
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The increased ductility in vacuum environment suggested in a
 number

of these oxide-formation mechanisms is substantiated by e
xperimental

results, however, and will be discussed subsequently.

The hydrogen-embrittlement mechanism suggested by several in
vesti-

gators could quite possibly be responsible for the increased 
fatigue

life in vacuum. Water vapor obviously is the primary constituent respon-

sible for decreased fatigue life in air. When this water vapor combines

with a freshly formed surface to form a metal oxide, a hydrogen i
on is

given off. Bennett's (1964) determination that hydrogen gas is given

off during fatigue testing supports this reaction. This ion may then

drift off in the surrounding air to combine with another hydrogen 
ion

to form a hydrogen molecule, or may penetrate into the specimen wh
ere

it may embrittle the metal or otherwise decrease the fatigue resi
stance

of the specimen (as suggested by Broom and Nicholson). No explanation

has ever been offered as to why the hydrogen ions would preferent
ially

enter the specimen, however.

Although the entire mechanism responsible for increased fatigue

life in vacuum is not known, there is experimental evidence indica
ting

that dislocation movement occurs more freely in the vacuum environment.

For example, slip-step development appears to.be accelerated in va
cuum

as evidenced by the increased surface roughening. Further, the fatigue-

fractured surfaces of vacuum-tested specimens show evidence of more•

ductile failure than do the fracture surfaces of air-tested specimens.

Finally, there are fewer dislocation pileups near the surfaces of



38

vacuum-tested specimens indicating easier dislocation 
egress through the

specimen surface. These three findings are evidence of greater di
sloca-

tion mobility and consequently, greater ductility is m
ost probably re-

sponsible for the greater fatigue life in vacuum.

Fatigue-crack propagation appears to be slower in 
vacuum than in

air for all of the materials covered in this review. 
Contradictory,

findings on the effect of vacuum on the fatigue-crack-in
itiation phase

may be attributable to differences in the materials 
tested and/or

difficulties in determining exactly when a fatigue cra
ck has initiated.

The preponderance of evidence indicates that prolonged
 exposure to

vacuum prior to testing causes no decrease in vacuum-f
atigue resistance.

Perhaps, as suggested in Meyn's paper (1968), backstre
aming oil vapors

from the diffusion pump collected on Christensen's speci
mens and had

a detrimental effect. Christensen's vacuum system contained no cold

trap to keep backstreaming oil vapors from reaching th
e inside of the

test chamber.
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MATERIALS

The material used in this investigation wa
s taken from a special

stock of 7075-T6 aluminum alloy retained
 at Langley Research Center for.

fatigue testing. This material has a nominal thickness 
of 0.090-indh.

The fatigue properties of this material are 
described in a report by

Grover, Bishop, and Jackson (1951). The dhemical properties of this

material, which were determined by the mater
ial producer, are shown in

Table 3. The nominal tensile properties of this 707
5-T6 were obtained

using standard American Society for Test
ing and Materials (ASTM) tensile

specimens and are listed in Table 4. This material Was fabricated and

heat-treated according to normal commercia
l practices and under close

•

metallurgical supervision.to maintain unif
ormity- The sheets from which

the test specimens were made were from two
 consecutive mill heats.



Table 3. Nominal chemical composition of the 7075-T6 aluminum alloy tes
ted.

Element Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti A1

Percent 0.07 0.22 1.58 0.16 2.56 0.24 0 5.68 0 0 0.07 Remainder

Table 4. Average tensile properties of the 7075-T6 aluminum alloy tested.

Ultimate tensile Yield strength, ksi Young's modulus Elongation in No.

strength„ksi (0.2-percent offset) of elasticity, ksi 2-inch gage tests

length, percent

83.2 75.9 10,100 12 20
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SPECIMENS

Fatigue Life

The fatigue-life specimens had the configuration shown in 
figure 4.

These specimens were fabricated by first shearing oversized 
specimen

blanks from the base-sheet material which was 35 inches long
 and 12

inches wide. These specimen blanks were approximately 0.1 inch larger

than the finished dimensions of the specimens. The specimen blanks

were marked for identification and these markings are used.t
o identify

the test specimens in the tables of results.

A11 specimen blanks were initially machined along the straig
ht

edges. Machining speeds were selected to produce a clean-cut surfac
e

with a minimum amount of burrs. Throughout the machining process,

efforts were made to keep the flat sections of the specim
en surface

unmarred.

The specimen blanks were stacked approximately eight at a time

and mounted in the headstock of a lathe. The 7.5-inch radius was cut

at approximately 20 rpm. The final cut in the radius was 0.001 inch

deep. The finish on the machined radius was 64 rms. The specimens

were then hand-polished on all sides, machined and flat, first wi
th

number 600 silicon-carbide polishing paper, then with number 600

aluminum-oxide polishing powder, and finally with 5 micron-aluminum
-

oxide polishing powder to remove all burrs, scratches, and tool mar
ks.

All polishing was done in the longitudinal direction on the specime
n in

order to insure that no transverse polishing marks would be left 
on the
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Figure 4.- Configuration of fatigue-life specimens. A11 dimensions

are in inches.
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specimen. Such marks could act as microscopic stress concentrati
ons

and reduce the overall fatigue resistance of the specimens. 
After

polishing, the average surface roughness on the test spec
imens was 16

rms. An average of two hours was required to polish each speci
men.

Following polishing, the residual stresses in the surf
aces of selected

specimens were measured using X-ray diffraction techniques. 
A discus-

sion of these techniques is given in Appendix A. The test specimens

were then ready for fatigue testing.

A11 fatigue-life specimens were made with the longitudina
l axis

of the specimen parallel to the rolling direction of the sheet.

Fatigue-Crack Propagation and Fracture Toughness

The fatigue-crack-propagation and fracture-toughness specime
ns had

the configuration shown in figure 5. These specimens were sheared

directly to size from the 12-inch by 35-inch basic sheets of ma
terial.

No machining was done on the sheared edges of the specimens. A 0.1-

inch notch was cut into the center of each specimen using elect
rical-

discharge machining. The width of the central notch was 0.010 inch.

Very localized heating occurs in making notches in this manner.
 Thus,

virtually all of the material through which the fatigue crack propa-

gates is unaltered by the cutting process. This 0.1-inch notch serves

as a stress concentration at which fatigue cracks initiate readily.

A11 fatigue-crack-propagation and fracture-toughness specimens

were made with the longitudinal axis of the specimen parallel to the

rolling direction of the sheet.
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Figure 5.- Configuration of fatigue-crack propagation and fracture-

toughness specimens. A11 ditnensions are in inches.
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A reference grid was photographically printed on the 
surface of

each specimen to mark intervals in the path of the crack. 
This refer-

ence grid afforded ready observation of the crack front a
nd provided a

crack-propagation path free of mechanical defects which
 might affect

normal crack propagation. Before adopting the photographic reference

grid, it was determined by metallographic examinations 
and tensile

tests on specimens bearing the grid that the grid had no 
detrimental

effects on the material. The procedure used in applying the reference

grids is shown in Table 5.
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Table 5. Materials and procedures for applying the 
reference grid to

fatigue-crack-propagatiop and fracture-toughne
ss specimens.

1. The photographic materials used are described in t
he anonymously

written report, Kodak Industrial Data Book P
-7 (1962).

2. The emulsion is spread over the area to which 
the grid is to be

applied, and allowed to cure in air for 16-2
0 hours.

3. The area containing the emulsion is covered w
ith a negative con-

taining the desired grid. This negative is held to the specimen by

vacuum to insure good contact. This covered area is then exposed

to an arc-light flux for two minutes.

4. The exposed area is dipped in black dye for 
one minute.

5. The exposed area is washed in a warm water spr
ay to remove the dye.

6. The exposed area is then dried using a strea
m of compressed air.
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TESTING EQUIPMENT

Fatigue

A11 experiments were carried out in the three vacuum-fat
igue

testing systems shown in figure 6. A11 three of these systems apply

axial loads to the test specimen. Two of these systems have closed-loop

hydraulic-loading systems. The third has a subresonant loading system.

A schematic diagram of the closed-loop hydraulic-loading 
system is

shown in figure 7. To operate this system, the mean load is first

applied to the test specimen by adjusting the variable me
an-load potenti-

ometer until the desired mean load is observed on the cal
ibrated load-

readout unit. The variation from the mean load required to give the

desired maximum load is then dialed into the closed-loop sy
stem using

the (+) variable alternating-load potentiometer. Here again, the cali-

brated load-readout unit is used to determine when the de
sired dial

setting is obtained. The minimum load is similarly dialed into the

closed-loop system using the (-) variable alternating-load pot
entiometer.

The voltages from these potentiometers are fed into the ser
voloop

summing point which also receives the voltage from the load
 cell in the

system's loading train. The combined voltage from the summing point is

routed into the carrier amplifier where the incoming voltage i
s compared

with a reference voltage to determine the magnitude and sig
n of the

signal sent to the d-c amplifier. The d-c amplifier uses this signal

to drive the servovalve which directs oil to the appropriate side
 of

the load ram, thus loading the specimen and consequently changing
 the
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Figure 6.- Vacuum-fatigue testing svstems.
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output from the load cell. As the applied load approaches the desired

load, the flow of oil is proportiopately slowed such that the applied

load approaches the,desired load slowly. When the applied load equals

the desired load, a signal is generated by the null-operated selector

switch which commands the system to load in the opposite direction.

This sequence is continuously repeatedat the maximum and minimum load

points.

Specimen failure, error detection in the closed-loop system it-

self, or loss of command signal to the servovalve will all cause the

servovalve to be deenergized and consequently stop the testing machine.

The calibrated load-readout unit consisted of a null-indicating

bridge. Null was obtained when the difference between the signal from

the load cell and a calibrated variable resistor was zero. Null was

determined using an oscilloscope. The whole system was calibrated

periodically, and the loading accuracy found to be ±24 pounds.

The load capacity of the two closed-loop hydraulic fatigue testers

is ±20,000 pounds, and the operating frequencies varied between 800 and

1400 cycles per minute, depending upon the magnitude of the applied

load.

Forces were transferred inside the vacuum dhamber through a flexi-

ble metal-bellows seal in the bottom of the vacuum chamber.

A schematic diagram of the subresonant loading system is shown in

figure 8. A vibrating beam is supported by flexure plates, the speci-

men, and two preload springs which are used to apply the desired mean

load. The natural frequency of vibration of the beam in the vertical
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plane is adjusted to about 1850 cycles per minute by adjusting the

amount of weight on the free end of the beam. The beam is exc:Lted to

vibrate near resonance by a rotating eccentric mass driven at :L800

cycles per minute by a 3/4 horsepower electric motor. The vibrating

beam imparts a sinusoidually varying axial load to the specimen whi
ch

acts as one of the supports to the vibrating beam.

There are three basic methods of controlling the amplitude of the

alternating load applied to the test specimen: (1) adjustment of the

degree of eccentricity on the rotating eccentric mass, (2) adjustment

of the natural frequency of the machine, and (3) adjustment of the

natural frequency of a small spring-mass system which is coupled to and

vibrates with the vibrating beam. _ The first two methods are employed

to make large changes in the alternating load and are used before the

loading system is started. The third method is used to make small

changes in the alternating load and is used while the loading system is

running. In order to make these small changes, the length of the

spring is changed by a lead screw which is driven by a small electric

motor located inside the vibrating beam. The entire system is mounted

on a concrete block which is in turn supported by coil springs to pro-

vide a seismic mount.

Limit switches are positioned above and below the vibrating beam

such that when the test specimen fails, a switch is tripped and the

electric drive motor shut off.

The loads on the specimen are measured by a load cell whose signal

is fed into the calibrated load-readout unit used with the closed-loop
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hydraulic system. A three-position switch in the wiring leading to

the load-readout unit allows the operator to select the des
ired system

on which he wishes to monitor the load. Here again, the whole system

was calibrated periodically, and the loading accuracy found
 tc be ±36

pounds. (The loading accuracies of the hydraulic and subresonant 
load-

ing systems are different because different load cells are use
d in the

two systems.)

The load capacity of the subresonant fatigue tester is ±20,
000

pounds, and as stated previously, the loading frequency was fixed
 at

1800 cycles per minute.

A schematic diagram of the vacuum pumping system is shown in

figure 9. This system is capable of pumping the dhamber pressure down

to 8x10
-10

torr (1 torr equals 1 millimeter of Mercury). A 10-inch

diffusion pump having a pumping speed of approximately 4200 liter
s per

second when operating at a pressure of 1x10
-3 

torr was used for high-

vacuum evacuation of the chamber (i.e., from 1x10
-3 

to 8x10
-10
 torr).

An optically dense water-cooled baffle was mounted on top of the 
dif-

fusion pump to prevent backstreaning of the diffusion pump oil into 
the

chamber. An optically dense liquid-nitrogen (LN2) baffle was mounted

on top of the water-cooled baffle to further inhibit backstreaming.

The diffusion pump could be backed by either a mechanical roughing

pump having a capacity of 1500 liters per minute at 760 torr, or by a

mechanical holding pump having a pumping capacity of 65 liters per

minute at 760 torr.

Gas pressures inside the dhamber were measured using thermocouple

and ionization gages in conjunction with a gage controller. Pressures
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between 1 torr and 1x10
-3 

torr were measured using the thermocouple

gage. Pressures between 1x10
-3 

torr and 8x10
-10
 torr were measured

using the ionization gage. Pressures between 760 and 1 torr were not

measured.

The pressure inside the chamber was controlled by an 
automatic

pressure controller which actuatecl a variable leak valve
 which in turn

admitted dry air into the vacuum chamber. The chamber pressure could

be controlled anywhere within the range 1 torr to 8x10
-10
 torr. The

pressure controller was accurate to ±1 percent full scal
e Of the input

voltage to the automatic pressure controller from the pr
essure trans-

ducer. The chamber pressure was recorded on a strip chart recorde
r.

There were two specimen-viewing ports on the upper half of
 the

chamber which were located 180 degrees apart. The seals on these ports

and on the main flange of the vacuum systems consisted of 
two concentric

"0" rings. The area between these two "0" rings was evacuated using a

guard pump in order to decrease the pressure differential betwe
en the

inside of the chamber and the area outside the interior "0" rin
g. The

pressure in the evacuated area between the "0" rings was nomina
lly

5x10
-2
 torr.

Feed-thrus through the chamber walls were provided in order to get

electrical power, liquid nitrogen, and thermocouples inside the cham
ber,

and to expose the sensing elements of the ionization and thermocoupl
e

gages to the vacuum environment. Copper gaskets were used to seal all

of these feed-thrus and the feed-;.thrus for the variable leak valve a
nd

the metal bellows.
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A schematic diagram of the temperature-control system is shown in

figure 10. This system can control the specimen temperature within the

range -100°F to +200°F. The test specimen is heated by radiation using

eight quartz-line heating lamps. Two banks of four lamps each are

mounted on each side of the test specimen. These lamps are mounted in

polished plano-parabolic reflectors which concentrate the radiant ener-

gy from the lamps on the test specimen. There are separate temperature

controllers for the two banks of heating lamps. Thermocouples attached

to a tab mounted next to the test specimen were used to control speci-

men temperature. The relationship between tab temperature and specimen

temperature was carefully studied so that experiments were conducted at

the proper temperature.

The test specimen was cooled by radiation using two OFHC copper

cryopanels which encircle the specimen and the load trains. This cryo-

panel is filled with liquid nitrogen (LN2) having a temperature of

-320°F. An example of the upper cryopanel is shown in figure 11. This

cryopanel is a double-embossed header type. The inward facing side of

the cryopanel is painted with black paint having a minimum emmisivity

of 0.9 to make it highly absorptive. The outward facing side of the

cryopanel is chrome plated to make it highly reflective.

In addition to cooling the test specimen, the cryopanels help with

the vacuum pumping of the system by condensing gasses which have a dew

point above -320°F onto the sides of the cryopanel. These condensed

gasses then remain on the side of the cryopanel until the fatigueexperi-

ment is completed and the cryopanel warmed prior to opening the chamber.
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Liquid-nitrogen level controllers are used to keep the cryop
anels

filled with liquid nitrogen during testing. Specimen temperatures are

recorded on a strip chart recorder.

In order to evacuate the vacuum chamber into the high-vacuum ra
nge,

i.e., 10x10
-4 

to 1x10
-9 

torr, the diffusion and roughing pumps are

turned on simultaneously. The high-vacuum valve is closed such that

the diffusion pump pumps against this valve. The roughing pump is used

to evacuate the vacuum line between the diffusion pump and the 
roughing

pump to a pressure of about 5x10 
-2 

torr. Once this pressure is reached,

the holding pump is energized and used to back the diffusion pu
mp while

the roughing pump is switched to pump on the vacuum chamber. Once the

chamber pressure reaches about 5x10 
-2 

torr, the high-vacuum valve is

opened and the diffusion pumvused to pump the chamber. Once a pressure

of 1x10
-4 

torr is reached inside the chamber, liquid nitrogen can be

introduced into the cryopanels. As explained previously, these cold

cryopanels effectively pump the chamber environment by condensi
ng gasses

on the cryopanel walls.

The chamber is then pumped to a pressure below that at which the

fatigue experiment is to be conducted, and the pressure controller
 used

to bring the pressure back up to the desired level using dry air. A

typical plot of time versus chamber pressure is shown in figure 12
.

Electron Microscopes

The fatigue-fractured surfaces of selected specimens were inspected

in this investigation using both a Hitachi transmission electron
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microscope (figure 13) and a Cambridge scanning electron microscope

(figure 14). The procedures used in preparing the replicas for use in

the transmission electron microscope are listed in Table 6. This trans-

mission microscope was calibrated immediately before it was used in

this investigation.

The fatigue-fractured sections of the specimens were mounted inside

the specimen chamber of the scanning electron microscope where these

sections could be observed directly.
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Table 6. Procedures for preparation of two-stage carbon-platinum

replicas.

1. A sheet of acetyl cellulose film having a nominal thickness of

0.001 inch was softened in acetone and placed on the fatigue-

fractured surface of the specimen. This specimen surface was also

wetted with acetone.

2. On drying, the film was carefully peeled from the fracture surface

and mounted in a High-Vacuum Equipment Corporation vacuum evapora-

tor where the film was shadowed at a 45-degree angle using carbon

and platinum. A pure carbon backing was then deposited on the

carbon-platinum shadow material.

3. The areas to be inspected in the microscope were then sectioned out

of the film. These sectioned areas were then mounted on glass

slides using softened (heated) paraffin as an adhesive.

4. The glass slides were placed in a room-temperature acetone bath and

left there until the acetyl cellulose film dissolved leaving the

replica on the paraffin.

5. The glass slides were then placed in a warm acetone bath and the

bath heated until the paraffin softened and the replica drifted

free.

6. The replicas were then caught on a circular copper grid and placed

in a room-temperature acetone bath for final cleaning.

7. After cleaning, the replicas were caught on the circular copper

grid and dried in still air. The replicas were then ready for

inspection in the transmission electron microscope.
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TEST PROCEDURE

Fatigue-Life Tests

Axial-load fatigue-life experiments were conducted on all unnotch-

ed specimens at a stress ratio (i.e., the ratio of the minimum applied

stress in the cycle to the maximum applied stress in the cycle) of

0.02. The primary experiments to determine the effects of vacuum on

the fatigue behavior of 7075-T6 aluminum alloy were conducted at atmo-

spheric pressure and 5x10
-8 

torr. The maximum stresses app.lied in

these tests ranged from 60 ksi to 33 ksi. Normally, five duplicate

tests were conducted at each stress level.

Additional fatigue-life experiments were conducted at gas pres-

sures of 5x10
-1
, 5x10

-2
, 5x10

-4 
, and 5x10

-8 
torr to determine the vari-

ation of fatigue life with decreasing gas pressure. The stress levels

in these experiments ranged from 60 ksi to 40 ksi. Generally, three

tests were conducted at each stress level in these additional

experiments.

The loading frequencies in the fatigue-life experiments were 1800

cpm using the subresonant loading system, and ranged from approximately

1000 cpm to 1400 cpm in the two hydraulic loading systems.

The grip jaws in the three testing systems are made of stainless

steel and are serrated. When the grips are tightened directly against

the softer aluminum specimens, the serrations dig into the specimen in-

troducing severe stress concentrations. The specimens occasionally

failed at these stress concentrations during testing, rather than at

their critical section. To preclude such failures, lead liners were
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placed between the test specimens and the grip jaws. These lead

liners provided sufficient friction for gripping the test specimen when

the grip bolts were torqued to 90-foot-pounds, and introduced no stress

concentrations into the test specimens.

The loads on the specimens were checked periodically during each

test and adjusted when necessary. Variations in load seldom exceeded

one percent of the maximum load during the experiment.

In order to accelerate the pumping of the vacuum chamber, the

cryopanels were filled with liquid nitrogen for tests at pressures of

5x10
-8 

torr. These cryopanels would then, of course, cool the test

specimen by radiant-heat transfer. The quartz-line heating lamps were

then used to raise and to keep the_specimen temperature at 75°F during

the course of the tests. In all tests at other gas pressures, i.e.,

760 torr to 5x10
-4
 torr, experiments were conducted at approximately

70°F to 85°F.

Fatigue-Crack-Propagation Tests

Axial-load fatigue-crack-propagation experiments were conducted on

the center-notched specimens at a stress ratio of 0.02.. These experi-

ments were conducted at the two primary pressures used in the fatigue-

life experiments, i.e., atmospheric pressure and 5x10
-8 

torr. The

maximum stress applied in these experiments ranged from 10 ksi to 40

ksi. Duplicate experiments were conducted at each stress level.

Fatigue-crack propagation was observed through the specimen-

viewing ports using 10-pawer microscopes. The test specimen inside the
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chamber was illuminated with a flashlight. The number of cycles re-

quired to propagate the crack to each grid line was recorded so that

crack-propagation rates could be determined. A11 tests were terminated

when the fatigue cracks reached a predetermined crack length. These

cracked specimens were then used for the fracture-toughness portion of

the investigation.

The loading frequencies in these experiments were again 1800 cpm

for the subresonant loading system, and 1000 to 1400 cpm for the two

hydraulic loading systems.

Lead liners were used in the testing machine grips, and the loads

periodically checked on all of these crack-propagation experiments.

Liquid nitrogen was used in the cryopanels for tests at 5x10
-8

torr, and the specimen temperature kept at 75°F.

Fracture-Toughness Tests

Axial-load fracture-toughness tests were conducted on the unfailed

crack-propagation specimens. For a given specimen, the same gas pres-

sure was used for both the fatigue-crack-propagation and the fracture-

toughness experiments. The closed-loop hydraulic loading systems were

used for these fracture-toughness tests. The load at failure was ob-

tained using a calibrated Consolidated Electrodynamics Corporation re-

cording oscillograph which read the output of the load cell at specimen

failure. The length of the crack at the onset of unstable crack growth

was obtained by visually observing the location of the crack tip rela-

tive to the reference grid throughout the fracture-toughness tests.
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This observation was made using a 10-power microscope. The loading

rate in these fracture-toughness experiments was approximately 20,000

lbf/minute.
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RESULTS AND DISCUSSION

Fatigue-Life Experiments

The results of the fatigue life experiments conducted on the un-

notched sheet specimens are presented in Tables 7, 8, 9, 10, and 11.

These experiments were conducted at gas pressures of 760, 5x10
1
,

5x10
-2
, 5x10

-4
, and 5x10

-8
 torr. The data are also plotted in figures

15, 16, 17, 18 and 19. An S-N curve is faired through each set of data.

In these figures the maximum stress in a cycle is plotted against the

number of cycles to failure. The data points in figures 15 through 19

which are surmounted by an arrow indicate tests in which the specimen

reached or exceeded the fatigue limit (selected as 5,000,000 cycles in

this investigation) without failing. Data points in these figures

which are surmounted by numeral indicate tests in which a number of

specimens had essentially the same fatigue lives.

The S-N curves faired through the data at each gas pressure are

also plotted in figure 20. Inspection of this indicates that the fa-

tigue resistance of 7075-T6 aluminum is significantly higher in vacuum

than in air. This increase in fatigue resistance occurred at all gas

pressures below 760 torr. Furthermore, the lower the gas pressure was,

the greater the resistance to fatigue was.

Fatigue lives at 5x10
-1 

torr were approximately three to seven

times longer (depending upon the stress level) than they were at 760

torr. The fatigue limit (which is defined in the Annual Book of

ASTM Standards (1970) as "the limiting value of the median fatigue



Table 7. Results of fatigue-life tests at 760 torr.

Specimen
Number

Maximum
Stress Level,

ksi

Mean
Stress Level,

ksi

Minimum
Stress Level,

ksi

Fatigue
Life,
Cycles

Remarks

B83N7-47 60 30.6 1.2 8,590 Valid test

B83N7-45 60 30.6 1.2 10,320 Valid test

B83N7-46 60 30.6 1.2 16,810 Valid test

B83N7-42 60 30.6 1.2 18,560 Valid test

B65N7-125 60 30.6 1.2 22,550 Valid test

B72N7-195 60 30.6 1.2 1,670 Specimen accidently overloaded,
test invalid

B84N7-59 50 25.5 1.0  27,660 Valia test

B71N7-184 50. 25.5 1.0 27,710 Valid test

B71N7-181 50 25.5 1.0 35,040 Valid test

B84N7-53 50 25.5 1.0 42,130 Valid test

B84N7-56 50 25.5 1.0 46,990 Valid test

B71N7-183 40' 20.4 0.8 47,290 Valid test

B71N7-182 40 20.4 0.8 54,970 Valid test

B71N7-188 ' 40 20.4 • 0.8 74,020 Valid test

B71N7-189 40 20.4 0.8 79,260 Valid test

B84N7-57 40 20.4 0.8 145,640 Valid test

B72N7-196 40 20.4 0.8 195,930 " Valid test

B71N7-190 40 20.4 0.8 1,890 Specimen failed at grip line,
test invalid

B84N7-54 40 20.4 0.8 Not recorded Specimen failed at grip line,
" test invalid

O



Table 7 (continued).

Specimen
Number

Maximum
Stress Level,

ksi

Mean
Stress Level,

ksi

Minimum
Stress Level,

ksi

Fatigue
Life,
Cycles

Remarks

B88N7-93 35 17.85 0.7 239,090 Valid test

B65N7-126 35 17.85 0.7 1,405,500 Valid test

B65N7-130 35 17.85 0.7 4,246,550 Valid test

B88N7-99 35 17.85 0.7 5,113,230 Runout, valid test

B84N7-52 35 17.85 0.7 5,376,110 Runout, valid test

B72N7-197 35 17.85 0.7 6,135,730 Runout, valid test

B71N7-187 35 17.85 0.7 621,410 Specimen failed at grip line,
test invalid

B88N7-97 35 17.85 0.7 247,450 Specimen buckled by machine
malfunction, test invalid

B69N7-168 33 16.83 0.66 134,340 • Valid test

B83N7-43 33 16.83 0.66 421,500 Valid test

B65N7-123 33 16.83 0.66 440,540 Valid test

B65N7-124 33 16.83 0.66 2,337,380 Valid test

B69N7-162 33 16.83 0.66 5,000,000 Runout, valid test

B69N7-166 33 16.83 0.66 5,009,850 Runout, valid test

B83N7-44 33 16.83 0.66 5,012,250• Runout, valid test

B74N7-15 33 16.83 0.66 9,066,790 Runout, valid test



Table 8. Results of fatigue-life tests at 5x10 
1 

torr.

Specimen
Number

Maximum
Stress Level,

ksi

Mean
Stress Level,

ksi

Minimum
Stress Level,

ksi

Fatigue
Life,
Cycles

Remarks

B64N7-120 60 30.6 1.2 78,220 Valid test

B88N7-92 60 30.6 1.2 94,580 Valid test

B64N7-111 60 30.6 1.2 116,360 Valid test

B83N7-49 50 25.5 1.0 101,020 Valid test

B69N7-161 50 25.5 1.0 101,070 Valid test

B65N7-129 50 25.5 1.0 140,340 Valid test

B69N7-163 50 25.5 1.0 Not recorded Specimen buckled when machine
malfunctioned

B65N7-127 50 25.5 1.0 Not recorded Specimen buckled when machine
malfunctioned

B74N7-17 4S 22.95 0.9 221,740 Valid test

B56N7-5 45 22.95 0.9 844,830 Valid test

B60N7-7 45 22.95 0.9 1,159,740 Valid test

B64N7-114 40 20.4 0.8 1,264,000 Valid test •

B87N7-90 40 20.4 0.8 5,004,290 Runout, valid test

B87N7-86 40 20.4 0.8 8,181,610 , Runout, valid test

B87N7-193 40 20.4 0.8 Not recorded Specimen accidently buckled



Table 9. Results of fatigue life tests at 5x10
-2 

torr.

Specimen
Number

Maximum

Stress Level,
ksi

Mean
Stress Level,

ksi

Minimum

Stress Level,
ksi

Fatigue
Life,

Cycles

Remarks

B68N7-157 60 30.6 1.2 89,600 Valid test

B86N7-80 60 30.6 1.2 140,450 Valid test

B74N7-18 60 30.6 1.2 146,370 Valid test

B68N7-151 60 30.6 1.2 620 Specimen buckled when machine

malfunctioned

B69N7-165_ 50 25.5 1.0 83,190 Valid test

B69N7-170 50 25.5 1.0 98,880 Valid test

B69N7-167 50 25.5 1.0 114,210 Valid test

B69N7-169 50 25.5 1.0 124,790 Valid test

B65N7-128 50. 25.5 1.0 171,840 Valid test

B83N7-50 50 25.5 1.0 225,090 Valid test

B74N7-16 45 22.95 0.9 711,870 Valid test

B87N7-83 45 22.95 0.9 1,047,810 Valid test

B63N7-103 45 22.95 0.9 1,168,970 Valid test

B68N7-158 40 20.4 0.8 5,201,580 Runout, valid test

B86N7-74 40 20.4 0.8 7,095,840 Runout, valid test

B87N7-89 40 20.4 0.8 Not recorded Machine malfunctioned



Table 10. Results of fatigue-life tests at 5x10
-4 

torr.

Specimen
Number

Maximum
Stress Level,

ksi

Mean
Stress Level,

ksi

Minimum
Stress Level,

ksi

Fatigue
Life,
Cycles

Remarks

B74N7-14 60 30.6 1.2 180,310 Valid test

B87N7-81 60 30.6 1.2 188,740 Valid test

B49N7-7 60 30.6 1.2 379,170 Valid test

B52N7-1 50 25.5 1.0 251,960 Valid test

B74N7-19 50 25.5 1.0 359,780 Valid test

B74N7-12 50 25.5 1,0 517,600 Valid test

B87N7-84 45 22.95 0.9 340,400 Valid test

B58N7-3 45 22.95 0.9 375,000 Valid test

B52N7-9 45 22.95 0.9 5,000,300 Runout, valid test

B58N7-1 .45 22.95 0.9 5,197,200 Valid test

B86N7-71 40 20.4 0.8 2,442,500 Valid test

B68N7-156 40 20.4 0.8 5,008,710 Runout, valid test

B87N7-87 40 20.4 0.8 5,049,570 Runout, valid test

B64N7-118 40 20..4 0.8 7,106,710 Runout, valid test

B68N7-160 40 20.4 0.8 2,160.300 Machine malfunctioned,

invalid test



Table 11. Results of fatigue-life tests at 5x10
-8 

torr.

Snecimen

Number

Maximum

Stress Level,

ksi

Mean
Stress Level,

ksi

Minimum

Stress Level,

ksi

Fatigue
Life,

Cycles

Remarks

.B64N7-11/ 60 30.6 1.2 137,790 Valid test

B88N7-98 60 30.6 1.2 155,460 Valid test

B86N7-77 60 30.6 1.2 296,560 Valid test

B72N7-192 60 30.6 1.2 364,880 Valid test

B72N7-194 60 30.6 1.2 570,870 Valid test

B64N7-119 50 25.5 1.0 583,300 Valid test

B68N7-153 50 25.5 1.0 634,310 Valid test

B72N7-191 50 25.5 1.0• 874,000 Valid test

B64N7-115 50 25.5 1.0 954,680 Valid test

B88N7-100 50 25.5. 1.0 1,194,830 Valid test

B63N7-104 50 25.5 1.0 1,319,420 Valid test

B86N7-75 50 25.5 1.0 1,412,010 Valid test

B64N7-112 A5 . 22.95 0.9 625,200 Valid test

B74N7-11 45 22.95 0.9 805,020 Valid test

B63N7-107 45 22.95 0.9 1,956,270 Valid test

B86N7-79 45 22.95 0.9 2,119,710 Valid test

B64N7--113 45 22,95 0.9 2,496,230 Valid test

B87N7-88 40 20.4 0.8 5,000,000 Runout, valid test

B87N7-32 40 20.4 0.8 5,799,290 Runout, valid test

B87N7-85 40 20.4 0.8 7,992,310 Runout, valid test

B63N7-105 40 2Q.4 0.8 8,036,090 Runout, valid test

B63N7-106 40 20.4 0.8 8,243,1'10 Runout valid test
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Figure 15.- Variation of fatigue life with stress for 7075-T6 at 760 torr.
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strength as N becomes very large) was about 5 ksi higher at 5x1
0-1

torr than at 760 torr.

Fatigue lives at 5x10
-2
 torr were slightly longer than the fatigue

lives at 5x10
-1 

torr, and the fatigue limit slightly higher at 5x10
-2

torr than at 5x10
-1 

torr.

Fatigue lives at 5x10
-4 

torr were ten to twenty times longer than

at 760 torr, and the fatigue limit approximately 8 ksi hi
gher at

5x10
-4 

torr.

Fatigue lives at 5x10
8 
torr were fifteen to thirty times longer

than at 760 torr, and the fatigue limit about 11 ksi hi
gher at 5x10

-8

torr.

The fatigue data from tests at 760 torr are also plotte
d in figure

21. Included in this figure is the scatterband (crossshatOhed
 area)

from fatigue tests conducted on unnotched specinens made fro
m the same

lot of 7075-T6 used in the present investigation. The fatigue tests

used to generate the scatterband were conducted approxima
tely twenty

years ago (see Grover, Bishop and Jackson (1951)). These earlier tests

were conducted in air and at a stress ratio of 0.02,.the 
same environ-

ment and stress ratio used in the present investigation. Comparison of

the data from the present investigation with the scatterband f
rom the

data generated twenty years ago indicates the fatigue resistan
ce of the

7075-T6 has decreased by a factor of one and one-half to three
 (depend,

ing upon the stress level) and that the fatigue limit has decr
eased by

about 3 ksi.
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Figure 21.— Variation of fatigue life with stress for 7075—T6 
at 760 torr.

The crosshatched area represents the scatterband from tes
ts

conducted onthe same lot of material twenty years ago.
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It should be noted here however, that the tensile properties, i.e,

a 
us 
,a

ys 
9 E, and e, for this lot of 7075-T6 were ,essentially un-

changed over the twenty year pericd.

Fatigue-Crack-Propagation Experiments

The results of the fatigue-crack-propagation tests conducted on

centrally-notched sheet specimens made of 7075-T6 aluminum alloy are

listed in Tables 12 and 13. These tests were conducted at gas pres-

sures of 760 and 5x10
-8 

torr. In these tests the fatigue cracks typi-

cally initiated at both ends of the central notch and propagated

towards the edges of the specimen. (The difference in the lengths of

the two cracks, measured from the centerline of the specimen, seldom

exceeded 0.05 inch.) Consequently Tables 12 and 13 give the nubber ,of

cycles, Nip, required to initiate the fatigue cracks at each end of)

the central notch and to propagate them to the specified half-lengths,

a, on both sides (right and left) of the centerline.

Fatigue-crack-propagation rates, da/dN, were determined graphi-

cally by taking the slopes of the half-dradk length against cycles

curves (plotted on a linear scale) at various crack lengths. These

rates are plotted against the stress-intensity range, AK, in figures

22 and 23. (A discussion of the use of the stress-intensity range in

correlating fatigue-crack-propagation data is given in Appendix B.)

Examination of figures 22 and 23 indicates that the rate of fatigue-

cradk-propagation in 7075-T6 aluminum alloy at 760 and 5x10-8 torr is

in general a single-valued function of AK. A composite plot, figure
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Table 12. Number of cycles required to initiate

and propagate fatigue cracks in air
(760 tOrr) to the specified crack

lengths.

Specimen Number B58N7-10P

S ,
max

40 ksi

a(left side),
in.

mean

20.4 ksi

Nin, a(right side),
cycles in.

S
min'

0.8 ksi

cycles

0.10 1450 0.10 1350

.15 1930 .15 1930

.20 2110 .20 2140

.25 2270 .25 2270

.30 2360 .30 2360

.35 2400 .35 2400

Specimen Number B52N7-8P

S 
max
, S

me
an
'

Smi
n'

40 ksi 20.4 ksi 0.8 ksi

a(left side), N a(right side),
in. cycles in. 411cles

0.10 1530 0.10 1350

.15 2180 .15 2060

.20 2420 .20 2360

.25 2530 .25 2490

.30 2610 .30 2610
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Table 12 (continued).

Specimen NuMber B52N7-10P

S
max
,

30 ksi

a(left side),
in.

S 
mean

,

15.3 ksi

a(right side),
clylicles in.

Smi
n'

0.6 ksi

Nin
cyCies

0.10 3340 0.10 3190

.15 4350 .15 4350

.20 5080 .20 5080

.25 5530 .25 5530

.30 5770 .30 5770

.35 5890 .35 5890

Specimen Number N51N7-10P

S
max
, s

mean9
s
min'

30 ksi 15.3 ksi 0.6 ksi

a(left side),
in.

N

cyCies
a(right side),

in.
N n,
cycles

0.10 2990 0.10 2750

.15 4320 .15 4140

.20 4920 .20 4790

.25 5260 .25 5120

.30 5510 .30 5460

.35 5680 .35 5650

.40 5700



87

Table 12 (continued).

Specimen Nunber B59N7-110P

S
Max

20 ksi

a(left side),
in.

8
mean'

10.2 ksi

a(right side)
cycles in.

min'

0.4 ksi

Nip,
cycles

0.10 8710 0.10 9050-

.15 12350 .15 12700

.20 14560 .20 14560

.25 16350 .25 16350

.30 17480 .30 17480

.35 18040 . .35 18110

.40 18680 .40 18860

.45 19120 ;45 19170

Specimen Number B57N7-2P

s
max
, s

mean'
S 
min'

20 ksi 10.2 ksi 0.4 ksi

a(left side),
in.

Niu,
cycles

a(right side),
in.

Nin,
cycles

0.10 10020 0.10 10090

.15 13200 .15 13510

.20 15690 .20 16240

.25 17280 .25 17710

.30 18460 .30 18860

.35 19480 .35 19690

.40 19980 .40 20200

.45 20440 .45 20500

.50 20510
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Table 12 (continued).

Specimen Number B57N7-4P

S
max
,

15 ksi

a(left side),
in.

Nip

cycles

s
mean'

7.65 ksi

a(right side)
in.

Smi
n'

0.3 ksi

Nip g
cycles

0.09 21970 0.11 23610

.14 29980 .16 31090

.19 34640 .21 35270

.24 38630 .26 39410

.29 41420 .31 41680

.34 43460 .36 43530

.39 44960 .41 45190

.44 46160 .46 46290

.49 47030 .51 47170

.54 47750 .56 47850
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Table 12, (continued).

.Specimen Number B58N7-6P

Sma
X
,

15 ksi

a(left side),
in.

S
me

an
'

7.65 ksi

Nip; a(right side),
cycles in.

S
min'

0.3 ksi

Nip,
cycles

0.10 22200 0.10 21230

.15 29440 ..15 28750

.20 32950 .20 32950

.25 36730 .25 36730

.30 39330 .30 39300

.35 41230 .35 41140

.40 42780 .40 42350

.45 43900 .45 43760

.50 44750 .50 44620

.55 45320 .55 45230

Specimen Number B56N7-2P

Smax' Smean'
S .
nu 
,
n

10 ksi 5.1 ksi 0.2 ksi

a(left side),
in.

Nip,
cycles

a(right side),
in.

Nin,
cycles

0.10 157150 0.10 159440

.15 192370 .15 193570

.20 209310 .20 210430

.25 218290 .25 219000

.30 224730 .30 224960

.35 230000 .35 229680

.40 233860 .40 233310

.45 237220 .45 236610

.50 239800 .50 239410

.55 241970 .55 241380



Table 12 (continued).

Specimen Number B53N7-6P

S ,
max

10 ksi

a(left side),
in. 41313

0.10 118960

.15 163400

.20 179030

.25 187560

.30 194370

.35 199590.

.40 203700

.45 206850

.50 209620

.55 212390

9 0

mean'

5.1 ksi

a(right side)
in.

Smi
n'

0.2 ksi

Nin,
cycies

0.10 140600

.15 172030

.20 182870

.25 190780

.30 196410

.35 201650

.40 205430

.45 208250

.50 210570

.55 212890
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Table 13. Number of cycles required to initiate
and propagate fatigue cracks in vacuum
(5x10-8 torr: to the specified crack

lengths.

Specimen Number 853N7 -10P

s
max
, s

mean' 
S 
min'

40 ksi 20.4 ksi 0.8 ksi

a(left side), Nip, a(right side) Nin,

in. cycles in. cycles

0.10 2650 0.10 2750

.15 3200 .15 3260

.20 3410 .20 3410

.25 3500 .25 3500

.30 3600 .30 3600

S ,
max

Specimen - Number 857N7 -6P

Smean' 
Sul

40 ksi 20.4 ksi . 0.8 ksi

,•
a(left side), Nip, a(right side) Nit, 

in. cycles in. cycles

0.10 2340 0.10 2470

.15 3060 .15 3100

.20 3380 .20 3430

.25 3540 .25 3570

.30 3650 .30 3650
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Table 13 (continued).

Specimen Number B60N7-6P

S ,
max

30 ksi

a(left side),
in.

S
mean'

15.3 ksi

N p, a(right side)
cycles in.

Smi
n'

0.6 ksi

Nip,

cycles

0.10 8160 0.10 7110

.15 10330 .15 10100

.20 11190 .20 11090

.25 11710 .25 11680

.30 12000 .30 11970

.35 12170 .35 12170

Specimen Number B57N7-10P

S ,
max s

mean ' Smi
n'

30 ksi 15.3 ksi 0.6 ksi

a(left side),
in.

Nin
cyCles

a(right side)
in.

Nin,
cycies

0.10 7250 0.10 8250

.15 9130 .15 9590

.20 9870 .20 10180

.25 10340 .25 10530

.30 10640 .30 10780

.35 10830



93

Table 13 (continued).

Specimen Number B56N7-10P

S 
max
,

20 ksi

a(left side),
in.

Smean'

10.2 ksi

Nin , a(right side)
cycles in.

Smi
n'

0.4 ksi

Nil),
cycles

0.10 39740 0.10 37510

.15 44510 .15 43460

.20 48700 .20 47810

.25 51150 .25 50740

.30 52360 .30 52610

.35 53100 .35 53490

.40 5.3600 .40 53950

.45 53950

Specimen Number B55N7-6P

S ,
Max mean'

20 ksi

a(left side),
in.

N-
cylces

10.2 ksi

a(right side)
in.

0.4 ksi

Nip,
cycles

0.10 31380 0.10 30430

.15 38160 .15 38160

.20 42780 .20 42710

.25 45130 .25 45370

. 30 46570 .30 46810

.35 47600 .35 48370

.40 48270 .40 48890

.45 48800
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Table 13 (continued).

Specimen Number B55N7-4P

s
max
,

15 ksi

a(left side),
in. is cyilles

S
me
an
'

7.65 ksi

a(right side)
in.

Sni
n,

0.3 ksi

Nip ,

cycles

0.10 367570 0.10 Not recorded

.15 382340 .15 363620

.20 391170 .20 379860

.25 398060 .25 389350

.30 402440 .30 394980

.35 404540 .35 400720

.40 406750 .40 403340

.45 407840 .45 405780

.50 408910 .50 407470

.55 409500 .55 408540

.60 409870 .60 409250

.65 409820
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Table 13 (continued).

Specimen Number B56N7-6P

s
max
, s

mean' 
Smi

15 ksi 7.65 ksi 0.3 ksi

a(left side), Nin a(right side)
in. cyCies in. cyCles

0.10 187600 0.10 187130

.15 207720 .15 206400

.20 219040 .20 218130

.25 225540 .25 224250

.30 230260 .30 230030

.35 233410 .35 233220

.40 235860 .40 235560

.45 237030 .45 237230

.50 238230 .50 238410

.55 238960 .55 239120
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Figure 22.- Variation of fatigue-crack-growth rate with AK in
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24, of the data from figures 22 and 23 shows that at the lower value
s

of AK the fatigue-crack-propagation rates were approximately twice as

high at a gas pressure of 760 torr than at a 5x10
-8 torr. At the high-

er values of AK however, the fatigue crack-propagation rates were

about the same in vacuum and in air.

An empirical fatigue-crack-propagation equation developed by

Forman, Kearney and Engle (1967) was fitted to the rate data. This

equation,

intensity

factor at

relating the rate

range, the stress

failure, produced

of fatigue-crack-propagation, the stress-

ratio, and the critical stress-intensity

an excellent fit to the data from tests at

both 760 and 5x10 torr gas pressure. The equation was,

fitted to the two sets of data separately, figures 25 and

squares techniques were used to determine the appropriate

constants in Forman, Kearney, and Engle's equation. This

the form

C
Rate = 

(AK)n(3.-R)Kr AK

where C and n are the empirical constants. The values

7075-T6 at 760 and 5x10
-8 torr were determined in the fracture toughness

of course,

26. Least-

empirical

equation has

(1)

portion of this investigation.

of K
c 

for

The empirical constants C and n in equation (1) were determined

to have values of 5.19x10 
-11 and 2.44 respectively for a gas pressure of

760 torr, and to have values of 1.19x10 13 and 3.02 respectively for a

gas pressure of 5x10
-8 

torr. Raving determined these constants, equa-

tion (1) can be used to predict fatigue crack growth behavior in 7075-T6

aluminum alloy at gas pressures of 760 and 5x10
-8 

torr. Numerical
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Figure 25.- Correlation of fatigue-crack-growth data from tests at
760 torr with Forman, Kearney, and Engle's equation.
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integration of equation (1) is relatively simple on a digital computer,

and in-house studies at NASA-Langley have shown that accurate predic-

tion of fatigue-crack-growth curves can be made using such procedures

for constant amplitude loading conditions. However, the reader is cau-

tioned against using such procedures to predict fatigue-crack-growth

curves for random loading conditions. Significant delays in fatigue-

crack growth occur when lower amplitude stress cycles are preceded by

stress cycles of significantly higher stress amplitude. The extent of

these delays are discussed in reports by Hudson and Hardrath (1961),

and Hudson and Raju (1970). Additional research aimed at developing

methods of predicting these delays is being actively pursued at NASA-

Langley at the present time.

Average fatigue-crack-growth curves were determined for specimens

tested at 40, 30, 20, and 15 ksi, figures 27, 28, 29 and 30, respective-

ly. Individual average curves were determined for specimens tested at

760 and 5x10 
-8 

torr. These average curves (which are referenced from a

half -craCk length of 0.10 inch for convenience) show that at 15 ksi

approximately twice as many cycles were required to propagate a crack

from a half-crack length of 0.10 inch to a given half-Crack length when

the test was conducted at 5x10
-8
 torr. However, as the stress level

was increased, the difference in the number of cycles required to reach

a given half-crack length became progressively smaller, and at 40 ksi

about the same number of cycles were required to propagate the crack

from a half-crack length of 0.10 inch to a given half-crack length in

vacuum and in air.
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Figure 27.- Average fatigue-crack-growth curves for 7075-T6. S
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The average number of cycles.required to initiate a fatigue crack

and propagate it to a half-crack length of 0.10 inch was also determin-

ed for the fatigue-crack-propagation specimens. A plot of maximum

stress in the test against the following ratio:

Number of cycles required to obtai:n a 0.10-inch half-crack ' length in 
Number of'oycles required'to Obtain a'0:10-4nch half-crack ' length in

vacuum
ai r

in figure 31. These ratios ranged from 1.8 for tests at 40 ksi to

somewhere in excess of 27 for tests at 10 ksi. (Fatigue cracks could

not be initiated in vacuum at 10 ksi in 3,909,250 cycles. Consequently

testing at that stress level in vacuum was dbandoned to expedite test-

ing.) Obviously the vacuum environment had a significantly greater

effect on the initiation and propagation of the fatigue cracks to a

half-crack length of 0.10 inch than on subsequent fatigue-crack

propagation.

Consideration of the facts that (a) the vacuum environment had a

significantly greater effect on the initiation and propagation of the

fatigue cracks to a half-crack length of 0.10 inch than on subsequent

fatigue-crack propagation and (b) that the difference between the num-

ber of cycles required to reach a given half-track.length in .Acuum and

air seldom exceeded a factor of two, while the difference between fa-

tigue lives in vacuum and air ranged from fifteen to thirty (at 5x10-8

torr), indicates that for 7075-T6 aluminum alloy the fatigue-crack

initiation phase is affected by environment to a much greater extent

than the fatigue-crack-propagation phase.
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Figure 31.- Variation of the crack-initiation ratio with Smax.
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Fracture-Toughness Experiments

The stress intensity analysis method used in the analysis of the

fracture toughness data is briefly described in Appendix B. The ex-

perimental results of the fracture toughness experiments are shown in

Tables 14, and 15, and in figures 32 and 33. In these figures the

critical stress intensity factor at failure, Kc
, is plotted against

the half-crack length at failure, a
c
. At both 760 and 5x10

-8 
torr

the values of K
c 

are reasonably constant for all values of crack

length. These values deviate from the mean value by no more than 8706

psi_in1/2.
Also, there is virtually no difference between, the mean

values of K
c 

in vacuum and in air.

X-Ray Stress Analysis

Results of the residual stress measurements made using X-ray

stress analysis techniques are presented in Table 16. This table lists

the residual stresses measured in the critical section of selected un-

notched fatigue test specimens. These measurements were made on the

two flat sides (i.e., the numbered and unnumbered sides) of the test

specimens. Also included in this table are the maximum stress applied

in fatigue tests on the specimens, the fatigue lives of the test speci-

mens, the gas pressure at which the fatigue tests were conducted, and

pertinent remarks relative to the X-ray data. Inspection of Table 16

shows that after polishing approximately 60 percent of the test speci-

mens contained compressive residual stresses on both sides, 36 percent

of the specimens contained compressive residual stresses on one side
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Table 14. Data from fracture-toughness tests on

7075-T6 specimens tested in air (760 torr).

Specimen
Number

a ,
c

inches
' 

P
c
lbf

A,

(inches)
2

K
c

psi--in
1/2

859N7-10P 0.50 6583 0.1854 51796

B58N7-6P 0.59 5539 0.1888 50034

B58N7-10P 0.42 8374 0.1905 56062

B57N7-4P 0.59 5502 0.1919 48897

B55N7-10P 0.26 9978 0.1871 49677

B52N7-10P 0.40 8094 0.1865 53370

B57N7-8P 0.22 11097 0.1913 49302

B53N7-6P 0.63 4980 0.1871 41553

B52N7-8P 0.39 8094 0.1873 52333

B56N7-2P 0.58 5166 0.1888 45952

B57N7-2P 0.54 6453 0.1917 52644

B51N7-10P 0.42 7460 0.1848 51483

= 50259K
c
ayg
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Table 15. Data from fracture-toughness tests on
7075-T6 specimens tested in vacuum (5x10-8 torr).

Specimen
Number

a
c,

inches

P 
c
,

lbf

A,

(inches)
2

K
c
_ 1/2

psi-ln

B56N7-6P 0.64 5259 0.1875 52374

B55N7-4P 0.67 4252 0.1880 44666

B56N7-10P 0.47 6639 0.1894 48479

B55N7-6P 0.47 6416 0.1856 47810

B60N7-6P 0.40 7488 0.1863 49383

857N7-10P 0.42 7814 0.1922 • 51851

B53N7-10P 0.39 8598 0.1859 56062

B57N7-6P 0.40 7612 0.1903 49146

B58N7-4P 0.24 10369 0.1850 50753

B53N7-2P 0.28 10090 0.1867 52884

K = 50341
c
avg
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Figure 32.- Variation of Kc with ac at 760 torr.
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Table 16. Measurement of residual stresses in unnotched
fatigue life specimens.

Specimen
Number

Residual
Stress on

Numbered Side,
ksi

Residual
Stress on

Unnumbered Side,
ksi

Maximum
Stress Applied

in Test,
ksi

Fatigue
Life,
Cycles

Gas
Pressure,

torr
When
X-rayed

B52N7-1 0.5 -0.1 50 251,960 5X10
-4

After polishing

B52N7-9 3.3 -0.1 45 >5,000,300 5X10
-4

After polishing

B53N7-9 -5.2 -12.1 Not Tested After polishing
_
1B56N7-5 -11.2 -9.4 45 844,830 5X10 After polishing

B58N7-1 -4.4 -3.3 45 5,197,200 5X10
-4

After polishing

B58N7-3 -2.6 -5.0 45 375,000 5X10
-4

After polishing

B59N7-7 -0.4 -2.1 60 379,170 5X10
-4

After polishing

B60N7-7 -7.8 -6.4 45 1,159,740 5X10
-1

After polishing

B63N7-102 -1.2 -9.2 Before polishing

B63N7-102 -6.0 -5.0 Not Tested After polishing

B63N7-103 -5.0 -1.3 45 1,168,970 5X10
-2

After polishing

B63N7-104 -14.6 -5.4 50 1,319,420 5X10
-8

After polishing

B63N7-105 -6.2 -1.2 40 >8,086,090 5X10
-8

After polishing

B63N7-106 0.6 -6.5 40 8,243,790 5X10
-8

After polishing

B63N7-107 -3.7 -0.1 45 1,956,270 5X10-8 After polishing

B63N7-108 -2.3 -4.6 Before polishing

863N7-108 -3.0 -0.8 Not Tested After polishing

B63N7-109 -4.9 -5.0 Not Tested After polishing

B63N7-110 -1.9 -8.9 Before polishing

B63N7-110 -4.4 -1.7 Not Tested After polishing



Table 16 (continued).

Specimen
Number

Residual
Stress -on

Numbered Side,
ksi

Residual
Stress on

Unnumbered Side,
ksi

Maximum
Stress Applied

in Test,
ksi

Fatigue
Life,
Cycles

Gas
Pressure,

torr
When
X-rayed

B64N7-114 -6.7 -5.6 40 1,264,000 5X10
-1

After polishing

B64N7-115 -5.4 -1.7 50 954,680 5X10
-8

After polishing

B64N7-117 -4.7 0.2 60 137,790 5X10
-8

After polishing

B64N7-118 9.0 1.3 Not Tested After polishing

B64N7-119 -0.6 -6.1 50 583,300 5X10
-8

After polishing

B68N7-156 1.1 -8.4 40 5,008,710 5X10-4 After polishing

B68N7-159 -3.8 -0.4 Not Tested . After polishing

B68N7-160 -5.8 1.0 40 2,160,300 5X10
-4

After polishing

B72N7-191 -9.3 -0.1 50 874,000 5X10
-8

After polishing

B72N7-192 -1.8 0.3 60 364,880 5X10
-8

After polishing

B72N7-193 -3.1 0.7 Not Tested After polishing

B72N7-194 -4.1 0.2 60 570,870 5X10
-8

After polishing

B74N7-11 -5.0 -4.9 45 805,020 5X10
-8

After polishing

B74N7-13 -3.4 -1.9 Not Tested After polishing

B74N7-14 -4.9 -1.3 60 180,310 5X10
-4

After polishing

B74N7-20 -0.7 -1.2 Before polishing

B74N7-20 -2.0 0.8 Not Tested After polishing

883N7-101 -6.5 -5.2 Not Tested After polishing

B86N7-71 3.0 -1.1 40 2,442,500 5X10
-4

After polishing

B86N7-72 -5.6 -2.2 Before polishing

886N7-72 0.9 -4.0 Not Tested After polishing



Table 16 (continued).

Specimen
Number

Residual
Stress on

Numbered Side,
ksi

Residual
Stress on

Unnumbered Side,
ksi

Maximum
Stress Applied

in Test,
ksi

Fatigue
Life,
Cycles

Gas
Pressure,
torr

When
X-rayed

B86N7-73 9.5 -0.7 Before polishing

B86N7-73 0.2 -2.2 Not Tested After polishing

B86N7-74 -6.5 0.6 40 7,095,840 5X10
-2

After polishing

B86N7-75 -1.1 -5.2 50 1,412,010 5X10
-8

After polishing

B86N7-76 -1.5 -7.6 Not Tested After polishing

B86N7-77 1.4 2.1 60 296,560 5X10
-8

After polishing

B86N7-79 0.9 -2.9 45 2,119,710 5X10
-8

After polishing

B87N7-81 -5.6 1.6 60 188,740 5X10
-4

After polishing

B87N7-82 -3.8 -7.0 40 >5,799,290 5X10
8

After polishing

B87N7-84 -3.6 -1.7 45 340,400 5X10
-4

After polishing

B87N7-85 -2.8 1.9 40 >7,992,310 5X10
-8

After polishing

B87N7-86 -2.2 -6.9 40 >8,181,610 5X10
-1

After polishing

B87N7-87 -4.6 0.3 40 >5,049,570 5X10
-4

After polishing

B87N7-88 -2.9 1.1 -40 >5,000,000 5X10
-8

After polishing

B87N7-89 -5.4 • -2.3 40 Machine
•

5X10
-2

After polishing

Malfunctioned

B87N7-90 -12.2 -4.3 40 >5,004,290 5X10 
1

After polishing

B88N7-98 -7.5 -1.8 60 155,460 5X10
-8

After polishing

888N7-100 -0.9 -0.5 50 1,194,830 5X10
8

After polishing
k
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and tensile residual stresses on the other, and 4 percent of the speci-

mens contained tensile residual stresses on both sides. Seventy eight

percent of these surfaces exhibiting compressive residual stresses had

residual stresses of 6 ksi or less. The maximum compressive residual

stress measured was 14.6 ksi. For specimen surfaces cdntaining tensile

residual stresses, the magnitude of these tensile residual stresses was

equal to or less than 2 ksi in about 83 percent of the cases. The

maximum tensile residual stress measured was 9 ksi. A11 in all, abdut

80 percent of the surfaces X-rayed exhibited residual stresses between

6 ksi in compression and 2 ksi in tension.

To study the effects of these residual stresses on the fatigue

lives of the test specimens, plots were made of fatigue lives against

the algebraically largest residual stress on the specimen surface, fig-

ures 34 through •37. For the data in each figure the maximum applied

stress and the gas pressure are the same. Thus the only apparent vari-

able is the residual stress in the surface of the specimen. Inspection

of figures 34 through 37 indicates there is no consistent variation of

fatigue life with residual stress level. There must be other, less ob-

vious factors, which are responsible for the scatter in fatigue lives of

these test specimens. Perhaps there were microscopic differences in the

surface roughness which were not detected, but which caused the differ.

ences in fatigue lives under identical test conditions.

A short study was made to determine the effect of polishing on the

residual stress state on the specimen surfaces. Specimen numbers

B63N7-104, B63N7-108, B63N7-110, B74N7-20„ B86N7-72, and B86N7-73 were
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X-rayed both before and after polishing. Examination of table 16 indi-

cates that polishing invariably dhanged the residual stress state 
in

the specimen surface, however there was no consistent variation in

these stresses as a result of polishing. About 50 percent of the time

the residual stresses became algebraically larger and 50 percent of

the time they became algebraically smaller.
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Fractographic Examination

Air-Tested Specimens

Typical fractographs from specimens tested in air are shown in

figures 38, 39, 40 and 41. Fractographs ,ade using both the trans-

mission- and the scanning-electron microscopes are shown in these fig-

ures. Fatigue striations are clearly visible on all of the photographs

shown in these figures. The width of each'striation represents the ad-

vance of the fatigue crack resulting from the application of a single

load cycle. At the lower stress levels these striations appeared in

fairly large patches on the fracture surfaces. These patches were

scattered over the entire fatigue-fractured surface of the specimens.

There were large areas of the fatigue-fractured surface which contained

no such striations, however. At the higher stress levels the stria-

tions appeared in small and widely scattered patches.

Vacuum-Tested Specimens

Typical fractographs from specimens tested in vacuum are shown in

figures 42 and 43. Again both transmission- and scanning-electron

microscope fractographs are shown. Fatigue striations did form on the

surfaces of the vacuum-tested specimens, but were found only in the

scanning-electron microscope's fractographs. These striations were,

very widely scattered over the fatigue-fractured surfaces. This very

wide scattering probably accounts for the failure to detect the stria-

tions using transmission electron microscope techniques. If the small
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(a) Transmission electron microscope

•

(b) Scanning electr-on microsccre

Figure 38.- Fracture surface of specimen number B83N7-46.
S
max 

= 60 ksi. Tested in air.
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(a) Transmission electron microscope

(6) alc.:con microscope

Figure 39.- Fracture surface of specimen number B84N7-59.
S
max 

= 50 ksi. Tested in air.
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(a) Transmission electron microscope

(i)) Scanning electron microscope

Figure 40.- Fracture surface of specimen number B71N7-189.
S
max 

= 50 ksi. Tested in air.
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(a) Tp^Fmission erectron ft) croccope

(b) Scanning electron microscope

Figure 41.- Fracture surface of specimen number B65N7-130.
= 35 ksi. Tested in air.

max

127
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14-6. 4µ.-1

(a) Tr2nsmission electron microscope

(b) Scanning electron microscope

Figure 42.- Fracture surface of specimen number B64N7-117.
S
max 

= 60 ksi. Tested at 5 X 10-8 torr.
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(a) Transmission eieciron micfu;;.:upe

1410.211-1
-ktf

(b) Scanning electron microscope

Figure 43.- Fracture surface of specimen number B64N7-119.
S = 50 ksi. Tested at 5 X 10-8 torr.
Tnax
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areas containing the striations did not replicate well durin
g the pre-

paration of the replicas, or if the areas did replicate well 
but were

covered by the grid, then they could not be detected using tran
s-

missiOn electron microscope techniques. This underscores two very

basic advantages of the scanning electron microscope, (a) the 
observer

directly observes the specimen surface, not a replica, and (
b) the

entire surface is available for examination, not just those 
portions

uncovered by the grid. Inspection of figures 38 through 43 also show

that much greater depth perception is afforded by the scanning 
electron

microscope.
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CONCLUSIONS

A series of axial-load fatigue-life, fatigue-crack growth, and

fracture toughness tests were conducted on 0.090-inch thick specimens

made of 7075-T6 aluminum alloy. The fatigue life and fatigue crack-

propagation experiments were conducted at a stress ratio of 0.02.

The maximum stresses in the fatigue-life experiments ranged from

33 to 60 ksi, and from 10 to 40 ksi in the fatigue-crack-growth experi-

ments. Fatigue life experiments were conducted at gas pressures of

760, 5x10
-1
, 5x10

-2
, 5x10

-4
, and 5x10

-8 
torr. Fatigue-cradk-growth and

fracture toughness experiments were conducted at gas pressures of 760

and 5x10
8 

torr.

Residual stress measurements were made on selected specimens to

determine the effect of residual stresses on fatigue behavior. These

measurements were made using X-ray diffraction techniques.

Fracture surfaces of typical specimens were examined using scanning

and transmiss*on electron microscopes to study fracture modes in vacuum

and air.

The following conclusions have been reached on tho basis of this

investigation.

1. Fatigue lives at a pressure of 5x10
-8 

torr were fifteen to

thirty times longer than at 760 torr.

2. The fatigue limit was approximately 11 ksi higher at a pressure

of 5x10
-8 

torr than at 760 torr. •

3. Fatigue lives consistently increased with decreasing gas

pressure.
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4. The fatigue limit consistently increased with decreasing 
gas

pressure.

5. The fatigue reoistance of. the 7075-T6 used in this investig
a-

tion decreased by a factor of one and one-half to three (depend
ing

upon the stress level) over a twenty-year period.

6. The tensile properties of the 7075-T6 did not change sign
ifi-

cantly over the twenty-year period.

7. The rate of fatigue-crack-growth for 7075-T6 was a single-

valued function of the stress intensity range in both vacuum an
d air.

8. At lower values of stress-intensity range the rates of

fatigue-crack-growth were about twice as high at a gas pressure of 760

torr than at 5x10
-8 

torr.

9. At higher values of stress-intensity range the.rates of

fatigue-crack-growth were &bout the same in vacuum and ai

10. An empirical equation developed by Forman et al, produced an

excellent fit to the data from both air and vacuum testa.

11. The vacuum environment caused significantly longer delays in

the crack initiation phase of fatigue than in the crack propagation

phase, although delays occurred in both phases.

12. The vacuum environment had no effect.whatever on the fracture

toughness of 7075-T6 aluminum alloy.

13. Residual stress measurements indicated the residual stresses

in About 80 percent of the specimens ranged between 6 ksi in compres
-

sion and 2 ksi in tension.
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14. The residual stresses did not appear to exert a significant

effect on the fatigue lives of the test specimens.

15. Fatigue striations appeared on the fatigue-fractured surfaces

of both air and vacuum tested specimens. However, for a given stress

level considerably more striations occurred in the air-tested specimens.
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APPENDICES

Appendix A. X-Ray Diffraction Stress Analysis

X-ray stress analysis has been used in this investigation to mea-

sure the residual stresses acting in the longitudinal direction of se.-

lected test specimens. These residual stresses may be introduced into

the specimens as a result of the rolling of the original aluminum alloy

billet to the desired sheet thickness, by tempering of the alloy to the

desired strength level, by fabrication and polishing of the specimens

prior to testing, or by some combination of the preceding processes.

The point is, these residual stresses do exist in the test specimens,

and those residual stresses acting in the longitudinal direction of the

specimen will directly add to or subtract from (depending upon the sign

of the residual stress) the applied fatigue stress. Consequently, the

effects of these residual stresses should be considered in evaluating

the results of the fatigue-in=vacuum experiments.

The basic relationships used in the development of X-ray diffrac-

tion stress analysis are presented in most texts on X-ray diffraction.

See Cullity (1956), Azfiroff, (1968) or Christenson (1960) for example.

The pertinent relationships used in this investigation will be present-

ed herein for completeness.

The measurement of residual stresses involves three basic

assumptions:

1. That the strains (which can, of course, be converted to stres-

ses) being measured are elastic.

2. That the specimen being exaMined is an isotropic body.
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3. That the specimen being examined is homogeneous.

According to Christenson et. al. polycrystalline metals, such as the

7075-T6 aluminum alloy tested in this investigation, satisfy these

requirements to a good degree. In addition, it is assumed that the

stress in the volume of material being examined is zero in the direction

normal, to the free surface.

To determine the residual stress in the longitudinal direction of

the test specimen, see figure 44, the relationships for the strain in

the Z-direction, cz, and for the strain in the AO-direction, ell)

must be determined. The strain in the Z-direction may be written

d - d
c 

n 
- (Al)

- 
d 

o 

o

where d
n 

is the spacing (While under stress) between a set of crystal-

lographic planes whose normal points in the Z-direction.

Similarly, the strain in the AO-direction is given by

d. - d
.1 o 

(A2)
d
o

where d
i 

is the spacing (while under stress) of the same crystallo-

graphic planes when inclined at an angle IP to the Z-direction, and

d
o 

is the spacing between th,ese inclined nlanes while unstressed.

From the theory of elasticity the stress in the Y-direction, CT ,

is related to E.,. and 6 by

a
6 - e

Z E
(1 + v) sin

2 
q) (A3)



Longitudinal direction

Figure 44.- Test specimen with longitudinal direction indicated.



where E is Young's modplus and v is Poisson s ratio. The angle

is defined in figure 44.

Suhstituting equations (A1) and (A2) in (A3) there results

or •

d -d d- 

o

da 
2n 0 = -Y. (1 + v) sind

o E -

d

i 

 - d
n = (1 4. v) sin

2 
q)d

o
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(A4)

(A5)

Solving fqr a and substituting d
0 

for d
n 

(which according to

Cullity can be done with very little error) Equation (A5) becomes

d
i 
- d

n 
=  

y (1 + v) sin2 d (A6)

For stress analysis using diffractometer X-ray diffraction tech-

niques it is convenient to express Equation (A6) in terms of the Bragg

angle 8. Bragg's law is given by

A = 2d sin 6 (A7)

where A is the X-ray wavelength (a constant in this investigation),

d is the spacing between crystallographic planes, and 8 is the dif-

fraction angle. Differentiating Equation (A7)

or

0 = 2 [(I cos 6A6 + Ad sin 8] (A8)

= - cot 808 = - cot e 6'2
2
0 (A9)

d. - d
Ad

substituting — for 1 a 
n 

in Equation (A6) there results



or

The term

E 
, 

2
)

a = 
2 (

- cot 
Y (1 + v) sin *

E cot 0 
a - - (20 - 20)

2(1 + v) sin
2 
* 

c n

E cot 0
(20n - 20i)

2(1 + v) sip
2 
*

E cot 0

2(1 + v) sin
2 

ip
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(A10)

(A11)

(Al2)

in Equation (Al2) is called the stress

factor which can be denoted as F. Therefore Equation (Al2) is usually

written

a = F (20 - 20
c
)

y n
(A13)

The stress factor contains two elastic constants of the material

being investigated, i.e., Young's modulus and Poisson's ratio. For most

engineering materials the average values of these constants are readily

found in materials handbooks. However, for most crystalline materials

these constants vary with crystal direction. Consequently, the average

properties may not apply in the direction associated with the particular

set of crystallographic planes being used for stress measurement. To

circumvent the determination of E and v in the appropriate direction,

the stress factor for 7075-T6 was determined empirically in this investi-

gation. This determination was made as follows:

1. An angle * of 45 degrees was selected at the inclined angle

for the X-ray stress measurements. According to Christenson, et al.,

this angle should be between 45 and 60 degrees for adequate sensitivity.
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2. The 26 angle, i.e. twice the Bragg angle, was determined.

According to Christenson et al., this 28 angle should exceed 130

degrees for satisfactory sensitivity. A set of diffracting planes

having a 28 value of approximately 136 degrees was selected.

3. Having defined * and e, a strip of 7075-T6 aluminum alloy

having two strain gages glued to it was bent around and fastened to a

circular wooden disk of known radius, figures 45 and 46. The tensile

stress introduced in the outer fiber of this striA a , was computed

using the following equation.

tE
y D

(A14)

where t is the material thickness, E is the handbook value of Youngb

modulus, and D is the diameter of the circular disk. The strain gages

were used to verify the calculated stress.

4. The stressed strip was then mounted in the diffractometer and

aligned such that the strip was equally inclined to the incident and

diffracted beams. For such an arrangement, the normal to the reflecting

planes points exactly in the Z-direction as required in Equation (A1).

The strip was subjected to a monochromatic X-ray flux using copper Ka

radiation. A three-degree beam slit was used at the X-ray source for

beam alignment. The diffraction data were obtained using fixed-count

scaling, i.e.,the time required to accumulate a given number of photon

counts on the diffractometer counter was measured. These measurements

were made over a range of 20 values which included the diffraction

peak. These data were then corrected using the appropriate Lorentz-



\
\

i 
h

Strain gages

7075-T6 strip

Figure 45.- 7075-T6 strip used in determination of the stress factor.



Figure 46.- 7075-T6 strip fastened to a circular wooden disk.
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Polarization correction as explained by Christenson et al. A parabola

was then fitted to the corrected data and the diffraction peak calculat-

ed. This gave 20n for the known stress on the specimen.

5. The stressed strip was then rotated through an angle IP of

45 degrees for the inclined measurement, and the diffractometer counter

refocused. Measurements were again made over a range of 26 values

which included the diffraction peak. The data were corrected using the

appropriate Lorentz-Polarization and absorption corrections, and a para-

bola fitted to the corrected data. The value of 26
i 

was then calcu-

lated for the known applied stress.

6. Steps 4 and 5 were repeated with the same aluminum strip bent

around blocks having other radii (and consequently other outer fiber

stresses). A picture of the strip fastened around one of the wooden

blocks and mounted in the diffractometer is shown in figure 47.

7. From the preceding measurements a plot of (28
n 
- 2ei) was

made against the known stresses introduced in the strip. The result was

a linear plot, figure 48, the slope of which is the stress factor F

in equation (A13). For the test conditions used, the stress factor for

7075-T6 was 76 ksi per degree.

8. Having determined the stress factor for 7075-T6, the fatigue

test specimens were mounted in the diffractometer and the techniques

described in the preceding steps 4 and 5 were used to calculate 26n

and 26
i' 

Knowing F, 26
n 

and 26
i 

the residual stresses in the

longitudinal direction of the specimen were computed using Equation

(A13).



T6 strip on block

X-ray power suppl

Scintilation counter

Figure 47.- 7075-T6 strip fastened to a circular wooden disk and mounted in the diffractometer.
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Appendix B. Stress Intensity Analysis

The stress solution for a transverse crack in an infinitely wide

plate loaded in tension was developed by Irwin (1957) among others.

This solution showed that the stresses near the tip of a crack were

given by:

a = 
K
I cos 2 C1 + sin L sin

y
2

N/27E

36
2

ax =
K
I 

cos §- - isn [1 
2 
sin ]—

2 2
A0(27T-

T = 
K
I 6 36

sin cos cos --2—xy

(B1)

(B2)

(B3)

where a is the stress in the longitudinal direction (see figure 49),

ax is the stress in the long transverse direction, T
xY 

is the shear

stress, r is the distance from the tip of the crack to the point at

which the stress is being calculated, o is the angle between the X-

axis and r, and K
I 

is the stress-intensity factor. Thi§ stress-in-

tensity factor is a local stress parameter which reflects the intensitv

of the stress at all points surrounding the tip of the crack. This

factor has been used successfully by a number of investigators to cor-

relate fracture toughness, and fatigue-crack growth data generated under

different test conditions, e.g. different loading conditions and differ-

ent specimen configurations.

For the crack configuration used in the fatigue-crack-growth and

fracture-toughness tests conducted in this investigation, the stress-

intensity facto4. Ki, is given by
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Figure 49.- Definition of stresses near the tip of a crack.



K1 = Wa
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(F5)

where S is the uniformly-distributed axial stress, and a is one-half

the length of the crack. For finite width specimens, such as the ones

used in this investigation, Kt is multiplied by a finite width correc-

tion w where

w = insec
w
a

and w is the width of the test specimen. Equation (B4) thus becomes

lia
= S aw sec (B6)

The value of K
I 

at which unstable crack growth begins in the test

specimen is called the critical stress intensity factor, Kc. This Kc

is an important material parameter which can be used to compare the

relative fracture toughnesses of different materials to determine the

effect of environment on fracture toughness, or to predict the stress

level at which failure will occur in a cracked structure. Such predic-

tions can be made for relatively complex structures provided Kc is

known for the material and there is a stress-intensity solution for the

structure under investigation. Stress intensity solutions for a wide

range of configurations are presented in a report by Paris and Sih(1965).

Numerous other solutions are presented in journals such as the Journal

of Fracture Mechanics published by P. Noordhoff, Ltd., and Engineering

Fracture Mechanics published by Pergamon Press.
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The values of S and a associated with K
c 

are the applied

stress and half-crack length at th.e onset of unstable crack growth.

this investigation, S
c 

was obtained using a calibrated recording

oscillograph, and ac was obtained throughvisual observation of the

specimen during fracture-toughness testing.

Paris (1964) showed that the rate of fatigue-crack propagation,

d(2a) 
•.

where

was a function of the stress-intensity factor range, AK,

- „- 11
dN `1.(.11̀)

0

AK = Kmemc Kmin

i•e•

(B7)

B 8)

and C
1 

is an empirical constant._

Paris found that a value of m = 4 fits the broad trend of the

data. For the specimen configuration used in this investigation,

K =S er; w
max max

and

K
min 

= S
min

fira w

( 59 )

(810)

where S
max 

is the maximumgross Earess,andSmin is the minimum

gross stress.

In view of the success enjoyed by numerous investigators in cot'',

relating fatigue-crack-growth data using the AK parameter, this para-

meter hap been used to correlate the fatigue-crack-growth data generated

in this investigation.
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Appendix C. Symbols

A cross-sectional area of a test specimen

a one-half the total length of a central crack

a one-half of the total length of a central crack at the onset
c 

of unstable crack growth

C,C1

D

d

da/dN

empirical constants in fatigue-cradk-propagation equations

diameter of a circular disk

spacing between crystallographic planes

rate of fatigue-crack propagation

d spacing (while under stress) between a set of crystallo-

graphic planes whose normal is inclined at an angle * to the

Z-direction

spacing (while under stress) between a set of crystallo-

graphic planes whose normal points in the Z-direction

d
o 

spacing (while not under stress) between a set of crystallo-

graphic planes whose normal points in the Z-direction

E Young's modulus

e percent elongation in a 2-inch gage length

F stress factor

K
c 

stress intensity factor at the onset of unstable crack growth

Kx stress intensity factor

Knax 
stress-intensity factor associated vith the maximum cyclic

stress

Kmi
n 

stress-intensity factor associated with the minimum cyclic

stress

2 
liquid nitrogen

m,n exponents in fatigue-crack-propagation equation

N number of applied fatigue cycles



N.
lp

P
c
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number of cycles required to initiate fatigue cracks at each

end of a central notch and to propagate them to specified

half-lengths

load at the onset of unstable crack growth

stress ratio (ratio of the minimum gross stress to the maxi-

mum gross stress)

r distance from the tip of a crack to the point at which the

stress is being calculated

S uniformly-distributed axial stress

S-N curve plot of maximum gross stress against fatigue life

S
e 

uniformly-distributed axial stress at the onset of unstable

crack growth

S
max 

maximum gross stress

S mean gross stress
mean

S 
min 

minimum gross stress

t material thickness

width of the test specimen

Ad change in the spacing between crystallographic planes

AK stress intensity range

Ae change in the Bragg angle

S angle between the X-axis and r

maximum gross strain

strain in the Z-direction

strain in AO-direction

0 Bragg angle

O. Bragg angle for incident diffraction

8
n 

Bragg angle for normal diffraction
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X X-ray wave length

Poisson's ratio

x 
stress in the long transverse direction

Jy stress in the longitudinal direction

0 yield strength (0.2-percent offset)
ys

a 
us 

ultimate tensile strength

T shear stress
xy

the inclination angle to the Z-axis at which X-ray diffrac -
tion measurements were made

finite width correction for the stress intensity factor




