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ABSTRACT

This study is concernad with the roles of strain rate and temperzture on
fatigue behavyior. For the purposes of the immediate work pure aluminum and an
aluninum - 10 percent zinc alley were selected. To simplify analyses of the ob~
served behavior, am axial fatipue machine was designed to eliminate strain rate
and stress gradients in the srecimen cross-section. Strain rates of 5 and 150
percent per minute, strains of X 1 percent, and temperatures from 80 to 900°F
were the variatles studied, A number of grain sizes were utilized to evaluate
tue role of alloy structure. Other strain rates, strains and structures, including
twe phase systems, are being examined to extend the gtudies. Thermel fatigue
behgv'or will be «xauined and the r:sdlss compared with the present observations
in mechanical fatlgue,
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INTROBUCTION

One often gees in the literature references te "high temperature fatigye"
which, 1f closely examined, more correctly should refer to'fatigue ar clevated
temparatures”. Fatigue studies carvied sut on cenvendicnel equipment (1000 to
18,000 rm) encounter strazin rates from about 10U percent per minute fo 230,000
uegend ing on machine speed and strain amplitude, Even at very high teuperatures
high strain rates led only to work hardeaning of the structuse, with 1ittle or ac
attendant recovery of the structure during the straining period. In facz, unless
deforzation modes identifiable with high temperature, low strain rate processes
can occur, the fatigue behavior is comtrolled by the craulative cold work which
takes nlace,

The nuaber of studler which have been undertaken of fatigue behavior at
very low strawn rats , for exzrple, from 0.1 to 1000 percent per minmute, is rela-
Tively small. At suc.. low strain rates high temperature modes of deformation and
frasture are evident at progressively higher temperatures. Grain boundary shear,
ge¢ain dboundary migration, subgrain formation, folding, etc., are s*scernao‘g ang
indicative of bigh temperature ceformation processes, which ultimately result ip
failure by za Intergramuiar weclanism. 1In all these cases recovery and/or recrystal-
1lzation processes are operative to counterac: the train hardening which occurred
durinog 2oy portion of z fatigue cycle.

shavior

it appeared desirable under the circumstances, to exsmice fatigue be
tural vari-

in greater detail o a fuﬁ&t;or of strzin rate, temperature, and struc
ables ro better understand the bihavisr of materials.

at least .mitiaslly wurususlly iong tize tests, and to establish
ervations for lster comparisens, it appeared judicisus to work

2 trzins, but at low strain rates, over z very «ide fsxperature
range. Initially a strain of = 1 percent was chosen at strain rates of 5 and 150
percent per zminute. These conditione for aluminum and its alloys, based on other
temperalure - strain rate studies, were cxpected to involve low temperature type
deformation at room tesperature snd higher, and at high femperature modes of defor-
mpation and fracture above about 300°F (vhere racovery, recrystallizaticn and intver-~
granular cracking could occur}.

d
o
Ve
L)
o m
s}

Prediction of the anticipared behavior patterns was based vn extensive creep
studies over a comparable temperature range 3nd an extremely wide range of strain
rates.

The initial studies were concerned with high purity alisinus and an 2lusipum~
1G percent zinmc ailey of equal basic purity. Ome phase cf the prograc was concerned
with mechanical behavier and the wacroscepic aspects of deformation and fracturs.

A second phase was concerned wiih the microscopic details of deformation and fracture,

undertaken to establish the modes of defurmation and recovery, and the steps leading
o the iniriation of crecking and its progress to failure. Interrupted tests vere

a common feature of the latter phase of the study.

Both higher and lowew strainm rates, &t higher and lower strains, are planned
in order to extend our krowludge of fatigue behavior over 2 wide range of strain
rates; tesperature range of interest will continue to be froe B0 to 900°F. As soon
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as an adequate strain rate - temperature base is established for the materials of
interest, thermal fatigue studies will be initiated. To make a meaningful comparison
between mechanical and thermal fatigue behavior, strainrstes, strains, and tempera-
tures must be rigorously defined in terms of the observed modes of deformation and
fracture. Since thermal fetigue requires the use of temperature, the effect of

T ax must be known for its effect on structure and strain rate. Similarly, since
the®e is a practical restriction on the range of strain rates which can be achieved
ir thermal fatigue, there must be an equivalent counterpart in mechanical behavior.
It is expected that these comparisons cun be made,

I. LOW STRAIN RATE FATIGUE BEBAVIOR OF ALUMINUM AS A FUNCTION OF TEMPERATURE

In high temperature deformation, the prime variables are temperature and
strain rate. The higher the strain rate, the higher the temperature must be in
order for recovery processes to occur, and for intercrystalline fracture to initiate
and prugress. In fact, if the strain rate is extremely high, high temperature de-
formation and .ecovery processes are prevented from occurring and conditions of
slip and work hardening control, leading to transgranular fracture. This large role
played by strain rate in deformation and fracture at elevated temperatures becomes
extremely important in fatigue behavior. The use of conventional fatigue testing
machines is an important factor in high temperature fatigue studies because the
maclines were built to permit completion of tests in a reasonable period of time;
the resultant high strain rates (regardless of strain) cause the test material to
work harden even at very high temperatures. For these studies, a machine capable
of operatiug at low strain rates over a wide temperature interval was chosen to
control the important test varjables.

Because strain rate is the important variable, the existence of a wide
spectrum of strain rates in each fatigue cycle would complicate interpretation of
material behavior; accordingly, the test machine was built to provide axial de-
formation.

Materialg and Experimental Procedure

Aluminum of better thar 99.997 purity and an aluminum - 10 weight percent
zinc alioy of comparable impurity content were selected for the study. The com-
rositions in weight percent arve indicated below:

96,994+ Al Al - 10% 2n
0.003 Cu 0.001 Cu
0.001 Fe 0.001 Fe
0.002 51 0.002 si
0,001 Mn 0.001 Mn
99.99 Al ’ 10.01 Zn
balance Al

T.iese materials have been studied extensively for deformation and fracture
cha. acteristics over the temperature range from 70 to 1150°F (1-6). Grain boundary
sliding and migration have been investigated quantitatively for these materials over
an equally wide temperatur~ range (6,7).

Button-head sp~cimens, with a liberal fillet of 0.20" diameter and of
gauge length 0.40, were machined from wrought recrystalli.ed bar stock. The ratio
of 2:1 gauge length to gauge diameter was selected after preliminary tests «%°
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that there was an effect of shorter gauge length, probably due to end effects, and
after evidence of buckling in longer gauge length specimens. The specimen dimensions
are shown in Figure 1.

After machining, the specimens were chemically polished to remove the worked
outer layer, and were subsmequently heat-treated to stabilize the selected grain sizes.

RBoth the high pur. v aluminum and the aluminum 10 percent zinc zilcy were
heat-treated to produce grain diameters of approximately 0.5 and 2 mm in each case.
These grain sizes arve referred to in the text as a fire and coarse grain, respectively.
One lot of the high purity aluminum was heat-treated to produce an extrem.ly coarse
grain size in which the cross sectinn was occupied by 2 to 3 grains. This structure
is referred to as very coarse grained., After heat-treatment, the specimens again
underwent an electrochemical polishing step, during which the shoulder and head of

the specimens were protected with an insulating lacquer.

Test temperatures varied from 70° to 900°F. The strain amplitude in all
of the reported tests was ¥ 1 percent, or a total strain amplitude of 2 percent.
Constant strain rates of 5 and 150 percent per minute were selected so that grain
boundary sliding and migration, subgrain formation, and fold formation would be
operative in the higher temperature tests (1,2). The strain rates are nominal
values due to the fact that they are based on the original dimensions of the speci-
men, and these dimensions changed significantly in many of the tests as will be
observed from the photographs.

For the elevated temperature tests, a thermocouple was inserted into a well
ir the head of the specimen; the selected temperatures could be maintained with
less than * 5° F fluctuation duotring the entire test. To avoid complicating effects
of time and temperature on structure, care was taken to bring the specimens to the
test temperature as quickly as possible, in particular to avoid changes in grain
size specimens were cooled to room tem; erature after fracture with an air blast to
prevent recovery from occurring during ceuling.

During the actual test, the load was con:tantly . ~uitvred as & functien of
time and recorded through a strain gauge load cell. Sir-z theee it~ constant strain
rate tests, the recorded "lcad versus time" curves can be viswez- Z. "load versus
strain" curves, One recorder registered the load throughout che o-tiie tewt period,
yielding an envelope of load amplitude as a function of time; :ane other recorder
registered the detailed sghape of the individual load versus time cycle,

Typical load versus time curves are shown in Figures 2 and 3 at room tem~
perature and 500°F for high purity aluminum, at a strain rate of 5 percent per minute,
and at room temperature and 300°F for the coarse grained aluminum - 10 percent zinc
alloy at a strain rate of 5 percent per minute. The presence or absence of strain
hardening effects is clearly visible from curves of this sort. Figure 4 shows the
recorded variation of load amplitude as a function of the percentage of total life
for the high purity, coarse grained alumiram. Figure 5 shows a similar plot for the
coarse grained aluminum - 10 percent zinc alloy, It is clear that work hardening is
a minor factor in these low strain rate tests above 500°F for high purity aluminum,
and above 300°F for the aluminuw - zinc allcy.

To serve as a reference, tension tests were run for the several different
grain sizes in euch of the materials; the results are plotted in Figure 6. The
tensile strength and reduction of area values are shown as a function of test tem-
perature.
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It is noted that the high purity aluminum shows virtually 100 percent reduction of
area at all test temperatures, whereas the aluminum -~ :inc alloy achieves this status
at about 500°F. Note the very low ductility exhibited in tests at room temperature
and 300°F by the coarse grained aluminum - zinc alloy as a result of aging embrittie-
ment due to preferential precipitacion on the grain boundaries. The zinc sirengthens
aluminum significantly, but in the process the graim boundaries be. ze relatiwvely
weak and brittle compared to the grains. Thug, at room temperature, the Zine gruived
aluminum ~ zinc alloy showed & mixture of trans- and intergranular fracture ~oues:
the coarse grained aluminum - zinc alloy showed only intercry.taliine ‘ractures.

It was expected thac this differential in strength and duc(iiiry betweer graius anu’

grain boundaries would play an important role in the Fabirus Leldvior of this allsy.

All surfaces were examined by means of an optic¢al mitvescope -direstly,
and then through a replicating technigue utilizing 2wuyi 82s statbe film, which wes
then flattened and subjected to aluminum shadowing to imp ~ve contrast for wicwing.
Metallographic studies were combined with Laue back-~% ef) cstien I~ray stadies te

establish the structural changes which had ocevrred during the course of any fatigus
test.,

Results

Figures 7 to 11 are plots of cycles to failure versus temperature 2t the
two strain rates for the two materials, and for the sevecsl grain sizes favestigated.
In many instdnces, duplicate tests were run in order to sstabliish repvodusitility.

Figure 7 shows the results for fine grained hign purity alumimus. The effect
of the higher strain rate is te increase the cyties te failure abuwa about 500°F,

the effect becoming larger with increasing temperature, reacaing ¢ maximun betwesu
700 and 800°F,

Figure 8 plots the results fcy coarse-grained high purizy cluminum. The
effect of increased strain rate is agaln small up to zbout 500G°F. The coarse
grained material sustains significantly higher cycles te failure beleas 560°F come
pared to the fine grained pure aluminum; this is sn unexpested behavior. Aabove abou
5007F, the number of cycles to failure increases with Incteasing femperature, reachzng

a maximum at about 600°F at the lower strain rate, ani at 8300°F &r the higher strain
rate,

Figure $ shows the results for the extremely <oarse prained h gh purivy
aluminum; the shapes of the curves are similar to those observed in Figure 8, with
the same general trends as a function of tomperature and strain ratz, The very
coarse grained structure sustains higher cycles to f£ailuxe kelow 500°F then w rhe
two smaller grained materials. The higher 1{fz of the coarssr grained structuze

is unexplainable. Scatter of data appears to be mere zevere for the coavser grain
sizes.

Figure 10 is a similar plot for the fina grained aluminim - 10 psrcent zinc
alley. At room temperature, the slower gtrain rste rssults in a shorter iifs to
failure; this is also true above about 600°F. Po’snt ascitter, however, is such as
to discourage conclusions other than at 80, 700, sad 800°F. The general trends ar-

similar to those observed for fine grainmed high gpurivy alusinue, Yigure 7, but are
less clearly defined.
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g1 mificant activity at the grain banndarie: is observed. After 10 sycles, exten—

sf ;e cross elip has occurred; there is a2 gr
cccurs in many parts of the structure.
of siguificant grain bousdaxy reaction,
obaervsd (¥iew ¢, Figure 13},

ofusion of ¢o ormation bands] and kinking
After 109 ¢y<lem, in spite of the absence

, 2 number of Intercrystalline cracks are

The formation of imtergranular cracks ic wnusual if

one recalls that izntergreamuler cracking has pever bser cobserved in aiuminum of this
purity in simple creep tests from room temperature to 1130°F (1).

The changes observed at 300 and 500°F are a general coarsening of the siip
band spacing, and a swall but definite indication of grain boundary shear, hut with

almost no grain poundary migration ever at 500°F.

At -600°F, as observed in Figure 14, there is the first clear-cut wviden.2

of

both grain boundary sliding and grain boundary migration; and foids are noted in

sig=ificant quantities for the first
150 percens peor minute xates, it is o

In comparing specimens with the 5 and
bserved that the amount of grain boundary sliding

and migravion is considerabiy greater in the slow strain rate test, and slip band
formation is absent to a significz it extent in many of the grains due at the slower

strain rate. Associated with grain boundary sliding,
observed in Figure 14 b.

at least three large folds are
Raferring to Figure 8, it is at 603°F that the first sig-

nificant difference in life -is observed for specimens tested 2% the twe different
strain vates. It is also at 600°F and above that the fracturc changes for these

coarse grained specimens (see Pigure 12 b).

At 800°7 (see Figure 15), after 10 cycles of fatigue strain, on= observes

large amounts of grain boundary migre”.ion in the s
with the formation of serrated grain boundaries.

lower strain rate tests, combined
By comparison, the higher s sain

rate tests (Figure 15 a) show more limited grainm boundary migration. Specimens at
both strain rates show coarse slip band spacing and frequent deformation bands.

An interesting deformation and recovery process 1is illustrated in Figure 16
for coarse grained pure aluminum tested st 800°F at a stvain rate of 5 percent per
minute., View A shows the microstructure before the start of the test, with iden-
tification markers. After two cycles of fatigue, there is signiiicant arain boundary
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1ding and migratlom; siip bands sre kamsic e

YR )

ible, After 20 cycleg, grain boun=

ne greis Lsundnries tending to assume
radual. absoxp..on of the smaller grain
tag a’ong grain folds. After 100

81 L 2ip

devy migratisa.hac become very extsselve with &n

£5° #igectiops. ‘nﬁviﬁg ‘¢ this occpurs by the gr

by ¢t lzrze 2acq with ‘tha triple. yo;nts_mig avit

cycles . the smaller g*alns in the rziion havé been completsly swept by migrating
rain beunée:?as; elininacing these small grains from the structore, with the for-
cedon of giEis koundariss at 45° divections to the axis of the specimen. This be-
welod buings about juadrugle points on the surface. If reference is made to Figure
2; If w1 D2 observed th.t ¢ricrang in the 800° and 900° tes: is slong these

sigrateg 35" bowsdatizs. This will bz discussed in greater detail below.
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poor strengthener at these high temperatures.

axis.

Discussion

i. From 80 - 500°F:

6

13 b. The pressnce of a fine d& > zinc RNEteS
relative  strengthening of the graxﬁ.oﬁx &f prapertion to the q;‘vng heniug at the
r¥ain boundaries, ss was evidenced by laterg“ﬂuiar fractures at 8C°F {see also Figure
6). Apparently the bonndaries are not oniy buittle, dri theyv sre relanlx\&y wegkey
theq the granular matesisl, leading to the obreuyved grain bountasy sliding and dp~
frequent fold formationm, wherevnr a grain offers 3 converiznt gewnetry fox siip.

Tigure 17 shows the £arigue deformativn of cosrse~grained alumintm - 10
peresitt Sine 2110y at 2 slyain vate of 5 percent per minute st 80° and 300°F. Ref~-
grénde ¢u Figure 11 chowe that thig 83} y had a very small number of cycles to failure

b ¥rom Figure 12 5, 4t {s e/ den: that this ailcy falled in a brittle inter-
manser il litkla or no pray ceformation. This wag alse the case for
I pepeent ziac alloy. Iu fast, Figure 17 shows that
g s of fatdges .t 80P, sasspsctedly, fold formation oceurs dua to
graip boundsTy uliding.' Tht c\t&nt € «1ip A3 quite rastrictria (u\ﬁpxte to Figure
itate in this structes, leads to a

On increasing the temperature to 300°F, the syatem is over-aged, leading
to a significant increase in cycles to failure.
heavier slip, but the fracture remains largely intergranular; note the grain duundary
cracks in Figure 17 H. At 500°F and sbove, this allsy is again ir the single phasa
field, sud now the behavior is similar to that of pure aluminum, because zin~ is a

Figure 1/ b now shows (at $8Q°F)

At 700°F, there is increased grain

boundary sliding with limited grain boundavy migration and a virtual abgence of

gslip hand formation. At 80C°F, after 100 cycles, one observes abundant grain houn-
dary sliding, absence of slip band formation, and clear—cut subgrain fovmation ia the
grain structure. Again, boundaries migrate to 45° positions; as Ffigure 12 shows,
fractures at 800° sre aleng the migrated boundaries in 45° positions to the specimen

Referring to Figures 7 to 12, and supplementing this with the metaliographic
observations in Figure 13 to 17, one observes major changes in both the mechanisms
of deformation and fracture., The deformation and fracture characteristics are
highly sengitive to strain rate, temperature, grsin eize, and composition. Essen-
tially, three major zones are definable in terms of the deformation and fracture
mechanisms as a function of the test tewperature, Supportlnsg cvidence is obtained
from a study of the macro-fractures observed in Fignre 1Z.

In the temperature interval from room temperature to approxizately S500°F,
depending on the strain rate, deformation, both in the 99.99% Al and in the aluminum -
10 pércent zinc specimens, is dowinated by slip and kinking in the grains without
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grali boundsry shear. An exception is the behavior cf the sluminum - 10 percent
zine alloy at room temperature where, because of aging effects, it exhibiis siguifi-
cant deformation on the grain houndaries. Below 500°F, when frastures arz ductils,
tha specimens fziled by a combination of a particular type of nacking, so-called
"eyelic strain induced creep", and by transcrystaliinme fatigue crack propagation.

It is probable that slewer strain rates than 5 percert per minute will bring about
more high temperature deformation below $02°F,

MW N

For pure aluwminum, as early as 10 percent of the total 1ife= of the specimens,
incercrystalline cracks were observed to form randomly on the surface of the speci-
mens; these cracks did not appear to propagate significenrly either in depth &¢ in
width with increasing cycles of test. They did appear tc serve as forczl poitts for
the subsequernit transgranular cracking which occurred. In this tzmperature range,
heavy deformation and subgrain formation were observed in the 92.99% Al gpecimens,
as 13 indicated in Figures 18 and 23. The same thizng 1s noted in the case of the
aluminum - 10 percent zinc specimens above about 300°F, where the alloy is in the
one~phase solid solution field.

RIBHHARMIBAURHE LR BRI

Figure 23 compares Laue back-reflection pictures for pure aluminum and
aluminum - 10 percent zinc, both tested for a comparable number of cycles at room
temperature. Note the severe granular breakdown in the pure aluminum specimen and
its absence in the aluminum - 10 percent zinc. Comparzs these results with the
metallographic views, Figures 13 a and 17 a.

AL SRR

2. From 500 to 700°F:

Above about 500°F, but particularly at 700°F, grain boundary sliding, fold
formation, and grain boundary migration become important: deformation and fracture
become strongly strain-rate sensitive.

The advent of intergranular cracking results in decreased ductility at
fracture (see Figure 12); however, the 1life of the specimens cotitinued to ir:rease
largely because of the recovery action asscciated with migrating grain boundaries
and subgrain formation. At 600°F fine microc acks are observed in a polished section
along slip planes, passing from one grain fo ancther in one instance (see Figure 19);
other cracks stop at grain boundaries. Final failure is by an intergranular
mechanism.

3. Above 700°F:

At 890 and 900°F, depending on grain size, but especially upon strain rate,
the major observed change was the now extremely rapid and extensive migration of
boundaries to 45° positions relative to the strain axis; this ssts up conditions
leading to easy boundary shear. Having migrated into the 43° positien, the beundaries
appeared unable to migrate tc new unstrained positions, and fractures now changed
completely to the intergranular variety, with cracks prevalent from shoulder te
shoulder in the gauge length (see Figure 12). Void formation increased from 700
to 900°F. At 700°F little grsin growth occurred, znd the grains were heavily broken
down to a fine sub-structure as cbserved in Figure 20 a. Atz BOGO®F, at the slower
strain rate, voids were larger and more numerous, and the sub-structure was gquite
coarse (see Figure 20 bJ; note the quadruple point in Figure 20 b.

Sl L U R T T e TR R e R U

In these very high temperature tests, failurea appear to star: at the
surface of the specimen, with gradual progression aleong the grain boundaries, The
voids are not at the surface but are located well below and on craciced grain boun-
daries. PFigure 21 shows the interior of a falled specimen after testing at 700°,
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and Figure 22 shows the 45° cracking of an aluminum - 10 percent zinc alloy after
testing at 800°F.

The role of strain rate becomes significant above about 300 or 600°F, where
grain boundary sliding and migrations begin to be msignificant. A change from 5
to 150 percent per minute tends to increase the number of ¢ycles te failure above
500°F. This effect is smwaller in the case of high purity aluminum, and is quite
large in the case of the zluminum - 10 percent zinc alloy, shifting the temperature
at which maximum 1ife occurs by a significant amount.

prree—

Three observations deserve repeating:

1. There is the observation of intergranula: cracking in very pure aluminum
at 80°F. No combination of temperature and strain rate has produced intergranular

cracks in aluninum of this purity in simple tension or tersion, mor in fatigue to
the authors' wnowledge.

2, There is the limited slip and enhanced grain boundary shear at room
temperature observed for aluminum - 10 percent zinc alloys, with subsequent inter-—

granular failure. It is urcommon for an aluminum alloy tv exhibit grain boundary
shear and fold formation at 80°F.

3. There is the unusual migration of grain boundaries to 45° positions
relative to the deformation axis of the specimen, and the assumption of quadruple
points, which leads to severc 45° intergranular failure at and above 800°F. Under
creep conditions for comparable temperatures and strain rates, the tendency is for
grain boundaries to migrate to a position nearer 90° to the strain axis, thereby
offering maximum resistance to shear under stress. Coupled with such migratzd and
pinned 45° grain boundaries is the heavy void formation and intergranular cracking,
nefither of which occur in simple creep for any combination of strain rate and tem-
perature.

ITI. MICROSCOPIC ASPECTS OF DEFORMATION AND FRACTURE OF ALUMINUM AS A FUNCTION OF
STRAIN RATE AND TEMPERATURE IN AXIAL FATIGUE

Materials and Experimental Procedure

Utilizing in part the fractured test specimens described in the first section
of the report, and suppiementing them with tesits interrupted at various sime intervals,
detailed studies have been undertaken to examime the modes of deformation which
prevail, the origin of cracks, and the progression of cracks to failure. The vari-~
ables are: temperature (80 to 900°F), strain rate {5 and 150 percent per minute),
strain anplitude (¥ 1 and s percent}, grain size and grain orientation. In all
cases the material was aluminum of greater than 99.99 percent puricy.

Using button-head test specimens, it was a simple matter to interrupt tests,
make measurements, or perform metallographic and X-ray diffraction studies, then
return the specimen to test.

In ail ecasas the test specimen was finitislly chemicaily 2nd elecirclytically
polished to remove worked mgterial and to permit etching to delineate ail grain
boundaries. Tests were interrupted after 1/4, 1/2, 1, 2, 10, 50, etc,, cycles in
the course of this study.

Both light and electron microscopy have been utilized. Because round
specimens are used, a surface replicating technique wac adopted using 2 plastic film

8
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which could be fluttened for observation. For 1light microscopy, the film was
shadowed by evaporation of a thin layer of metal, for example, zluminum. For the
electron microscope, because of severe surface rumpling and large grain boundary off-
sets, magnifications were limited to 6060 to 3500X. It was necessary to devise a
very coarse specimen holding grid, and replicas had to be large compared to the

grid opening and strong enough to support their own weight without sagging. Replicsas
about 1/8" square, with heavy deposits of chromium and carbon, were used to obtain

3 the desired strength. The most succeassful shadowing was accomplished at 453° to the

3 tension directior, turning the specimen 90°, and shadowing again. Because both
grain and grain boundary shear tend to take place close to the 45° directions,

this gave the best contrast,

An effort is being made to examine replicas with an interferometric micro-
scope. Using interference contrast and polarized light, this microscope gives a
clearer picture of the specimen surface, which is cbserved by comparing Figures
26 and 28 the former was taken on the latest Leitz~Wetzlar metallogragh with the
diaphragm almost fully closed.
Results

N S S S AN

Interrupted tests have thus far been run at 300, 500, 650, and 800°F, following :
deformation progress generally, and at 650 and 800°F for a more detailed examination :
of grain boundary shear and migration. Strains of ~ 2 percent are included to

compare against strains of T percent.

In an effort to decrease slip at higher temperatures, finer grained speci-
mens are also being tested so that more grain boundaries can be studied at 300

and 500°F.

Following the work of Brunmer and Grant (7) and Mullendore and Grant (&)
on quantitative studies of grain boundary shear and migration during creep,
similer studies are now beginning under fatigue conditions. For this purpose
complete orientation charts have been prepared of coarse grained test specimens for
which the orientation of each grais has been measured, as well as the grain boundary
orientation, Mullendore and Grant had shown that the resolved critical shear stress
for slip did not determine the amount of grain boundary sliding; instead, a complex
function involving the orientation of the grain boundary and the orientation dif-
ference between the two grains gave a more exact measure cf boundary sliding (6).
These same relationships are being studied for fatigue (axial) loamding conditions
for 5 and 150 percent per minute strain rates.

Cracking appears to be initiated at grain boundaries, but failures are
transgranular at temperatures up to about 600°F. At 600°F and higher, the fractures
become intergranular. Of interest are grain and grain boundary orientations which
initiate cracks and along which cracks are extended,

=
=
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A large number of single crystal bars have been grown which are suitable
for specimen machining and test. A number of tests have been completed but the
amount of data is inadequate for interpretation. A complete temperature study of
cycles to failure versus temperature is net planned since most of the testing will
be of the interrupted variety. Most of the orientations of these single crystals
are those with<10> or <11b directions paralkel or neariy parallel to the

specimen axis.




Discussion

Much of the discussion of this section 4s of a preliminary type since considerably
more work needs to be done. The single crystal work has already shown that specimens
with <170> parallel to the strain axis show markedly higher Yatigue life then these
with <111> . This 12 true both at room temperature and 800°F. This is probably
due to the fact that of the orientations of the two sets of slip planes, the {111}
is approximately 10° from the plane of maximum shear stress in the < 110> crystal,
vhereas, in the <111> erystal, the three sets of {111} planes nearest the 45°
direction are all about 25° away. Surface replicas after one cycle show this
orientation effect quite piainly, For the <1i0> parallel te the gpecimen axis,
the two intersecting slip planes are both seep o be ar an angle of about 10° with
the maximum ghesr stress direction. Further cycling shows rotation of {111}
planes into the 45° direction. The smaller amounts of rctation necessary to bring
the {111} »planes in line with maximum shear stress for the <110> crystal leads
to longer fatigue life before crack initiation., The large scale bending of the
crystal with the <111> parallei to the strain axis, in the effort to rotate (111}
planes 45° to the tensile axis, leads to earlier cracking than in the <110> crystal.
The fatigue life of a <110> crystal at room temperature is ter times that of a

<111> crystal. As temperature increases this difference decreases, becoming a factor
of about two at 800°F.

It is interesting to note that X-ray orientation studies of coarse grained
polycryssalline specimens show a similar effect. In the orientation analysis of
abutting grains, for high tempsrature fatigue, where grain boundary movement is
strongly concentrated in one of two grains, the grain which accommodates the
movement seems to have {111} planes more faverably oriented to the maximum shear
stresg direction. Interrupted tests after several cycles show that strong grain
boundary movement is also associated with large orientation differences between
adjacent grains. Preliminary Laue~back-reflection studies for heavily migrated
grain boundaries, alter 1/2 .cycle at 800°F, show that subgrain formaticn is present
in both grains, but meore abundant in one of the grains. At low temperatures the
intense lattice bending at grain boundaries cannoct be absorbed by a rearrangement
of atoms to reduce strain, i.e., through polygonization, and therefore cracking
results. Note in ¥igures 31 and 32 the severe lattice bending occurring on one :
side of a grain tcundary in room temperature tests. i

The micrographs in Pigures 24, 26, 27, 28, 33, 34, all show extensive grain
boundary movements, usually on cne side of a boundary between adjacent grains.
Figure 32 shows particularly well the nature of grain boundary movement. The faint
slip traces show that slip first progressed up to the grain boundary, but the
intense strain at the boundary led to shcaring in the adjacent materisl; deformarion
bands and substructures are clearly apparent. The slip bands act as reference
mavrkers in such instarces.

Representative views are ghown in the following of typical and interesting
structures.

Figure 24 ghows grain boundary shear and migration after 8 cycles at 35
percent strain per minute .= &C0°F, using a surface replication methed at a magnification
of 900X.

Figure 25 ghows coarse cross slip, grain boundary sliding and grain boundary
migration after only 2 cycles at 3 percent strain per minute at 800°F, using surface
replication at 100X, Hote the sxtansive folds at three triple points. This is the
prelude to extensive boundary migration which leads to grain boundary orieamtation of 45°.

io




3 Figure 26 shows, in addition to features found in Figure 25, subgrain formatxon
- and grain boundary serrations (8) afrer 1/2 cycle at 1,5 percent strain per minute at
800°F. This figure taken with a conventional light microscope may be compared to
Figures 27 and 30, taken with an interference contrast microscope. Neote the greater
3 detail of surface markings in the latter pictures. In particular, due to small
changes In orientation across a kink boundary, this methoed emphasizes the shadow
effect more vividly (see especially Figure 29). Slip bands and subgrains are alsc
sharply defined.

In general, it is noted that the higher strain rate of 150 percent per minute

gives a smonther and more uniform surface than the 5 pereent rate (compare Figures
27 and 28),

Figures 31 to 34 show at fairly high magnification a number of interestiag
details of grain boundary shear and migration. In particular, Figures 31 and 32
have caused considerable speculation regarding the nature of grain boundary shear (6,9).
] In these two figures one observes somewhat more closely spaced slip bands (heavy)
r which are straight to the grain boundary; the opposite grain, with coarser slip
bands, shows extensive bending. This suggests that the former grains slip, tuilding
up strain energy at the boundary interface. Two slip systems are reguired in the
second grain to accommcdate the imposed strain; this probably leads teo deformation
band formation, along with subgzain formation.
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The very dark regiors in Figure 31 may be due to artifacts in stripping the
replica as a result of grain boundary cracking. It is clear that considerably
more study and close follow-up of the deformation and fracture modes is required
of the grain boundary.

Figures 35 to 40 are Laue back-treflection views across grain boundaries under-
goiag shear and migration at 800°F. Figure 35 is a pattern taken with the beam im-
pinging on both grains acrcss a grain boundary, prior to fatigue deformation. Figure 36
is nearly the same posic? ° after 2 percent compression in ome-half cycle, at RJC°F.
Considerable subgrain formation has occurred, with small angular rotation; it is also
obvious that enough migratiom has occurred that only the orientation of cme grain is
cleariy recorded. Figures 37 to 40 show other views, taken in each grain, showing the
inhomogeneous deformation, evident primarily via the subgrain formation route. As
in creep, severe bending and crystal breekdown occur near the grain boundary and the
degree of breakdown is always more severe in one grain than in the other (2,4), con-
firning the structures obzerved in Figures 31 aad 32,

bl o

i

Overall, it appears that if strain rate and temperature conditions are similar,
low cycle fatigue yields similar patterns o deformation and fracture as are observed
in axial creep. The severity of deformation, the rates of grain boundary migration,
the increased tendency for kinking, and other features are different in degree rathex
than in kind. Much less can be gaid regarding fracture mechanics at this stage. The
unusual migration of grain boundaries to 45° positions ig an entirely new observation.
Additional studies should provide answers to the questions which have been raised.
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CONCLUSION

It was the purpose of this program to examine the effects of strain rate on fatigue
behavior. As such,low strain rates were necessary to permit grain boundary siiding
and migration, along with other common modes of deformztion, The other important
variables were temperature, grain size, and comnosicion.
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é The conclusions are based vz an essentially constant strain rate, axially loaded
3 test.

atdabivie

+
i. At strain rates of 5 and 150 percent per minute, 4t a strain amplitude of - 1
3 percent, strain rate effects are cbserved above 500°F. Increasing strain rate results
in an Increase in cycles to failuze up to about 700 or 800°F.,

2. Increasing the test temperature increases the cycles to failure up to 500
or 800°F, depending on strainm rate and grain size.

3. Both pure aluminum and an aluminum ~ 10 percent zimc alloy show higher cycles
to failure for the coarse grained compared to fime grained condition from 8C to SOO°F. ;
This is an unexpected and unexplained behavior. 3

4. Aluminum of greater than 99.995 percent purity has never been observed to show
. intergranular cracks in an air atwosphere, regardless of strain rate or temperature;
3 accordingly intergranular cracking at 80°F must be classed as unusual,

5. Above 700°F, high purity aluminum undergoes extensive grainm boundary migretion
with triple points following deformation folds to form 45° grain boundary intersections
(including an unstable configuration of surface quadruple points). Boundary shear
becomes easy with extensive intergranular cracking.

6. Associzted with intercrystalline cracking of purz alumimum above 700°F is copious
void formation along the 45° grain boundaries. In creep, such voids are never otbserved
in high purity aluminum, regardless of temperature or strain rate.

7. The aluminum - 10 percent zinc alioy behaves similarly in almost all respects
to high purity aluminum above about 500°F. At 80°F severe intergrarular cracking takes
place, with resultact poor life. The unequal streangihening of grains and grain boundaries
leads to relative grain boundar; weakness aund embrittlement. Some grain boundary shear
actually takes place at BGF.
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Room temp. 500°y¢
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F ' Figure 2. Load vs. elapsed time of individual cycles curves for coarse grained
‘ 99.997 aluminum specimens tested at room temperature and at S500°F.

Strain rate 52 per minute. Strain amplitude 2%.

f§~ 1st 40th cycle 3rd 226th 382nd cycle
-f'-’ )
< ?
A-re Ra ¢ ¢
Room temp. 300° ¥
Figure 3. Load vs. elapsed time of Individual cycles curves for coarse grsined

e aluminum - 107 zinc specimens tested at room temperature and at 300°F.
e Strain rate 5% per minute. Strain amplitude 2X.
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Tensile strength and reduction of area 6f 99.99% alupinum and
sluminum - 10% zinc in the function of temperature.
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Figure 22,

R.T. 306° 500° 700° 800° 90G°F

B
R.T. 300° 500° 600°  700°  800° 200°
C
R.T.  300° 500°  600° 700°  800°F
b
R.T. 300° 5006° 600° 700° BOO°F

59,7 . al and Al - 10%Z Zn gpecimens tested to failure in low cycle
fatigue al different temperatures. Strain rite 5% per minute;
strain amplitude 2%,
A. Tiae grained pure aluminum
B. woarse grainad pure aluninum
C. Fine grained Al -10% 2n alloy
D. Coarse grained Al ~ 10 Zn alloy

.
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Surface deformation in coarse grained 33,
increasing cycles at room temperiture.
A. Aftrer 1/2; 3. After 10;
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Figure J5.

Surface weroimation 1a coarse grained 2v.99% aluminum tested for
10 cycles at 800°F, at 5 and 150% per minute strain rates.
A. AL 1507 per minute: B. At 5Z per minute. 50X.
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Figure 16.

(@]
o

Surface marking~ in fatigued coarse grained aluminum at 800°F for a

strain rate of 5% per minute. 50%,
A. Refire testing B. After 2 cycles
C. After 20 cycles D. After 100 cycles
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Figure 17. Surface deformation of coarse grgined aluminum ~ 10%Z ziac te
80 and 300°F at a strain rate of 5% per minute. 50X.
A. After 10 cycles a*t 80°F
B. After 10 cycles at 30C".
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Figure 17 (continued)

C. After 10 cycles at 700°F
D. After 100 cycles at 800°F.
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Figure 18. Subgrain formation along slip bands in 99.99% aluminum tested at room
temperature for 1000 cycles. Note also the fine subgrain structure. 250Z.

Figure 19, Microcrack formation along slip planes in 99.99Z aluminum tested for

o
1000 cyclea at 600°F at 5% strain per minute. Etched with 0.5% HEF,.
250X.




Figure 20.

B »
Microstructure of fine grained 99.997 aluminum at the fracture “ter
testing at & sitrain rate of 51 per minute. Specimen a2xis was h ~ntal.
50X,
A. Tested at 7O0°F; B. Tested at BUO°F.
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Figure 21. Void formation and intergranular cracking in fine -vained aluminum-
10% zinc tested at 700°F at 5% strain per minute. Electropolished,
unetched. Approximately 12X.
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inward from the free surface cf fine grained
ong migrated 45° grain boundaries. The specimen
cles ar BOD°FY at 5% strain per minute.

Figure . Interuranular cracking

slurinum - 10X zinc alc

waz zasted for 1500 cye
D

g
proximstely 12X.
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Figure 23,

C

Laue back-reflecticn plctures of coarse gra

and 99.99% zluminum specimens, tested in fat
k¢

z e

at a strain rate of 5Z/minute. X1 filtered

A, &1 - 10X In before tes{ing

B. Al -~ 10% Zn after 130 cycles (zested to
€. 99.997 A1 before testing

D. 99.96% Al after 150 cycles

D
{ned aluminum - 10X zinc
igue at room temperature
Cu radiation,

VI P
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Figure 25,

Figure 25,

Sheared appearance of boundary movement after 8 cycles, - 1 31/2%
strain at 80C°F. Surface replication method. 900X,
o the strain axis (verticall by
igration. After 2 cveles, - 1
thod. 100x.
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. S Figure 31, Lattice bending adjacent to a grain boundary. After 50 cycles t 1%
e strain at 80°F, Replication technique. Electror micrograph. 3000X.
».':V‘;- *
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Uit

. Lattice bending adjacent to a grain houndary.
strain at 80°F, Replication t--hnigue.
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After 56 cycles, ~ 1%
Electron micrograph., 25
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Figure 33. Grain houndary shear and migration adjacent to, and on one side of, :
original grain boundary at lower left. After 15 cycles, ¥ 1% etrain
at 650°F. Replication technique. Electron micrograph. 2500X.

Figure 34, Grain boundary shear and migration adjacent to, ana on one side of,
original grain boundary near bottom. After 15 cycles, < 1% strain
at 650°F, Repiication technique. Electron micrograph. 15004,




Figure 35.

Figure 36,

Laue back-reflectieon pattern straddling grain boundary between
grain (a) and grain (b)., defore testing.
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igure 37.

Area immediately adjacent to
boundary of Figure 36.

In grain (b). After 22
cempression at 800°F.

Fine collimstor.

Figure 35,

Area removed from boundary
of Figure 36. In grain (o).
After 27 vompression at 800°F,

41

Figure 38.

Area immediately adjaceut
to boundary of Figure 36.
In grain (a). After 2%
comprescion at 800°F,
Fine collimstior.

Figure 40.

Area removed from boundary
of Figure 36. 1n grain (a).
After 2% cospressicn at 800°F.
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