College of Engineering
Universitv of Washington
Seattle, Washington 98105
December 17, 1968

Final Revort to Office of Naval Research
Cor. ... Nonr - W7T7(k0)

NR 036 061

AD 681359

Period Covered: June 1, 1964 - Dec. 31, 1968

THE MICROSTRUCTURAL ASPECTS OF DEFORMATION

AND FRACTURE AT ELEVATED TEMPERATURES

Reproduction in whole or in part is vermitted
for any ourpose of the United States Government
Distribution of this document is unlimited

Principai Investigators

R. Taggart Professor of Mechanical Engineering
D. H. Polonis Professor of Metallurgical Engineering
'
- H ﬂ;,{ Pl

Rere t g by e
CLEARINGHOQUSE

far feduey! oantdic w Techoneal
Bt matc ty prvnatiend Vao 22151




Final Report
to
Office of Naval Research
Contract Nonr-4T77(L0), NR 036-061
Period Covered: June 1, 196k to December 31, 1968

by R. Tazgert and D. H. Polonis

Microstructural Procegsses of Deformation_in Metastable FCC Solid Solutions

An apparatus has been designed and constructed to permit detailed investigations
to be made of the microstructural asvects of deformation in metals and allovs at
elevated temperatures. It is also vossible to emvloy this apvaratus for the study.
of the combined effect of strain and tempmers*ure on vhase transformations.
Variations in the temperature, load and strain conditions can be correlated on a
time basis with the resolvable microstructural changes that accompany deformation.
In addition to these data it is mossible to record amnlified traces of the load
transients which in turn can be related to the mechanisms of nlastic deformation.
The entire gauge section (1.5 in x 0.375 in.) of a flat tensile svrecimen mav be
surveved and the microstructure can be recorded by photomicrography or by micro-
cinematographv. Ambient atmosnheres of vacuum, argon, or helium may be inter-
changed at any time during an exveriment. Jaw sevaration rates, selectable
betveen 107 and 10'6 inches per second are available and are indenendent of the
load variations. The maximum orerating temmerature is 1500°C, and the maximum
load carability is 3000 pounds in tension.

The above apparatus has been used in a study of the strain-induced (FCC) =+
(HCP) vhase transformation in Cu-Ce and Cu-%i alloys. The morhologv of the HCP
martensitic product and the effect of the FCP nhase on the suhseouent deformation

characteristics of these allovs have been determined as a function of temmerature,.
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Strain induced kappa phage formation has been identified as the initial deformation
process that occurs in a randomlyv-oriented volycrystalline Cu-Si allov. The
conditions for its development within a varticular grain have been determined.

The unusually low yield strength observed in Cu-Si alloys is attributed to the low
stress level required for Kc nhase formation. The strain energv required to
initiate the strain-induced transformation increases with temperature unr to 300°C
and above this temperature the strain enerzy requirement ranidly diminishes due

to the thermal activation. A dislocation mechanism has heen vronosed to exnlain
the growth of Ks platelets to microscorically observable thickness, and this model
is in agreement with the observed strain energv requirement. The high strain
hardening rate of the metastable alpha phase in Cu-Si allovs has been identified
with the slip barriers established by the hexagonal close vacked nlates that form
during the early stages of deformation. It has also been established that the
strain induced transformation in metastahle Cu-Ge alloys occurs in e similar
manner.

The kinetics of the thermallv activated FCC + HCP reaction in Cu-Fi and
Cu-Ge allovs have been studied together with the morphologv and the distribution
of the hexagonal nhase. This diffusion controlled transformation exhibits
nucleation and srowth kinetics and the HCP prhase is nucleated nrimarily from
stacking faults that oririnate at the grain boundaries and at the incoherent
twin boundaries.

A studv has been made of the relationship between the measured svecimen
strain and the electrical resistivity of Cu-Si alloys for strain levels below
0.37. The exneriments were degsigned to nrovide a auantitative description of the
conditions that corresrond to the initiation of nlastic flow from which a

detailed model of the earlv stages of the strain induced rhase transformation has




heen developed. The electrical resistivity decreases slightly during the
initial stages of loading and a maximum decrease of 0,02 - 0,0ky ohm-cnm has
been observed at 0.07 - 0.08% strain. A comparison between the resistivitv-
strain curve and the stress-strain disgram reveals that the resistivity decrease
occurs entirely within what is normally considered to be the elastic range for
a metastable Cu-Si solid solution.
A mechanism to explain the initial resistivity decrease must be consistent
with two important experimental observations:
a. the resistivity decrement is found to occur during the elastic strain period.
b. the maximum value of the resistivity decrement decreases with decreasinr
solution temperature.
Friedel has discussed a model nronosed by Suzuki for the stress induced
motion of a stacking fault that is gassociated with segresation and is btrunded tv
rlissile partial dislocations. According to this model the stackins fault widt®
decreases by a fractional amount uvon the initial arplication of ztress as one
nartial dislocation moves toward the other, which is stationary, within the confiner
of the initial Suzuki segregation. The amplication of increasing stress
ultimately results in the escane of the glissile partials from the Suzuki serrerate,
This model predicts an initial decrease in the resistivity of metals of low
stacking fault energy (e.p., metaststle Cu-S{ alloys) durine straining due to the
initial decrease in the stacking fault area. This mechanism also accounts for
the observation of this effect during elastic deformatior since the stacking
fault would return to its initial dimensions upor removal of the amnnlied stress
if the fault had not escaned the Suzuki atomsrhere.

To be completely successful as a model for the initial resistivitv decrease

the Friedel model must also exnlain the sensitivity of the resistivity decrease
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to variations in the solution temverature.

The stacking fault energy is reduced as the temperature is lowered in
systems such as Cu-Si where the boundary separating the FCC and the two phase
(FCC + HC¥, regions has a negative slope, Suzuki segregation to the stacking
faults, which should increase in Cu-3i alloys with decreasing solution temperature,
should therefore lead to a variation in the initial stacking fault size in the
retained alpha phase after cooling to room temperature. The incressed Suzuki
segregation at lower solution tempmeratures and the corresponding decrease in the
total stacking fault energy lead to an increase in the energy required to close
a fault. On this basis it is predicted that a decrease in the resistivity
decrement will occur with decreasing solution temperature which is in accordance
with the behavior observed in this investigstion.

During the terminal stages of the contract period svecial emnhasis wvas
placed on the avplicetion of transmission electron microscopy to the study of the
FCC = HCP transformation. X-rav analysis revealed that the constitution of solution
treated and slowlv cooled specimens of Cu-11.8 wt. 7 Ge was entirely FCC.
Transmission electron microscovy showed that the matrix contained intrinsic
stacking faults and it was observed that the partial dislocations boundine these
stacking faults were distributed randomlvy on all four variants of the {311}
pleanes, Stair-rod dislocations were observed and the Shocklev partial disliocations
wvere all of the tyve %r<ilé> . The nucleation of the HCP nhase occured by the
propagation of stscking fault bundles through the matrix until these bundles

interacted to form isolated colonies of the nroduct nhase,

by -



Ootical microscopy did not reveal the presence of the strain induced HCP
vhase in specimens that were quenched from the solution temperature in iced
brine. The strain induced ohase was not observed by selected area electron
diffraction techniques but it was observed that the stacking faults were
usually more widely split than for the slowly cooled specimens. When the
aquenched specimens were aged in the temperature ranse 50-200°C for times ranging
from one to three hours vacancv type defects were observed in the matrix,but areas
near the grain boundaries were denuded of such defects. At the lowest aging
temperature only black svot defects were seen but at higher aging temperatures
Frank loops were present and both isolated and linear arrayvs of stacking fault
tetrahedra could be identified.

This orogram has made it possible to identify the important role assumed
bv stacking faults in the FCC + HCP transformation in allovs of low stackinr
fault energy. It has also been shuwn that the solution treatment nrior to
nuenching is an imnortant varisble influencing both thermally activated and
strain activated processes. The results of this program contribute to an
imrroved understarding of the fundamentals underlving the thermo-mechanical

rrocessing of allovs.

Surface Variables and Their Effect on Deformation and Fracture

1. Liquid-Metal Fmbrittlement in Mercury-Zinc Courles

The effectiveness of 1linuid mercury as an embrittling agent when anplied to
zinc monocrystals was assessed on the basis of a series of deformation exreriments
that were carried out on sinple crystals grown in the share of a tensile specimen.
The advantage of an single crystal snecimen with an i{solated gaupe length lies in

the fact that the load applied through the enlarged ends of the snecimen is
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uniform and symmetrical with resvect to the gauge section. A modified Brideman
technique was employed and the single crvstal tensile svecimens were produced
with a random orientation between the basal nlane and the tensile axis by
selecting a growth rate of 1 c¢m. ver hour and a temperature gradient of 10°C
per centimeter,

It was found that 1iquid mercurv does not affect the mechanical provnerties
of zinc monocrystals deformed in tension provided that they have been chemically
volished orior to testing. A single kink band artifically introduced into a
single crystal specimen acts &s a barrier to dislocation movement and is the
vrimary cause of embrittlement over a wide range of orientations between the
basal pnlane and the tensile axis. Articiciallv induced surface twins were slso
observed to cause the embrittlement of zinc monocrvstals in the presence of
liouid mercury.

Chemically polished srecimens,that were cold worked by bending the rause
length nrior to tensile deformation, were not totallv embrittled tv contact with
liouid mercury. Annealines the cold worked snecimens did not change their
reaction to a liouid mercurv environment: the zinc sinele crvstals remained onlv
slightly embrittled, as indicated by a small dron in the elongation vrior to
fracture. An acid =aw cut was emnloved to simulate a simple notch but the
resulting stress concentration did not nroduce extensive embrittlement in the
nresence of mercurv.

It has been concluded from these studies that the introduction of a kink
band is essential to nroduce embrittlement in zinc monocrvstals exnosed to a
liouid mercurv environment. T™is work surports the conclusions of ¥amdar and
Westwood reparding the initiation of fracture in zinc wetted with liaquid mercurv.

A fractosrarhic studv has been made of the cleavare surfaces of the zinc
crvstale after fracture. A/ rourh fracture surface with many cleavage stens was

tyrical of the mercury embrittled crystals and demonstreted clearly the reduction
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in surface energy that occured when mercury was present on the zinc surface.

If the mercury supply was depleted before the fracture process was completed jt
was observed that, although the crack provagation continued, the fracture surface
exhibited a change in fracture mode. This effect can be exrlained in terms of

the Griffith theorv of crack propagation.

2. Liquid Metal Fmbrittlement in Aluminum-Gallium Courles

It has been found that when polyerystalline aluminum is wetted with
fallium and the environmental temperature is varied, the fracture characteristics
exhibit a brittle to ductile transition. Above the transition temrerature the
elongation at fracture does not arproach the ductility of an unwetted aluminum
snecimen of identicsal geometry, an obsgervation that has been attributed to the
grain boundary penetration of gallium, As the strain rate is increased the
ductile to brittle transition temnerature is increased and the exverimental

results can be represented as follows: Tc e ln €
Fractogravhic examination of the svecimens that failed both in the ductile
and in the brittle regions indicated that the crack nronagation invelved the

same interpranular mode in both cases.

3. Fftrain Distribution st the Tip of & Stationary Crack

A new experimental technique emploving a pattern of microhardness indentations
has heen develoned to permit an accurate measurement of the plastic-strain
distribution at the root of a mechanicallv introduced notch. The method allows
measurements to be made to within 0,001 in. from the crack tip.

The longitudinal strain distribution was determined for notched 20PL-TR

aluminum alloy specimens, and both the longitudinal and the transverse distritutions

e+ e i o 1 < s 2 e .
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vere obtained for notched specimens of “igh-purity aluminum. The results from
the experimeats indicated that a relationship exists between the grain size and
both the strain magnitude and distribution. The specimens having the largest
grain size developed the highest strain gradients, and exhihited the greatest
degree of symmetrv about the center line. The svmmetrv of the strain distribution
around the notch impnroved as the avplied load avproached that reouired to

produce crack propagation whereas, at low loads, there was little evidence of

any symmetryv.

Effects of Environment on Surface Pit Formation in Aluminum

Vacancy condensation pvits have been observed on the surface of pure
aluminum after thermal cycling under an argon atomsphere. A holding temperature
of 600°C or above was required. Pits formed after a AT of 25°C to 35°C. This
is at variance with the data revmorted by Doherty and Davis (195%) for nit
formation during cveling in air where holding temperatures below SNN°C were
required for maximum oit prodiuction.

The larger vacancy condensation pits formed in aluminum by aquenching under
an argon atmosphere were incavable of "healing” themselves uron return to the
holding temverature. Calculations have shown that the thin oxide suverstrate
formed on the aluminum under the test conditions can collapse into the nit.
Repeated thermal cycling resulted in the nucleation of small vacancy condensation
pits at the bottom of many large unhealed pits, suggesting a relationshin with
the points of emergence of dislocations.

The exverimental work has shown that when oxidation is inhibited by a

vacuum treatment that results in thermal etching no pits are produced by

1
14
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auenching either in vacuum or in argon. Since it has been shown that oxidation
is necessary for vacancy condensation nit formation there is insufficient
evidence to identify all pits with dislocation sites as has been suggested in
previous studies. Furthermore, some consideration must be given to the fact
that cation diffusior from the metal surface into the oxide at localized sites

will provide a source of vacancies as well as an influence on pit nucleation.
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