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HIGH-TEMPERATURE DEFORMATION MECHANISMS
. . : IN o :
SUPERPLASTIC Zn—22Al EUTECTOID
by !
- M. L. Vaidya*,'K Linga Murty** and J. E. Dornt
- Inorganic Materials Research Division

Lawrence Berkeley Laboratory, University of California
: Berkeley, California 94720

ABSTRACT :

"The'temperature and the streés dependencee of steady-state strain-
ratea.in.Zn—ZZAl eutectoid'were studied by tensile and oreep testingb
using double shear type specimens in a normalized stress (t/G) range of
V5 ox lO—7 to 5 x 10_3. The stress dependence of the strain-rate revealed
_three distinct regions: . low ,stress region (I):with.a stress exponeof of
~1, intermediate stress.reglon (1D Qith ~v2 and high stress region (lII)
with ~4g, ‘The_temperature dependence of the strain-rates in the three
regions.yielded values of:l7.8, 18.9 and 28.8 k Cal/mole for the actlvation
energyvfor deformarion in the regions I, lT and lII respectively. The
value for the actlration eﬁergy obtained in the regions;l and II was .
identifled as that for grain-boundary diffusioﬁ>while rhat found in the
region IIl was approximately equal to the self;diffusion.value. Whereas

strong grain size dependence of the steady-state strain-rates was observed

in the regions I and II, the data on all specimens coalesced into a single
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line in the region III.

‘The data revealed d—3 and d-2 - dependencies. of the steady-state

strain-rates on the grain size in the regions I and II respectively.

The experimental results in the employed stress range obeyed the following

phenomenological equation:

YkT ='A.(§)m <1>n (Q_)a_
-Dbi d G Db

He;e:§_=vstéady-state shear strain;raté,‘Db-ﬁ_grain béundéry diffusivifj,
D = lattice diffusivity, G =vsheaf modulﬁs, b = Bufgéf's vector, d =
grain—size,'T = shear stress and A = numerical constant. In the above
‘eQUation.a-= o in the regious I and 11, and'q = 1 in the region.III.

From the experimental determination of the creep parameters n, m and A,

the mechanisms of deformation are identified. Dislocation élimb and Coble

‘creep Qere found to be the controlling mechanisms in the,régiqns III: and
I resﬁecti?ely. Although the present results in the region FI'are iﬁ.
clése agreemént with thevpredictibns based on Ball—Huﬁcﬁison;;édél f9r~
superplasticity, microstructural evidencé refytes such a mechénism. Tﬁe
present experimental findings in the whole stféss range employed here,
howeQer, ére in iine_with'the treﬁdé predicted in.a.recent reﬁiew by

Bird, Mukherjee and Dorn.
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I. INTRODUCTION
A There had been a number of studiesvonwthe éupérpiastic behavior of
ﬁarioué‘alloys both from industrial-appiicability as well as fundamental

Viéwpoints. Recent reviews(l’2’3)

on superplasticity reveal the vast
améﬁnt'of literature‘availabié on thislsubject.“ Most of the experimental
data Hgd been confined to the amounts of neck—freé'defofmatibn and their
relation té the strain-rate sensitivity index, m (=-a'lno/8 In €). Sys-
'tématicrstﬁdiés of the éﬁfain—rate dépendenéiesvonvthe stress and the
témperature in arwide raﬁge are needed to get aﬁ'uﬁderstaﬁding into the
micromechanics of the deformation cﬁaracteristics. Recent‘surVey and

(4)

analeés ) clearly indicate fhe léck of éxperimentai data to check the
theofeticél predictions; éspécially at:extremelj.low stressés. Even
the é&ailable data at low stresses are,noﬁ‘unambiguous because nonuni-
form défdrmétion renders the actual stress value§ doubtful.
Supérplaéticity is commonly referred to exteﬁsivg uniform tensiie
deformatiog due to“rapid iﬁcféase in the stress witﬁ the strain rate.
Thisvis'anaioéoué té extehsive uniform:;ensile deformation dﬁe to rapid
increase in the étress with theystrain»wﬁenever this" occurs . in ﬁigh
'sprain¥hardening materials at low temperatures, While superplasticity

is confined to fine grained (1 -~ 10 um) materials at elevated temperatures

and reasonaBly low straiﬁ rates. Until reéently~no particular mechanism
. : N . N N\ B -

(2)

of deférmation is inferred by applying»thé description"superplasticity'r
However Bird et'al(4) cafegorizedrsuperplastiéity és a mode bf deformation
with the steadyfstaﬁe strain—réte‘Being proportiénal‘to'the square of

the stress and inversel? to thé‘square of the grain size; énd the'aé—_'

tivation energy for flow being eqdai to that for the grain boundary



diffusion.(S) From' their analyses of the defofmation characteristics‘

in terms bfethe:dimenSienless parameters,vnameiy ggg vevg;(é:vstrein'féte,'
D:rdiffusiQity; éﬁ éhear moddlus, b = Burgef's vector, o:‘tensile sffess
and kT has the usual meaning), tﬁeyvcoule diQidevthe évaiiable—stress
range into;S parts: (l):high stress regionvwhere a dislocation mechanism
stch aé ’dislocationeclimb' operates,(g).(Z)'interﬁediate stfeSses'where
'superplasticity' is pbserved and (3) low stress range where a stress~
directed\vacancy diffusion meehanismAeuCh as Nabarro—Herring(g—lo) or
Coble(ll) ereep contributes predominantly. Thus pfedicted trends are
depicted in Fig. 1. | |

NOne'of the suggested theofies can explain all the currently avaiiable

(7

data on superplasticity. Avery and Backofen suggested the possibility

of Nabarro creep in a Pb-Sn alloy. But strong evidence from recent ex-—

perimental work refutes the required n = 1 stress dependence. Packer

and Shefby(lz) analyzed the low stress data of Avery and Backofen using

an empirical relationship of the form

.é:K(%)z———];G o | 3 1)
>kt | |

. where K is a constant and d is the grain size, and they obtained an.

(13,14)

improved'agreement. Gifkins and coworkers, anaiyzed'their data

 on Pb—Tl'alloys using the semi—theoretical relationship:

=K — , o S v (2)
d“kT ' - ' : o

where Db is the grain boundary diffusivity.  The estimated rates were
too slow to account for the experimental data. 'A{studied review of the

available data indicates a more satisfactory correlation with o dependence

v
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in liEu_of‘Ol dependence.

.vekT L (b ' o ) B

. DGb. () ) - - ()
N AN AYE , , '
BT _ (G>_(d) L B o (3b)
b _ T

dépendihg én whetherthe:activation energy_is that for self-diffusion or

(4)

Sﬁch-correlations suggest either

or

(5)

grain boundary diffusion. Bird et al's analyses of the data on Zn-Al

( )

and Pb-Sn reveal that the constants K and K~ in the above equations

differ by four orders of magnitude and also that the latter equation
with the grain-boundary diffusivity gives a better correlation. It is

to be noted that the equation 3(b) isvesseﬁtially that given by Ball
(5) '

and Hutchison. The“basis for Eq; 3(b) and the undérlying assumptions

(4)

"have already been. reviewed by'Bird et al.
Although avreaéonablé correlation between theory and experiments is
observed at high and moderate stresses (i.e. 'Dislocation Climb' and

'Superplasticity’ regions),IVarious inconsistencies were noted at lower

(6)

stresses. Some of the earlier investigations indicate that dislocation’

climb méy_control the deformation at low stresses. However, the data
at low stresses indicated strong grain size dependence of the strain
rate, an observation inconsistent with 'a climb mechanism. It is more

likely that at these low stresses the deformation mechanism is stress—

(5).

directed vacancy migration. In a re-evaluation of Ball-Hutchison data

(7)

on Zn-Al eutectoid as‘weli as AveryéBackofen data on Pb-Sn euﬁectic,

(4) (11)

Bird et al proposed that Coble ~creep may be. the dominant mechanism

at these extremely small stresses. Unfortunately none of the existing

)
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data éxtond toAlow enougﬁiétfesses to.prové their point'unequ0cally,v
The motivation thus of the present reseorch wés to: (1) work with
Zn-Al alloy of,euteotoid composition; (2) obtain experimental déta oo -
steady—otaté étfain-rate as a function of stress'in'a wide range of
stréss levéls,— creep tests.for lo& stfess'data while Instron tests for
high st;osses, and achiove higthrecision iﬁ the mechanical‘data by_
using doublo Sheér speciﬁens thereby aVoidiog ﬁon—uhiform defofmation;
(3) to investigate the grain size depéhdence.of the strain rate§ 4) to
study the temperature dependence of the deformaﬁion'fate and determine .
the activation enorgies for flow in all the regions covering the avail-

able stress range; and finally (5) to correlate the experimental findings

with the theoretical expectations and demonstrate the proposed transitions -

from‘cliﬁb—controlling to superplastic and then to Coble/Nabérro creep
regions as lower stresses are encountered.
II. EXPERIMENTAL PROCEDURE

Zn - 22%_Al»alloy;was preparéd from 99.999% pufe Zn ano Al. The
alloy was ﬁelfed_in a graphite crucible_and chili—cast in a.water oooled
- mold of 1 1/4" dia. The ingots were hot rolled at ~320°C to 7/8" dia.
and double—sﬁear speciﬁens of the shape and dimensions as in Fig.AZ-were
preparod f?om the rolled stock. The machined specimens were solution
treated in an argon atmosphere at 375°C for 15 hours.o They were then
quenched to ice temperature where spontaneous decompositiop‘produced
very fine equiaxed grains of the two phases of the eutectoid. Annealing
treatments at 265°C for various tiﬁes yielded the following grain sizes:
(i) 6 hour anneal — d = 1.19 + 0.32 um; (ii) 2 days - 2.36‘i_6.26 pm;

(iii) 2 weeks - 3.60 + 0.26 um; and (iv) 5 weeks - 4.62.1!0.28-um.' The
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grain sizes were determined from the electron-micrographs'of the surface

replicas as the mean linear intercept (i) and converted to average

= (5)

spatial'éréin diamgter (d)lusing fﬁe relationship d‘=.i.75 .
| The preparea specimens Weré ﬁeéted_in an Instron testiﬁg machine or
a'suitably désigned creep maéhine'at.constant load which turns’out to be
constant'st;ess for the'pafticularAéonfiguration of tﬁe specimén. An
electfically heétéd>bil’5ath stirfed by Bubblihg afgon was used to 6btain
temperafures'above the roém temperature. .Thé tempérétures were monitored
with Chromel-Alumel therm0couples-and were maintained constant ﬁd.i 1°.
To obtain"the'lbw stréss dafa éreep testé were conducted and the samples

were crept at a constant load (stress) until the steady state was reached

- and then the load was chénged, and again waited until it was clear that

the sféﬁdy state rate was obtained before changing the load again. . The
length chéngés were monitored by a Daytronic LVDT and the length measure-
ments were accurate to + 5 x 10—5 in. The Instron.data’were obtained

by differential strain-rate tests at a constant temperature as described

by Vandervoort et al.(15’16) By utiiizing'the double shear typé test

specimens uniform elogations and constant steady-state strain-rates were

17)

III. EXPERIMENTAL RESULTS

observed to shear strains beyond‘0.80

The specimens of the four different grain sizes were tested in a
\ ) . . .-

temperature-range from 175-250°C in both an Instron testing machine,

and abcreeﬁ machine for strain-rates smaller than or of the order of 10--5

Y

o1 - . . s : ,: ' .
;sec . ‘Following is an account of the various experimental observatioms.

(1) Stress Dependence of the Strain-Rate:

Fig. 3 ié.é doﬁblejlog plot of the steady-state strain-rate as a

N
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function,of tﬁe_sfress at a consiant_temperaturg of 250°C; ,Thére éxist
threg distinét regiéns with'constaﬁt stress exponenfs.  ihe?exteﬁsionvof
" each region depends on the grain size of.phe speciﬁen. While there is
a strong grain size‘depehdence in regions I.and II,.thé.data‘obtained on
all samﬁlés merge into a éinglé,line atvhigh stresses. Slopeé.of the |
lines dréwn'through the datum pointsrappfbximate 1, 2 and 4 in regions

I, II énd'III_respectively.- The values of the stresses at which the

transitions occur from regions I to IT and IT to III'depéndﬁupon the grain

size, and smaller the grain size the higher are the values of these
transitioﬁ?stresses.

Both Instron andJcreep data were gathered for_regibn II. Omnly
Instron data was taken in‘region ITI énd ohly creep data in region I.
The differential'stféin—rate‘testé in the région I1T indicated large
transiénts. In the régibn IT these transient§ were vefy’short, andb
often the steady‘statgs were feached soon after the change in the cross-
head speed. The creep curves in the regién IIArevéaled either very brief
oY no primafy creep gaﬁge. In most cases stead§4state creep-rates were

p

attained ;1most immediétely upon loading. On the other hand in region
I steady;;tate creep was'always preceded by reasonably'long transients;
the extentvof these:transient creep regions being dependent on the stréss
level; |
(2) Grain Size Dependence of the Strain-Rate:

It is apparant from Fig. 3 that there ié no grain-size dependence
of the steady-state éirain-rate in the region IIL. Fig. 4 is é plot of

the logarithm of the strain-rate versus the logari;hm of the grain size

in thé_regions I and II at stress-levels of 10 and 500 psi'respectively
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at 250°C. The resulting straight lines indicate,deI— and d—2 - depen~
deneies'of the str;in—rates'iﬂ the regions I and II.respéctively.
tB) 'Temperéﬁure‘Dependence of the Strain Rate: |

To détermine'the activatioﬁ‘énergies-for flow? the temperature de-
peﬁdence of thé éteady—state'creép—faté was étudiéd'in ail the three
fegions; Figures 5a, 5b and S5c ére plots of 'lIn ?-Gn_lT vs 1/T' and’
Ehé fesﬁlping acﬁivation gﬁergiés frbm the slopes of these straight lines
éreifound,to be 17.8 + 0.2 k Cal/mole, 18.9 + 0.3k Cal/mole and 28.8 +
0.3 k'Cél/mole respectively in the fegions I, 1T énd III. These values

for the agtivation energy may be compared with that for valume self-

) (18)
)

diffusion in pure aluminum (33 k Cal/mole -and with‘those for grain

and in aluminum (16.5

(20)

boundary’diffusion iﬁ zinc (14 k ‘Cal/mole)(v19
k Cal/mqle).* From the recent work of Hassner on the g;ain—boundary
diffusign of Zn in Al-Zn alloys at a constant temberature of 340°C fdr
varioaé concentrations, of Zn, a.value of 13.2 k Cal/mole is iﬁferred

for the activation energy for grain-boundary diffusioﬁ in Al1-78 Zn if

Do is assumed to be unity. |

IV. DISCUSSION

The phenomenological eqﬁation applicable for high-temperature dif-

fusion-controlled creep was' given by Bird et al(é) to be .
YkT _ | T\n ‘ } - R .
o - A (G . ' 3 (4)

where D is the appropriate‘diffusiﬁity, either volume self-diffusivity

or grain-boundary diffusivity. 1In alloys the appropriate diffusivity

*ASSuming that Hb'= %'HD.



ié inter or éhemical.diffusivity :

% D%
D - D A D B
alloy (NBD*

: (5) .
+ N D* ’
A A ,B)f

A are the atomic fractions of A and B atoms in a binary

where N énd NB

,AB alloy, D* is the tracer diffusivity and f is the cqrrelation factor.
As shown in the earlier section the activétion eﬁergy for creep in the
regions I and II turned out to be near toAthaf for grain—boundary dif-
fusion while that in regioﬁ I1T was abouﬁ 4 k Cal/mole less than ;hatv
for volume self-diffusion in pure aluminum. The paucity of data in the
literature on diffusivitiesvin the alloy mékes.éccurate correlation dif-
ficult. To make a maéter plot of the data covering the entire sfress

range, Eq. 4 is rewritten as

YkT <T)n (b)m (D )a L .
—— =A==} {= - , (6)
Dbi G d va o

where o = o for the regions I and II while o = 1 in the region IiI.

gkg Vé in éJ
bbb .

with different grain sizes at various test temperatures (175, 200, 225

Fig. 6 is a plot of 'ln and the data obtained on specimens
and 250°C) are plotted. For simplicity the data obtained-in the
region 111 at different‘temperatures are shown only for a single grain

size of 4.6 um. It is to be noted that thé trends observed here-are

(4)

akin to the predictions'made by Bird, Mukherjee and Dorn as shown
in Fig. 1. To reveal the effect of the temperature on the transition

YkT
Dbi

is plotted as a function of 1n = in

from regions II to III, ln G

Fig. 7 for two different grain sizes (3.6 and 4.6 um). Included here
are also the theoretical trends, expected in'région III based on the

climb-model, with A = 6 x 107, n=4,m=o0and o = 1 in Eq. 6 above,
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(4)

applicable for high—temperatufe creep in pure aluminum . It is assumed

that‘the diffusion frequencyvfactor (Do) is the same'for self-diffusion

and grain-boundary diffusion, and o = exp (- §Eﬁ. The three different
. : . . ) . b LT ‘ . B . . .
regions depicted in Fig. 6 are analysed in the following.

Region I: This region extends from stresses of the order of lO_SG to
lower and a strong grain size dependence’ of the strain-rate is noted.
The 1~ dependence of the creep-rate suggests a diffusion mechanism by

(9,10) . (11)

vacancy-éXchange, either Nabarfo—Hérring or Coble . The fact

that the activation energy for'fldwvis approximately equal to that for

grain—boundary diffusibn afgues for the Coble mechanism. Further support

- of the operation of Coble mechanism in this region is obtained through

the grain—siée‘dependenée ofvthe éreep—rate & o d—3)'asvwell as the
factor A.. The experimental value for A was found to be 55 + 25 cbmpared
to 100 pfedicted by Coble ﬁodel, while A for Nabarro-Herring mechanism
takes a Valqé of 12. Itfappears ffom these observations that the Coble
mechaﬁiém'cdntrols the defo;mation in. the region I.
Region II: The analysis of the experimental data in this region indicates
that the strain—fatg is propor§£0n51 to‘(géz and the activation energy
“for'defbfmation may be identified as that for grain-boundary diffusion.

(5)

for super-

(4)

These findings are in line with the Ball-Hutchison model
'plastig deformation. As shown in the review paper by Bird et al
most of the experimental data available on superplastic creep gg’cor?_
relate with an. equation of the form

- D, Gb Kig) tqa) - . , (7

where K is a numerical constant. The present results yield a valué of



-10-
N
302 + 216 for K in the above equation. The Ball-Hutchison modei predicts

a value of ~200 for K. Such an agreement notwithstanding, microstructural

(21)

observations 7’ argue against such a mechanism for superplasticity.
Whereas Ball-Hutchison model requires dislocation pile-ups and motion of
dislocations through theigrain—interior (etvleast in some grains if not

(21)

in all), ‘'‘marker-experiments' of Nicholson indicate that there is
little or no dislocation aetivity in the grain intefior. None of the
présently proposed theordes explain these experimental observations.

(22)

In a recent paper Langdon proposed grain-boundary sliding as a
deformation mechanism during creep and noted that Tz-dependence of the
creep-rate may be observed at intermediate_stressés while fl~and T

ao low and high stress regions. Although the trends predlcted by Langdon(zz)

are qualltatlvely identical to.the present ones, they however are much

different in details. His‘modeiifor creep due to grain boundary sliding

)

kT _ o (B\L ()2 » | : .
DGb ~ © (d) (G)' : } o ®

with B v 6. Whereas this expression yields values of 1 and 2 for m and

predicts

n respéctively, the present results gave 2 and 2-for the same. In
addition, Eq. 8.eontains the lattice diffusivity.nhile,use of tne grain
bounoary diffusiﬁity was neoessary t0'synthesize'the present experimental
reeults.

It should be noted that several workers(21 23)

believe that the
exponent n in Eq. 6 is temperature dependent. ;If this were true then

the activation energy for deformation could not be determined as is

v A
done in conventional creep, and here in Figs. 5. . As revealed in the




© =11~

present work n is not a continuous function of the temperature or the

-stress (exéept in the transional regions such as-between II and III in

Fig. 7), but n takes on constant values over certain regions of 1/G,

such as those depicted in Fig.»6. Indeed the data presented by Nicholson

to show that n is a continuous fuhction of tempefature may be replotted

KT
D, Gb

the data at different_femperatures merge into a single line with a

J

in terms of and é—(Fig.’S). it is clear from this analysis that

value of 2 for n while they start deviating at high stresses as con-

'ventidnal,creép (climb creep) regionvis approached (c.f. Fig. 8).

:It‘éppears from the ébbve that a model fbf superplasticity‘must

ekplain_ahd predict the.foliowing; »

(1) the strainlraﬁe is proportional to (&)2;

(2) ‘the activation enérgy'fdr deformation is-eqﬁal to that for

gréin—bbundary diffusién;.

v(3)' the constant A has a valué of ~200;

(4)  theré‘is no dislocation actiﬁity in the inferior of'the grains
Region III: As noted earlier there is no épparént grain-size dependence_
of the strain—rafe in this region and_the_éctivation energy for créep is
about‘l.7 times.that obsérved in'regions T and II. Experiﬁental résults
in this stress range indicéte stress exponents of the order of 4. SUCh‘
a %4 depéndence in:addition to thé'épproximate equivalence of fhe'acti—

vation energy for fidw‘in this region and that for self-diffusion suggest

(8)

a dislqcation:model such as climb of edge dislocations. The'expef-

imental value for A of (1.34 i.l.03)‘x lO6 sdpborts such a contention.

The experimental data on high temperature creep. in pure aluminum yields

(4)

a value of 6 x 107‘for A when climb model is applicable. It thus:

§21)
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appears that climb of dislocations controls the deformation in this
region.

To summarize the abové observatiohs In %E%B-was plotted versus
' b

In éQin_Fig. 9 for two grain'sizes (1.2 and 4.6 um). The.exﬁerimental

resultsiare shown by datum points connected By‘dashed‘lines._ To compare

the experimental results with various theories, the theoretical curves

10 epre, 1)

(4,8) as wéll as viscous glide

expected from Nabarfo-Hérring, isuperplastic (Ball-

Hutchison'model)(s), dislocation climb
mechaﬁiéms are also plotted in Fig. 9. Also included herein are the
theoretiéal lines predicted by the Nabarro—Herriug mechanism in sub-

(16) (24)

grains mechanism based

asvwéll as the Nabarro-Béfdeén—Herring
on thé climb of dislpcations from Bardeen—Heffing sources. TaEle I
summafizes the parameters obtained;through thé various'diffdsioh—coﬁ—
trolled créep models.along with those found in the various.regions in
thé'preSent work. It is clear ffom Fig; 9 thét Coble, Superplastic
and Climbvmechanisms 6perate in.the regionsrl; II and IIIvfespéétively.
In addition the contribution to the deformation-rates in Zn-22 Al of'
theVOth¢r°mechanisms which may simulténeously be éperating is negligible
in the stress range from 5 x 10-7G to 5 x iO;BG;
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~ TABLE I

Creep pérameters @, my, n and A in the emperical equation

' S YKT Ai(h>m <T)ﬁ (D )a g
- = P . b
Db i \¢) \n, _

. obtained in the present_experiments“and‘those'predicted by various dif—

fusional creep theories.

Mechanism - ' o m {.n A " Reference
‘Region I , o Jo |3 |1 |ss+25 o _

5 v , L ‘ ' Present Study
Region IT =~ =~ 0 12 |2 1302 + 216 : fon.Zn-22 Al
Region III 1 |0 |4 (1.34+1.03) x 106f
Nabérro—Hefring 1 12 {1 12 'Nabarroﬁg)‘;

o~Her | e 12DarTo(10)
Herring
Coble a Jo §3-f1 100 - ' Coble(ll>
Superplastic o }J2 ]2 J200 - . Ball and
Oy ' ‘ ' : : | Hutchison "’
Climb (A1) 1 o |4 |6x 10" |y Bird, Mukherjee
o - : : .and Dorn( ) :
' Weertman ’
Glide B 0 3 6 o ‘ Bird, Mukherjee
' S : and Dorn‘ '~
. o 1 Jo*x 3 0.12 L - Murty, M?Eg?ed
Nabarrq—Subgraln 1 ZT 1 i2 and Dorn
| 1 jo |3 |1/n@n4c/nr ' 24
Nabarro-Bardeen-Herring" § : m¢ "£2 ) Nabarro( )
. T S . 0710 §5 7.4 x 10,7

% With5%- 0.1 (1/G), here § = mean subgrain diameter.v’

§ = mean subgrain diameter, here § is independent of the

+ With d
' (16)

applies stress.
§ A3suming_Dc = Db’ here DC = dislocation core diffusivity



5a.

5b.
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FIGURE CAPTIONS

Prédicted trends of deformation mechanisms in a superplastic material.

' Compariéon of mechanisms controlled by Coble, Superplastic and dis-

o (&)

locatidn Ciimb creeﬁlét'low, intermediate gnd high streés reéions.
Drawing of the doﬁble—éhear tyﬁe test épecimens;"

Doubie—log plot of the sféady-state'shear’strain—rate versus the
abplied shear stressvaﬁ 250°C.

Depéﬁdénce of the strain—rate.qn the graih'size...Doleeéldg plots
indicate 4> and d7° dependéncies of the‘éreep—rate respecﬁiVéiy in
the regions 1 and 11.

Arfﬂenius plot of the ldgarithm of the sfrgin—rate versus 1/T in
the regidn I. a
Tﬁertemperature dependeﬁce of the Steédy‘Stéte strain-rate in the
region II plotted as ln ¥ GT versus 1/T.

Arrhenius plot of the temperature compensated strain-rate plotted as

In ¥ G3 T versus 1/T in the regionvIII.

Plot of 'In lkg;-vs 1n Iﬂbdepicting‘the grain size dependence. In

: Dbi G

the regions T and II, datum points obtained at various temperatures

for the four grain sizes were shown while in the region III, the

X .
data obtained at different temperatures for only the largest grain-

size were plotted for simplicity. : -
. YKT T, o o ' .
Plot of 'In D.Gp VS 1n I for two grain size values, d = 4.6 um -

. b , v
and d = 3.6 um at various temperatures showing the transition from

region II to region III. Theoretical predictions based on the. dis-

‘location climb model for the different temperatures were shown in

the region III for comparison with the experimental regults.

i
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Data of Nuttall taken from reférence 21 plottedvas 'ln xkag-versus

'Ty ) . . . ; . ;
in T to show that n is not a continuous function of temperature in
the 'Superplastic' region. As is clear from this plot, the data
at various temperatures coalesced into a single line in the stress

e L 1a=6 -4 e e
range “5 x 10 © G to v10 G and start deviating into separate lines
as the 'climb' region is approached at'higher stresses.
Comparlson of the experlmental results obtalned for the two grain-size

Values, l 2 ym and 4.6 um, with the. theoretlcal 11nes obtalned from

various creep models.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

. responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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