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STEADY STATE CREEP OF A SUPERPLASTIC 

.·LEAD-TIN EUTECTIC ALLOY AT Low· STRESS 

by 

D. I. Grivas and J. W. Morris, Jr. 
Department of Haterials Science and Engineering, 

University of California and Center for the Design of Alloys, 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory~ 

Berkeley, California 94720 

ABSTRACT 

The steady-state creep rates of the superplastic lead-tin eutectic 

alloy were measured over a stress range of 2.2 psi to 468 psi. Creep 

tests were performed on specimens with grain sizes ranging from 2.8 ~m 

0 0 to 6.7 JJm and temperatures from 98 C to 168 C. Over these experimental 

variables tuo different creep behaviors were observed. At higher stresses 

the conditions for superplastic creep 't-lere satisfied. The ·lower stress 

region was found to obey the equation 

The form of this equc.tion is lncompatable \vith both the Coble <:.nd 

Nabarro-Herring creep mechanisms, which have been suggested as dominant 

mechanisms at low stress. 
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INTRODUCTION 

The' mechanism for the steady state creep deformation of super-

plas~ic alioys is riot fully underscood. 1 
Bird et al. have proposed that 

I 

the semi-emprical equation 

.- ' 
(1) 

I 

wit.h the proper chOice. of the· constants m, n, A and tiH*, can represent 

the creep data for. superplastic materials very satisfac'torily. In this 

equation y*, t*~ d* are as defined in the appendix, the dimensionless 

shear strain rate, shear stress and grain size, respectively; ~H* is the 

activation energy for creep and n, m, and A,represent constants. Various 

investigators have suggested 1 ' 2 '~ that over a wide range of stresses. in 

a plot of strain rate vs stress there exists regions of constant n-values, 

in each of ~hich a ,different mechanism dominates the steady state creEp 

rate. 

In a recent publication
4 

we found that equation ~ represented the 

high temperature.creep data for the superplastic Pb-Sn eutt:!ctic alloy 

very satisfactorily.· We also found that the steady· state creep data 

broke ·into two distinct regions satisfying different variants of Eq. (1) 

with.different values fo,r the exponent n, m and 1\H*. In the high stress 

creep region the values for n = 7.1, m = 0, A= 1.3 x 1015 and ~H* == 19.4 

k.cal/mole seemed to satisfy the conditions- suggested for the climb of 

dislocations to be the controlling mechanism1 • For the. lower creep region 

.the stress exponent (n) was found to be equal to 2, fulfilling there­

S quirements for superplastic beh3vior ~- . The activation ener'gy was of the 
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order of grain_boundary diffusion and the constants took the values n=2~. 

m=1.8 and A=900. 

- . - 1 2 3 6 7/ . 
Various researchers ' ' ' -' have suggested that at still lower 

I 

str~sses another region will intrude, ·in which tl'le creep r-ate will be 

- / ' 
contJ:'olled by a diffusional mechanism. These diffusi-onal mechanism can 

6 
be either of the type suggested by Coble, which involves atom movemen~ 

through grain boundaries and hence requires an activation energy equal to · " 
'r . 7 

that for grain boundary diffusion; or _ of the type 'introduced oy Nabarro 

whitch involves lattice diffusion and requires an activation energy equal 

to that for self diffusion.,. Both models suggest a value for the stress 

--3 exponent (n) equal to one, .with a grain size dependence d* for 'Coble 

creep ~nd d*~2 for Nabarro creep~ 

The creep behavior at low stresses is controversial. 1 Bird et al. 

analyzed existing data on superplastic Al~Zn e~tectoid and J'b-Sn eutectfc. 

They found evidence for Coble creep in Al-Zn, but were unabie to estab-

lish its existence in the Pb-Sn eutectic due_to the unavailability of 

low-stressdata. They suggested that for all superplastic materi~ls, 

Coble creep is the dominant mechanism at low stresses. While both Vaidya 

etal8 .and Misra et a19 have reported the presence of Coble creep in 

eutectoid Al-Zn, other.s10 have disputed altogether the idea of diffusional 

_creep on experimentalgrounds~. The limited existing data o~ the Pb-Sn 
--- 11' 12 
eutectic · -reveals a stress exponent in this region much higher than 

1, more on the order of 3. Such a value for n would exclude any of the 

above mentioned diffusional processes. 

1' 
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The present research was undertakeri'to obtain more data in the low 

stress creep reg.ion and to investigate the 

' 
trar.'3ition from the superpiastic to the low stress creep region for the 

Pb-Sn eutectic alloy. 4 Following the results presented in , Eq. (1) will 

be 1used to represent the present data. 

EXPERIMENTAL PROCEDURE 

Pb-62Sn eutectic alloy was prepared from 99.9% pure tin and 99.9% 

pure lead. The alloy was cast in a graphite c'rucible to 2. 511 diameter, 

and reduced to 7/8" diameter rods by a $equence, of reductions at -44°C. 

' 13 \ 
From these rods double shear specimens were machined'. Annealing the 

' 

specimens at 170°C for 1.25, 7, 12,-and 17 hoursresulted in2.8 llm, 

4.3 vm, 5.8 llm, and 6.7 llm grain size respectively. !These grain sizes 

14 · ,were determined by the mean. intercept method from scanning electron 

micrographs~ . 
' /0 

The specimens were kept at -40 C at all times prior to 

' testing to prevent extensiv:e grain growth. At room temperature creep 

f d 1 d h . 15 tests were per orme on a constant oa creep mac 1ne A· silicon oil 

bath was used to control the temperature which was maintained constant 

to +1°C. One specimen l>JaS used to obtain all the dat"!- for every tempera.:.. 

ture in a particular grain size excepting the 6,.7 llm where 2 specimens 

were tested at the same temperature. 

RESULTS 

Tests were performed over a temperat,ure range of 98°C to 168°C 

and a stress range from 2.2·psi to 468 psi. 

Figure 1 is a plot of the measured strain rate y against the applied 
I 

stress for the 5.7 vm grain size qt various temperatures. For each 
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temperature the data naturally break into two distinct regions of 

different slope. The higher stress creep region has a slope "'2; the ·low 

stress creep region has a slope ;,,3. 'Indications of this behavior have 
. . . 11 . 12 

already been reported elsewhere ' • Given ~2, the higher stress 
. . 5 

creep region fulfills the cqndition for superplastic· behavior,, and will 

be referred to as the superplastic region. Fig. 2.is a typical plot for 

the· computation of the steady state strain rate •. As can be seen from 

this plot primary creep is present in the low stress tests but was not 

found in the superplastic region. ·. These regions hence seem. associated 

with different controlling mechanisms~ Assuming that Eq ., (1) applies to 

each one of these two regions, by chosing the proper values for m, n, A 

and L\H* we can obtain -constitutive equations that. describe the creep 

behavior .of this alloy. In the next paragraphs we compute th~se para-

meters fo·r each of the two regions. 

1. Low Stress Region 

·Examining Eq. (1), it'can be seen that the activation energy for 

creep deformation in this region at constant stress. and grain siz·e may be 

found from the slope of the plot of lnyT against 1/T. A plot of this-

kind for the 5. 7 ~m specimen is sho~ in Fig. 3. A slight curvature may 

4 be noticed. We found previously a similar curvature in a plot of the 

same kind for the superplastic regionof Pb-Sn eutectic. We suggested then 

that 6H* might depend on some experimental parameter which is a function 

of temperature. ' While in the previous study the dyT was found positive 
'01/T 

in the present case it is negative. Previous_ work on Pb-Sn eutectic has 

not been ·reported for this region,in suffi~ient detail to compare this 

. ' 
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observation. A least squares analysis through the experimental ·points 

revealed an average activation energy equal to 18.9 + .5 kcal/mole. 

Thisvalue is equal within experimental error to the value 19.4 + .4 

kc~ll/mole4 we obtained for conventional creep at higher stresses. This 

4 value is of the order of the activation energy for sel~ di!fusion • 

ODce the activation energy has been computed, one can'make a com-_ 
. . 

·• t\H*/RT . 
posite plot of lny~ e . . against ln-r*.' compensating for the tempera-

ture dependence of the strain rate y* to the applied stress <*. Such a 

plot is shown in Fig.,4 for the 5.7 IJm grain size. The points of alL 

temperatures essentiallY, coalesced to give a straight line of slope 

equal to 3.0 + .1. Fig. 5 is the same kind of plot for the other three 

grain sizes studied in this investigation. .Three parallel lines can be 

·seen, each giving the behavior for a specific grain size. 
I 

Judging fr.om Fig. 5. there seems to be a grain size dependence of 

;.the creep rate at constant load. The power of this dependence tan be 

obtained from a plot of l,ny* against lnd at constant •*· This plot is 

shown 'in Fig. 6. 
I . 

A value of 2.1 .±. .1· is obtained, indicating a grain 

-2 size dependence ~d* To complete the determination of the constitutive 

equation we require values for A and n. These can be obtained from a 

plot of strain rate agai.nst stress, compensating: for both the temperature 

and grain size dependence. Such a plot is shown in Fig. 7 where we have 

m L\H*/RT · plotted lny*d* e against lnt*· The fit seems good, datum points 

for all temperatures and grain sizes· essentially coalesced to give a 

s~raight line. A least squares .analysis through these points revealed 

a value for n = 3.0 + .1 and for A an average value of 3. 2 x 10
12

• · 
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A constitutive equation {or the low stress creep region may now 

be written in the form of Eq. (1}: 

.* 3 2 ... 1012 *3d*-2.1 18,900/RT y ., • ·x T e 

As mentioned in the introduction many investigatqrs believe that 

the controlling mechanism at lower stresses is a diffusional mechanism. 

Our finding of 1) an activation energy of 18.9 kcai/mole, 2) a grain size 

' -2 
dependence "'d* , 3) pri!llary creep, and 4) an n'value equal to 3, leads 

us to su~gest that another mechanism must be involved for the creep 

behavior of.this alloy at these stresses and grain sizes. 

In Fig~ 8 we have plotted lnT* against lny* for the low stress 

creep region for the two extreme grain sizes. We have also estimated 
/ 

the rate of hypothetical Coble creep, using equations given by, Bird et 

al1 . With the 2.8 ~m grain size specimen we tried to observe Coble creep 

but were unable to go to stresses low enough ,due to_limitations of. the 

apparatus. Although~two points fall below the Coble creep curve, the 

uncertainty in the precise form of the equation governing Coble creep in_, 

this material precludes a conclusion that it does not occur. It is, how-

ever, copclusive th,at some mechanism other than those introduced by Coble 

and Nabar-ro controls the creep rate at stresses below those at which 

superplast.ic creep is observed. 

16 Weertman has suggested a model for low stress creep deformation 

_involving dislocation movement 'from subgrain boundaries. This mechanism 

·leads to ann value equal to 3 and an activation-energy of the order of 

that for self diffusion, but involves no. grain size dependence. The 

present results are in good agreement with this model except for the 

grain size dependence. ,Howe~er, the grain size depe11dence 'We observed 

may not indicate an explicit dependence on grain siZe, but rather an -
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implicit dependence through some other parameter which varied with the 

grain size in our tests. Such a hidden paramet.er may oe the dislocation 

deneity, subgrain boundary morphology, or other variables of mi~ro-

structural state dependent on the annealing history of 'the specimen. 

2. Superplastic Region 

Data gathered in the superplastic region yielded essentially the 

same activation energy and stress, exponent as reported in reference 4 

where a more detailed discussion may be found. 

Fig. 9 is a plot of lnyT vs ¥ for.the computation of the activation 
r 

energy for the creep deformation ~n this region. A ·value of 12.2 + .3 

kcal/mole was obtained. This value compares with the value of ~1.5 kcal/ 

:mol~ obt.:dned in ref. 4 •. A temperature compensating plot for the 5. 7 J.lm 

grain size of lny* exP,(t.H*/RT) against lrh* is shown in Fig. 2. Data at 

all four temperatures.come together to give a straight line of slope 

2.0 + .1. Fig. 10 is a similar plot forthe three other grain sizes. 

·' 
Again three parallel lines 'can be observed, each one. corresponding to a 

particular grain size. 

The specimen of this alloy exhibited rapid grain growth at the 

test temperatures used. In this investigation the 'applied loads were 

-
!~creased during testing to obtain strain rates in the superplastic re-

··- .gion at higher yalues of the applied stress. In the previous investi-

gation the initial loads applied were in. the superplastic. region. Since 

grain growth occurred during testing, the actual sample grain·size for 

tests in the superplastic region is uncertain. Hence we could not obtain 

a valid independent measure"'of the grain size dependence~ Assuming m ~2 
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_and l\H* = 11. 5 kcal/mole a least square~ ,analysis through th'e po.ints 

· • m · 6H*/RT 
. given by plotting lny*d* -~ -. against lnT* revealed a value for 

A ... 5000 and for n = 2.1·+ .1. Tf1is value for A is much higher than the 

value 209 reported ·in Ref. 4, _against our expectations that. an increase 

in grain size would decrease the strain rate. This shift of the A value 

may be· attributed to any one of three factors: 1} a difference in purity 

between the 'specimen :i:n the two investigations; 2) the difference in 

, testing method, described above; 3) the differencein the preparation 

procedure to-obtain the desired grain Sizes. While in this study the 

. . 0 
specimens were reduced at -.44 c· froJil 2.5 incfles in diameter to 7/8 i~ch 

in diameter, in the work reported in Ref. 4 the specimens were reduced at 

room temperature from 1 inch .to 7/8 inch. This severe reduction at low 

temperature gave smaller initial grain size~ Annealing these specimens .to 

obta~n the mentioned grain sizes could result in more -equiaxed grains 

yielding a higher creep rate at constant load. Microscopic observations 

.tend to support the expectation of more equiaxed grains • 

. In our previous report we suggested that superposition of data 

' ~ 

from various investigators would beidubious since we found that the 

results of the various investigators are inconsistent with one another. 

If, as now appears, the value of A depend~ on the history of the specimen, 

this inconsistency can be explained. The previous investigators used 

diff b i h . in. • 1 i . 11 '12 '17 . erent processes to o ta n t eli ~t~a m crostructures • 
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APPE..\'DIX 

The quantities appearing in equation (1} are defined as folloHs: 

"" ~k'r/D Gb ' 
"* (a dimensionless straiil rate). ,)' .. ·. 0 . 

'r* r- ·c /G (a dimensiopless shear stress). 

d/b ' 
d* - (a dimenslonless grain size). 

T~e symbols have the fol1owing meanings: 

y ... strain rate. 

k ~ Bo1tzman's constant. 

T ~ absol~te t~mperature.· 

}) "' a characteristic diffusivity, chosen equal to tile. pre-exponen­
o .· 2 . 

tlal D- in -the diffusion equation for pure Sn,. {.08cm /sec) (15). 
0 . . 

G ... a characteristic stress, taken equal to the shear modulus of 
. . . ' .11 d '(15)· 

pur~ Sn, ( 2 X 10 ( /em)) • 

b ... a characteristic length, taken. equal to the. B\:.cger 's vector of 

. . ' . {15) 
pure Sn, (3~18 (A)) • 

T ~ re.soJ.ved shear stress. 
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Fig. ~· Stress vs steady-state strain rate for.S.} ~m grain size 

diameter at various temperatures. · Two distinct region~ of 

steady-state creep are revealed. 
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_ Qlow stress .18.9±0.5 kcol/mole 

d = 5. 7 p.m 
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. L 1000 (o.K) 
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.' 

XBL 7 312-6969 

,.... 
___ .. ____ Fig. B. Arrheniusplot of lnyT vs 1000/T for the.com~utation of the 

activation energy for the low stress creep region (yT is 

related tot* by a constant). 

; 



·) 

,_·, 

~·i ., 

.· 

I ,. 

-16-

.T* 

- 6 1 o·5 I0-4 

I ;...o __ r---~-r-..,.-,-,-,-rr--~-r-r-rrrm- I o _, o 

* I . :r:t-
<J a::, 0-13 . 

Q. 
)( 
GJ 

* •).... ., 0-14 

· Low. stress 

0 /1 
0 ~-2 

I . 

d = 5. 7 p. m 
0 168 oc 
0 138 oc 

region 

size 5.7 p.rrl-

0 168 oc 
0 138 oc 
v 115 oc 
A. 98 °C 

-II 
10 

XBL7312-6987 

Fig. ·~4. Temperature _comperl'sated plots of lny* exp (6H*/RT) against 

ln t* for the 5.7 JJm specimen in the superplastic and low 

' 
,stress regions. 
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. Fig. 5. A logarithmic plot 9.f the temperature compensated strain rate ..,.. 
against lnT* for the 2.8 ~m, 4.3 J.lm and 6.7 J.!m grain si,zes. 
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2.8 JLm o ~xpe,rimentol-- Coble creep 

6. 1JLm <> experiment.-·­
. Coble creep 

-'. 

-
XB L 7312-7029 

Fig.- 8. The low stress region data for the 2.8 JJm and 6.7 JJni grain 
. . ' . 1 
_size including the Coble creep as introduced by_Bird et al , 

y* a 48 (T*) (d*)-3e-11500/RT • 
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Osuperplostic = 12.2±0.3 kcol/.mole 

d ~ 5.7 J.Lm 
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, "T i 1000/ . hi · . Fig. 9. Arrhenius plot of ln~ aga nst T from w ch we compute ...... 

the activation energy for the superplastic_ region. 
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