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_plastic creep over this range of experlmental variables.

v taneously via independent mechanisms.
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STEADY-STATE CREEP OF A LEAD-TIN EUTECTIC ALLOY

BY
D. Grivas, K. L. Murty*, and J. W. Morris, Jr.
Department of Materials Science and Engineering,
University of California, Berkeley and
Center for the Design of Alloys,

- . Imorganic Materials Research Division, -
Lawrence Berkeley Laboratory

_ABSTRACT

Steady-state creep rates of lead-tin eﬁfe@tic alloy (Pb-62Sn)

samples of grain size from 5.5 to 9.9 ym were measgred over a range of

temperatures. from 0° to 160°C and strain rates from'2.66 X 10"5 to

1.33 x 10.'2 sec._l. The alloy exhibited both conventional and super-

The data were

consistent with the aasumptlon that the two creep behavlors occur simul-

The data may be represented by

 the dimensionless constitutive relation

-19,4001 T) .

-‘where the first term on the right gives the rate of superplastic creep

and the secoud term gives the rate of.conventional»qreep.

" #Present address: University of Newcastle

Department of Metallurgy
New South Wales
. 2308 Australia



1. Introduction

A central problem invtﬁe study of ﬁigh,tamperagure'creep is the
- formulatioﬁ of'reiiablé'coﬁstitutive equatioﬁs to répresént the éreep
,daFé. rWhi;é a‘preéise<constitutive equatipn cannptbe written down until -
the mechanisms of creep are fully understood; tﬁe‘semi—empirical.Eélations
proposgd by ﬁo:ﬁ\and his associates have been shqwu'to represent the‘
sﬁeady-étate creep Sehaviof of a ﬁﬁmber of imporﬁantisjstems. fhe relé—
’ ' | . ),

vani work is summarized in a recent review by Bird, Mukherjee, and Dorn

#ho offer'é general_equatibn which wé méy.wfite in the diqensionless fofm:
, @ =A@ TR @
- The dimensionless shear strain rate (?*)‘appeating“in'this equation is
definéd in the'Appendik, as are the dimensionléss shear stress (%) and.(
. grain size (d*); Aﬂf'is an apparént a;tivation energy for creep; the
:syﬁbolé A; m, and n represent constants, Most of the suggested constitu-

"_tiye,gquatiohs for high temperature creep can be drawn from equation (1)

fﬁrough proper choice of the constants A, m, and n.

N

Bird, gt_al(l) suppprt'equatibn (1) with aﬁ gxténsive compilation
| of data on thé steady-state créep of metals and simple alloys. The? fur-
jther'conclude, én‘the basis of 1imited data, that éqgétion (i)/will alsd
represent thevsteady state cfeep of materiais_which.exhibit supé;plésti-
bscity. fhey'spécifiqaliy.Suggést that as T* is decreased a superplastic .
m#térial will pags tﬁrqugh.thrée/distinct regicns dffsteady state creep
\ behavior, in each.of yhich.a pafticular variant of equation (1) will be‘
‘ obgyed; (1) When t* is sufficiently large~they pra&ict a conventional

steédy state creep contrblled-by.a dislocation‘clihb_mechanism. They
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predict a behavior dominated by the CoBle

-2~
hence anticipate a stress exponent (n) in the range 4-7, an apparent
activation energy (AH*) near that for bulk,difquion and a'creep rate
independent.of‘grain size (m=0). () For smaller r* they suggests a re-
gion of well-defined "superplastic" creep., On semi-empirical grounds

they anticipate nN2 AH* near that for grain Eoundary~diffu51on and an

inverse square grain size dependence (m=2). (3) For very~small r* they

@) mecﬁaniam'of creep through .

grain boundary diffusion. They hence anticipate anfexp0nent‘n=i, an
activation energy AH*_eQual to that for grain boundary diffusion, and an
inverse cube dependence on grain size (m=3). |

Bird, Mukherjee, and Dorn support their interpretation of creep in

superplastic materials by replotting the data of Awer?‘and Backofen(3) on

(4)

a Pb-Sn eutectic alloy and the'data of Ball and Hutchison on a Zn-Al

eutectoid. They argue that both alloys ;how clear regions of “conventional"
and "superplastic" creep, and find some evidence for. Coble creep in Zn—Al

at low stress. However, the data obtained’in these two investigations are
lipited, and do not permit a full.test'of the proposed'constitutive,

5)

equations. Recently both Vaidya, Murty, and Dorn ‘and Misro and

Hukherjee(6) have reinvestigated the steady-state creep-of Zn-Al eutectoid.

= Both sets of investigators claim verification of the Bird-Mukherjee-Dorn

representation. There is, houever, no conparable'data for the Pb-Sn eu-

T L G3,7-9)

tectic. While several investigators have studied the steady-

state creep of this alloy, no single investigation-contains enough infor-

mation to evaluate all of the parameters in equation (1). A superposition
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of data Would be of dubioys valug since the results of these investiga-

c{ens.are inconsistent with ome another,

\ﬁk h@ye‘henee uhdertaken a naw study of ehe steady-state creep
of thé Pb=Sn eute@tip alloy. ‘In the present paper we report results
gbia;aed at 1nterm£diate‘and highu&alues of the aéplied stress and show -
thagwghe data are reasonably represented by suitable forms of the equa-
{igas proposed by Birxd, MukherJee and Dorn fer *superplastic" and ‘

\”ﬂsnweagisaaifvsreep beh3¥19f:

2. Experimental Procedure

$Samples of the Pb=San eugﬂctie alloy were gast from pure lead and
nnre\tin (hoth 99,999)_1htp an ingot of diameter 1?, The ingot was then

;aiiaé into 7/5" diaﬁeger'rods at room temperature., Specimens of the
"dsuble shear" type(;o? wexe machined’frem these reds. The specimens
were annealed at 175 € te obtain different mean ggaln sizes which were

nnasured from optlcal or scaaning gleetrnn miggogrgphs using the mean

an

_ ig;grcept method Specimens exhibhited grain sizes of 7. 8 + .4 um

afger 1 day asmeal, 9.9 + ,2 um after 10 days gnneal and 5 5 j_um

I

pfter an anpeal @f 21 housrs,

$he creep rates of these spgclmens were ghga determined at strain

Eates fgem ,i!-é‘6f10"5 see =1 te 1.33:10° =2 sec '-aeé temperature.from

v ﬂs 160“ in an Instron testing maehine The low gggpefature tests were

seaéuetedfie ice water, the room temperature tests im air, and the high
tegperature tests-in gn gleetricali? heated @il bath, The bath tempera-
" pures were menitored with chromel=alumel ghgrmggagplgs and were maintained

genstant to f_ldC;

-
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Apparent steé&y ;tate creep was easily obtained'at'AII temperatures
and strain raﬁes used in this series of};estsf A légﬁrithmic plot of
the meésurg&rsteady staﬁe strain‘rate\as a fﬁnctiontof'ﬁhé‘applied sﬁress
vhppears as ;n figure 1, whiéh shows the dafa‘for the»sﬁécimens of méan
gtainigize ¢9:9‘mm. The cu;ée divides naturally into twb distinect re-
gions; ;a high étreés region’with slopé ¢7 and_a'ipvef stress region with
elope-&z. Thése :egidns of creep behavior sé;m ésspciétéd.with different
dqmiﬁant creep mechapisms.‘ Sémplés testedv?n>the»higﬁ:streés region shéw

significant primary_creep; while samples tested in the lower stress region

'do not; samples tested in the lower, stress fegion show creep rates which

‘ v depend markedly on grain size, while samples teStéd'in-the high stress

-.tegion do not. Héncé, aséuming that equation (1) applies, we must antici-
pate that the twoAdistinét regions of creep behavior will be goverde&
by different variants of the equation. In the'following we :éfer to the

two types of c:eep behavigr’as‘"conveﬁtional" and "supefplastic" creep.

N

(a) Tﬁe cthentibnal creep. region.

".:The atéady.éfaté creep data in the high stress feéioﬁ showed no
evidence'offdgpeﬁdénce Qn graiﬁ size. Hence, the éxponént m must’ be sét
.'@qual to zeré in equation (1), leaving three independéﬁt'paraméters: the
activafioﬁ enérgy, AH*,'the stresé,exponent, n;‘and the coefficient A.
These pafamétérs shduld be determined ihdepeﬁdently,- However, given the
largé'vaiue of the stress exfonent‘(n&7) inﬁconventiéhgl creep, we were
'..unabie‘to obtain enough data points at fixed t*‘to_pé#ﬁit.an indepgndent

determination of AH*. We therefore found values of n. and AH* through a
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cﬁnsisteﬁcy prbée&ﬁrel Approximating n = 7,‘we apﬁfdiimated AH* using
data takeﬁ at fixed strain raté. We then assumed tﬁisifalue.of\tEE.acti-
vation enetgyAandiadjusted n‘to‘achieve the best repreééntation of the
.daté:with'aﬁ equation of the form (1). |

A Specifiéally, if we aséume n =7, fix the strain réte,\f, ;nd
measure the required shear ;tress T as a function of,gﬁsélute temferature
T, then it follows from eqﬁétiog (1) and the’definitioné_qf f*‘and T*
- given in the Appendix ﬁhat AH* is simpiy'related to the slope of a plot

1

7 .
of In ¥ /(G6T) vs. “/T. Such a plot is shown in figure 2. The data .

.‘obtained with samples of all three grain sizes essentiaiiy coalesce. The
slope of a least-squares line faired through this data gives AH = 19.4
31.4' /mole as an estimate of the activation energy for creep. This

activation energy is approximately 3kcallmole less than that for creep in

kcal/molé)(lz), and is.less than

the:activation_energy for self-diffusion by about Skgallmole for pure

as) |

pure tin and pure lead (both have AH*v23

lead'and 4k£a1/molé for pure tin
‘Given tﬁé activétion energy AH*, if equatioﬁ (1) is valid the data

w11l coalesce onto a straight line in a plot of ln y* exp (AH*/kT)

ag;insf 1n (t*). The line will have slope n and intetéeét A. Such

a plot is shown in figure 3. The data do essentially ¢§élesce; A least

‘squares line tﬁen yields n = 7.1 :;.3 and A = 1.3-165,“These values are

a2)

for creep of tin over
5

coﬁparable to those obtained by Mohamed,’eflal

roughly the same range of T*: n = 6.5 and A = 3.6-10"
Hence, as demonstrated in figure 3, cbnventional creep of the lead-

tin éutectic'alléy ﬁay ﬁe représented=byvan equation of the form (i):

il



i = 1.3 x 1015¢% 7] axp(<29400

JRT} @
The rate—controlling step in conventional creep’iergeneraliy Eelieved=to B E
-be the stress-aasisted climb of dislocations in tﬁe Bulk metal, though | - ‘
apecific details“of-the mechanism' remain in douot}KI? ' : ﬁ. ‘ | ;
{b) The. superplastic region I ' ‘“ii - R

At lower stress n = 2, and ‘hence the Pb-Sn eutectic satisfies the
ccnditions for superplastic creep( ). Creep behaviorfin the superplastic
. -region shows-evident grain_sizevdependence;, Assuming'a conetitutive |
equation of the'form (1), the coefficient A and the eaponents n, m, and
‘AH* must be determined. | | |

Assuming equation (l), an independent determination-of the activat-
inn energy AH*.may be made from the slope of a plot of 1n ?T against 1/T
.at constant applied stress and grain size. Plots for'each of the grain
aizes used in this research are shown in figure 4 Leaet-equares lines

Lhraugh these points yield the data appearing in table I., and gives an
keal

™)

/mole. This value is identlcal to that

by Cline and Alden(a)g The activation :

arerage value of‘AH* of 11.5
: teportcd by Bandelet and Suery
energy for creep is about 0.5 of that for self-diffusion in Sn
hence is of the right order of magnitude to be interpreted as an activa-

i

tion energy for grain boundary diffusion as suggested by Bird, Mukherjee, |

and Dorn(l). | | ' |
Ope sﬁould, however,inote that the data plotted in figure 4 show an

'-apparentiy coneietent curvature, which indicates either’tﬁat AB* is a

‘alightly increasing function of temperature, or that it.depends on some
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éther experimental variable whicﬁ ig'a fuhctién of temperatﬁre. The
vlgtter_point of view is more consistent with.availabie'data.‘ The valueé _
_qf AH*iobtained by Béﬁdelet and Suery(7) and by Cline ana Alden(s) are
identicél to those we found, but were taken over‘differént temperature

'ranges: -44°¢C to ig°¢, in the work of Bandelet and Suér§(7), and -0° to
80°ﬁ:;n'thg work of ‘Cline and Alden(s). While previdﬁg work on the Pb-
Sn eutectic has not been reported in sufficient detailito compare this-
observétibn, a similar increase of the’a;tivatiog energy with tgmperature
‘18 apparent in the data of Ball and Hutchisoq(a) and 6f Vaidya,,Murfy,
and Dorh(s) on the superplastic creep of the Zn-Al eQ;ectoid, It was
not ﬁossible to study‘the temperature dependence of AH* in'detaillin the
'.Ereseﬁt work, The reéorted value should be regarded as an average over
a range of.expérimental ﬁemperatu;es.

Given a valﬁé for ;he activation'eneréy, AH* equatién ¢)) predicts
that the:datanor Superplaétic creep of samples of given grain size will
.qéélesce into a stfaight line of slope n in a plot Qf.(yf exp (AH*/RT))
-aéginst (t*). This coalescence isvilluétratéd in figﬁres-s and 6. In
-figure 5 we have'plotted the steady-state creeﬁ dataJObtgined ﬁith
saﬁples of'd:5.5 u'ahd d;7.8 W .at various test temperaﬁurés.' The plot shows ‘
tﬁat, in thé sﬁéerplastic region, the data nearly superimpose on a line
of siope close'to 2.0 fof each graih size. The trangitionﬁfo the |
convé;tional creép mechanisﬁ is also apparent. The séﬁaration of the
creep Curveé at higher stress 1s due to the approximate”qoubling of the

"apparenf activation energy for creep which occurs when superplastic creép"

is superceded by conventional creep. in’figure 6 we compare the supef-



 plastic data obtained with.samples of d=9.%m with.the curyes shown in

figure 5. The data for the larger grain sizenmay alsorbe represented by

a straight line of slope m2 in the Superplastic reglon. A least squares!

analysis of the data for each.grain size in tﬁe Superplastic region re-
vealed the results shown in ‘Table I. From these values an average “slope

n=1.95 + .23 was obtained, in essential agreement with the estimate n=2.

~ From Table I it can be noticed that there is no apparent dependence of n

-

- and AH* on the grain size. o - ' . I

The grain size dependence of superplastlc creep is apparent in
figure 6. Given equation (1) the value of the exponenet m can be com-
puted_in either of . two ways: (1) a plot of the logarithm of the tempera—

_ture-compensated strain rate (y* exp(A /RT)) against the logarithm of

~ the mean grain diameter (d*) at constant stresslShould-yield a straight

line of slope Gn), while (2) a plot of 1n 6*¢G) vs. ln (d*) at a-constant

value of the temperature compensated strain rate should yleld a Stralght

. 1ine of slope (™/n). The plots are shown in flgure 7;_;Both yield

‘7mﬁl.8 in rough agreement with the suggested value mi='2. ’ . At

Finally, given equation (1), a logarlthmic plot of the strain rate

compensated for temperature and grain size, Y*(d*) exp( /RT), against
t* should yield a straight line of slope n and intercept A. The plot

N

- 18 shown in figure 8. The'value'oBtained for A is 900,Vand for n is

1.97 + .03, °

We, hence concluded that the superplastic creep of these samples of

Pb-Sn eutectic may be represented by a constitutive equation of the

- form (1): LT



% =900 92 @071 ety e
The theoretical basis for equation (3), the ratefcontrolling step
in Superplastic creep, remains cloudy; Reasoning fram.data on super?
plasticity in zinc—alumlnum alloys similar to the data reported here,
lBall and Huchison( ) suggested a model based on the dissolution of dis-
) location pile-ups thr0ugh dislocation climb in graln boundaries. While
-this model yields»a constitutive equation similar to equatlon (3), it
has been questioned on empirical grounds by Nicholson(14). The other

 models known to us lead to comstitutive equations which'do not agree with
' equation (3). | | |
(3)'_Synthesis

_'7He‘have shown above that the hiéh temperature stead?—state creep
‘behauior of the lead-tin eutectic alloy at relatively high stress may be
~Tepresented by equation (2) while the behav1or at lower stress obeys

equation‘(3). The values of the parameters appearing in these equations
are roughly'in agreement with those empirically suggested by Bird,
Mukherjee, and Dorn(l). In their viewpoint these equations‘represent

sdmnltaneous; independent creep mechanisms. A complete constitutive
equation for steady—state creep of the lead—tin.eutectic‘should then be
-obtained_by summing equations (2) and (3):

. ' . 0
% = 500 (1%)” (@ 8ep(115% k) + 1. 3216"%) ()7 Lexp (17 4%%mm) (4)

The results of several independent creep experiments are compared with

’
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| the prediction ;f equ;tion_(é) in figure 9. A;though.tha fit of the
5.5, ﬁm and 9.96C seems to be quite good, the 7;8-;m graiﬁ sizé.deviates‘
from the ébove.equation in the sﬁpérpiastic regioﬁiﬁy~a faétér of‘1:8:‘
This is mosﬁ likeiy due to an error in the grain‘sizéideterﬁinétion.

Ihé fit is.Qe:y goddlin ihe copvenfibpal creep regidnv;ﬁere there is no
gréin siée dépendencé, Iffm is taken as 2 them A Secoﬁes 209, and an |
equally good‘fit can be obéerved. The shape of thg cqmputed'curve§
11lustrates that the value of the right hand Side éf éduati;n (4) is com-
plétely dominated by the larger of its twﬁ terms excépt o_vc;r a nérrow

1

Tegion of (t*) where the two terms have nearly the saﬁe‘value.
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APPENDIX

The quantities appearing in equation (1) are defined as follows'

yk = /D Gb (a dimensionless strain rate)

i* = 1/G (a dimensionless shear stress).

.'dé - d/bf(e dimensioniess,grein'size).

The symbols hsve the foliowingvmeanings: : f_”i.lwﬁ
Y -_strsihﬂfate. a |
"k = Boltzﬁah's constant.
T= absolote-tempereture.
Do = a characteristic diffusivity, chosen equal to th; pre-exponen-
tial D in the diffusion equation for pure Sn, (. 08cm /sec)(ls)
G=a characterlstic stress, taken equal to the shear modulus of
pure Sn, ( 2 X 1011(d/ ))(15).

"be=oa characteristic 1ength, taken equsl to'the.Bufger'svvector-of
‘pure sn, (3.18 aHP?, - | |

T = resolved shear stress,

d = mean grain diameter.
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 TABLE I

 Grain Size ' n Superplostic

AH syperplastic

S.5um . 2060l
78  L76%0I2

9.9 2.05%006.

11.45 £ O.11 kcol/mole

11.83+.046

1115 £ 0.25



Fig. 1.

Fig. 2,

Fig. 3

Fig. 4.

Fig. 7.

fﬁg..a.

 Fig. 9.
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'PIGURE CAPTIONS

Stress vs. steady state creep rate of Pb-Sn euteetic at various
telnPeratures for the 9. 9‘pm grain size indicating the two

distinct regions at different stress levels..

1000

Arrhenius plot of ln /G T) 8. /T for the computation

of the activation energy in the conventional creep region

Plot of y* exp(4H*/RT) vs t* for the conventional creep region
revealing no grain size!dependence and a sibfé ne= 7,1.
Arrhenlus plot of 1n yT for the computatlon of the activation
energy for supe:plastic creep vs 1000/T QGT is related to t* by

a constant as can be seen ffom-:he definitions in the appendlx).

The logarithmic plot of the temperature compehsated strain rate

-w8 1% for the 5.5 ym and 7.8 ﬁm grain size.
The iogarithmic plot of the temperature compehsated,étrein rate
v>va t* for the 9.9 um including the superplastic region of the

AS.S and 7.8 um grain size.

The effect of grain size on the strain rate and stress in the

superplastic region.

Plot of the strain.rate compensated for temperature and grain

size ve 1% for all superplastic data.

A plot of T* ve y* as obtained experimentally and from equation

S

@.
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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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