Lawrence Berkeley National Laboratory
Recent Work

Title
STEADY STATE CREEP OF A SUPERPLASTIC LEAD-TIN EUTECTIC ALLOY AT LOW STRESS

Permalink
https://escholarship.org/uc/item/9cf3clsn

Authors

Grivas, D.I.
Morris, J.W.

Publication Date
1973-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9cf3c1sn
https://escholarship.org
http://www.cdlib.org/

Submitted to Metallurgical Transactions LBL-2532

Preprint ¢ Z/

&
- STEADY STATE CREEP OF A SUPERPLASTIC

LEAD-TIN EUTECTIC ALLOY AT LOW STRESS

D. I. Grivas and J. W. Morris, Jr.

December 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48 ’

RECEIVED

LAWRENCE

RADIATION LABORATORY

FEB 6 1974
LIBRARY AND

DOCUMENTS SECTION

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

)

AL

2eqe~-1d1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-iii- o " LBL-2532

STEADY STATE CREEP OF A SUPERPLASTIC.

. 'LEAD-TIN EUTECTIC ALLOY AT LOW STRESS
by

D. I. Grivas and J. W. Morris,»Jr. ,

4 Department of Materials Science and Engineering,
“University of California and Center for the Design of Alloys,
Inorganic Materials Research Division, Lawrence Berkeley Laboratory,

o Berkeley, California 94720
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ABSTRACT
The steady-stéte creep rates of the superpiastic lead-tin eutectic
alloy wefe.measurea over a stress range of 2.2 psi to 468 psi. Creep
tests were performed on specimens with grain siies fanging from 2.8 ﬁm
to 6.7 ﬁm and temperatures from 98°¢c to 168°C. Oyér these experimental
variables two different creep behaviors were observed. At higher stresses
the conditions for superplastic creep.were satisfied. The lower stres§

region was found to obey the equation

$% = 3.2 x 10

12 ,3472.1 18,900/3T

-~

The form of this equation is'incompatable with bbth the Coble and
Nabarro-Herring creep mechanisms, which have been suggested as dJominant '

‘mechanisms at low stress.
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INTRODUCTION
The mechanism for the steady state creep deformatfon of super-

plascic alloys is not fully understood. Bird et al,l‘ﬁave proposed that

I
i v

“the semi;emprical;equation B R .

fk = Ar*ndf—me_AH*/gT - (1)

with the prdper_choice,of'the'constants m, n, A and AH*, can represent
the creep data for superplastic materials very satisfactorily. 1Im this
equation ?*, t*, d* are as defined in,the appendix, the dimensionless

shear strain rate3 shear stress and graln 81ze, respectlvely, AH* 1is the

activatlon energy for creep and n, m, and A\represent constants Various

investlgators have suggestedl’2 ? that over a wlde range of stresses in
a(plot of strain rate vs stress there exists regions of constant n?valnes,
in each of.whlcn a\different,mecﬁanlsm dominates the steady state creep
rate. | | | ‘ .

"in'a recent publlcation4 we found that equation 1 represented the
high temperature creep data for the superplastlc Pb—Sn entettlc alloy
.‘yery satisfactorily.  We also found that the steady state creep data
'broke'into two distinct regions.satisfying different variants of Eq. (1)
with~different‘values forttne exponent n,vn and dB*.f In the hign stress
cre6p'region‘the values for n = 7.l,'m - 0, A=1.3 X 1015 and AH* =Al9.4
Ukcal}mole seemed to satisfy the.condition3~suggested:for the climb of
| dislocations to be the controlling mechanlsml.‘ For the lower creep region

':the stress exponent (n) was found to be equal to 2 fulfilllng the re-

quirements for superplastic behaviors, \The activatlon energy was of the
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ordervof grain_boundary diffusion and the conetants took the values n=2, .
- m=1.8 and A=900. -
’ ) - 1,2 3 6 7
Various researchers have suggested that at still lower
- stresses another region will intrude,‘in which the creep rate will be

'controlled'bﬁ'a diffusional mechanism. ,These'diffusional mechanism can

be either’of the type suggested by Coble,'6 which»involvee atom movement

'through grain boundaries and hence requires an activation energy equal to "~

that for grain boundary diffusion; or . of the type introduced by Nabarro7
which'inyolves lattice diffueion and requires_an activation energy equal'
to that for self'diffusion.; Both models Suggestva value‘for'the strese
exponent (n) equal to one, with a grain size dependence d* -3 for ‘Coble.
creep and d* -2 for Nabarro creep | - |

iTne creep behavior at low streseesvis controversial.v Bird et altl
analyzed enisting data on superplastic Al-Zn eutectoid and Pb-Sn eutectic.
fhey tound:evidence fordCobie creep\in Al-Zn, out were.unabie to estab-
lishvits'existence in‘the Pb—Sn eutectic due\to_the unayailabilityvof
.iow-streesfdata;w—They Suggested that for all superplastic materialé,
Cooie creep_is the dominant nechanism at low stresses. Whiie both Vaidya
_et*alsfand Misro et'al9 have reported the presence.of Coole creep inv‘.
eutectoid Alézn, others10 have'disputed,altoéetner;the’idea of diffuaional
. Creep on experimental'gr0unds,. The limited existing data on.the—Pb—Sn
ieutectic11;12~reveals a stress exponent in'this'region mucn higher than

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

above nontioned diffusional'processes.

~ ’
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- The present research was undertaken to obtain more data in the low
stress creep region and to investigate the

© transition from the superplastic to the low stress creep region for the

Pb-Sn eutectic alloy. Following the results presentéd ina, Eq. (1) Qill

be‘used to represent the present data,

EXPERIMENiAL PROCEDURE
‘i" fb—62$n.eﬁtecticﬁailoy was prepafed from 99;9% pufe tin'and.99;9Z
pure lead. The alloy was cast in a graphite crucible’to 2.5ﬂ diameter,
‘and reduced to 7/8" diameter fods byba'séqﬁencé of reductions at -44°C."
From these }ods douhleﬂéhéar spécimens13 were ﬁacﬁined. 'Aﬁ&éaling the
sﬁecimensrat_170°C for 1.25, 7, 12, and 17 houré'reSulted in“2.8 m,
4.3 um; 5;8 um, and 6.7 ﬁm'gfain size respecti§e1y;' ?Thesévgrain éizes
.;;were detérmined'by the mean.intercépt method14 froﬁ scanning electron
:miérqgraphs%4 The ;pecimens were kept at -40°C atla11u§imes prior to
tegting to prevept extensive grain growth. At robm témperaturé créeb‘
tests were performedron a constant load creep machine™ . A'siiicon 0il
ﬁéth was used to control the téﬁperaturé which Waé maintaired constant
to.iﬂoc; One specimen Qas usedwto obtain all the'data fof eVér&ItempéfaL

ture in a particular grain size excepting the 6.7 ym where 2 specimens

N

were tested at the same temperature.

RESULTS '

‘Tests_were performed over a temperafpre»rahge 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

stress_fof,the 5.7‘pm grain size at various tempetétures. For each
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\ temperature the data naturally break into two'distinct~regions of
differentgslope; The higher stress creep reghn;has/a slope &2; the low
stress creep region has a 'slope &3. Indications of this behavior have

, already been reported elsewhere11 12. Given nm2 _the higher stress
creep region fulfills the condition for superplastic~behavior§, and’w111>
be referred to as the superplastic region. F1g._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 1ow-stress tests but was not
found in the superplastic region.ﬁ These regions hence seem.associated
with.different eontroliing mechanisms. ‘Assuminggthat Eq. (1) applies to
each one of these two regions, by chosing the_properIValues for m, n, A
and'AH* we can obtain~constitntive equations thatfdescribe'the creep

: behavior of this alloy. In the next paragraphsfne'compute these para-

meters for each of the two regions.

1. Low Stress Region-

-Examining Eq. (1), it<can be seen that'the.actiyation energy for
creep deformatlon in this region at constant stress and grain size may be
found from the slope of the plot of 1InvyT. against l/T A plot of this~
kind for the 5. 7 Um specimen is shown in Fig 3 _Axslight cnrvature'may'
be noticed. We fonnd previously4 a>31milar curvature in a plot of the .
: same kind'for'the snperpiastic regionof . Pb-Sn entectic. We suggested then
-that AH*'might‘depend on some experimental paraneter which is a function

L]

of temperature, While in the prev1ous study the 37T was found p051tive
¢ ' al/T

in the present case it is negative. Previous work on Pb-5n eutectic has

not been’reported for this region in snfficient-detaii to compare this
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observation. A least squares anélysis thrqugh'thefexperimental'points

revealed an average aétivation'energy equal to'18}9 + .5 kcal/moie.

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

PITEPIY ‘S :
“kedl/mole we obtained for conventional creep at higher stresses. This

value is of the order of the activation energy for self diffusion4;

Once the activation energy has been computed, one can:make*a_com—_

. MHX/RT | '
posite plot of Iny¥ e " against lnt*, compensating for the tempera-

ture dependence of the strain rate y* to the applied stress t*. Such a
plot is shown in Fig. 4 for the 5.7 um grain size. The points of all
‘temperatures essentially coalesced to give a straight line of slope

)

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

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

:geen, each giving the behavior for a specific gréin'size.

o Judging_f:om Fig. S\tﬁere seems to be a graiﬁ size. dependence of

~

. ‘the creep rate at constant load. The power of_tﬁis,dependence can be

obtained from a plot of lny* against 1nd at constant 1%, This plot is

* shown in Fig. 6. A value of 2.1 + .1 is obtained; indicating a grain

: =2 : . . - . .
size dependence vd* . To complete the determination of the constitutive

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

‘plot of strain rate against stress, compensating for both the temperature

N\ ¢

~ and grain size‘dépéndence. Such ‘a plot is shown in Fig. 7 where we have

plot:t:ed'ln}*d*m eAH /RT against lnt*. The fit seems good, datum points

for all temperatures and grain sizes essentially coalesced to give a

straight 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 1012;
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A constitutive-equatidn for the low stresé cf¢ep region may no&

be writtén'in the form of Eq..(l): | A.

| | Y* 3 1012T,,‘3d,,‘~-2..1(-;;18',"900/111‘ |
As mentiopea‘in the introduction many inveStiéatqf§ éélieve tﬁaf

thé controlliﬁé mecﬁanism at 16wer stresses is a aiffusional méchaﬁism.

. .bur finding of 1) an ac;ivation energy of 18.9 Fkai/mole, 2) a‘grain,size
dépeﬁdencé @d*-z,'3) ﬁrimary~creep; and 4) an nﬁﬁalue eQﬁgl to 3, leads
us go suggest thét anqthér mechanism must be invol&ed f§r the g%eep

.behayiorvofAthis.aliby at these stresses'and graiﬁ.sizes.

In Fig, 8 we have plotted lpf*:against Iny* fér’tﬂe low stress
creep tegion'for the two ektremé grain sizes. Wé-h;ye alsa es;imated-
the rate Of hypofhetiéa1 Coble greep, using equa%;ons‘given by\Bir& et

811. With the 2.8 ﬁm grain size specimen we triedzfq oﬂserQe Coéle creep
but wefe unable to go to stresses low enough due-;s,iimitationé of the
apparatuéf.‘Although,two points fall below the Cobié creep curve, .the
uncertaiﬁty in the precise form of the equation.gOVerning Coblé creep ih,‘

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

ever, conclusive that some mechanism other than thdéé introduced by Coble

and Nébaffq cdntfbis the creep rate at stressés ﬁelowbthose at which
vsuperplasfic cfeep 1s observed.

Weerfﬁan16.has éuggested a model for low s£;§$§ creep déformation 
_in§olving dislocafion movement from subgrain boundéfies. This mechanism
ileadé'to an nFVaiﬁe équal to 3_énd anuactivation~énefgy of the order of
fha; for self‘diffuéion, Eut involves no. grain sizé‘dependence. Thé
preéenf resuifé are in good agreement with this mode1~except_fof the
gféin size dgpendence. Howeyer, the graiﬁ size dééendence we observed

may not indicate an explicit dependence on grainjéiie, but rather an -

i
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implicit dependence through some other parameter which varied with the

grain size in our tests. Such a hidden pafamefer:may~5e the dislocation

density, subgrain boundary morphology, or other'variébles of micro-

i
/

structural state dependent on the annealing history of ‘the specimen,

2. Superplastic Region
Data gatheréd in the superplastic region §ié1ded'essenfia11y the

same activation energy and stress exponent as reported in_reference_&l

where a more detailed discussion may be found. -
] . , !

Fig. 9 1s a plot of 1nYT vs % for .the computation of the activation
energy for the creep deformation -in this region._vA'value>of 12.é-i_.3
kcal/mole was obtaiﬁed. This value compares with the value of 11.5 kcal/

dhqlé"obtéined in ref. 4. A temberature éompensétiﬂg'plot for the 5.7 um
grain size of Iny* exp (AH*/RT) against Int* is shown in Fig. 2. Data at
all four temperatures come together to give a étraight line of slope

’

2.0 + .1, Fig..lo is a . similar plot for the three other grain sizes. .

Again three parallel linésﬂban be observed,éachﬂoné.cdrfésponding to a E
particular grain size.

.The,specimén of this alloy exhibited rapidfgrain growth at thé
test_témperatures hséd. In this investigétion the"aéplied loéds were

increased during testing to obtain strain rates in the superplastic re-

" ".gion at higher values of the applied stress. In the previous investi-

gation the initial loads apblied were in the supérpiastic\region. Since

grain growth occurred’auring testing, the aqtual_saqple'grain\size for

tests iq'the.superplastic region ié uncertain. Hence we couid not obtain
. _ ,

a valid independent measuré’ of the grain size depgndeﬁce; Assuming m =
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and AH* = 11.5 kcal/mole a least squares,analysis.thrqugh_tﬁé.pdints

' . *
.given by plotting 1n§*d*m>¢AH (RT

against lnT* rev¢a1ed a value for
A= 5000 and for n = Z.I‘i 1 This'valﬁe for_.A__.J;.'s- much higher than fhe
vaiue 209 reported in Ref. é,wAgainst our expectétibﬁs thag_an increase -
in grain-sige.would de;;éase thé strain rate. "Thié sﬁiftrof the A>value
may be attributed to any 6né of three factors: l)lavdifference in pufity
_betwéen'thé‘specimen ih.the two invé;tigations; 2)'thé diffe?ence in

. testing methﬁd, described above; 3) the differenﬁé;in the préparation
Procedure tb'obtain ;he desi;ed grain Sizes.' ﬁhiie in this study the
specimens.we;e ?eduéed'at —AAOC“frqm 2.5 incheé inidiameter to 7/8liﬁch'

in diameter, in ‘the work reported in Ref. 4 the speéimenS'were reduced at

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

temperature gave smaller initiallgrain size. Ahneéiing these specimens to

obtain fhe mentioned gréin sizes éould result inrﬁéré~équiaxéd-grains
‘ yieldingva higher creep.ratevatlconstant lgad; Micfdscopic observations
.tend to.éuﬁport the.expectation of more equia#ea g;;ins.

' ,In oﬁr‘previoué reéort we sdggested that-suﬁeréosition of data
from various investigétors would be ;dubious éincé‘wecfound that tﬁe
results of the various investigators are inconsisfent wigh'one aqpther.‘
If, as now appears, thé valﬁe.of A depepds on theAhistofy ofvthe specimeh,
_tﬁis inéonsistency can be expléined; The_previoué:iﬂvestigaﬁors-used -

different brocesses to obtain their initial microstructuresll’12’17;
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~ APPENDIX

The quantities appearing in equation (1) are.defined”és-follaws:

'f* = Yl\T/D Gb (a dimensionless strain rate)

<% =-;/G (a dimensiOpiéss shear stress).
d¥ = /b (a dlmen sionless graln size).

-,The symbols have the following meanings: -

Y- stratﬁ ;até; ‘ . .. : f , - _ f}
k= Boltzman's'céns§an#.
T = absolute temperature..
P = a.characteristic dlffu51v1ty, chosen equal to fh; prE—evponen»

° 2
tlal D in the diffuolon equatlon for pure Sn, ( 08cm /sec){ls)
G = a characterlstzc utréSu, taken equal to the shear modulns of

' pure Sn, ( 2 X lOll(d/ ))(lS). |
b=a chara;terlst;c lcnoth aken,equél o theIBﬁége%;suvecﬁor.of

 pure Sn, (3.18 (A))(ls) | | -

T = resolved shear stress,

d = mean gr?ln dl imeter
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rig.'lo. The logarithmic plot of the temperature compensated strain
A rate y* exp (AH*/RT) against T* for the 2. 8 um, 4.3 wm. and

L 6 7 um grain size




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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