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HARPER-DORN CREEP
IN
ALUMINUM, LEAD AND TIN

~F. A. Mohamed, K. L. Murty and J. W. Morris, Jr.
Department of Materials Science and Engineering
University of California, Berkeley and
Inorganic Materials Research Division,
Lawrence Berkeley Laboratory
ABSTRACT
High~temperature creep has been studied in lead and tin in the stress
range of 10_6G to 10—4G using double-shear type specimcﬁs ir a range of
témperatures to near the melting point. A'composité plot of dimensionless -
parameter %%% versus 1/G revealed transition from high stress'region (with
slope 4.9 fof'leéd and m6,6 for tin) to low stress region (with:slope v] for
both metals), at stresses of 2 x 10_5 G for lead a’nd‘lO”5 x G for tin. The
creep behavior in the low stress regicn is identical to that attributable
to Harper-Dorn mechanism. In addition, the earlier work on aluminum in the

low stress region is confirmed usin olycrystalline as well as single crystal
: ‘ P y _ g N4

samples.



o~
F)
RN
-
At
-
%
&
P
o
Y
”
.
T

1. INTRODUCTION
In studiéé.oﬁ tHe steady state creep of pﬁfé aluminum in thé limit of
lbw stress andfﬁigh temperature Harper and_Dornl’g found an anomalous creep
" behavior which showé twovprinCipél characteristics: .(1) the éteady;state
étfain rate increases iineérly with streSs_at.constént temperature; (Zj'the
steady-staté strain rate.at given temperature and applied stress is independent
of grain size.v;Thevsecond'charactéristic of the Harpér—Dorn data indicated
the exiétenée»of a new meéhanism of steady—stéte creep. - Since the strain rate
doesvnot depend explicitly on grain size the classic Nabafroﬁﬁerring‘mechanism_
of diffusional éfeep caﬁnot be used to explain the.lineaf relation between
/strain rate.énd applied stress. .

Recéntly_Mufty,_Mohamed and Dorn3 found behavior of the Harper-Dorn type
inllow—stress, high temperature éfeep of Al-37% Mg alloy,'showing ﬁhat Haréer—
Dorn creep_is not - peculiar to pure aluminum. On the other Baﬁd; Muehléisen
found no evidence for behavior of the Harpef—DOrn'type_in low-stress creep
of pure copper, although he was able to confirm thé»reshlts»of Harper ahd‘

Porn on aluminum. .Thesé results raised the possibility thét Harper-Dorn creep
is unique to gluminum alloys. | | | |

This poésibility motivated the work reported here, in which we investigated
Fhellow stress,_high temperature creep of pure 1ead*and tin. These two metals
wére éhosen-because of their. Low melting points (allowing good témperature
control in tests at temperatgfes near Tﬁ) énd their differing crygtél structures
(lead is facé-centered cubic, tin is body centeredvtetragonal).. Both metals
were found to exhibit a creep behavior which appears to be of the'Haréer»Dorn
typef

Since fhe load and - sample geometriés employed iﬁlthese creepZCGSEs differ

. e . o : . 1,4 ' - -
significantly from those used in the earlier work™’ we also measured creep



rates for bulk samples of pure aluminum to test consistency.

2. EXPERIMENTAL TECHNIQUES

Ultra high purity lead and tin (99.999%).wgs pfocufed froﬁ,thelUnited
Mineral and Cﬁémical Corporation. ‘High purity aluminum was obtainedvfromi
Cominco Amgrican Incorporated. Single crystals of aluminum werélgfowﬁ in this
laboratory using a modified Bridgmoo Tochnique. The experimental materials
were machined'into sampies of the "d0uble;shear" type described by Mur;y,
Mohamed,iand Dorn%. Prior to tgsting the speoimen%'were annoaled for.;he
doal purpdsé of'relaxing internalnotress and stabilizing the grain size. The
lead‘samples were annealed at 590°K fof 48'hours, resqlting in'a_mean grain
size oé,apéroximaﬁely 1.5 mﬁ.‘ The tin samples wero_annealed.for 96 hours at
498;K, yieldihg.a mean grain siie of'me., The'polycfystallinevaluminum samples
were‘annealed for 5 days at 927°K, éiving a;grain size‘of'about 9mm.

The general test procedure employed in these studies is described in ref.
3. Tests onvnlead and tin wéte conducted in stirred_éilican 0il baths and
- the temperatures Qéro maintained to + 1°K, ,while aluminum tests were conducted
in air in on'electric furnace. The length changes wero recorded by a linear
'variéblé diffefential transformér, and were accurate fo + 5 x 10“5 in. For
aluminum tho'range of sfresses from ~1 to 35 psi was scanned at a temperaoure
of;about 923°K (*0.99 Tm); Three single crystal soeciﬁeﬁs were used to cover
the Harpéerofnbregion. In the case of lead, the fange_of stresses ffo@ A1
to ~100 psi.was invéstigated at two temperatures:.587°K (0.98 Tﬁ) and 554°K
(0.93 ijﬂ Tests at two additional temperatures were conductéd'to determine
the ac;ivation enefgy for creep. Duriqg tﬁe tests at higher stresses we
encountered complications due to sample rec%ystallizatioh. Io this case fhe

minimum strain-rate was taken as the steady-state value as discussed by ref. 5.
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This may have caused the relatively high scatter in the lead data. For tin,
the’stressfrange from 5 to V100 psi was scanned at‘495°K (0.98 Tm).' Tests
at three addi:ibnal temperatures were conducted for use in determining the

activation energy. S . ' o

o . . 3. EXPERIMENTAL RESULTS
Creep Behavior of Aluminum

The resuifs of creepftesﬁs.on pure‘aluminum'aré plottéd in Fig. 1 to-
gether with ﬁﬁetre8u1ts obtaihed by Harper and Dornl. 1The pérémetérs used
for this,plot ére a non-dimensional ;strain rate, ?kT/DGb, and a ﬁonegimensional
Stresé,'(r/G),IWhére Y is the steédyvététe shear sfraip rate, k is Boltzman'é
constant, T ié:éﬁsolute tempera}turé2 D is the self—diffuéion céefficient,_b
is the Burgers vector, G is the sheaf'modulus, and T ié the sheaf stress. The
Harpér—Dorn daﬁa wémzrephrasgd in terms of these variables by fransforﬁing

the tensile stresses and tensile strains they reported according to the relations

€

N

'?:
(1]

T o= (o - oo)

N

The value % appearing in the second of these relatiohs»is a correction term
Harper and Dorn found necessary to account for an apparent back stress presumedly
due to surfacé effects in their thiﬁ platelet sampleé(, Since the present
research used bulk samples, no correction term ié ﬁecessary; the data extra-
polate naturally to zer0'strain-rate at zero applied-stfess.

_ As is apparént from Fig. 1, the agreement'between the;present results
and those of_Harper and Dornl is excellent both‘in;tﬁe Ha%perQqun creep
region at low stress and in thg conventional creeﬁ region beyond the knee

of the curve. The single and polycrystalline data'lie'bn the same curve,
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showing the independence of creep rate and grain size. For comparison, the

predicted rdte of éreep via the Nabarro-Herring mechahi5m6’7 has also been

plotted, using the relation
.. B 2 . N . . ' '
(YkT/DGb) = B (b/d)" (1/G) (21

where B is a constant equal to approximately 14. The measured values for low-
stress creep in aluminum lie several orders of magnitude above the Nabarro-

"Herring estimate.

Primary.creep was noted in all tests conducted duting this,research;
both in single crystal and‘polycrystalline samples. This observation also

argues with the results of Harper and Dorn.

Crgép Behavior of Lead and Tin
(1) Streés Dépénd§nce of Créep Rate

The experimental results pbtainéd from isothermal creep tests at 4
different tempgratures are presented in Figs. 2(a).and 2(b) for lead and tin
respéctiVelf} . Because of the expefimental limitation bn the measurement of

9 -1 )
sec ~, the entire range of stresses

shear strain-rates below about 2 x 10~
could be scanned only at higher temperatures. The data at these higher
temperatutes:do indicafe a transition from a higher slope (V4.9 for lead and
N6 .6 for tinj ﬁo»a lowef one (v1 fof both metals). The transition from high
stress regiop to ldw stress regién was obser&ed at shear stress values of
"v14.5 and %16f0vpsi for lead at 0.98 Tm and 0.93 TH-1 réspectively.r Avvalue of
~32 psi was found for Fhis transition-stress at 0.98 T fof”tin, :
(ii) Creep Curves

.Typical éreep curves observed in both the regions are shown in_Figs; 3(5)

and 3(b) for lead and tin respectively. As is clear from these, normal primary
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creep regioné were ndted in the entire stress range4for_bo£h the metals. It
is important téynote fhe presence of this primary creep:in Harper~Dorn creep
region (where the creep-rate is‘prqportional to the applied sgress),"since
the diffusibna1 creep.meéhanism36’7’8 which predict:iinear creep beﬁa&ior
are characterized by the absence of this prima;y creep region.
(iii); Temperaturé Dependence of'Creep Rafe

To detgrmine the activation energy for creep, tﬁe iogarithm of the
ﬁodulus—q§mpensated steady-state strain—rate.(?Gn—lT)’versus ﬁhe reciprocal
of the absoldFe temperatﬁre‘wés plotted at constant stresses of méO psi énd
~100 psi for lead and tin reépeftively (Fig. 4): 'Here values of &4 and NG
are used'respeétively for lead and tin for (n—l), since the averages of ghe
slopes.of fhe lines in Figs.'é(a) and 2(b) were found respectively to be §5
and 7. Tthexdata-for both the metals fall in the high stress region. The
least Sqqare énalyses of tﬁe data'preseﬁted in Fig. 4 yielded values, for
the activatioﬁ energy'for deformation, of 22,920 i_l80}Cal/mole for lead and
23,070 + 1,820 Cal/mble for tin. . Thesehafe iﬂ essentiéllagreement with the self

R

diffusion data, namely

D

0.28 exp (-24,200/RT)  for lead’

and
10

n.

D = 0.78 exp (-22,350/RT) for tin

. No attempt was made to determine the activation energy for creep in the low

- stress region. However, a value of 24,945 Cal/mole was inferred from the

data at temperatures 587°K and 554°K presented in Fig. 2(a). Thus the acti-
vation energy for creep appears to be essentially identical to that for volume
self~diffusion throughout the employed stress range. Similar findings were

7/

1
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reported earlier in other metals ’3.

The creep data for lead and tin presented in Figs. 2 are analysed in

terms of the equation,

- A (/6)° - 03]

and Fig. 5 is a piot of log %%% versus log (1/G) for both the metals. As is
cleér from this figure, the data at various ;emperétﬁrés coalesced into a
‘single line for eacﬁ metal. Again the daté reveal transitions from high stress
region to low st;ess region at stresses of %lO—SG fof tin and 2 x 10;5G for
lead; Values of A and n obtained frém the least. squares analyées of the data
are tabulated»in Table I, along with the values predicted from ﬁhe governiﬁg

equatioﬁ bf Nabarro-Herring creep (Eq. [2]). Again the strain rates lie well

above the Nabarro-Herring prediction.

4. DISCUSSION

Thevexperimental'results on the steady-state creep behavior of aluminum.v
(poly and singlé crystals), lead ana tin reveal.the presence of two ﬁarallel
Creep'mechanisms (Fig. 4). The data divide into twovregioﬁé
(i) High—Streés Region

This régipn illustrates creep béhavior generéllyfétfributed to climb-
controlled process, Bifd,jMukheijee and Dornll made a systematic evaluation
of the avéiiable creep data and concluded that many aspects of high temperature
creep can be correlated with the diméensionless Egq. [3]; ‘According to‘fhéir
analfsis, A‘might_be a universal conétant*ﬁith_a value of about 108 while n,
the stress eprnent, might be function of stacking.fault eﬁergy. The‘present
data on aluminum in this stress range are in line with'their predictioﬁs as

well as the earlier work by Servi et allz, Weertmaﬁlé‘ahd Sherby et alJA. For



 lead, their'cbfrelation suggested an exponént n of'thé'order of 4.7, compared
to the present g#perihental value of 4.9. ) |

Earlier'sfudies by Dorn énd co—workérs15 on the creep of tin indicate
that the activation energy for creep is about 22,700_Ca1/mole,-whilé.Breen
.and Weertmanlé_found a value of 26,000 Cal/mole for tﬁetsame. These Qalues
;re in esséntiél égreem;ﬁf with the present One.of 23;070 Cal/mole as well as
the more*feééﬁt valde for sélf diffusion in polycrystailine tinlo. A re-
‘evaluatlon of the data of Breen and Weertman at hlgher temperatures where
a value of 26, 000 Cal/mole was obtained for the actlvatlon energy, ylelded
a value of 5 91 + 0.31 for n and (1 03 + 3?924) X IOlS'for A. These values:
should be" compared with 6 59 and 3.55 x 101 obtained in the present investi-
gation. The fact that the above values of A for tin are orders of magnitﬁde
larger than thoéé based on the predictions by Bird ét';l on fcec, Bec, and HCP
.metals; iIIUStfates'phat yet unknb;ﬁ factors concerning the crystal structure
also play a éignifiéant'role in high temperature-créép.

(ii) Low Stress Region
. N §

Ih this region (/G 5_10_5) the stress exponents were found to be near
unity for all:the tﬁree ﬁetals (viscoﬁs behavior).:vMechanisms whichvpredict.
‘viscoué defqrmation such és Nabarro—Herring6’7.and CoBle8 yield values for
- the strain;rates which a;g-orders of magnitude 1ower‘than the observed values.
However,'agrshown in Fig., 6, the present results fall véry clbse to the earlier
.observations‘oniAll and A1-3% Mg3. The_pfesent'e#perimental work on bulk
sampieshof aluminum in shear.confirm the earlier work By Harper and'Dorn who
tested thin pla;elets of both éingle and polycrystalliqe aluminum samples-

in tension. 1In spite of the difference in the kind of specimen ﬁséd, the type

of stressing, and the grain size of polycrystalline: specimens (d .A9mm in our
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investigation, and 3mm in Harper and Dorn stpdy), the agreement between these
distinct inyeétigations is ekcellenﬁ.

Although the ﬁechanical data presented here on Various metals are consis-
tant,&ith fhé belief that a dislocation mechanism'i$ fesponsib1e‘fof Harper-
Dorn creep, it is nevertheless admitted that the dislocation mechanism is
uncertain.l’354_.However, a good start has been made in determing the special
- substructurél features attending éreep by Harper—Dorn‘mechanism.. X~ray topo-
graphic, etch pit, aﬁd electron transmission microscgpy studied in deformed
aluminum4 iﬁ tﬁis low stress region revealed distincf-sﬁbgfain formation which
preéumedl& leadé to thé obseryed.normal.primary creep regions in all these
metals. . Despite the observation that the subgrains do fﬁrﬁ during the creep
in‘the limit of low stresses, there are no firmly estaﬁlished systématic data
regaraing tﬁe stress depéndence of the sﬁbgrain size..'Méreover, the reéulté
indic;te tﬁat.fhe dislocation density (p) is low of,ﬁhe order 103 - 104 cm;z,
and independenf of the applied stress. Additional evidence for the stress-
independence of dislocation density in aluminum for the same range is obtained

€

from a recent x-ray topographic study in situ during deformation by Nost and

1 : . s .
Nes 7. All these results are recorded in Fig. 7 as dimensionless parameter

Vo b versus the normalized stress 1/G. At high stresses (1/G 3_10_5) the

2.5

dislocation density increases as 7 . The transition in the stress dependence

of the dislocation densi;y is extrapolated'to be at é stress value of about
3 X'10_6 G. This finding is in agreement Qith the observed stress level

(“4 x 10-6G51in'aluminum, where the tranéition from the climb controlled to
Harper-Dorn cfegp occurs. More needs to be learned about the substructural

’

details, such as the type of dislocations responsible for such creep bebavior,
s e

and subgrain size. Research toward this goal is curréntly underway.



CONCLUSIONS

, ‘bur pfiﬁcipal éonclusioﬁ-from this work is that Harpef-Dorn creep is not
confined to,aluminum and its alloys. A creep beﬁavior'thchvappearé.to'be
"of the Hafpgr-Dprn typé ié observed in pure lééd and in pure ﬁin over a range
of normalizéd sffess_(T/G) roughly idéntical to the range over which this
-fype of cfeep is found in aluminum. In addition;:our-experimental reéults
on low stress, high,temperaﬁure creep of aluminum teprdduée the data of Harper
and Dorn almost exactly; despite a:éignificant'differeﬁce in the sample and

load geometries used.
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FIGURE CAPTIONS
_P16t70f log g%%-vs. l@g 1/G for pure alumiﬁum,. Data of Harper and‘
Dorn1 are included for comparison. “
The effect of stress on the steady—state créép rate of lead.
The effect of stress on the steady-state creep réte of tin.
Typical.creep curves for lead observed ih high—strgss region
(tr = 46.4-p$i, T = 554° K) and lowéstreéé regibn (t = 7.3 psi,
T = 554° K). o -
Typical creep curves for tin observed in high-stress region
(t = 126 psi, T ; 461° K) and low-stress region (t = 10.8 psi,
T = 495° K). | |
Effect of temperature on the sfeady—state creep rate of lead and
tin in high stress region.
Plot.of log %%%—vs.flog 7/G for lead and tin; indicating the
transition from climb to Harper-Dorn mechanism.
Détaibn creep of léad and tiq cémpared to creep behavior of aluminum

and aluminum - 3% MagnesiumB.

Stress dependence of dislocation density.



TABLE I

- Region T - Region II
Metal n A n A
e+ 4.88, o 11 P + 405,62, _ . 8
Lead 0.97 +0.88 | (2.88 7 1"5%) x 10 4924 0:57 | .38 T 192:0%) 5 10
(d = 1.5mm) '
Tin )
@ = 2mm) 0.94+0.77 | (.24 7918 w10 | 6594028 | 3.5 T 2000 x w0t 3.15 x '10°
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