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COMMENT ON HARPER-DORN CREEP IN ALUMINUM

J. W, Morris, Jr., F. A. Mohamed and K. L. Murty
Department of Materials Science and Engineering
University of .California, Berkeley and
Inorganic Materials Research Division,
Lawrence Berkeley Laboratory

~ ABSTRACT

Harper and Dorn (1957) obtained‘experimental evidence for a new
mechanism of low-stress, high temperature creep in pure aluminum. Their
results were recently questiéned by Burton (1972) who argued from data
on the creep of fine-grained aluminum foils. The present communication

summarizes recent data confirming the existence of Harper-Dorn creep in

-aluminum and points out that the bulk of Burtoh's,results are consistent

with the expected transition from Harper-Dorn to Nabarro-Herring creep

as sample grain size is made small.
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1. INTRODUCTION

In stﬁdies on the steady-state creep of pure aiuminum in the limit
of low stress and high temperature Harper andvDorn'(l957) found an
anomalous creep behavior which shows two .principal characteristics:
(1) the steady-state strain rate increases linearly with applied stress
at given temperature; (2) the steady-state strain rate at given temperature
and applied stress is independent of grain size for Saﬁplés'of appreciable
grain siée. The second characteristic of the Harper-Dorn data indicated
the existence of a new mechanism of steady state creep. Since the strain
‘rate does not depend. explicitly on grain size the classic Nabarro-Herring
mechanism of diffusional creep cannot be used to explain the linear
dependence between strain rate and applied stress.

‘In a recent péper Burton (1972) questioned the results of Harper
and Ddrn. He studied the low stress, high temperature creep of fine-
grained thin foils of pure aluminum. He found steady state creep rates
which did depend explicitly on grain size and were roughly in agreement
- with the prediction of the Nabarro-Hérring model. On the basis of these
data, he phrased the general conclusion that ;he-low—stress, ﬁigh temper-—
ature creep of pure aluminuﬁ follows the Nabarro-Herring model.

Iﬁ this communication we make two points relevant to Burton's.
'results: (15 the existence of Harper-Dorn creep in pure aluminum is
well established e#perimentally; (2) the experiments conducted by Burton
include only one which would be expected to shéw the influence of Harper-
Dorn creép. The bulk of Burton's data, including ali creep rates he
was able fo measure, are consistent with the expected transition from

Harper-Dorn to Nabarro-Herring creep as the sample grain size is made small.
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2. THE EXPERIMENTAL EVIDENCE FOR HARPER-DORN CREEP

Harper-Dorn creep was first'observed in pure aluminum by Harper,
Shepard, and Dorn (Harper and Dorn, (1957); Harper, Shepard, and Dorn,
(1958)) who tested thin platelets of both single énd_polycrystalline»
~alluminum in tension. The thickness (t) of theif platelet specimens
was épprdximately 2.5 mm. The mean grain diameter (d) of their poly-
crystalline specimens was appfoximately 3 mm. This creep behavior has
more recently been studied by Muehleisen, Bérrett, and Nix (Muehleisen
(1969);‘Barrett, Muehleisen, and Nix (1972)), who tested bulk tensile
speclmens of both single and polycrystalline (d n 10mm) aluminum in
tension, and by Mohamed, Murty and Morris (1972) who tested bulk double-
shegr specimens of.both single and polycrystalline (d v 9mm) aluminum

in pure shear.

The aggregate results of these three investigations are shown in ‘

-

figure 1, where we have plotted a non-dimensional shear strain rate

(YkT/DGb) against a non-dimensional shear stress (1/G). The symbols

appearing in these parameters are: y, the shear strain-rate; k, Boltzman's '

constant; T, the absolute temberature; D, the self-diffusion coefficient;
G, the shear modulus; b, the ﬁagnitude of thé Burgers vector of a simple
dislocation in the FCC‘aluminumllattice, and 1, the effective shear stress.
.~To-obtain this plot Ehe tensile data.of'Muéhleisen (1969) weré transformed

to shear data using the relations

Me
]
win
e

(1]

where ¢ is the tensile strain rate and ¢ is the ténsile stress. For
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simplicity in compafing the results to those of Burton the values of

the self-diffusivity D are taken from the relation proposed by Burton

(1972); different values of 5 are used in the original reports cited.
The déta divide into two regions of low stress éréep behavior.

Region I is Harper-Dorn creep. The data for this creep behavior are well

representéd by a linear relation

YKT/DGb = A (t/G) ' [2]

1

where A is a dimensionless constant equal to 2.9;10—1 . The scatter about

this curve is due principally to a small consistent deviation between

‘the results of Muehleisen and those of the other two studies. The data

also scatter somewhat near the knee of the curve where the mechanism of

creep is changing. Region II of the curve represents creep behavior
generally attributed to climb-dominated dislocation processes. The

strain rate in ‘this region is given by the power law

)  YKT/DGb = A' (1/6)%"3 ‘ (3]

found in several independent investigations (Bird, Mukherjee, énd Dorn
(1969)).
For comparison figure 1 also contains a plot of the creep rate

predicted from the Nabarrd—Herring model fér the grain size (9mm) used

in tests by Mohamed, Murtf and Morris (1972). Nabarro-Herring creep

obeys a linear relation of the form

YKT/DGb = B (b/d)2 (1/G), [4]

where B is a dimensionless constant expected to be about 21. As can be

seen from the figure, the predicted rate of Nabarro-Herring creep is -
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roughly three orders of magnitﬁde‘below the measﬁred values of\ﬁhe creep
rate..

Iﬁ light of the ‘agreement between these three distinct investigations
we concludevthét the existence of Harpér-Dorn creep in'pufe alumihumlis
well established experimentally. Recent results have shown, moredver,
that>creep of the Harper-Dorn type 1s not confined to pure aluminum.
.Murty, Mohamed, and Dorn (1972) found Harper-Dorn behavior in the low .
stress limit of céeep in Al1-3% Mg.alloy. Mohamed, Murty and Morris (1972)
" have recently identified Harper-Dorn behavior in the low—streés limit df

creep in lead and tin.

While the existence of Harper-Dorn creep is established the mechanism -

of, this creep is uncertain. The problem is discussed in the origiqal
references cited above. A detailed review of the arguments is beyond
the scope of this communication. In light of the comments of Burton
(1972), however, we shquld note that the discussions concuf:that ﬁhe
"subgraiﬁ" type of diffusional creep suggested by Friedel (1964) is
unlikely to be:the governing mechanism of Harper?Dorn creep. The creep

" rates predicted from the Friedel model are low, the observed behavior

of the subgrains seems inconsistent with the model, and there is specific

evidence of dislocation activity during.Harper—Dorp creep. Harper-Dorn
creep appears to be governed by some dislocation mechanism whose details
are not yet_known.
3. DISCUSSION OF THE RESULTS OF BURTbN (1972)
The relation governing Harper-Dorn creep (Equgtion [21) predicts
a creep réte independent of grain size, while the’govérning equation of

Nabarro-Herring creep (Equation [4]) predicts a creep rate which increases



as d-zlﬁé\the grain éize is mad; smaller. Hencevfor given valués'of the
coeffiéienté A and B there exists a critical value of the grain size
(dc)'sﬁch that for all samples of d <'dC the Nabarro-Herring creep R
. mechgnisﬁ will dominate o;er the Hafper—Dorn. _If samples of d < dc are
tested and if no third creep mechanism intervenes, one must exﬁect to
see creep rates whiéh follow the Nabarro-Herring modei'and which are
uniformly above the rates predicted by Harper-Dorn.

The creep rates which Bﬁrton was able to'measure satisfy‘these
criteria. In fig;re 2 we have reflotted‘Burton's results on the creep
of aluminum foil in vacuum. Equations [1] were used to transform Burton's
data from the é-0 representation of this paper to the ?-T represéntation
of the figure, using his reported values for the effective strgsé o .
(=-qapplied - oé). .The solid curve in‘figure 2 is the creep curve for
bulk aluminum, taken from figure 1. The data reported by Burton fall
-uniformly_above_the Harper-Dorn (low stress) ségment of this.cufve.> These
data may be fit to the éoverning equation (4) for Nab#rro—Herring creep

if d is replaced by the "effective grain size" of the foil of thickness
.t,

ar = )/, | [5]
and if B is taken to be approximately 130 (B = 43.3 if the ¢ - ¢ repre-
sentation is used). This number is 1arge compéred to the expected value
of'Zl (7 in the £ ; 0 representation), but does not seem unreasonable
given the uncertainty in the valde of the self—diffﬁsion coefficient D
and the approximations inherent in the Nabarro-Herring model.

Compﬁring equations [2] and [4] with B = 130 and A = 2.9'.'10'-11
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We'obtain.d'c,= 640 um; Nabarro-Herring creep should be anticip;t;d fpr
foils‘of lesser grain size. Of the foils tested by Burton only twO»hgd
an .effeétive grain size d' > d'c. The reﬁainder of his data fall in
theﬁNaba}ro-Hérring region and show agreement with the Nabarro-Herring
creep model. .

0f the t&o foils from Bufton's set having 4' > d'c, the first (from
.the tébie'on p. 649 of Burton (1972)) had a thickness of 2.5 x 103 pm
and a mean grain size of 1.5.104 uﬁ, giving an effective graiﬁ size 4'
of approximatély 6.103 um. This sample was tested at an applied stress
of 250 kN/m2 corresponding (after subtracting Burtoﬁ's value of 00) to an
‘effective shear stress (t/G) of 3.3.10—6. This value of the applied'
shear stress falls in the.t;ansition region at the knee of the creep
curve of bulk aluminum; thick samples of coarse—gréined aluminum show
an apparent mixture of Hafper—DornAand climb-dominated creep at this
stress level. -However, Burton was unable to measufe a creep rate for
his specimen and reports creep rate zero.

Thevsecond coarse-gained specimen tested By Burton is described in
Section 5 of his paper. \Thé thickness of this foil is not given,_but_
the grain size is reported to be '\:104 pm. This sample was tested at an
applied load of 304 kNsz; corresponding to an effective shear stress
(t/G) of 5.1.10-6. Reference to the creep curve of bulk aluminum shows
that this value of the applied shear stress is well above the maximum
value at which Harper-Dorn creep is obser&ed. Thick samples of coarse-
grained aluminum show an appreciable creep rat€ governed by th? climb
mechanism at this stress level. However, Burton failed to observed

creep in his specimen and reports creep rate zero.




It is difficﬁlt'to base an& general conclusion on two data points
in créep, é&rticularly when‘the limit of resolution of the test apparatus
‘and thevfeproducibility of the results are'unkﬁownf However there are
only two pos;ibilities: eithgr the coarse-grained foils tested are thick
enough ;oiexhibit creep behavior typicalvoﬁ'bulk gluminum or they are not.
| If tﬁe foils are assumed thick their low creep rates may be attribut;

~able to_éxperimental problems, but certainly canﬁotibe used to question
the existehce of Harpér-Dornvcreep. As mentiohéd‘above, the igtter.foil
Qas testéd’at a load well aboye the maximum at which Harper-Dorn creep
is observed. At this load level. (t/G = 5.1.10;6) the cliﬁb mgchanism
actiﬁg alone would give a creep rate higher‘thgn four of the valﬁes B
measured by Burton in fine-grained spepimens; The other coarse-grained
f6i1 was tested at an applied‘sheér»stress which félls in the kneg of
thé creep curve. Agaip at thié 19ad level (t/G = 3.3.10—6) an  extra-
polation'of the curve repteseﬁting climb dominated creep of'aluminum -
1shows that the climb mechanism acting alone would cause a creep.rate
‘above at least one of the values measured by Bufton for thinner foils.
Burfon's reéults are ﬁérkedly inconsistent wi;h(the measured creep behavior
of Bulk.aluminum whether or not Harper-Dorn creep:exists. -

~" On the other hand thin foil effééts may be'responsible:for‘the low
creép rates ‘of these samples;_ The‘anngaling ér pinning of disibcations
at the free surfaces of a foil (which may be more significant in teéts
conducted in vacqum) should .influence tﬁe rate of creep by disiocation— '
dominated processés; and may have the effect of suppressing the raﬁe of
creep due to either thé ciimb or Harper-Dorn mé;hanism to values below

those measurable by Burton's technique.- In this context it is interesting
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that those of Burton's samples whicﬁ appear to have undergone creep by ' N
the climb-dominated mechanism exhibit‘creep(rates which are uniformly - .
below the(curye for.bulk aluminum (region II in figure 2). While therg
is,'unfortunéfely, only one relevaﬁé'datum point, the deviation froml

bulk behavior is more pronounced for the thinner of the two fine-grained

foils which appear to have crept by the climb ﬁechanism.
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Fig. 1 Data of three investigations of the low-stress, high

temperature creep

of coarse-grained aluminum.
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Fig. 2 The datd‘of Burton (1972) on the creep of' fine-grained
foils of aluminum in vacuum (datavpoints) compared to
creep behavior of aluminum in bulk samples (solid line).
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