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Abstract Creep experiments were conducted on single
crystals of very high purity aluminum to evaluate the
validity of the Harper—Dorn region of flow which occurs at
very low stresses and high homologous temperatures. The
results confirm the existence of a different flow process
under these conditions but with a stress exponent closer to
~ 3 rather than 1. Measurements show that the dislocation
density within this low stress region varies with stress in a
manner consistent with the behavior anticipated from an
extrapolation of data reported in the regime of conventional
power-law creep at high stresses. All of the experimental
results are in reasonable agreement with earlier published
data, including with the original data of Harper and Dorn
when their results are plotted without incorporating a
threshold stress.

Introduction

It is now well-established that the creep rate, &, occurring
under steady-state conditions in high temperature flow is
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dependent upon the applied stress, g, the absolute testing
temperature, 7, and the grain size of the material, d,
through a relationship of the form [1, 2]

. ADGb (b\" rg\n |
= (3) ) W
where D is the appropriate diffusion coefficient (equal to
D, exp (-Q/RT), where D, is the frequency factor, Q is the
activation energy, and R is the gas constant), G is the shear
modulus of elasticity, b is the Burgers vector, k is Boltz-
mann’s constant, p and n are the exponents of the inverse
grain size and the stress, respectively, and A is a dimen-
sionless constant. It follows from Eq. (1) that, for any
selected material and creep testing conditions, the strain
rate is determined exclusively by the values of Q, n, p,
and A.

Following Eq. (1), experimental creep data are generally
presented on logarithmic coordinates as the measured creep
rate versus the applied stress, where the slope of this type
of plot defines the magnitude of the stress exponent, n.
Over a range of intermediate stresses, experiments on
numerous pure metals and metallic alloys show that the
creep properties typically lead to stress exponents lying
within the range from 3 to ~6, where an exponent of
n = 3 is associated with a dislocation glide process [3] and
higher values of n are associated with control by a dislo-
cation climb process [4] where the precise value of the
stress exponent is dependent upon the stacking-fault energy
of the material. Experimental variations in the values of n
in this regime of intermediate stresses are associated with
well-established transitions between the glide and climb
processes in the creep of solid solution alloys where solutes
can segregate preferentially to the dislocations [5, 6].
Similar types of power-law creep are also observed over
wide ranges of stress in ceramic materials [7, 8].
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Although this region of power-law behavior typically
extends over a very wide range of stresses, at very low
stresses there is generally a transition to a flow regime in
which the stress exponent has a lower value and may be
equal to 1. This region of Newtonian viscosity is generally
associated with the occurrence of diffusion creep in which
plastic flow arises through the diffusion of vacancies from
areas having high vacancy concentrations to areas having
low vacancy concentrations. If the diffusion of vacancies
occurs through the crystalline lattice the process is known
as Nabarro—Herring diffusion creep [9, 10] and if diffusion
occurs along the grain boundaries it is known as Coble
diffusion creep [11]. The basic principles of these two
processes are now well-understood and they both lead to
flow occurring by Eq. (1) with n = 1 but with D = D, and
p = 2 for Nabarro-Herring creep and D = D, and p = 3
for Coble creep where D, and Dy, are the diffusion coef-
ficients for lattice and grain boundary diffusion,
respectively.

An important contribution in the field of high tempera-
ture creep occurred in 1957 when Harper and Dorn [12]
reported experimental data for pure (99.99%) aluminum
that were not consistent with the predictions of Nabarro—
Herring creep when conducting experiments at a very high
temperature of 920 K corresponding to an homologous
temperature of ~0.99 T,, where T,, is the absolute melting
temperature of the material. Shortly thereafter, similar
creep data were reported by Barrett et al. [13] and Mo-
hamed et al. [14] from experiments also conducted on pure
aluminum.

The results from these three sets of experiments are shown
in Fig. 1 where Eq. (1) has been rearranged so that the tem-
perature-compensated creep rate, ék7/DGb, is plotted against
the normalized stress, a/G: these results are plotted by putting
D equal to the coefficient for lattice self-diffusion given by
D, =186 x 107* exp (—143,400/RT) m? s~ ! for pure alu-
minum [15] with G = {(3.022 x 10*) — (16.0 x T)} MPa
for pure aluminum [15], b = 2.86 X 107'° m and with the
double-shear testing data of Mohamed et al. [14] converted to
normal stresses and normal strain rates using ¢ = 2t and
& = 27/3 where 7 and ) are the shear stress and the shear strain
rate, respectively. Following the procedure adopted by Harper
and Dorn [12], the results from their experiments are plotted in
Fig. 1 in terms of the applied stress minus a measured
threshold stress.

Several conclusions may be reached from inspection of
Fig. 1. First, the experimental data show a conventional
regime with n =~ 4.5 at the higher stresses but at low
stresses, equivalent to normalized stresses of /G < 1075,
there is a transition to a well-defined region with n ~ 1.0.
Second, all three sets of data are consistent, within the
limits of experimental scatter, in this low stress region
which extends through more than one order of magnitude
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Fig. 1 Normalized creep rate versus normalized stress showing the
early evidence for the occurrence of H-D creep [12,13,14] and the
predictions for Nabarro-Herring diffusion creep [9,10]: for the results
of Harper and Dorn [12], the values of stress denote the applied stress
minus a measured threshold stress

of normalized stress. Third, the results in the low stress
region are in agreement both for different polycrystalline
grain sizes of 3.3 and 9 or 10 mm and for data, shown by
the solid points, collected on single crystals. This agree-
ment between large-grained polycrystalline samples and
single crystals demonstrates that flow in this region has no
dependence on grain size so that p = 0 in Eq. (1). Fourth,
and most important, creep occurs in this region at rates
which are very significantly faster than the rates predicted
by Nabarro—Herring diffusion creep. This is illustrated by
the two lower lines which delineate the predicted rates for
Nabarro—Herring creep with grain sizes of 3.3 and 9 mm,
respectively. Thus, there is a discrepancy between the
predicted diffusional flow rate and the results obtained by
Harper and Dorn [12] of more than two orders of magni-
tude and there are even larger discrepancies for the other
two sets of data. It is important to note also that Coble
diffusion creep predicts even slower creep rates under these
conditions.

The results of Harper and Dorn [12] firmly established
the possibility of a new and heretofore undefined creep
mechanism occurring at low stresses and very high tem-
peratures and this creep behavior was later designated
Harper—Dorn (H-D) creep. Numerous subsequent experi-
ments have attempted to check or verify the occurrence of
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H-D creep and a detailed summary of these various data
was given in a recent review [16]. In broad terms, and
concentrating exclusively on experimental data reported
for metals at very high testing temperatures, there are
several results that are reasonably consistent with the
occurrence of H-D creep because they confirm the pres-
ence of a region having a lower value of n at low stresses
[17-27] but there are also other results where there is no
deviation to a region having a lower stress exponent at low
stresses so that they appear to negate the occurrence of
H-D creep [28-31].

The present experiments were initiated to address and
resolve the origins of this apparent dichotomy. Specifically,
the objective was to carefully conduct a series of long-term
creep tests at a high temperature and very low stresses, to
record the variation of creep strain as a function of time, to
deduce the steady-state creep rates and to make a direct
comparison with the published data. In view of the various
differences and discrepancies which are documented in the
published literature, a critical first-step was to select the
test material and to establish a well-defined and precise
testing procedure that avoided, as far as possible, any
ambiguities that may be inherent in the testing process.
Accordingly, the following section describes the testing
material and the creep testing routine, the next section
delineates the experimental results and the following sec-
tion compares the present data with results available in the
published literature.

Experimental material and procedures
Selection of the test material

All of the creep tests were conducted using very high purity
(99.999%) aluminum single crystals. Aluminum was
selected to provide a direct comparison with the very early
data summarized in Fig. 1. In addition, a very high purity
was an important prerequisite because earlier work by
Mohamed and coworkers [22, 24, 25] showed the occur-
rence of H-D creep in polycrystalline Al of 99.999% purity
but an absence of H-D creep when the purity was reduced
t0 99.99%. It is important to note in this respect that Harper
and Dorn [12] reported the use of polycrystalline Al with a
purity of 99.99% but Mohamed [27] noted recently that the
purity may have been higher than originally reported and/
or the dislocation density may have been very low after
annealing, where the latter condition is also conducive to
the occurrence of H-D creep. Single crystals were selected
for two reasons. First, the absence of grain boundaries
necessarily precludes both the influence of Nabarro—Her-
ring diffusional creep and the occurrence of any erroneous
effects due to grain growth. Accordingly, it is reasonable to

assume that any experimental deviation to a lower stress
exponent in single crystals at low stresses is due unam-
biguously to the occurrence of an intragranular dislocation
flow process. Second, it is reasonable to anticipate a con-
sistency with H-D creep when using aluminum single
crystals because the very early data also included some
limited tests on Al single crystals as shown by the solid
points in Fig. 1. All of the single crystals were creep tested
in compression using samples having a [100] orientation
parallel to the compressive axis. This orientation was
selected because it gives eight separate slip systems having
a Schmidt factor of ~0.41 thereby providing a potential
for more uniform deformation by comparison with other
orientations.

The single crystal material was provided by MaTeck
GmbH (Juelich, Germany). A spectrographic analysis
revealed the following impurities in ppm: Na 0.5, Zn 0.5,
Mn 0.2, Si 1.0, Cu 1.0, Ti 0.2, Mg 1.0, Fe 2.0, and Cr 0.2.
The as-received material was in the form of a long cylin-
drical rod having a diameter of 25 mm and a length of
125 mm. A large diameter was selected specifically to
minimize any size effects or adverse effects due to surface
oxidation.

An important additional consideration in compression
testing is the shape, and especially the height to diameter
ratio, of the creep samples. It is well-established that if the
height to diameter ratio is high then the samples will
deform by buckling whereas if the ratio is low, as with
cubic samples, the flow behavior is influenced by end
effects due to the restricted slip occurring in the areas
where the sample surfaces impinge on the loading platens
[32]. For the present tests, the rod of single crystal was
glued within a special brass holder using a nonreactive
polymer and cylindrical samples were then cut using a
slow-speed saw having a thickness of 0.5 mm. Both flat
ends were subsequently ground on grit papers to ensure
they were perpendicular to the long axis. The cylindrical
creep samples had aspect ratios, corresponding to the
height/diameter dimensions, between ~1.6 and 1.7.
Finally, the samples were electro-polished at room tem-
perature using a solution of 10% perchloric acid and 90%
acetone.

Prior to creep testing, the samples were placed in the
creep testing facility and annealed in air at 913 K for
~50 h under a very low load of ~0.0002 MPa. This low
load was needed to maintain contact between the sample
and the loading platens. The annealing was conducted both
to remove any stress effects that may have been introduced
during the sample preparation and to ensure a very low
dislocation density since this is an important prerequisite
for the occurrence of H-D creep [24, 27].

By carefully following these various steps, it is rea-
sonable to assume that the test samples were in an ideal
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condition to reveal the presence or absence of H-D creep in
subsequent compression testing at low stresses and very
high temperatures.

Creep testing

All of the creep tests were conducted in air at a temperature
of 913 K, with the temperature continuously monitored and
maintained constant at the desired value to within £+ 1 K.
This temperature corresponds to 0.98 T,,, and it is similar to
the temperatures used in many other investigations of H-D
creep. Ceramic Al,O; platens were inserted in the creep
testing facility immediately above and below the test
sample and boron nitride was used as a lubricant between
the sample and the platens in order to reduce any frictional
effects. The creep testing facility operated under conditions
of constant load but the absence of constant stress condi-
tions is not significant at the very low strains inherent in
these experiments. By using the boron nitride lubricant at
either end of the sample, it was confirmed that there was
very little barreling of the specimens at least over the
strains incorporated in these tests.

Due to the very low stresses employed in these experi-
ments (typically ~107® to 107> G), extreme care was
needed in order to obtain an accurate measure of the creep
strain. Accordingly, almost all tests used a laser system to
provide a continuous measure of the creep strain through-
out each test. For this procedure, two TiO, strips were
placed on the sample surface close to and parallel to the
upper and lower edges of the sample and the separation
between these strips was taken as the gauge length for
subsequent strain measurements. A boron window in the
furnace wall permitted the laser beam to impinge directly
onto the sample. The displacement between the TiO, strips
was measured using the laser and this information was used
as input for a computer to provide a continuous permanent
record of the strain displacement. In some early tests, the
strain was measured using a regular linear voltage dis-
placement transducer attached close to the ends of each
sample. There were no apparent differences between these
two types of measurement.

Several of the tests were conducted using a single con-
stant load. Some additional tests were also conducted
where the stress was changed abruptly either upward or
downward during the test. Both types of testing yielded
similar results and there were no apparent differences in the
measured steady-state strain rates.

Microstructural study
In order to observe the dislocation microstructure associ-

ated with creep at very low stresses, etch pit studies were
conducted on both annealed samples and samples
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deformed under creep conditions. All microstructural
observations were performed on the [100] plane.

All samples were electropolished at room temperature
using 90% acetone and 10% perchloric acid and they were
then etched for 6-8 s using a solution of 50% HCI, 47%
HNOs;, and 3% HF. The etched surfaces were observed
using an optical microscope at various magnifications. In
order to minimize the introduction of any artifacts, the
etching was always performed immediately following the
electropolishing. Typical photomicrographs of the etched
surfaces were recorded both at randomly selected points
and along linear traverses. These photomicrographs were
used to provide a measure of the dislocation density, p,
through the relationship [33]

-2 @)

where N is the total number of etch pits appearing within an
area A'.

I

Experimental results
Creep properties

Creep tests were conducted over a range of stresses to
include both the power-law regime where n = 4.5 but with
special emphasis on the low stress region where there is a
potential for achieving H-D creep.

Figure 2 shows an example of a test conducted with
stress changes where (a) shows the creep strain as a
function of the testing time and (b) replots the data in terms
of the instantaneous strain rate as a function of the strain, &.
Although this test shows almost an immediate steady-state
condition from zero strain at the lower stress of 0.03 MPa,
several tests showed the occurrence of short regular pri-
mary stages of creep in which the strain rate gradually
decreased to an essentially steady-state value. This
behavior is consistent with many earlier experiments under
similar testing conditions including in the earliest experi-
ments by Harper and Dorn [12]. Several conclusions may
be drawn from the data in Fig. 2. First, the creep behavior
is regular and consistent even up to a strain of >0.012 and
for times up to ~5 x 10° s corresponding to ~ 58 days.
Second, similar strain rates are achieved when the stress is
cycled upward and downward between different values as,
for example, between 0.046 and 0.058 MPa. This repro-
ducibility with strain confirms that flow is occurring under
reasonably steady-state conditions. Third, the transient
following the initial increase in stress from 0.03 to
0.046 MPa is consistent with the transients observed in
conventional power-law creep for pure Al tested under
conditions where dislocation climb is the rate-controlling
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Fig. 2 (a) Strain versus time for a single crystal tested in compres-
sion at 913 K with abrupt changes in the applied stress and (b) the
corresponding plot of the instantaneous strain rate versus strain

process [34]. The presence of this transient suggests,
therefore, the occurrence of some form of dislocation flow
process.

The experimental data are recorded in Fig. 3 in a loga-
rithmic plot of steady-state creep rate versus stress. Also
included in Fig. 3 are the line delineating the anticipated
behavior for dislocation power-law creep with n = 4.5 at
913 K and the line delineating the behavior for H-D creep.
Three conclusions may be drawn from these results. First,
all of the results are mutually consistent and the small
experimental scatter is less than a factor of 2 on the strain
rate axis. Second, the points recorded at the highest stresses
lie along the anticipated line with n = 4.5, thereby con-
firming the occurrence of dislocation climb as the rate-
controlling process at the highest stresses. Third, there is a
clear deviation from the line for n = 4.5 at stresses lower
than ~0.1 MPa and within this low stress regime the stress
exponent is close to ~3.1. It is reasonable to conclude that
these results at the lower stresses represent a genuine creep
behavior because earlier experiments on large-grained
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Fig. 3 Steady-state creep rate versus stress for tests conducted on
very high purity aluminum single crystals at 913 K

polycrystals using the same experimental facility gave
datum points lying along the n = 4.5 line even at creep
rates down to ~107% 57! [35]. These latter results are
reasonable for the large-grained polycrystals because the
purity of these samples were only 99.97% and this level of
purity is insufficient to reveal the H-D creep regime at the
lowest stresses [27].

Microstructural observations

Microstructural observations were undertaken to measure
the dislocation densities in samples tested within the low
stress regime. These measurements are important because
early data by Barrett et al. [13] suggested the dislocation
density may remain reasonably constant and independent
of the applied stress within the H-D region.

An example of the etch pits revealed after creep testing
is shown in Fig. 4 for a sample tested to a strain of 0.05
through stresses of 0.075, 0.120, 0.068, and 0.095 MPa,
respectively. A first important observation is that no sub-
grains were visible in any of the specimens prepared by
etching after creep testing within the low stress region. The
results for the dislocation densities are shown in Fig. 5
plotted as the dislocation density, p, versus the normalized
stress, ¢/G: also included in Fig. 5 are various other sets of
data reported after testing pure Al both within and outside
of the H-D region [13, 14, 22, 36, 37] and Al-5% Zn
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Fig. 4 Etch pits in a sample tested to a strain of 0.05 through stresses
of 0.075, 0.120, 0.068, and 0.095 MPa, respectively

outside of the H-D region [38], where the vertical broken
line denotes the anticipated transition from H-D creep to
conventional power-law creep with n = 4.5. In the present
investigation, etching revealed both a set of relatively large
well-defined etch pits and also many smaller etch pits that
were less well-defined. However, individual measurements
of the large pits and of all pits showed that both sets of
datum points varied with stress in essentially an identical
manner. Figure 5 also includes the measurements of Bar-
rett et al. [13] which purport to show a dislocation density
that is independent of stress within the H-D region.

It is apparent that all of the datum points in Fig. 5,
including the present results for very high purity Al single
crystals, lie within a narrow band that extends to the
measurements recorded in the conventional 5-power-law
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Fig. 5 Dislocation density versus normalized stress showing data

measured in the present experiments and in other experiments on pure
Al [13, 14, 22, 36, 37] and Al-5% Zn [38]
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region at high stresses for the Al-5% Zn alloy [38]. Since
this plot has a slope of 2, it follows that the dislocation
density is given by

o \2

0 =(G5) )
where W is a constant. Equation (3) was first derived in a
detailed analysis of data from high temperature creep exper-
iments by Bird et al. [1] where it was shown that the value of
¥ is of the order of ~ 1 for a number of different metals. A
similar value of ¥ &~ 1 was derived also for ceramics and
geological materials [8]. For the present experiments shown in
Fig. 5,p ~ 10’ m~2 when ¢/G ~ 10~ °so that, incorporat-
ing the Burgers vectorof b = 2.86 x 10" m, it follows that
Y ~ 1 which is in excellent agreement with these earlier
studies that were taken outside of the H-D region.

Although the early data of Barrett et al. [13] suggested a
constant dislocation density within the H-D region, the
present results suggest instead that the dislocation density
decreases with decreasing stress within this new creep
region and these dislocation densities are fully consistent
with those anticipated in conventional power-law creep.

Discussion

The results from the present tests, conducted on very high
purity aluminum single crystals, reveal the presence of a
new creep regime at the lowest stresses but the results
differ from conventional H-D creep because the stress
exponent is closer to n =~ 3 rather than n = 1. It is
important therefore to compare these results with the ear-
lier published data obtained in the testing of Al samples.
The following section provides a direct comparison with
the early data of Harper and Dorn [12] and the two sub-
sequent sections compare these results with earlier data that
were either not consistent with, or consistent with, the
occurrence of H-D creep.

Comparison with the data of Harper and Dorn [12]

In order to make a direct comparison between the present
results and those of Harper and Dorn [12], it is first nec-
essary to normalize all of the results to a single testing
temperature. It is evident from Eq. (1) that, since the value
of G cancels when n = 1, the temperature dependence of
the creep rate is determined exclusively by the relevant
values of the diffusion coefficient, D, where this neglects
the trivial dependence on temperature incorporated within
the term of 1/T. Taking D = D, and using the value for D,
given earlier [15], the present creep data and the results of
Harper and Dorn [12] were normalized to a representative
temperature of 923 K.
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the present investigation and in the early experiments of Harper and
Dorn [12] with the data normalized to a temperature of 923 K

Figure 6 shows a direct comparison between the early
data of Harper and Dorn [12] and the present experiments
plotted in the form of the instantaneous creep rate against
the measured strain, where the vertical lines labeled 2
denote a variation by a factor of two in strain rate for two
sets of tests conducted at almost identical applied stresses.
It should be noted that most of the early tests by Harper and
Dorn [12] were extended only to total strains of less than
0.01 whereas the present experiments were continued to
higher strains. Nevertheless, despite the severe limitation
on strain in the work of Harper and Dorn [12], there is an
excellent consistency between these two sets of data. Thus,
at an applied stress of 0.071 MPa the present results are
consistent with an extrapolation of the early data obtained
at an applied stress of 0.073 MPa. Similarly, at 0.030 MPa
in the present investigation the strain rates are consistent
with the data of Harper and Dorn [12] at a stress of
0.028 MPa but the earlier tests were terminated at a very
low strain and therefore the measured minimum strain rate
was higher than the steady-state creep rate recorded in the
present investigation.

The general consistency between the early data of
Harper and Dorn [12] and the present results when plotted,
as in Fig. 6, as strain rate versus strain for individual
samples suggests there should be a correlation between the
two sets of measured creep rates when plotted in the con-
ventional form as strain rate versus normalized stress. The
result is shown in Fig. 7 where the open circles denote the
present data and the remaining points are taken from the
investigation of Harper and Dorn [12] using two different
plotting routines. In the original work of Harper and Dorn,
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Fig. 7 Steady-state creep rate versus normalized stress for the
present results and the early data of Harper and Dorn [12] with and
without the incorporation of a threshold stress, o,

they reported the occurrence of a negative strain at a tensile
stress, g,, of ~0.02 MPa and accordingly they concluded
there was a threshold stress due to the presence of a surface
tension effect between the surface of aluminum, an oxide
layer of Al,O3 and the surrounding air. In order to avoid
this problem, they plotted their creep data in terms of
the creep rate versus the net stress acting on the samples,
(6 — 0,). These points are shown by the solid inverted
triangles in Fig. 7 and they delineate the classic region of
H-D creep with a slope of n = 1. It is apparent that these
results are reasonably consistent with the present data at
values of o above ~0.1 MPa but at lower stresses there is a
marked deviation between the two sets of data.

In the present experiments there was no evidence for any
threshold stress and this was demonstrated by plotting
strain rate against stress on linear axes and showing the
data extrapolate to zero strain rate at zero stress. However,
the incorporation of a threshold stress into the plot of
Harper and Dorn [12] has a critical effect on the data
because the value of g, becomes of major significance at
these very low stresses. This is illustrated in Fig. 7 where
the same creep data of Harper and Dorn [12] are replotted
in terms of the true applied stress, o, as shown by the open
squares: for convenience, the individual values of ¢ are
shown on the upper axis for a testing temperature of 923 K.
When plotted in this form, there is a reasonably good
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agreement between the early data and the present results
and the H-D region is now reduced to a regime where
n =~ 3 rather than n = 1.

Comparison with experiments showing no evidence
for H-D creep

Figure 8 shows the present experimental data as solid
points with additional results given as open points which
were reported for samples of polycrystalline pure A1 where
there was no evidence for H-D creep [30, 39, 40]. It is
apparent that the two sets of data are in agreement within
the power-law creep regime where n = 4.5 but at lower
stresses the other data show no evidence for a new creep
regime and instead all of the datum points lie on the
extrapolation of the line for n = 4.5.

There are two probable explanations for this difference.
First, some of the other results used samples of 99.99%
purity [30, 40] which may be insufficient to reveal H-D
creep. Second, all of the other tests were conducted in
compression using specimens with low aspect ratios equal
to, or very close to, 1.0. It is well-known that creep is
generally inhibited in these short samples because of the
end effects which constitute a large fraction of the samples
[32].
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Fig. 8 Normalized creep rate versus normalized stress for the present

investigation and for earlier data showing no evidence for H-D creep
[30, 39, 40]
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Comparison with experiments showing evidence
for H-D creep

The early work of Barrett et al. [13] confirmed the occur-
rence of H-D creep and reported creep rates that were
similar to those reported by Harper and Dorn [12]. These
data are plotted in Fig. 9 together with the present results
which are again shown as solid points. Although there is
some scatter in the experimental points, these results are
consistent with the present data except at the two lowest
stresses, up to ~0.03 MPa, where the measured creep rates
are anomalously high.

A second example is shown in Fig. 10 where the
instantaneous creep rate reported by Mohamed and Ginter
[22] is plotted against strain for a creep test conducted at
923 K using a stress of 0.050 MPa: these results were
obtained in double-shear testing and the data were con-
verted to the normal strain rate and normal strain using
o =2t and & = 27/3. Also shown in Fig. 10 are results
obtained from the present experiments, normalized to a
temperature of 923 K, for an applied stress of 0.053 MPa.
The two vertical lines delineate factors of 2 and 3 on the
strain rate axis and it is apparent that these two sets of data
are in agreement to within a factor of 3. This agreement is
excellent when it is noted that the two different tests were
performed on a polycrystalline aluminum using double-

o (MPa) at 923 K

) 107 10" 10°

10"

£ Pure Al 3

 ® Present Investigation b

10° | v Barrett et al (1972) i

- . E

i . ]

10°F 3

"o 107k J

. w E 3

10°F .- E

F H-D Line .-~ E

r V4 ]

10°F E

r n=3 "n=45 1

10'10 1 ol 1 el 1 L4111l
107 10° 10° 10

/G

Fig. 9 Steady-state creep rate versus normalized stress for the
present results and the early data of Barrett et al. [13]
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Fig. 10 Instantaneous strain rate versus strain for a test conducted in
the present investigation and early data reported by Mohamed and
Ginter [22] normalized to a temperature of 923 K

shear testing and on a single crystal of aluminum tested in
compression, respectively. A direct comparison with the
data of Mohamed and Ginter [22] is shown in Fig. 11
where the present results are again given by the solid
points. These results show excellent agreement for both
investigations.
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Fig. 11 Steady-state creep rate versus normalized stress for the
present investigation and the early data of Mohamed and Ginter [22]
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Fig. 12 Steady-state creep rate versus normalized stress for the
present investigation and early data reported by Harper and Dorn [12]
where the threshold stress is neglected and Barrett et al. [13],
Mohamed and Ginter [22], and Ginter et al. [24]

Finally, it is of interest to compare the present creep data
with all of the results available for pure Al to date showing
evidence for a change in creep mechanism at the lowest
stress levels. This plot is given in Fig. 12 where the present
results are denoted by the solid points and the remaining
points show the results of Harper and Dorn [12] plotted
without including a threshold stress and the later results
reported by Barrett et al. [13], Mohamed and Ginter [22]
and Ginter et al. [24]. The solid line denotes the transition
from n = 4.5 at the higher stresses to an apparent slope of
n = 3 within the H-D region and the other lines delineate
an extrapolation of the line for n = 4.5, the anticipated
behavior for n = 2 and the anticipated behavior withn = 1
based on the original data of Harper and Dorn [12]. All of
these results are in reasonable agreement and, despite some
scatter in the positions of the individual points, they tend to
lie within the range fromn ~ 2 ton ~ 3.

The general conclusion from these experiments is that
there is a regime associated with a different creep mech-
anism when testing very high purity aluminum at high
homologous temperatures and very low stresses. Never-
theless, the stress exponent within this region appears to be
higher than n = 1 as originally reported by Harper and
Dorn [12]. The present results suggest instead that the
stress exponent is closer to n &~ 3 within this low stress

@ Springer
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region. It is interesting to note that this conclusion is
consistent with very recent creep data obtained for other
materials suggesting stress exponents >1 at very low
stresses in high purity (99.999%) Pb [27] and n ~ 2 in
OFHC Cu [26] where both materials were tested at high
homologous temperatures.

Summary and conclusions

1. A series of compressive creep experiments were con-
ducted on very high purity aluminum single crystals to
evaluate the role of Harper—Dorn creep at high
homologous temperatures. The results confirm the
occurrence of a different creep behavior at low applied
stresses but with a stress exponent closer to n ~ 3
rather than the traditional value of n = 1.

2. The dislocation densities measured from etch pits after
creep testing within this low stress region are consis-
tent with the behavior anticipated from a direct
extrapolation of similar dislocation density data
recorded in the conventional power-law region at high
stresses.

3. When plotted as the steady-state creep rate against the
normalized stress on logarithmic axes, the present
results are in good agreement with most of the earlier
experimental data for high purity aluminum including
with the early results of Harper and Dorn when their
data are plotted without including a threshold stress.
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