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Constant-load indentation tests were performed on wrought-2024, P/M-2024, and wrought-1100
aluminum alloys to assess the capability of the microindentation testing technique for
measuring the high-temperature deformation rate controlling parameters of these alloys. The
three alloys all display threshold indentation stress σ th below which the indentation strain rate
ε̇ind approaches zero. The nominal inter-obstacle spacing, �∗, calculated from σ th, increases with
temperature in a way that is consistent with the known temperature dependence of the
inter-particle spacing and dislocation cell size. The measured activation energy �Go of ε̇ind
increases with temperature but remains within the range that is typical of deformation that
occurs by dislocation glide limited by weak particles or dislocation/dislocation interactions. The
three alloys tested show different trends of �Go versus �∗ and the trends are consistent with
the known temperature dependence of the obstacles to dislocation glide.

This study demonstrates that high-temperature indentation tests are sufficiently precise to
detect changes in the operative deformation parameters between different alloys of the same
general composition. This lays the groundwork for the use of this technique as a general tool
for studying the local high-temperature deformation of a wide range of metal-based systems.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Micro-indentation tests performed with pyramidal inden-
ters under constant indentation load conditions have been
used for many years to measure characteristics of the
time-dependent plastic deformation of materials [1–13].
Interpretation of the dependence of the average indenta-
tion strain rate ε̇ind upon the average indentation stress
σ ind and the temperature is difficult because of the com-
plex distribution of stress around the indentation. Many
of the past investigators [5–12] have invoked the as-
sumption of a steady-state indented microstructure to in-
terpret the observed dependence of ε̇ind upon σ ind and
T . High-temperature pyramidal indentation creep tests
performed on ductile metals have shown that this as-
sumption is largely inconsistent with the measured data
since both the apparent power-law dependence of ε̇ind

∗Author to whom all correspondence should be addressed.

upon σ ind and the apparent thermal activation energy
of ε̇ind are usually much larger than what would be ex-
pected if the deformation were to occur by a steady-
state climb-limited dislocation glide process. This is de-
spite the fact that such a process is known to operate
during constant uniaxial stress creep of these metals.
This finding is not surprising since the local indenta-
tion stress state is nonuniform and decreases continuously
with time: Moreover, indentation creep tests are of shorter
time duration than conventional constant uniaxial stress
tests.

Li et al. [6] have demonstrated that much of the pub-
lished indentation creep data from such tests can best be
described in terms of deformation by the mechanism of
dislocation glide limited by discrete obstacles. The shear
strain rate γ̇ resulting from such a deformation mechanism
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when operating under a constant uniaxial shear stress is
expressed as

γ̇ = γ̇0e
−�G(τ )

kT (1)

where γ̇0 is a material constant, of the order 106 sec–1

[14], �G(τ ) is the thermal energy required for a dis-
location to overcome an obstacle, and k and T have
the usual values. The form of this equation does not
presuppose steady-state deformation since �G(τ ) is vari-
able; under steady-state deformation conditions, �G be-
comes constant. Other researches have used Equation 1
to describe the strain-rate sensitivity of σ ind during room-
temperature indentation of several common ductile metals
[15–18].

The average indentation stress, for mechanically
isotropic metals, can be related to an equivalent inden-
tation shear stress as [6]

τind = σind

3
√

3
(2)

where σ ind is defined as the indentation force/the projected
area of the indentation. The nominal equivalent indenta-
tion shear strain rate can be expressed, for this type of
material, in terms of the indentation depth h and velocity
ḣ as

γ̇ind =
√

3ε̇ind =
√

3
ḣ

h
(3)

An indentation test performed at high temperature with
a pyramidal shaped indenter subjected to constant inden-
tation force will display decreasing γ̇ind and τ ind with in-
creasing time. Equations 2 and 3 allow the data from such
tests to be applied to Equation 1 to determine �G(τ ). The
resulting plot of �G(τ ) versus τ ind depicts the dislocation-
obstacle interactions that govern the indentation strain
rate. These interactions could change in strength and spac-
ing, and hence �G could change, while the indented mi-
crostructure evolves in the early stages of the indenta-
tion tests. The �G(τ ) versus τ ind profile will reflect this
evolution.

A characteristic feature of constant-load pyramidal in-
dentation creep tests is that they display a threshold in-
dentation stress σ th below which ε̇ind becomes immea-
surably small. Differences in σ th between the materials,
tested with the same indenter geometry at the same h,
will indicate differences in the deformed microstructure.
The microstructural factors that influence σ th are related
to the strength and spacing of the discrete obstacles that
limit the dislocation glide process.

We report here the results of a study of the dependence
of σ th upon T and the dependence of ε̇ind upon σ ind and
T of three aluminum alloys tested over the temperature
range from 473 to 833 K. The alloys are of different
chemical compositions and fabrication routes. The ob-
jective of the study is to determine if high-temperature

T AB L E I Chemical composition and average grain diameter of the P/M
2024, Wrought 2024 and Wrought 1100 Al alloys

P/M 2024 Al Wrought 2024 Wrought 1100
Elements (wt.%) Al (wt.%) Al (wt.%)

Cu 4 3.8 – 4.9 0.05 – 0.2
Mg 1.4 1.2 – 1.8 –
Mn 0.4 0.3 – 0.9 0.05
Fe – 0.5 0.5
Zn – 0.25 0.1
Si – 0.5 0.5
Ti – 0.15 –
Cr – 0.1 –
Al Bal. Bal. Bal.
Average grain

diameter (± 1
stand. Dev.)

8.5 ± 1.1 µm 8.6 ± 3.7 µm 93.6 ± 13.3µm

constant-load pyramidal indentation is sufficiently precise
to detect differences in the microstructural parameters that
govern the time-dependent deformation of three different
aluminum alloys.

2. Procedure
This study was performed on three aluminum alloys; one
of 1100 composition and two of 2024 composition (Ta-
ble I). The 1100 alloy and one of the 2024 alloys were
fabricated by conventional liquid metal-based techniques.
We refer to these as the wrought aluminum alloys. The
second 2024 alloy was fabricated by a solid-state Powder
Metallurgy (P/M) technique [19]. We refer to this as the
P/M aluminum alloy. These alloys were chosen for this
investigation because their microstructure is very well
known over the temperature range used in this study. The
alloys were all solution treated at 773 K and cooled slowly
to room temperature prior to testing.

Fig. 1 shows the grain structure and inclusion distribu-
tion at room temperature of the three alloys. The starting
average grain size of all the alloys is given in the Table I.
The wrought 1100 aluminum alloy contains a distribution
of iron-rich inclusions that are relatively large, greater
than 1 µm diameter. The wrought- and the P/M-2024
aluminum alloys contain large, 2–3 µm diameter, CuAl2
particles located on the grain boundaries and smaller, less
than 1 µm diameter, CuAl2 particles located throughout
the interior of the grains. The P/M 2024 alloy also con-
tains oxide inclusions, approximately 3 µm in diameter,
that are located along the grain boundaries. These oxides
result from the solid-state fabrication process. The chem-
ical composition of these particles was confirmed with
analytical scanning electron microscopy.

High-temperature indentation tests were performed, on
polished surfaces of each of the three alloys, with a Mi-
crotest II micro/nano indentation hardness tester (Micro
Materials Ltd., Wrexham, UK) [20–22]. The instrument
consists of a vertically mounted ceramic pendulum with
a Berkovich diamond indenter attached to the lower end
and an electromagnetic actuator attached to the upper end.
The actuator causes the pendulum to rotate about a pivot
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Figure 1 Optical Micrographs of the etched microstructure at room temperature of (a) the wrought 2024 aluminum alloy, (b) the P/M 2024 aluminum alloy,
and (c) the wrought 1100 aluminum alloy. All the materials have an average grain size between 10 and 100 µm. The materials all contain inclusions; in the
case of the 2024 alloys these inclusion are primarily of CuAl2 composition while, in the case of the 1100 alloy, they are Fe-rich inclusions.

located at its mid-length. A parallel-plate capacitance dis-
placement gauge attached behind the indenter records the
indentation depth. The test sample is attached to an electri-
cal heating stage located in front of the indenter. Thermal
insulation surrounds the indenter and the specimen.
The instrument is located in a temperature-controlled
cabinet that rests upon an air table. A mildly reducing
atmosphere of Ar-2% H2 is maintained within the cabinet

during the indentation tests to limit oxidation of the
sample.

Between 8 and 20 constant-load indentation tests were
performed on each alloys at each of the test temper-
atures. The two 2024 aluminum alloys were tested at
473, 573, 673, 773, and 833 K. This spans the temper-
ature range up to the solidus temperature including the
single-α phase and the two-phase α + CuAl2 regions.
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Figure 1 Continued.

The 1100 aluminum alloy is in the single-α phase at all
temperatures up to the melting temperature and indenta-
tion tests were therefore only performed at 573, 673, and
773 K.

The indentation tests were all performed in order of
ascending temperature and the samples were not cooled
between testing at each temperature. The samples were
held at each temperature for approximately five hours in

Figure 2 Optical micrograph of several indentations made on the wrought 1100 aluminum alloy. The left-most column of indentations was made at 573 K,
the middle column was made at 673 K, and the right-most column was made at 773 K. The indentations made at the higher temperatures are larger because
the indentation strain rate was higher during the 100 s constant load period of these tests. The small indentations located between the large indentations were
made by the indenter to locate the surface of the test material.
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Figure 3 Indentation force F versus indentation depth h of an indentation made, on the P/M 2024 aluminum alloy, at each of the five test temperatures. The
curves indicate the softening of the test material with increasing temperature. The horizontal section of each curve indicates the change in h resulting during
the 100 s constant load period of the tests.

order to achieve thermal equilibrium before indentation
tests commenced.

Each indentation test began with the application of the
indentation force at a rate of 50 mN/s until an indentation
depth of between 11 and 13 µm was attained. The inden-
tation load was then held constant for 100 s during which
time the indentation depth was recorded at half-second in-
tervals. All indentation depth data were corrected for the
effects of thermal drift in the indentation depth signal and
load frame compliance. Fig. 2 shows indentations made at
573 K, 673 K, and 773 K on the wrought 1100 aluminum
alloy. The indentations all showed small amounts of metal
pileup which became visible only at a higher magnifica-
tion than that in Fig. 2. The curvature of the indentation

edges that results from metal pileup remained approxi-
mately constant, relative to the length of the indentation
edge, at all the temperatures tested.

3. Results
Typical data obtained from the indentation creep tests are
shown in Figs. 3 and 4 where the results from one test
performed on the P/M 2024 aluminum alloy at each of
the five test temperatures are depicted. The indentation
force F is plotted versus indentation depth h in Fig. 3
while Fig. 4 shows h versus time t during the constant F
segment of the tests.

Fig. 5 indicates ε̇ind versus σ ind = F/24.5 h2 for the tests
shown in Figs. 3 and 4. The indentation threshold stress

Figure 4 Indentation depth h versus time t during the 100 s constant load segment of the indentation tests shown in Fig. 3. The curves indicate the increasing
h, resulting from increasing indentation creep, as the test temperature and testing duration increase.
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Figure 5 Logarithmic plot of the average indentation strain rate ε̇ind (Equation 3) versus indentation stress σ ind over the constant load segments of the tests
shown in Figs. 3 and 4. The trends shown by the data are extrapolated to determine the threshold stress σ th corresponding to ε̇ind = 10−6 sec.–1

σ th was approximated as the stress corresponding to ε̇ind

= 10–6s–1. Fig. 6 shows σ th, normalized to the elastic
shear modulus µ of pure aluminum, versus T for the three
aluminum alloys tested. The following equation was used
to calculate µ in units of MPa [14]

µ = 25400

(
1 − 0.5(T − 300)

933

)
(4)

All the materials display decreasing σ th/µ with in-
creasing temperature. The two 2024 alloys show sim-
ilar dependence of σ th/µ upon T and their values of
σ th/µ are greater, at any given temperature, than that
of the wrought 1100 alloy. The variability in σ th/µ for
tests performed at the same temperature results from:

1) uncertainty in the extrapolated value of σ th and
2) the non-homogeneous microstructure of the indented
material.

The data in Fig. 6 are consistent with the findings re-
ported from previous studies which have shown that a fi-
nite σ th is generally present during uniaxial tensile testing
of dispersion-strengthened ductile metals, including the
2024 aluminum alloy, and σ th/µ decreases with increas-
ing temperature [23]. The 2024 aluminum alloys show
higher values of σ th/µ than the wrought 1100 alloy par-
ticularly at the lower temperatures. The 2024 alloys have
at higher number of dispersed particles, present as CuAl2
and embedded oxides, in the microstructure compared to
the wrought 1100 aluminum alloy. The relationship be-
tween σ th and the microstructure of the three alloys is
discussed further in Section 4.1.

Figure 6 The threshold indentation stress σ th, normalized with respect to the elastic shear modulus µ (Equation 4), versus temperature for all the indentation
creep tests performed in this investigation.
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Figure 7 Logarithmic plots of average indentation strain rate ε̇ind versus effective indentation stress σ eff (Equation 5) for eight indentation creep tests
performed at the highest and the lowest temperatures tested for (a) the wrought 2024 aluminum alloy, (b) the P/M 2024 aluminum alloy, and (c) the wrought
1100 aluminum alloy. The curves for all the materials show increased non-linearity at the lower test temperatures.

The presence of a measurable σ th for all the aluminum
alloys indicates that ε̇ind is driven by an effective indenta-
tion stress that can be expressed as

σeff = σind − σth (5)

Fig. 7 shows logarithmic plots of ε̇ind versus σeff
for single indentation tests performed at 473 K and
833 K on the two 2024 aluminum alloys and at 573
and 773 K on the wrought 1100 aluminum alloy. These
are the upper- and lower-temperature limits of the tests
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performed in this study. The materials all show nonlinear
logarithmic trends of ε̇ind versus σ eff eff with the degree
of non-linearity increasing as T decreases. While ε̇ind is
of the same order of magnitude as the steady-state strain
rate of polycrystalline Al, tested at the same temperatures
and levels of effective stress as this study (see Pg. 26 of
Reference. 14), the nonlinear logarithmic trends shown in
Fig. 7 suggest that a steady-state microstructure does not
exist during the indentation tests. This is particularly true
at the lower temperatures when the trend of the log (ε̇ind)
versus log (σ eff) is clearly nonlinear. This fundamental
difference precludes detailed comparison of the stress-
and temperature-dependence of ε̇ind with previously re-
ported steady-state creep rate data.

4. Discussion
The results presented above indicate that differences exist
in the magnitude of σ th and the dependence of ε̇ind upon
eff for the three aluminum alloys tested. The data also
suggest that steady-state deformation does not exist dur-
ing these indentation tests, particularly at the lower tem-
peratures. We now calculate the nominal inter-obstacle
spacing �∗ from the measured σ th and evaluate the ac-
tivation energy �Go of the deformation rate controlling
obstacles at the point when σ th occurs. These parameters
approximate those related to the steady-state microstruc-
ture in the indentation plastic zone of the materials since
ε̇ind is very small, and no longer changing rapidly, when
σ th is measured at the end of each test. We discuss the
temperature-dependence of �∗ and �Go and compare the
values amongst the three alloys. We attempt to demon-
strate that the changes in these parameters with temper-
ature reflect the known changes in the microstructure of
the three aluminum alloys.

4.1. The nominal inter-obstacle spacing �∗
Since all the indentation creep tests were performed with
the same, geometrically self-similar, Berkovich indenter
at approximately the same indentation depth (h = 11 to

13 µm), the average strain state beneath the indenter, at
any given temperature, will be quite similar for all the
tests. Under these conditions, differences in σ th from one
alloy to another reflect differences in the microstructure
of the indented materials. If one considers the operative
dislocation-obstacle interaction to involve some variation
of the mechanism of Orowan bowing of dislocations be-
tween rigid obstacles, the inter-obstacle spacing � will be
inversely related to σ th and can be expressed as

� = Ab
µ

σth
(6)

where A is a constant and b is the Burgers vector. The
magnitude of A is not known since it will depend upon
the indenter geometry. We therefore assign A = 1 for
all the materials tested and refer to �∗ as the “nominal”
inter-obstacle spacing �∗.

The nominal inter-obstacle spacing is plotted versus
temperature in Fig. 8. Both 2024 aluminum alloys dis-
play similar trends �∗ of with T; �∗ increases slowly
from 0.02 to 0.07 µm with increasing temperature from
473 to 773 K, and then increases rapidly to about
0.15 µm for the wrought 2024 alloy, but continues to
increase slowly to 0.08 µm for the P/M 2024 alloy, at 833
K. These variations in �∗ are consistent with the phases
that are present over this temperature range in the 2024
aluminum alloy. The small increase in �∗ with temperature
from 473 to 773 K corresponds to decreasing amounts of
CuAl2 precipitates in the alloy as the temperature raises
through the α + CuAl2 two-phase region. The more rapid
increase in �∗ from 773 K to 833 K for the wrought 2024
alloy corresponds to the region where the alloy is in the
single phase condition. Although no CuAl2 precipitates
are present in either 2024 alloy above 773 K, other par-
ticles, such as oxides, may be present in the P/M 2024
alloy. This is consistent with the data shown in Fig. 8 that
indicate that �∗ is considerably less at 833 K for the P/M
2024 than for the wrought 2024 aluminum alloy. The P/M
fabricated alloy is expected to have a significantly higher

Figure 8 Nominal inter-particle spacing �∗ (Equation 7) versus temperature for all the indentation creep tests performed in this investigation.
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Figure 9 Apparent thermal activation energy �G(τ eff ) (Equation 1), normalized with respect to strain energy of a dislocation, µb3 versus the effective
indentation shear stress τ eff (Equation 2) for the indentation tests performed on (a) the wrought 2024 aluminum alloy, (b) the P/M 2024 aluminum alloy,
and (c) the wrought 1100 aluminum alloy.
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Figure 10 The normalized activation energy �Go/µb3 at τ eff = 0, determined from the data in Fig. 9, versus temperature for all the indentation creep tests
performed in this investigation.

concentration of oxides in the microstructure, compared
to the wrought alloy, as a result of the solid-state fabrica-
tion process [24].

The nominal inter-obstacle spacing of the wrought 1100
aluminum alloy is larger at all the temperatures than it is
in either 2024 alloy (Fig. 8). The 1100 alloy has a single-
α phase microstructure at all the test temperatures with a
distribution of large iron-bearing inclusions (Fig. 1). Since
the size and spacing of these inclusions is not expected to
change significantly with temperature, we suggest that the
increase in �∗ with temperature indicates that the deforma-
tion rate limiting obstacles in the wrought 1100 aluminum

alloy are not particles but rather dislocation structures,
grain boundaries or sub-grain boundaries whose spacing
increases with temperature due to thermal recovery and
recrystallization.

Although the above analysis is based upon a sim-
plistic Orowan bowing dislocation/obstacle interaction
mechanism, it indicates that the σ th determined from
high-temperature constant-load indentation testing is suf-
ficiently precise to discern differences in obstacle spacing
between the three aluminum alloys and these differences
are consistent with what is known of the particle distribu-
tions within the alloys.

Figure 11 The normalized activation energy �G0/µb3 at τ eff = 0 versus nominal inter-obstacle spacing �∗ for all the indentation creep tests performed
in this investigation. At temperature up to 773 K, both 2024 aluminum alloys follow the same trend of increasing �G0/µb3 with temperature which is
different than that followed by the 1100 aluminum alloy. The 2024 alloy is in the two-phase microstructural regime over this temperature range. At 833 K,
the data from the wrought 2024 aluminum alloy falls upon the curve described by the 1100 alloy indicating that the CuAl2 particles have dissolved leaving
a single-phase α microstructure. The P/M 2024 aluminum alloy continues to follow the trend described by both 2024 alloys at the lower temperatures
indicating that significant amounts of oxide particles are still present at 833 K to act as obstacles to dislocation glide.
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4.2. The activation energy �Go of the
deformation rate-controlling obstacles

When σ ind is greater than σ th, obstacle-limited disloca-
tion glide occurs and the dependence of γ ind upon τ eff

and T is given by Equation 1. We apply this equation, and
Equations. 2 and 3, to the ε̇ind versus σ eff data from the
tests to construct plots of �G(τ eff) versus τ eff for each
test (Fig. 9). The �G(τ eff) versus τ eff trends indicate that
the strength of the dislocation-obstacle interactions that
control ε̇ind change during the course of the constant load
indentation tests. σG(τ eff) is very small in the early stages
of the test when τ eff is large but increases in magnitude as
the test progresses. The fact that �G(τ eff) is not constant
during the test is further evidence that a steady-state mi-
crostructure does not exist around the indentations. The
data in Fig. 9 describe the evolution of the microstructure
during the specific indentation tests. The shapes of the
trends in this figure are not a unique material property;
they depends upon a variety of parameters including the
initial indentation loading rate. The value of �G at τ eff

= 0 will converge, however, to a constant value which
is the apparent activation energy �Go of the deformation
rate-controlling obstacles under steady-state conditions.

Fig, 10 shows �Go/µb3 versus T. The three aluminum
alloys tested all show the same trend of increasing �Go

with increasing T. �Go ranges from 0.30 to 0.65 µb3 and
is, therefore, well within the range of the activation energy
for "medium strength" obstacles such as weak particles or
dislocation/dislocation interactions [14].

We have presented, in the sections above, analyses
of both σ th and ε̇ind in terms of mechanisms involving
obstacle-limited dislocation glide. Our data suggest that
σ th, for the case of the 2024 alloys, is a function of the
spacing of CuAl2 and oxide particles while for the 1100 al-
loy it is a function of the average dislocation network spac-
ing. When an indentation stress greater than σ th is applied,
time-dependant deformation occurs and the magnitude of
ε̇ind is a function of the strength, �G, of the obstacles. The
fact that �G changes with time during the constant-load
indentation tests, but the value of �Go is always between
0.30 to 0.65 µb3, suggests that �G is related to a disloca-
tion — type of obstacle whose size, and strength, changes
during the course of the test. It is reasonable to assume that
�Go and � arise from the same obstacles. This is discussed
below.

Plotting �G0/µb3 versus � (Fig. 11) indicates a clear
difference in the dependence �G0 of upon the apparent
inter-obstacle spacing for the 2024 aluminum alloys com-
pared to the wrought 1100 alloy. At temperature less than
773 K, both 2024 aluminum alloys follow the same linear
relationship of increasing �Go with increasing � and this
trend is distinctly different than the one displayed by the
1100 aluminum alloy. This difference can be explained
in terms of the presence of CuAl2 and oxide particles
in the 2024 aluminum alloy which provide obstacles of
about the same strength but spaced closer together than
what are found in the wrought 1100 aluminum alloy. At

833 K, when the CuAl2 particles are no longer present, the
wrought 2024 aluminum alloy shows a �Go/µb3 versus
� relationship that falls upon the trend described by the
wrought 1100 aluminum alloy while the P/M 2024 alu-
minum alloy continues to follow the linear trend shown by
both 2024 alloys at the lower temperatures. This suggests
that the large number of oxides present in the P/M 2024
alloy continue to provide effective obstacles to dislocation
glide at 833 K.

The analyses of �∗ and �G0 described above does
not account for the possible contribution of deformation
mechanisms that cannot be described by Equation 1. It
is very likely that interfacial sliding contributes to the
deformation rate at 833 K [8, 25–28]. Inclusion of this
mechanism into the analysis of the data is currently being
studied.

5. Conclusions
The results of this investigation have shown that
constant-load, short-time duration, pyramidal indenta-
tion testing is sufficiently precise to detect the tem-
perature dependence of fundamental deformation pa-
rameters, such as �∗ and �G0, of three common alu-
minum alloys. The primary findings are summarized
below.

The average indentation strain rate ε̇ind of the three al-
loys tested all show threshold stress σ th that decreases with
increasing temperature. The temperature-dependence of
the nominal inter-obstacle spacing �∗, calculated from
σ th, is different for the three alloys. In the case of the
wrought- and the P/M-fabricated 2024 aluminum alloys,
the increase in �∗ with temperature from 473 K to 773 K is
consistent with the known temperature-dependent change
in the amount of CuAl2 precipitates. increases consider-
ably at 833 K for the wrought 2024 alloy but remains low
for the P/M 2024 alloy. This indicates that the presence
of oxides within the P/M 2024 material continues to limit
the deformation rates of the material at temperatures when
the CuAl2 precipitates have dissolved.

The wrought 1100 aluminum alloy shows steadily in-
creasing �∗ with increasing temperature even though the
spacing of the inclusions in this alloy is not expected
to change with temperature. We suggest, therefore, that
the measured σ th is the result of dislocation/dislocation
interactions, whose spacing does increase with
temperature.

The three alloys all show non-linear logarithmic de-
pendencies of ε̇ind upon σ eff and the degree of non-
linearity increases with decreasing temperature. This in-
dicates that the microstructure is changing, and steady-
state conditions don’t exist, within the indentation plas-
tic zone during the course of the tests. The calculated
activation energy �G0 of the deformation rate at the
end of the constant-load indentation test, when ε̇ind is
small and no longer changing rapidly, is approximately
0.30 µb3 at 473 K and increases to 0.65 µb3 at 833 K
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for the alloys tested. These values are well within the range
of activation energy of "medium strength" obstacles such
as weak particles or dislocation/dislocation interactions.

At temperatures between 473 and 773 K, both 2024
aluminum alloys follow the same linear relationship of
�G0/µb3 versus �∗. This relationship is clearly different
than the linear �G0/µb3 versus �∗ relationship displayed
by the 1100 aluminum alloy. The �G0 is higher, for a
given �∗, in this temperature range for the 2024 alloys
than it was for the 1100 aluminum alloy. This is consis-
tent with the fact that the 2024 aluminum alloy contains
more particles, CuAl2 precipitates, which, while being of
approximately the same strength as the obstacles found
in the 1100 alloy, are spaced more closely together. At
833 K, the CuAl2 precipitates are dissolved and �G0/µb3

of the wrought 2024 aluminum alloy falls upon the trend
of �G0/µb3 versus described by the wrought 1100 alloy
while the P/M 2024 aluminum alloy continues to follow
the same �G0/µb3 versus �∗ trend displayed by both 2024
alloys at lower temperatures. This suggests that the distri-
bution of oxides in the P/M 2024 alloy continue to limit
the indentation deformation rate at 833 K.

This study has demonstrated that short duration
constant-load microindentation testing performed at el-
evated temperatures using modern computer-controlled
equipment is sufficiently precise to detect differences in
the indentation strain rate that are related to microstruc-
tural differences between different alloys of similar base-
composition.
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