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Abstract

The densification of zinc powders by uniaxial hot pressing is investigated under both isothermal and thermal cycling
conditions. Thermal cycling results in enhanced densification kinetics as compared to isothermal compaction at the
upper cycle temperature. Using mechanistic models of initial-stage powder densification, the experimental data are
analyzed to reveal the creep stress-exponent and activation energy of the dominant densification mechanism. Conse-
quently, the observed densification enhancement during thermal cycling is confirmed to be due to internal stress plas-
ticity, which is produced by internal mismatch stresses between adjacent zinc grains with anisotropic thermal expansion.
 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

During thermal cycling of bulk solids, many
mechanisms can generate internal mismatch
stresses, including (i) thermal expansion mismatch
between phases in a composite, (ii) thermal expan-
sion mismatch between grains in an anisotropic
material, or (iii) solid-state phase transformation.
Internal-stress plasticity (or internal-stress
superplasticity), in which a small external applied
stress is superimposed upon larger internal mis-
match stresses, is an inherently stable deformation
mechanism with an average stress exponent of
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unity, arising from the biasing of the internal
strains by the external applied stress [1,2]. In
addition to a low stress-dependence of defor-
mation, internal stress plasticity is characterized by
rapid deformation rates, which are typically much
higher than expected from the deformation mech-
anisms that would be active at the average tem-
perature of the cycle (i.e. creep mechanisms).
Although many additional sources of internal mis-
match strain have been demonstrated (e.g. due to
compressibility mismatch [3], radiation swelling
[4], or chemical stresses [5,6]), internal stress plas-
ticity is most commonly studied during thermal
cycling. Recent reviews are available in [1,2] for
the case of thermal expansion mismatch in com-
posites and [1,7] for the case of phase transform-
ation mismatch.
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Three materials with anisotropic coefficients of
thermal expansion (CTE) have been shown to exhi-
bit internal stress plasticity upon thermal cycling,
including α-uranium [8], a magnesium alloy [9]
and zinc [8,10–12]. In all of these studies, thermal
cycling led to Newtonian flow in uniaxial loading
(where the average strain rate during cycling, ė̄,
or the strain increment developed after each ther-
mal cycle, �e, are proportional to the applied
stress, s), as compared to the fourth- or fifth-power
law expected for typical creep deformation at the
average temperature. Furthermore, superplastic
tensile strains of �200% without failure were
reported by Wu et al. [10] upon multiple cycling
of Zn under tension, due to necking inhibition
associated with Newtonian flow.

Internal-stress plasticity has been modeled by
many techniques and for many different specific
cases of internal mismatch (e.g. [10,13–19]). How-
ever, only a few investigators have addressed the
case of anisotropic CTE mismatch. The first to do
so were Wu et al. [10], who assumed that the
material deforms according to a hyperbolic-sine
creep law, i.e. dislocation creep incorporating a
power-law breakdown. They also assumed that
thermal cycling induces a homogeneous internal
stress si due to the CTE mismatch between adjac-
ent grains, and that this stress assists the motion of
half of the dislocations in the specimen, and
impedes the motion of the other half. Taking the
two populations of dislocations to move indepen-
dently, the authors derived a simple expression for
the average creep rate during thermal cycling,
which was predicted to be linear in the applied
stress when s�si, in agreement with observations.
Later, Zwigl and Dunand [18] presented a model
for anisotropic CTE-mismatch internal stress plas-
ticity, which was based on the successful model of
Greenwood and Johnson [16] for deformation dur-
ing an allotropic phase transformation. Noting
mechanical similarity of these two types of
internal-stress plasticity, Zwigl and Dunand
replaced the transformation volume mismatch,
�V/V, with an effective internal volume mismatch
due to anisotropic thermal expansion, assuming no
texture in the specimen. Although this model was
formulated for the case of time-independent yield
under the combined stress state, the same approach

could be applied with a time-dependent model, as
also considered by Greenwood and Johnson [16]
and others for the case of transformation [20,21].

Both of the above models [10,18] predicted the
observed linear flow law expected at low applied
stresses, but the description of the internal stress
state was approximate in each case, and the best
quantitative agreement with experimental data are
found by using the internal mismatch stress (or
yield stress, in the case of Zwigl and Dunand [18])
as a fitting parameter. In contrast, the recent model
of Kitazono et al. [12] uses a more rigorous
micromechanical approach to describe the internal
stress state in each grain, by considering a model
spherical grain with a known orientation, embed-
ded in a continuum matrix with average bulk
properties. Considering the material to creep
according to a power-law during triangular thermal
cycles, these authors derived a closed-form
expression for ė̄ that requires no fitting parameters,
provided that the creep and thermal expansion
properties of the material are known. By averaging
over a known orientation distribution function, the
effect of texture can also be considered quantitat-
ively with this model. As with the previous models,
the model of Kitazono et al. [12] predicts a linear
flow law at low applied stresses.

Of the potential applications for internal-stress
plasticity, one of continuing interest is the consoli-
dation of powder aggregates, where this mech-
anism can lead to rapid densification at low
stresses. Several studies have examined
densification of metal powders during cyclic phase
transformation [22–26], and noted significant
increases in densification rate. In white cast-iron
materials, the rapid low-temperature compaction
due to internal-stress plasticity allowed the reten-
tion of a fine, metastable microstructure formed by
rapid solidification [24]. In a recent study on con-
solidation of titanium powders [26], the operation
of internal-stress plasticity was verified by quanti-
tative analysis of the densification rate as a func-
tion of compact density and applied stress. This
work also showed that, by adapting existing
densification theories to the case of internal-stress
plasticity, it is possible to identify the range of
stress and relative density over which this mech-
anism dominates compaction kinetics [26]. Finally,
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Daehn and co-workers [27–31], and others [32],
have investigated compaction of composite powder
blends during pressure cycling. Zavaliangos and
Laptev [32] have emphasized the possibility of
powder rearrangements during pressure cycling,
while Jiang et al. [30] have conclusively demon-
strated that the compressibility mismatch between
stiff and compliant powder particles leads to
internal-stress plasticity of the weaker powders,
allowing faster consolidation and filling of small
void spaces.

Despite the many studies described above, to our
knowledge, there have been no investigations to
date that consider powder compaction by internal
stress plasticity for the case where mismatch
strains are produced by anisotropic thermal expan-
sion mismatch in single-phase materials. The pur-
pose of the present work is thus to present experi-
mental data on the initial-stage compaction of zinc
powders, under both isothermal and thermal-cyc-
ling conditions. Additionally, we analyze the data
with reference to existing densification theories, as
well as the recent model of internal-stress plasticity
due to Kitazono et al. [12], and present evidence
for the operation of this mechanism during pow-
der compaction.

2. Experimental procedures

The zinc powders used in this work were 99.9%
pure, from Cerac (Milwaukee, WI), and were
sieved to less than 150 µm and greater than 75 µm.
Fig. 1(a) shows a scanning electron micrograph
(acquired in a Hitatchi S-4500 scanning electron
microscope) of the powders, which exhibit an
irregular shape with rounded edges, and an average
aspect ratio near two. Each powder particle was
polycrystalline, as revealed in the optical micro-
graph in Fig. 1(b) (etched with dilute HCl), with
an average grain size �8 µm.

Green powder compacts were obtained by cold
pressing 7.57±0.10 g of powder in an aluminum
die with a 12.70 mm bore diameter, using a dou-
ble-action uniaxial press. The compacts were cold
pressed under an applied pressure of 30±5 MPa to
a relative density of D0 � r /r0 � 0.61 ± 0.005
(where r is the density of the compact and r0 �

Fig. 1. As-received zinc powders observed by (a) scanning
electron microscopy, showing the elongated shape of the pow-
ders, and (b) optical metallography, showing the grain size.

7.14 g/cm3 is the density of bulk zinc [33]). The
green compacts were then placed in a cylindrical
graphite die (12.71 mm bore diameter) for the hot-
pressing experiments.

Hot pressing was performed in a radiant furnace
described in [34], again in a uniaxial double-action
geometry, with graphite punches. Temperature was
monitored by a type-K thermocouple, which was
in direct contact with the zinc powder compact
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through a hole in the side of the cylindrical die.
Two types of densification experiments were per-
formed. First, isothermal densification experiments
were undertaken at temperatures of 300 or 350 °C,
under a nominal applied pressure Papp � 3.60
MPa. The length of the compact (from which its
relative density was calculated) was measured con-
tinuously with a linear voltage-displacement trans-
ducer attached to the cold part of the load-train.
Second, thermal-cycling densification was perfor-
med using a temperature amplitude of 200 K, and
a cycle period of 6 min. For these experiments, the
compact length was monitored only at the upper
temperature of each thermal cycle to avoid errors
introduced by thermal expansion and contraction
of the load train. Using the same applied pressure
Papp � 3.60 MPa, four experiments were com-
pleted with cycles in the ranges 75–275, 100–300,
125–325 and 150–350 °C; example thermal cycle
profiles are shown in Fig. 2. Additionally, with a
constant thermal cycle over the range 100–300 °C,
three experiments were performed with Papp �
1.15, 2.25, and 3.60 MPa.

Although the experiments were performed in air,
the clearance between the punches and the die was
sufficiently small to prevent significant oxidation

Fig. 2. Typical thermal cycle profiles used in compaction of
zinc powders, and corresponding effective temperatures Teff, as
determined from Eq. (4).

of the powders; mass gain of the powder compacts
after the experiments was invariably below 0.01 g
(�0.1% change). To avoid trapping air in isolated
pockets of the densifying compact, all of the
experiments were terminated at densities below
D � 0.9, corresponding to the transition from a
compact with interconnected pores to a matrix with
isolated voids. Thus, this investigation pertains
only to the so-called initial stage of compaction
[35].

3. Results

Fig. 3 shows the change in relative density of
the zinc compacts during pressing at Papp � 3.60
MPa, for two isothermal and two thermal cycling
experiments. Thermal cycling densification occurs
much more quickly than isothermal compaction,
despite the significantly lower average tempera-
tures during thermal cycling. The effects of thermal
cycle range (at constant pressure) and applied
pressure (at constant thermal cycle range) on ther-
mal-cycling densification are shown in Figs. 4 and

Fig. 3. Densification curves for an applied stress of 3.60 MPa
and with temperature cycled over the ranges of 100–300 and
150–350 °C, showing enhanced densification as compared to
isothermal tests at 300 and 350 °C.
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Fig. 4. Densifcation curves for various temperature ranges
during thermal-cycling compaction at an applied stress of 3.60
MPa (with cycle profiles shown in Fig. 2).

5, respectively. As expected for any thermally-acti-
vated densification mechanism, densification rate
increases with increasing temperature or applied
pressure.

Fig. 5. Densification curves during thermal cycling over the
range 100–300 °C at various applied uniaxial pressures, Papp.

The structure of a powder compact after
densification at Papp � 2.25 MPa during thermal
cycling over the range 100–300 °C is shown in Fig.
6. At a relative density of D � 0.84, the porosity
appears to occur in generally isolated voids,
although the interconnectivity of pores cannot be
accurately judged from two-dimensional sections.
Despite more than 55 h at elevated temperatures,
the grain size for this specimen is still less than
about 30 µm.

4. Discussion

The results in Fig. 3 unambiguously show that
thermal cycling enhances the rate of compaction,
even when compared to densification at the upper
temperature of the cycle. We propose that this
enhancement is due to the operation of internal-
stress plasticity, activated by the thermal expansion
mismatch between grains within each of the pow-
der particles. In the sections to follow, we analyze
the experimental results to elucidate the stress-
and temperature-dependence of the dominant

Fig. 6. Optical micrograph of a compact densified to D �
0.84 during thermal cycling over the range 100–300 °C, with

Papp � 2.25 MPa.
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densification mechanism, and thereby demonstrate
the operation of internal-stress plasticity.

4.1. Mechanics of powder compaction

Although there are many approaches to mode-
ling the densification of powders [36], the mode-
ling approach of Arzt, Ashby et al. [35,37–41], as
summarized by Helle et al. [35], represents a sim-
ple analytical framework which can be used to
identify the dominant mechanism of densification,
and which has been generally successful in
describing various experimental densification data.
Furthermore, while this approach was originally
formulated for isostatic pressing of monosized
spherical powders, it has been found to require
little modification for uniaxial pressing [26,42–45].
Although the powders used in this investigation are
non-spherical (Fig. 1), the expressions developed
by Helle et al. [35] are still expected to capture
the main dependencies of the densification rate on
relative density, applied pressure, and temperature,
thus allowing identification of the dominant mech-
anism of densification.

By considering the two-particle contact problem,
as well as the increasing coordination of powder
particles during densification, the effective press-
ure between powder particles is given by Helle et
al. [35] as:

Peff � Papp·
(1�D0)

D2·(D�D0)
·B (1)

where D0 is the initial relative density of the com-
pact prior to densification (taken as D0�0.62 for
closely-packed spheres [35]), and B is a constant
introduced by Taylor et al. [45], which takes a
value of unity for isostatic pressing, and is assigned
a value of B�1.1 for constrained uniaxial pressing
[26]. Depending on the magnitude of Peff and the
test temperature, different densification mech-
anisms may operate, including diffusional trans-
port, diffusional creep of the particles, or dislo-
cation, power-law creep of the particles. For each
of these mechanisms, Helle et al. [35]
developed approximate, closed-form densification-
rate expressions. For the present experiments on
zinc performed at homologous temperatures
between 0.50 and 0.90, densification is expected to

occur by a creep mechanism, according to a consti-
tutive power-law:

ė � K·sn (2)

where ė is the uniaxial steady-state creep rate, K
is a temperature-dependent constant, s is the uni-
axial applied stress, and n is the stress-exponent of
creep. Eq. (2), when generalized to three dimen-
sions and applied to the two-particle problem,
gives a form for the densification rate [35]:

Ḋ � 3.06·(D2·D0)1/3·�D�D0

1�D0
�1/2

·K·�Peff

3 �n

(3)

For the case of zinc, power-law creep obeys Eq.
(2) with a stress exponent n � 4.5 [10,12,46].
Internal stress plasticity, which occurs in bulk zinc
during thermal cycling [10–12], follows a degener-
ate form of Eq. (2), where n � 1, and K is a func-
tion of the thermal profile, the thermal-expansion
anisotropy, and the crystallographic texture of the
material [12]. Thus, the main difference between
these mechanisms is in the stress dependence,
which can be determined from densification data
according to Eq. (3), by plotting the quantity
Ḋ·D�2/3·(D�D0)�1/2 against the effective pressure
Peff on double-logarithmic scales, and determining
the stress exponent, n, from the slope of the data.

Such plots are shown in Fig. 7 for experiments
with Papp � 3.60 MPa, comparing the densification
during thermal cycling from 100–300 °C or 150–
350 °C with isothermal densification at the respect-
ive upper cycle temperatures. Densification rates
are found by calculating finite-difference deriva-
tives of the raw densification data (from Fig. 3),
and are assigned error bars of ±50%, conserva-
tively estimated from the scatter in the data. The
effective pressure Peff is calculated from Eq. (1);
errors in this variable due to uncertainty in the
measurement of D are very small. As shown in
Fig. 7, thermal cycling leads to higher densification
rates and considerably lower stress-dependence as
compared to isothermal densification. Indeed, at
least at higher values of Peff, both of the thermal
cycling data sets exhibit slopes close to unity (as
expected for internal-stress plasticity, with n � 1
[12]), while the isothermal data sets have a much
larger slope, near 4–5 (as expected for power-law
creep, with n�4.5 [46]). The possibility of dif-
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Fig. 7. Relative density-compensated densification rates, plot-
ted against the effective contact pressure between particles for
a constant applied stress of 3.60 MPa, for isothermal
densification (a): 300 °C, (b): 350 °C and thermal-cycling
densification (a): 100–300 °C, (b) 150–350 °C.

fusional creep during thermal cycling (also with
n � 1) is ruled out, as this mechanism occurs at a
lower rate than power-law creep, whereas the data
in Fig. 7 show a clear increase in rate during cyc-
ling. Although only data from two thermal cycling
experiments are shown in Fig. 7, similar trends are
observed for all the other such experiments in Figs.
3–5.

The data plotted in Fig. 7 do not fall precisely
onto lines of a single slope; there appears to be a
consistent concave-downward curvature to all of

the data sets, for both isothermal and thermal cyc-
ling densification. This curvature is indicative of
an additional density-dependence which is not con-
sidered by the model of Eqs. (1) and (3). If grains
grow considerably during densification to sizes
comparable to the powders, internal-stress plas-
ticity cannot be assumed to occur within the bulk
of each powder particle, and Eq. (3) with n � 1
cannot be used; rather, a micromechanical model
considering single-crystal powders with aniso-
tropic thermal expansion should be developed.
However, comparing Fig. 1(b) and 6, it is apparent
that only minor grain growth occurred during
densification, so that the continuum approach [Eq.
(3) with n � 1] can safely be used for the present
experiments. A more likely explanation for the cur-
vature in Fig. 7 is in the irregular shape of the pow-
der particles (Fig. 1), which presents several devi-
ations from the idealized mono-sized spherical
unit-cell approximation made in the model. For
example, increasing the aspect ratio of powder par-
ticles would change the coordination of particles
as a function of relative density, as well as the local
curvatures and contact area between particles. Both
of these effects would cause discrepancies between
Peff calculated from Eq. (1) and the true inter-par-
ticle stress. Additionally, particle shape changes
might affect the transition from initial to final stage
densification, which is identified with the closure
of interconnected porosity into isolated voids. For
spherical powders, this transition is usually taken
to occur at D � 0.90 [35], but can begin as early
as D � 0.75 [43]; for elongated particles, the tran-
sition may occur at even lower relative densities.
As the structure of the compact diverges from
initial to final stage densification, the geometrical
assumptions behind Eqs. (1) and (3) no longer
apply, and a linear slope is no longer expected in
Fig. 7. The discrepancy between model and experi-
ment is also highlighted by the magnitude of the
interparticle stresses shown in Fig. 7. Typically,
internal stress plasticity in zinc is more rapid than
power law creep at stresses below about 2–20
MPa, depending on the cycle temperatures and fre-
quency [10–12], whereas Fig. 7 suggests that
internal stress plasticity is dominant below
Peff � 60–100 MPa.

Despite the above sources of error, Fig. 7 shows
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the expected qualitative trends of the model, and
gives quantitatively reasonable values for the stress
exponents. The low stress exponent near unity,
combined with the higher rate of densification
observed under thermal cycling conditions, rep-
resents strong evidence for the operation of trans-
formation-mismatch plasticity as the dominant
densification mechanism, although the quantitative
values of Peff are probably incorrect.

4.2. Temperature-dependence of thermal-cycling
compaction

The linear stress dependence of internal stress
plasticity described above is predicted by most all
of the theoretical models of that phenomenon at
low applied stresses [10,12,16,18]. However, the
recent model of Kitazono et al. [12] highlights
another important characteristic of this deformation
mechanism—a weak temperature-dependence with
a characteristic activation energy of Q/na, where Q
and na are the activation energy and stress
exponent of the mismatch-accommodation mech-
anism. For the case of power-law creep accommo-
dation in zinc, na�4.5, so the expected activation
energy for internal-stress plasticity is less than one-
quarter of that for creep.

Thermal cycles of different amplitude and dur-
ation are compared according to their effective
temperatures, Teff, at which the isothermal creep
rate is an average over the thermal cycle. For sym-
metric, triangular thermal cycles, this is
expressed as

ė̄(Teff) �
1

�T�
Tu

Tl

ė(T)dT (4)

where Tu and Tl are the upper and lower cycle tem-
peratures, and �T � Tu�Tl is the cycle amplitude.
For zinc, the temperature dependence of ė is some-
what complicated; at temperatures below about 270
°C, the creep law is given by Eq. (2) with:

K � K�·exp��
Q
RT� (5)

where K� � 4.49·10�22 Pa�4.5 s�1 and Q � 91.7
kJ/mol, while above 270 °C, somewhat different

values of K� � 8.93·10�22 Pa�4.5 s�1 and Q � 152
kJ/mol apply [46]. In both temperature ranges, the
power-law stress exponent is n�4.5 [46]. The effec-
tive temperature of the approximately symmetric and
triangular cycles used here is found by substituting
Eqs. (2) and (5) into Eq. (4), using the appropriate
values of K� and Q at each temperature during the
cycle, and evaluating Eq. (4) numerically. The effec-
tive temperatures for the four thermal cycle profiles
used in this work are shown in Fig. 2.

If densification occurs primarily due to a single
thermally-activated mechanism, then the activation
energy is related to the relative density and the
densification rate through Eqs. (1–3) and (5), and
the activation energy is found as the slope in plots
of ln[Ḋ·D2n�2/3·(D�D0)n�1 /2] vs �1/T. For the
isothermal experiments performed in this work,
n�4.5, and the above relationship, evaluated
between only two points (300 and 350 °C) gives
an activation energy with very large error bars,
Q � 90 ± 65 kJ/mol. The large uncertainty in this
value results from the discrepancy between Eqs.
(1) and (3) and the experimental data. As discussed
previously, these equations appear to lack an
additional density-dependent term when compared
with the data; the Arrhenius relationship used to
evaluate Q also lacks this density dependence,
leading to uncertainty in the determined activation
energy. Taking this error into account, and noting
that this analysis is based on two data points which
are only separated by 50 K in temperature, it is
encouraging that the estimated range of activation
energies encompasses the expected value of
Q � 152 kJ/mol for dislocation creep at these tem-
peratures [46].

The above Arrhenius relationship between den-
sity-compensated densification rate and 1/T cannot
strictly be applied to the thermal cycling experi-
ments, because all of the cycles cross the transition
between two different activation energies, Q �
91.7 and 152 kJ/mol, which occurs at �270 °C.

However, these values of Q apply to the accommo-
dation mechanism of internal stress plasticity (i.e.
power-law creep); the actual activation energies for
internal stress plasticity are expected to be Q /na

� 20 and 34 kJ/mol, if cycling were to occur only
below, or only above 270 °C, respectively [12].



1357C.A. Schuh, D.C. Dunand / Acta Materialia 50 (2002) 1349–1358

Thus, the expected activation energy during cyc-
ling (20–34 kJ/mol) is significantly below that
expected during isothermal creep (92–152 kJ/mol),
and although the experimental data may exhibit
scatter over these ranges, a simple Arrhenius
analysis can readily distinguish which mechanism
is responsible for densification during cycling.

Taking the stress exponent n � 1 for internal
stress plasticity, the appropriate Arrhenius relation-
ship (ln[Ḋ·D4/3·(D�D0)1 /2] vs 1/T, from Eqs. (1–
3) and (5)) is plotted in Fig. 8 for the thermal cyc-
ling experiments performed with Papp � 3.60 MPa,
according to the effective temperatures of the vari-
ous thermal cycles given in Fig. 2; the data points
represent average values over ranges of �0.01–
0.02 in D. As noted earlier for the case of iso-
thermal compaction, the data points from a single
experiment exhibit scatter over the value of
Ḋ·D4 /3·(D�D0)1/2, suggesting an additional den-
sity dependence that is not captured by this nor-
malization. However, the scatter in the present case
of thermal cycling is reasonable, and does not
introduce a very large error on the determined acti-

Fig. 8. Arrhenius plot of relative density-compensated
densification rate against reciprocal effective temperature (listed
in Fig. 2), for thermal cycling experiments with an applied
stress of 3.60 MPa.

vation energy of Q � 33 ± 10 kJ/mol. As illus-
trated in Fig. 8, this activation energy is signifi-
cantly lower than for isothermal creep, which
occurs with Q � 91.7–152 kJ/mol. Furthermore,
the value Q � 33 ± 10 kJ/mol is within the range
Q � 20–34 kJ/mol expected for internal stress
plasticity, based on the model of Kitazono et al.
[12]. This analysis further rules out densification
by diffusional mass transport or diffusional creep,
which would exhibit activation energies near that
for either bulk (Q � 152 kJ/mol [46]) or grain-
boundary diffusion (Q � 60.5 kJ/mol [46]).

5. Conclusions

Uniaxial hot-pressing experiments on zinc pow-
ders have shown that thermal cycling enhances the
rate of densification, as compared to isothermal
experiments at the upper cycle temperature. This
enhancement is attributed to the operation of
internal stress plasticity, which is a rapid Newton-
ian deformation mechanism that arises when
internal and external stresses are superimposed. In
the present experiments, the anisotropic thermal
expansion of zinc leads to internal stress generation
between adjacent grains within the powders, and
the applied compaction pressure provides a biasing
stress for more rapid densification.

Using mechanistic models of powder
densification, the experimental data have been ana-
lyzed to determine the stress- and temperature-
dependence of the dominant densification mech-
anisms. In isothermal experiments, a stress
exponent of n�4.5 is observed, which is consistent
with the power-law creep mechanism for pure zinc.
In contrast, during thermal cycling, a much weaker
stress dependence is observed, with a power-law
exponent near unity, as expected for internal stress
plasticity. Additionally, the activation energy for
densification during thermal cycling Q � 33 kJ/mol
is very low compared to that for power-law creep
or bulk diffusion, Q � 92–152 kJ/mol, and is in
line with the expected value for internal stress plas-
ticity of zinc, Q /n � 20–34 kJ/mol.

The combined observations of (i) enhanced
densification during thermal cycling, (ii) a low
stress-exponent near unity and (iii) an anomalously
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low activation energy, confirm the operation of
internal stress plasticity during initial stage powder
compaction in zinc. To our knowledge, this is the
first report of internal stress plasticity in a powder
compaction process, in which thermal expansion
mismatch generates the internal stress state. We
expect this mechanism to be active during
densification of other types of powders with ther-
mal expansion mismatch, including metal or cer-
amic powders with anisotropic thermal expansion
(e.g. α-U or ZrO2) or blends of two or more pow-
ders with different thermal expansion (e.g. Cu/W,
Al/SiC or Al2O3/ZrO2).
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