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a b s t r a c t

Ultrafine-grained Zn (UFG-Zn) with the grain size of about 200 nm was processed by Spark Plasma
Sintering at 300 1C from fine Zn powder. The grain boundaries in the consolidated material were
decorated by ZnO dispersoids with a mean thickness of �20 nm. The creep behavior was studied by
indentation tests in the homologous temperature range of 0.87–0.91. The activation energy of the creep
for UFG-Zn was found to be much larger (211–252 kJ/mol depending on the oxide content) than the value
determined previously for coarse-grained Zn (152–159 kJ/mol). The activation energy increased with
increasing ZnO content in UFG-Zn. X-ray line profile analysis revealed that the population of the different
dislocation slip systems changed during creep deformation, indicating a considerable dislocation activity.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The deformation mechanisms in hexagonal close-packed (hcp)
metals depend strongly on the c/a ratio. In the case of hcp metals
for which c/a is lower than 1.63 (e.g., in Ti or Zr), the dislocation
slip is most easy in the prismatic plane while very large lattice
resistance should be overcome in basal and pyramidal planes at
low homologous temperatures and strain rates [1]. In metals with
c/a ratio larger than 1.63 (such as Zn or Mg), the slip is most easy
in the basal plane and the lattice resistance against dislocation
glide is larger in the prismatic and pyramidal planes [1]. Addition-
ally, twinning as a complementary deformation mechanism also
plays an important role in the plasticity of hcp metals. With
increasing temperature the lattice resistance in the non-easy slip
planes decreases.

The high temperature deformationmechanisms in hcpmetals with
large c/a ratio can be easily studied on Zn due to its very low melting
point (Tm¼420 1C). Previous studies [2,3] have shown that although
in the temperature range of 0.5–0.6� Tm the activation energy is close
to the value characteristic for self-diffusion (92 kJ/mole [1]), above
0.8� Tm the creep of pure Zn can be characterized by anomalously
high activation energy. Flinn and Munson [3] reported that above
270 1C the activation energy for the creep is about 152 kJ/mole. Tegart

and Sherby [2] obtained 159 kJ/mole above 350 1C. The much higher
activation energy as compared to self diffusion is generally explained
by the rapid drop in the resistance to shear on non-basal systems with
increasing temperature [1–3]. In addition, above 270 1C dynamic
recrystallization is also suggested to contribute to the rapid increase
of strain rate when the temperature is raised, resulting in higher
apparent activation energy [4].

The observations summarized in the previous paragraph were
obtained on coarse-grained pure Zn. However, the reduction of the
grain size into the ultrafine or nanosized regime may change the
main deformation mechanisms, thereby altering the characteristic
parameters (e.g., the activation energy) of deformation and yielding
extraordinary properties compared to the coarse-grained counter-
parts. The mechanical properties of ultrafine-grained (UFG) zinc in a
wide range of strain rate and at near room temperature [5–7] have
been investigated, but the high-temperature creep properties are
missing from the literature. This can be explained by the low thermal
stability of the UFG structure at high temperatures which results in
recovery and recrystallization during the creep test. However, impu-
rities and/or oxide dispersoids, which are usually unavoidable in
powder metallurgy, can stabilize the microstructure [8].

In this paper, the high-temperature creep behavior of UFG-Zn is
studied by indentation technique. Indentation tests can be effec-
tively used to study the mechanical properties of materials [9–12]
since this method is technically simpler than the tensile test. For
instance, the sample preparation is easier and only a small amount
of material is necessary for the investigations. This fact is extremely

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/msea

Materials Science & Engineering A

0921-5093/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.msea.2013.12.050

n Corresponding author. Tel.: þ36 1 372 2876; fax: þ36 1 372 2811.
E-mail addresses: gubicza@metal.elte.hu, jeno.gubicza@gmail.com (J. Gubicza).

Materials Science & Engineering A 596 (2014) 170–175

www.sciencedirect.com/science/journal/09215093
www.elsevier.com/locate/msea
http://dx.doi.org/10.1016/j.msea.2013.12.050
http://dx.doi.org/10.1016/j.msea.2013.12.050
http://dx.doi.org/10.1016/j.msea.2013.12.050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2013.12.050&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2013.12.050&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2013.12.050&domain=pdf
mailto:gubicza@metal.elte.hu
mailto:jeno.gubicza@gmail.com
http://dx.doi.org/10.1016/j.msea.2013.12.050
http://dx.doi.org/10.1016/j.msea.2013.12.050


advantageous for UFG materials, where usually only small speci-
mens are available. In the present investigations the UFG-Zn
microstructure is obtained by the consolidation of fine powder
particles, which process yields the formation of ZnO dispersoids at
the Zn grain boundaries, stabilizing the grain structure in the creep
experiments. From the activation energy and the change of the
microstructure the underlying deformation mechanisms are deter-
mined. According to the knowledge of the authors, the study of the
high temperature creep for UFG-Zn is missing from the literature.

2. Experimentals

2.1. Sample preparation

A UFG-Zn sample was processed by Spark Plasma Sintering
(SPS) from a pure Zn powder with a fine average particle size of
150 nm supplied by UMICORE, Belgium. The dwell time, the
applied pressure and the temperature of the SPS procedure were
5 min, 125 MPa and 300 1C, respectively. The phase composition of
the as-consolidated material was characterized by X-ray diffrac-
tion using a Philips Xpert powder diffractometer with CuKα
radiation (the wavelength is 0.15418 nm).

2.2. Characterization of the microstructure

The microstructure in the as-processed and the indented speci-
mens was studied by electron backscattered diffraction (EBSD) and
X-ray diffraction line profile analysis (XLPA). The EBSD investigation
was carried out by a Zeiss Supra 40VP FEG scanning electron
microscope. The step size between the neighboring measurement
positions was 50 nm. The samples for EBSD investigations were
prepared by mechanical grinding using 4000 grit SiC papers and a
finish step using OP-S suspension from Struers. The total duration of
the polishing process was about 20 min. The average grain size and
the misorientation distribution of grain boundaries were extracted
from the EBSD scans using an orientation imaging software OIM
version 4 from TexSem Laboratories.

The X-ray line profiles were measured by a rotating anode
diffractometer (Nonius, FR591) using CuKα1 radiation (the wave-
length is 0.15406 nm). Two-dimensional imaging plates were used
for the detection of the Debye–Scherrer diffraction rings. The line
profiles were determined as the intensity distribution perpendicu-
lar to the rings obtained by integrating the two-dimensional
intensity distribution along the rings. The nineteen reflections in
the diffraction angle range between 351 and 1401were evaluated by
the Convolutional Multiple Whole Profile (CMWP) fitting analysis
[13,14]. In this method, the experimental diffraction profiles are
fitted by the convolution of the instrumental peaks and the
theoretical line profiles related to the crystallite size, dislocations
and twin faults. The CMWP procedure gives the crystallite size, the
dislocation density, the parameters q1 and q2 depending on the
prevailing dislocation slip systems and the twin boundary fre-
quency. The latter quantity is defined as the relative fraction of
twin boundaries among the lattice planes along their normal vector.
The parameters q1 and q2 depend on the character of dislocations
and therefore enable the determination of the prevailing dislocation
slip systems in the specimen. The detailed description of the
evaluation procedure of the slip systems from q1 and q2 is given
in reference [15]. In this process the experimentally determined
parameters q1 and q2 are compared to their theoretical values
determined for the eleven possible slip systems in Zn [16,17]. These
slip systems can be classified into three groups based on their
Burgers vectors: b1¼1/3〈2110〉 (〈a〉-type), b2¼〈0001〉 (〈c〉-type) and
b3¼1/3〈2113〉 (〈cþa〉-type). Finally, the evaluation method gives the
fractions of 〈a〉, 〈c〉 and 〈cþa〉 Burgers vector groups.

The microstructure of the samples was investigated by a JEOL
3010 transmission electron microscope (TEM) operated at 300 kV.
The location and the morphology of ZnO in the Zn matrix were
determined by energy-filtered TEM (EFTEM).

2.3. Indentation creep

The creep behavior was studied by indentation test using a
home-made device in the temperature range of 330–360 1C. The
indentation measurements were carried out by using a cylindrical
punch with the diameter of 1.26 mm under constant load. The
accuracy of the measured values of the displacement and the
temperature were 50 nm and 1 1C, respectively. The impression
velocity, vi, and the applied force, F, were converted into equiva-
lent tensile stress (s) and strain rate ð_εÞ, respectively, using the
following formulas [10]:

s¼ k1
4F

πd2
ð1Þ

and

_ε¼ k2
vi
d
; ð2Þ

where d is the diameter of the punch. k1 and k2 are constants with
the values of 0.33 and 1, respectively.

3. Results

3.1. Microstructure of the as-consolidated material

X-ray diffraction analysis revealed the presence of ZnO phase
(PDF: 36–1451) besides the hcp Zn matrix in the as-consolidated
UFG-Zn sample (see Fig. 1). The ZnO phase was most probably
formed from the native oxide layer on the surface of the fine
powder particles. This layer was developed during powder proces-
sing before consolidation since the capsule containing the powder
was broken in air and transferred to the graphite mold used as a
sample holder during SPS. The ZnO content was characterized by
the ratio of the integrated intensities for the Zn and ZnO peaks in
the powder diffractogram obtained after background subtraction.
This intensity ratio was 0.1470.01, indicating a high oxide content.
In order to investigate the effect of ZnO content on the creep
properties, another UFG-Zn material with much lower oxide frac-
tion was processed from the same initial powder. In this procedure
the capsule containing the powder was broken in Ar atmosphere
instead of air and transferred to the graphite mold. This processing
way yielded a much lower ZnO content characterized by the peak
intensity ratio of 0.0470.01 (see Fig. 1). Hereafter, the materials

Fig. 1. X-ray diffractograms for UFG-Zn samples with high (UFG-Zn-H) and low
(UFG-Zn-L) ZnO content.
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containing high and low amounts of oxide phase are referred to as
UFG-Zn-H and UFG-Zn-L, respectively.

The grain size values for materials UFG-Zn-H and UFG-Zn-L
were 220 nm and 210 nm, respectively, as obtained from TEM
investigation. As an illustration, Fig. 2a shows a bright field TEM
micrograph for sample UFG-Zn-H. The grain size for both con-
solidated materials is only slightly larger than the powder particle
size (150 nm), which can be explained by the hindering effect of
ZnO on the grain coarsening during SPS carried out at high
homologous temperature (0.83� Tm). The fraction of the oxide
phase was also investigated by EFTEM analysis. As an example,
Fig. 2b and c show a bright field TEM micrograph and the
corresponding element map for oxygen obtained by EFTEM.
It can be seen that the majority of oxide particles can be found
in the grain boundaries of the Zn matrix. The ZnO fractions were
0.15 and 0.05 for UFG-Zn-H and UFG-Zn-L, respectively, as deter-
mined from the EFTEM images. These values are in good agree-
ment with the intensity ratios of the ZnO and Zn peaks
determined by X-ray diffraction.

Fig. 3 shows a part of the X-ray diffraction pattern for material
UFG-Zn-H evaluated by the CMWP method. XLPA investigations
revealed that the crystallite size was about 200 nm in the as-
consolidated state for both materials UFG-Zn-H and UFG-Zn-L which
is close to the grain size determined by TEM. This agreement suggests
that the grains are not fragmented into smaller coherently scattering
domains (e.g., into subgrains). The dislocation density in both the
as-consolidated materials was 0.770.1�1014 m�2. The twin bound-
ary frequency was under the detection limit of XLPA, 0.05%, which
corresponds to the twin boundary spacing of 600 nm (if the average
spacing of lattice planes is taken as 0.3 nm). This value is much larger

than the average grain size of �200 nm in the UFG matrix, which
suggests negligible amount of twin boundaries. The lack of twins in
UFG-Zn material is in agreement with previous observations which
have shown that the probability of twinning in hcp structures
decreases with decreasing grain size [18,19], and it has also been
confirmed by the present TEM investigations. XLPA study showed
that in the as-consolidated state for both materials the fractions of 〈a〉-
and 〈cþa〉-type dislocations were about 60% and 40%, respectively.
The abundance of 〈a〉-type dislocations can be attributed
to their lowest formation energy due to the shortest Burgers vector.

Fig. 2. (a) and (b) Bright-field TEM images for sample UFG-Zn-H. (c) EFTEM image showing the element map for oxygen. The lighter the color in (c) the higher the oxygen
content.

Fig. 3. A part of the X-ray diffraction pattern for the as-consolidated UFG-Zn-H
sample evaluated by the CMWP fitting method. The open circles and the solid line
represent the measured and the fitted X-ray diffraction patterns, respectively. The
difference between the measured and the fitted patterns is also shown at the
bottom of the figure.
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The amount of 〈c〉-type dislocation was negligible. These observations
are similar to the previous results obtained on other hcp metals [20].
It was also revealed that most of 〈a〉- and 〈cþa〉-type dislocations
were prismatic (1/3〈2̄110〉{01̄1̄0}) and pyramidal (1/3〈2̄113〉{21̄1̄2})
edge dislocations, respectively.

3.2. High temperature creep behavior

Typical indentation depth–time curves obtained for the mate-
rial UFG-Zn-H at constant stress and different temperatures are
shown in Fig. 4. It is noted that the equivalent stress was set to
keep the strain rate between 10�5 and 10�3 s�1, as the indenta-
tion device works well in this range. Therefore, the applied stress
for the materials UFG-Zn-H and UFG-Zn-L were in the regimes of
35–55 MPa and 18–30 MPa, respectively. The same strain rate
required higher stress in the case of sample UFG-Zn-H due to its
larger ZnO content. It is noted that these stresses are about one
order of magnitude higher than the values needed for the creep at
the same temperature and strain rate regimes in coarse-grained Zn
samples [1,2]. Fig. 4 shows that the depth–time curves consist of
two stages, corresponding to a short transient and a steady state
creep. The slope of the straight line fitted to the steady state
regime provided the indentation velocity which was converted
into equivalent strain rate using Eq. (2). The strain rate of high-
temperature steady state creep can be expressed as [1]:

_ε¼ As1=mexp � Q
kT

� �
; ð3Þ

where A is a constant, m is the strain rate sensitivity parameter, Q
is the activation energy of creep, k is the Boltzmann constant and T

is the absolute temperature. At a given temperature, the slope of
the straight line fitted to the plot of the logarithm of the stress
versus the logarithm of the strain rate gave the strain rate
sensitivity parameter, as illustrated for UFG-Zn-H in Fig. 5. The
values of m were 0.1270.02 and 0.1470.01 for UFG-Zn-H and
UFG-Zn-L, respectively, which did not vary significantly with
changing the temperature in the range of 330–360 1C. The activa-
tion energy was determined from the plot of the logarithm of the
strain rate as a function of the reciprocal temperature at constant
indentation stress, as illustrated in Fig. 6 for materials UFG-Zn-H
and UFG-Zn-L at 38.8 and 25.4 MPa, respectively. The activation
energy changed only slightly with varying the applied stress for
both materials. The averages of the activation energies obtained at
different stresses were 252725 and 211719 kJ/mole for speci-
mens UFG-Zn-H and UFG-Zn-L, respectively.

3.3. Microstructure after indentation

In order to reveal the deformation mechanisms occurring
during indentation creep, EBSD and XLPA investigations were
performed both inside and outside the indented zone after the
creep test at 340 1C. Before these measurements the indented
surface was mechanically polished first by 1200 grit and then by
2500 grit abrasive papers, thereby removing the material from the
surface to the bottom of the indented hole. Then, the samples
were polished to a mirror finish by alumina suspension. Finally,
the surface layer distorted during mechanical polishing was
removed by chemical etching using a mixture of 50% orthopho-
sphoric acid and 50% ethanol. Fig. 7a and b shows EBSD images
taken in the indented and non-indented regions, respectively, in
material UFG-Zn-H. The grain size was about 250 nm in both
regions which is only slightly larger than that in the as-
consolidated state. In XLPA experiments the size of the rectangular
irradiated area was 0.2 mm�1.0 mm, which was smaller than the
lateral dimension of the indented zone. Therefore, the defect
structure could be investigated inside and outside the indented
volume separately by X-rays. XLPA showed that the crystallite size
and the dislocation density both inside and outside the indented
zone agreed within the experimental error with the values
determined for the as-consolidated material. Similar results were
obtained for material UFG-Zn-L. The unchanged parameters of the
microstructure suggest that recrystallization did not occur during
creep, despite the long duration (�30 min) and the high homo-
logous temperature (0.88) of this process. The good thermal
stability of the UFG-Zn samples can be attributed to the presence
of oxide particles which hinder recrystallization. Fig. 7c shows
two peaks in the misorientation angle distributions at about 671

Fig. 4. Indentation creep curves for sample UFG-Zn-H measured at different
temperatures. The impression velocity (vi) was determined as the slope of the
linear part of the curves.

Fig. 5. Equivalent stress vs. strain rate at different temperatures for material
UFG-Zn-H. The values of the strain rate sensitivity parameter (m) determined from
the slopes of the straight lines are also given in the figure.

Fig. 6. The logarithm of the strain rate as a function of the reciprocal temperature
for materials UFG-Zn-H and UFG-Zn-L at the equivalent stresses of 38.8 and
25.4 MPa, respectively. The slopes of the straight lines give the activation energies
of creep for the two samples.
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and 901 which correspond to {1122} compressive and {1012}
tensile twins, respectively. At the same time, the twin boundary
frequency determined by XLPA remained negligible in both the
indented and non-indented zones of the samples. This indicates
that the twin boundary frequency in UFG-Zn is under the detec-
tion limit of XLPA, as discussed above.

XLPA revealed a difference between the populations of the
dislocation slip systems inside and outside the indented zone for
both UFG-Zn specimens. In the non-indented volumes the types and
fractions of 〈a〉- and 〈cþa〉-type dislocations were the same as in the
as-consolidated state (60% 〈a〉-type 1/3〈2̄110〉{01̄1̄0} prismatic and
40% 〈cþa〉-type 1/3〈2̄113〉{21̄1̄2} pyramidal dislocations). At the same
time, in the indented zone besides these slip systems significant
amount of 〈a〉-type 1/3〈2̄110〉{0001} basal and 1/3〈2̄110〉{101̄1} pyr-
amidal dislocations, as well as other 〈cþa〉-type 1/3〈2̄113〉{101̄1}
pyramidal dislocations were detected. The difference between the
population of the dislocation slip systems inside and outside the
indented zone indicates a considerable dislocation activity during
deformation, despite the same value of the dislocation density in the
two regions. Additionally, the fractions of 〈a〉- and 〈cþa〉-type
dislocations were slightly higher (71%) and lower (25%), respectively,
in the indented zone than outside this region. The amount of 〈c〉-type
dislocations remained negligible (4%).

4. Discussion

Previous experiments [1–3] on coarse-grained Zn (the grain
size is several hundreds of microns) have shown that above
0.5� Tm two temperature ranges can be distinguished according

to the creep behavior. Between 0.5 and 0.6� Tm the activation
energy is close to the self-diffusion activation energy (92 kJ/mole
[1]), which suggests that the rate controlling mechanism of the
creep is the climb of jogged dislocations occurring via vacancy
migration. In the temperature range of 0.8–1.0� Tm the creep of
coarse-grained Zn can be characterized by anomalously high
activation energy (152–159 kJ/mole [2,3]). Since a similar large
value of Q was obtained for single crystalline Zn oriented for non-
basal dislocation glide, the high activation energy is usually
explained by thermally activated overcoming of Peierls forces on
prismatic and pyramidal slip planes as a rate controlling mechan-
ism. The resistance to shear on non-basal systems decreases
strongly with increasing temperature, yielding high temperature
sensitivity of creep rate (i.e., activation energy) above 0.8� Tm
[1–3]. In the present experiments performed in the high tempera-
ture regime (0.87–0.91� Tm), the activation energy of the creep for
both UFG-Zn samples was also very high (211–252 kJ/mole),
suggesting that the rate controlling mechanism is the dislocation
glide on non-basal planes. Indeed, considerable twinning was not
observed during deformation while a significant fraction of non-
basal dislocations was detected even in the as-consolidated
materials by XLPA. The activity of dislocations was proved by the
change in the population of the different slip systems during
creep. Former studies [1,4] have suggested that in coarse-grained
Zn dynamic recrystallization also contributes to the anomalously
high activation energy of the creep above 0.8� Tm. In the present
Zn samples the UFG microstructure remained stable even after
long creep experiments due to oxide dispersoids at the grain
boundaries. This proves that very high activation energy can be
detected in Zn even if recrystallization does not occur.

Fig. 7. EBSD images showing the morphology of the grains (a) inside and (b) outside the zone indented at 340 1C. The color code of the standard stereographic triangle inset
in (a) illustrates the grain orientations. The misorientation angle distributions determined inside and outside the indented region are shown in (c).
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The activation energy of the creep for both UFG-Zn samples
(211–252 kJ/mole) is even larger than the values obtained pre-
viously for coarse-grained pure Zn (152–159 kJ/mole) in the same
temperature range. The higher activation energy cannot be simply
attributed to the smaller grain size in UFG-Zn since our materials
contain considerable amount of ZnO which may also have an effect
on the activation energy. Oxide-free UFG metallic materials are
hard to produce by powder metallurgy, as usually a native oxide
layer forms on the surface of the nanosized powder particles
during their processing before consolidation. Therefore, in the
present study the activation energy of the oxide-free UFG-Zn
with the grain size of 200 nm was estimated by a linear extra-
polation using the values determined for the samples containing
different oxide fractions. The activation energies of 211719 and
252725 kJ/mole obtained for the oxide contents of 5% and 15% (as
determined by EFTEM analysis), respectively, were extrapolated to
zero ZnO fraction which yielded 191725 kJ/mole for the oxide-
free UFG-Zn material. This value is slightly larger than the
activation energy for pure coarse-grained Zn (152–159 kJ/mole),
suggesting that the lower grain size resulted in higher activation
energy of the creep. A similar trend has also been observed for
coarse-grained Zn samples when the grain size decreased from
150 to 18 μm [21]. However, in the case of face centered cubic
metals the reduction of the grain size into the UFG regime resulted
in smaller activation energy of the creep [22], therefore additional
experiments on other hcp metals and theoretical considerations
are necessary for the explanation of the present result.

The present investigations indicate that the activation energy of
the creep in UFG-Zn increases with increasing oxide content. This
result is in accordance with previous observations which showed
that the activation energy of the creep in dispersion-strengthened
metals was higher than that in the pure matrix materials [23–25].
This effect has been successfully explained by both the detach-
ment [23] and jog nucleation [24] models. In the first case there is
an attractive interaction between dislocations and dispersions, and
the thermally activated detachment of dislocations from disper-
soid particles contributes to the activation energy of the creep in
addition to dislocation climb. In the second model besides climb
the nucleation and separation of a jog pair at the particle-matrix
interface is considered to be necessary for particle by-pass by
dislocations. Therefore, the creep activation energy in dispersion-
strengthened metals exceeds that for volume diffusion. It is noted
that the strain rate sensitivity parameter also depends slightly on
the ZnO content. Its value decreased from 0.1470.01 to 0.1270.01
when the oxide fraction increased from 5% to 15%. Similar
observations have been made for other dispersion-strengthened
UFG materials [26]. This effect can also be explained by either the
detachment or the jog nucleation models [23,25]. The extrapolated
strain rate sensitivity parameter to zero ZnO content is 0.1570.01,
which agrees with the value determined previously for a Zn
sample with the grain size of 238 nm consolidated from ball-
milled powder [6].

5. Conclusions

High temperature creep behavior of UFG-Zn samples with two
different oxide contents processed by powder metallurgy was
investigated by indentation technique in the temperature range of
330–360 1C. The microstructure before and after the indentation
creep test was studied by EBSD and XLPA. The following results
were obtained:

(1) The grain size in the as-consolidated samples was about
200 nm, irrespectively of the ZnO content of the material.

Recrystallization during high-temperature indentation creep
was not observed, indicating an excellent thermal stability of
UFG-Zn samples which can be attributed to the retarding
effect of ZnO dispersoids on grain growth. The majority of
oxide particles were in the grain boundaries of the Zn matrix.

(2) Although the dislocation density was the same inside and
outside the indented zone, the distribution of dislocations
among the various slip systems was different in the indented
and non-indented volumes. Outside the indented region pris-
matic 〈a〉 and pyramidal 〈cþa〉 dislocations were observed
by XLPA, while in the indented zone additional 〈a〉-type basal and
pyramidal dislocations as well as other 〈cþa〉-type pyramidal
dislocations were detected. This observation suggests that there
is a considerable dislocation activity during high-temperature
creep of UFG-Zn.

(3) The activation energies of the creep were 252725 and
211719 kJ/mole for specimens with high and low oxide contents,
respectively, which are much larger than the value determined for
coarse-grained Zn (152–159 kJ/mole). The higher activation energy
for UFG-Zn processed by powder metallurgy can be attributed
partly to the effect of ZnO dispersoids. The strain rate sensitivity
parameter decreased with increasing oxide content in accordance
with the prediction of previous models elaborated for dispersion
strengthened metals.
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