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a b s t r a c t

Spark plasma sintering was used to process bulk ultrafine-grained (average grain size of �250 nm)

samples from high purity nanocrystalline Zn powder. The microstructure of the consolidated samples

was investigated and the mechanical behaviour was characterised by means of quasistatic and dynamic

compression tests at room temperature and compared to that of coarse-grained counterparts. For both

materials in the strain rate regime of 10�4–101 s�1 a linear relationship between the logarithm of flow

stress and strain rate values was observed since room temperature corresponds to a relatively high

homologous temperature of 0.43. The strain rate sensitivity was higher for ultrafine-grained Zn (�0.18)

than for coarse-grained Zn (�0.12) and twinning in the former sample was not observed in the entire

strain rate range. For strain rates higher than 103 s�1 the plasticity in coarse-grained Zn was controlled

by dislocation drag but partial recrystallization was also observed. In the latter regime the mobile

dislocation density was about 1011 m�2. However, in ultrafine-grained Zn the relatively large

dislocation density (�1014 m�2) and the small grain size limit the dislocation velocity yielding the

lack of dislocation drag effects up to 104 s�1.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Strain rate has a crucial impact on the mechanical properties
and microstructure evolution of deformed materials. At the
macroscopic level, the flow stress usually increases with increas-
ing strain rate. This behaviour was reported to be strongly
dependent on the nature of the material being tested [1–4]. In
face centred cubic (FCC) materials, the plot of the flow stress
versus the logarithm of strain rate usually displays a steep raise in
flow stress at strain rates higher than about 103 s�1 [5–7] which
is believed to correspond to a transition of deformation mechan-
ism from thermally activated overcoming of obstacles by disloca-
tions to viscous drag-controlled dislocation motion [8,9]. At a
strain rate of about 106 s�1, relativistic effects yield a very large
increase of flow stress [10], resulting in a practical upper limit in
the achievable strain rate. This limit is determined by the density
and the maximum velocity of mobile dislocations. The latter
quantity corresponds to the shear wave velocity in a crystal
[11]. Additionally, the deformation at high strain rates has a
significant influence on defect structure. For instance, earlier
works [12–15] performed on different metals and alloys showed
ll rights reserved.
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that the deformation at high strain rates is accompanied by an
increase in dislocation density. Simultaneously, an enhancement in
formation of nanotwins in fine-grained Ni deformed at an average
strain rate of 104 s�1 has been also reported recently [16].

It should be noted that the transition from thermally activated
dislocation mechanisms to viscous drag in FCC metals appears to
be controversial. A modeling work [17] showed that both ther-
mally activated and viscous drag mechanisms may be operative
within high strain rate range. In other papers [12,13,18,19], it was
suggested that the plastic deformation at a very high strain rate of
104 s�1 is still controlled by the thermally activated dislocation
mechanism and the upturn of the flow stress is caused by the
acceleration of dislocation generation, leading to an abrupt
increase of dislocation density which results in a reduced spacing
between gliding obstacles.

In hexagonal close-packed (HCP) metals, such as in Zn, it is
well established that the plastic deformation during compression
at room temperature (RT) and low strain rates occurs via both
twinning and slipping [20]. However, a recent report [21] showed
that during dynamic compression of high purity equiaxed and
coarse-grained polycrystalline Zn at a strain rate of about 104 s�1,
twinning did not occur but rather significant grain refinement and
development of a strong fibre texture were observed, suggesting a
transition from twinning at low strain rate regime to enhanced
dislocation controlled plasticity at high strain rates, contrary to
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the behaviour reported for coarse-grained Ni deformed in the
same conditions [16].

The effect of the grain size on the deformation mechanism in
ultrafine-grained (UFG) and nanocrystalline Zn submitted to
quasistatic loading has been also studied in details [22]. It is
suggested that the deformation mechanisms in UFG (the average
grain size is 240 nm) and nanocrystalline (the average grain size
is less than 50 nm) Zn were dislocation motion and grain
boundary sliding, respectively. However, to the knowledge of
the present authors, the study of the mechanical behaviour of
UFG Zn subjected to dynamic straining is missing from the
literature. Therefore, in the present paper, the mechanical beha-
viour of UFG and coarse-grained Zn under quasistatic and
dynamic compression tests at RT is investigated. The microstruc-
ture evolution during deformation is also studied in order to
reveal the underlying deformation mechanisms at different strain
rate regimes.
2. Materials and experimental procedures

Two types of materials are considered in this study: a coarse-
grained and an UFG high purity Zn, hereafter referred to as MC-Zn
and UFG-Zn, respectively. The as-cast MC-Zn material was sup-
plied by Vieille Montagne Angleur (Umicore), Belgium, in the
form of bar specimens having 100 mm in height and 6 mm in
diameter. The chemical composition of MC-Zn is given in Table 1.
The UFG-Zn was consolidated from a Zn nanopowder (supplied by
Umicore, Belgium) using spark plasma sintering (SPS). Details of
the SPS fabrication process can be found in a recent report [23].
The composition of UFG-Zn is given in Table 2. The SPS processing
was carried out by a Syntex apparatus, model S15S located at
ICMPE platform (Thiais, France). The optimized sintering condi-
tions were as follow: a dwell pressure of 125 MPa, a temperature
of 300 1C and a holding time of 5 min. The relative mass density of
the consolidated UFG-Zn was about 97% as determined by
Archimede’s principle.

Microstructure investigations of the initial powder, samples
UFG-Zn and MC-Zn were performed by either scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), trans-
mission electron microscopy (TEM) or by X-ray line profile
analysis, depending on the microstructure characteristics of the
materials under study. For example, X-ray line profile analysis
was not carried out on MC-Zn samples since their crystallite sizes
and dislocation densities were higher and lower, respectively,
than the detection limits of this method (about 800 nm and
1013 m�2, respectively). Rather, these samples were investigated
by EBSD using a Zeiss Supra 40VP FEG scanning electron micro-
scope. The EBSD scans covered large regions of approximately
1300 mm�1300 mm using a step size between neighbouring
measurement positions of 1 mm and 0.2 mm for MC-Zn and
Table 1
Chemical composition of the Zn nanopowder in at. % (data from UMICORE).

Zn Pb Cu Cd Al Sn

Base 0.002% 0.006% 0.0002% 0.005% o 0.003%

Table 2
Chemical composition of MC-Zn sample in at. % (data from UMICORE).

Zn Pb Cd Fe

Base 0.00005% 0.00002% 0.00003%
UFG-Zn, respectively. Samples for EBSD investigations were pre-
pared by mechanical grinding using 4000 grit SiC papers and a
finish step using OP-S suspension from StruersTM. The total
duration of the polishing process was about 20 min. The average
grain size, the fraction of low angle grain boundaries (LAGBs,
having misorientation angle lower than 151) and high angle grain
boundaries (HAGBs, having misorientation angle higher than 151)
were extracted from the EBSD scans using an orientation imaging
software OIM version 4 from TexSem Laboratories. The EBSD
studies were complemented by TEM investigations using a JEOL-
2010 electron microscope at an operating tension of 200 kV.
Specimens for TEM investigations were first thinned mechanically
and dimpled to about 60 mm. Final thinning was carried out in a
GatanTM Precision Ion Polishing System (PIPS) model 691 under
the following conditions: electrical tension of 5 kV, current of
5 mA, beam inclination angle of 771.

The microstructure of UFG-Zn samples was also studied by
X-ray line profile analysis. The X-ray line profiles were measured
by a high-resolution rotating anode diffractometer (Nonius, FR 591)
using Cu Ka1 (l¼0.15406 nm) radiation. Two-dimensional ima-
ging plates were used for detection of the Debye–Scherrer
diffraction rings. The line profiles were determined as the inten-
sity distribution perpendicular to the rings obtained by integrat-
ing the two dimensional intensity distribution along the rings.
It should be noted that for the as-consolidated UFG-Zn sample
and some compressed specimens, a few sharp intensity spots
were visible along the Debye–Scherrer rings. These sharp peaks
were as narrow as the instrumental broadening (D(2Y)¼0.021),
therefore they were not evaluated for the microstructure. These
sharp intensity spots are related to reflecting grains where the
grain size is larger and the dislocation density is lower than the
detection limits of X-ray line profile analysis for the applied
experimental setup. Therefore, only the broader and more homo-
geneous parts between the large intensity spots were evaluated
by line profile analysis using the convolutional multiple whole
profile (CMWP) fitting method [24,25]. In this procedure, the
diffraction pattern is fitted by the sum of a background spline and
the convolution of the instrumental pattern and the theoretical
line profiles related to the crystallite size, dislocations and twin
faults. Nineteen peaks of Zn were fitted in the evaluation of line
profiles. The details of the CMWP procedure are available else-
where [24,26]. The CMWP fitting procedure was applied to
determine the area-weighted mean crystallite size, /xSarea, the
dislocation density, r, and the twin boundary frequency, b, where
the latter quantity is defined as the relative fraction of twin
boundaries among the lattice planes lying parallel to them. The
CMWP procedure also enables the determination of the prevailing
dislocation slip systems in hexagonal crystals. The q1 and q2

parameters of the dislocation contrast factors obtained by the
CMWP method depend on the type of dislocations [27]. The q1

and q2 values for the eleven possible slip systems in Zn have been
calculated according to Kuzel and Klimanek [28] and listed in
Table 2 in [29]. The eleven dislocation slip systems can be
classified into three groups based on their Burgers vectors:
b1 ¼ 1=3/2 1 1 0S (/aS type), b2 ¼/0 0 0 1S (/cS type)
and b3 ¼ 1=3/2 1 1 3S (/cþaS type). The relative fractions of
dislocations in /aS, /cS and /cþaS Burgers vector groups were
determined by comparing the theoretically calculated and the
measured values of q1 and q2. The detailed description of the
procedure is given in [30].

For the investigation of the mechanical properties as function
of strain rate, cylindrical specimens of about 6 mm in diameter
and 3.3 mm in height were prepared from both MC-Zn and
UFG-Zn by electric discharge machining. Quasistatic uniaxial
compression tests were conducted over a strain rate range of
about 6.7�10�5 s�1 to 6.7�10�2 s�1 by means of a universal



Table 3
The cross head or striker velocity (v), the corresponding strain rate ( _e) and the strain (e) applied during quasistatic or dynamic compression of UFG-Zn specimens. In the

case of impacted samples, _e is the strain rate at the beginning of compression. The area-weigthed mean crystallite size (/xSarea), the dislocation density (r), the relative

fraction of /aS, /cS and /cþaS dislocations and the number of high intensity spots summed up for all Debye–Scherrer rings for UFG-Zn compressed at different

strain rates.

v (mm/s) _e (s�1) e /xSarea (nm) r (1014 m�2) /aS (%) /cS (%) /cþaS (%) No. of spots

Consolidated – – 202720 0.770.1 5775 071 4375 17

0.00236 8�10�4 0.29 177717 0.570.1 5775 071 4375 0

1 0.35 0.31 137714 1.470.1 6376 676 3174 0

10 3.56 0.31 121713 1.570.1 6376 373 3475 2

16,000 4,834 0.22 85715 1.470.1 6176 676 3073 5

15,000 4,500 1.92
127715 (centre) 1.470.1 6677 373 3174 5

144715 (half-radius) 0.970.1 6677 474 3073 4

35,000 10,542 2.91
145715 (centre) 0.770.1 4475 071 5675 6

162717 (half-radius) 0.970.1 5777 071 4376 5

Table 4
The cross head or striker velocity (v), the corresponding strain rate ( _e) and the

strain (e) applied during quasistatic or dynamic compression of MC-Zn specimens.

For impacted samples _e represents the strain rate at the beginning of compression.

The average grain size values, Dav, after deformation are also shown.

v (mm/s) _e(s�1) e Dav (mm)

0 0 0 780

0.05 6.7�10�5 0.4 282

0.5 6.7�10�4 0.4 291

5 6.7�10�3 0.4 345

20 2.7�10�2 0.4 196

50 6.7�10�2 0.56 53

10 3.5 0.26 113

12,500 3900 0.2 211

28,940 8900 0.23 110

29,600 9100 0.22 114

29,600 9100 0.56 65 (central zone)

26 (outer rim)

G. Dirras et al. / Materials Science & Engineering A 564 (2013) 273–283 275
Instron testing machine (model 1195). For each compression test,
the strain was evaluated from the crosshead displacement cor-
rected by the stiffness of the testing machine. Dynamic compres-
sion experiments were performed by a direct impact Hopkinson
pressure bar (DIHPB) system at different velocities, yielding
a maximum initial strain rate of about 104 s�1. No lubricant
was used during the tests. Further details of the high strain rate
compression tests can be found in our previous reports [5,16,21].
Tables 3 and 4 list the conditions of mechanical testing for
materials UFG-Zn and MC-Zn, respectively. In order to limit the
strain in the impact tests, the striker was stopped by rings placed
around the samples. The heights of the rings correspond to the
desired maximum strains. The rings were made of high strength
tungsten alloy with yield strength of 1600 MPa and outside and
inside diameters of 20 mm and 10 mm, respectively.
3. Results and discussion

3.1. Initial microstructures

Fig. 1(a)–(e) show the microstructures of the initial Zn nano-
powder, the as-consolidated UFG-Zn and the as-received MC-Zn
materials, respectively. The TEM image in Fig. 1(a) reveals that the
nanopowder particles are not exactly spherical but rather faceted.
The average particle size was about 150 nm as measured by TEM.
Fig. 1(b) shows an EBSD image of the consolidated UFG-Zn
sample. Some very large (up to the size of 50 mm) single-
crystalline or multi-crystalline grains are embedded in the UFG
matrix. Most probably, these large grains grew during sintering.
This is supported by the fact that an UFG volume (indicated
by arrow) is enclosed in the large grain labelled as A in Fig. 1(b).
The average grain size computed from the EBSD data was about
420 nm, but �250 nm was obtained if only the UFG matrix was
considered. A representative TEM image of the UFG matrix is
shown in Fig. 1(c). Both TEM investigation and X-ray line profile
analysis gave 200–250 nm for the crystallite size in the as-
consolidated UFG-Zn.

The microstructure of the as-processed MC-Zn material was
investigated by EBSD. A cross sectional view is presented in
Fig. 1(d) and (e) showing the heterogeneous morphology of the
grain size within the bar rod, that is elongated grains coexist with
equiaxed ones. The average size of the grains is about 780 mm as
evaluated from the area of grains from SEM micrographs. Alike
the UFG-Zn counterpart, MC-Zn possesses nearly a random
crystallographic orientation.

The X-ray diffraction pattern measured for X-ray line profile
analysis revealed the presence of ZnO phase (PDF: 36-1451) in the
as-consolidated UFG-Zn. A part of the X-ray diffractogram for this
material is shown in Fig. 2. The ratio of the summed intensities
under ZnO and Zn peaks in the diffraction angle range of 30–1401
is 971% and the size of ZnO crystallites is �20 nm as estimated
from the breadth of the first X-ray diffraction peak of the oxide
phase using the Scherrer-equation. Most probably, the ZnO
formed during SPS processing, as it was not detected by XRD
investigation conducted on the initial powder. This point has not
been clarified yet.

3.2. Mechanical properties of UFG-Zn and MC-Zn

The flow stress vs the logarithm of strain rate for both UFG-
and MC-Zn is plotted in Fig. 3(a). For each specimen, the flow
stress was measured at a strain value of 0.05 on the stress–strain
curves (not shown here). Similar to FCC metals investigated
previously [31,32], in the case of the present Zn samples the flow
stress increases with increasing strain rate reaching a value of
about 850 MPa and 690 MPa at the highest applied strain rate of
�104 s�1 for UFG-Zn and MC-Zn, respectively. Fig. 3(b) shows
the flow stress vs strain rate data in double logarithmic scales.
At strain rates lower than 3.5 s�1, the relationship between the
logarithm of stress (s) and strain rate (_e) values is quite linear
suggesting that they obey the following formula usually applied
for high-temperature steady state creep:

sp_em, ð1Þ

where m is the strain rate sensitivity parameter. The values of m

are 0.1270.02 and 0.1870.01 for MC-Zn and UFG-Zn, respec-
tively, as determined from the slopes of the straight lines fitted to
the datum points in Fig. 3(b) for strain rates smaller than 3.5 s�1.
The validity of Eq. (1) in the present case and the relatively large
values of m suggest that the deformation at low strain rates is
mainly controlled by thermally activated mechanisms, such as



Fig. 1. (a) TEM micrograph showing the morphology of the initial Zn nanopowder that was subsequently consolidated into bulk material by SPS. Some faceted particles are

noticed; (b) EBSD image and (c) TEM micrograph of the UFG-Zn material consolidated from the nanopowder; (d, e) EBSD images showing the morphology of the grains in

the as-cast MC-Zn. The colour code of the standard stereographic triangle inset in (d) illustrates the grain orientations. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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dislocation climb inside the grains and/or grain boundary sliding,
which can be explained by the high homologous temperature of
straining (RT corresponds to a homologous temperature of 0.43
in the case of Zn). It is noted that the strain rate sensitivity for
UFG-Zn is close to the value of 0.15 determined previously for a
Zn sample with the grain size of 238 nm consolidated from ball-
milled powder [33]. The operation of thermally activated
mechanisms can also explain the smaller flow stress for UFG-Zn
than for MC-Zn at the very low strain rate of 10�3 s�1 (see
Fig. 3(b)). Namely, the three orders of magnitude smaller grain
size in the former sample is accompanied with a much larger
grain boundary fraction, yielding a faster diffusion, and therefore
a lower flow stress is required for plastic deformation at a given
strain rate. The larger contribution of grain boundary diffusion
controlled mechanisms, such as grain boundary sliding, to defor-
mation of UFG-Zn can also explain its higher strain rate sensitivity
compared to MC-Zn [34].

Fig. 3(b) shows that Eq. (1) is valid for UFG-Zn even at high
strain rates (in the range of 3.5–104 s�1), however, the value of m

decreased to 0.0770.01. Fig. 3(b) suggests similar reduction of
the strain rate sensitivity for MC-Zn in the range of 3.5–103 s�1,
but the value of m cannot be evaluated due to the lack of enough
datum points. The decrease of strain rate sensitivity with increas-
ing strain rates outside the dynamic regime is in accordance with



Fig. 2. A part of the X-ray diffractogram for the UFG-Zn sample consolidated by

SPS at 125 MPa.

Fig. 3. (a) The flow stress at the strain of¼0.05 vs logarithm of the strain rate for

both MC-Zn and UFG-Zn; (b) Double logarithmic plot of the data from (a). The

estimated strain rate sensitivity values, m, are also shown for both MC-Zn and

UFG-Zn.
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previous experiments performed on coarse-grained Zn [35].
It should be noted that the analysis of s and _e data in Fig. 3(b)
yields only an estimation of the strain rate sensitivity since these
stress and strain-rate values may correspond to slightly different
microstructures developed in the samples deformed up to a strain
of 0.05 at various strain rates. The best way to determine m is the
strain rate jump test at constant temperature where the change of
microstructure during the measurement is negligible [36]. Never-
theless, the analysis of s and _e data was also performed for other
strains between 0.002 and 0.2 and the obtained strain rate
sensitivity parameters agree with the value of m determined for
the strain of 0.05 within the experimental error which supports
their reliability, as far as the present study is concerned.

Fig. 3(a) shows that the flow stress for MC-Zn increases steeply
with increasing strain rate above 103 s�1, which is usually
explained (but not uniquely as discussed in the introduction part)
by the viscous drag of dislocations [10]. In this case, the force
acting on a dislocation (tb) is proportional with the dislocation
velocity (v) as:

tb¼ vB, ð2Þ

where t is the shear stress acting on the dislocation in the glide
plane in the direction of the Burgers vector, b is the magnitude of
the Burgers vector and B is the drag coefficient [10]. The strain
rate can be related to the average velocity of dislocations as

_e ¼ rmbv

M
, ð3Þ

where rm is the mobile dislocation density and M is the Taylor
factor (M¼4.5 for a randomly oriented HCP polycrystal) [37].
Using the relationship between the shear stress and the uniaxial
compression stress (s¼Mt) and applying Eqs. (2) and (3), the
following relationship between the stress and the strain rate can
be obtained for viscous drag of dislocations:

s¼ BM2

rmb2
_e: ð4Þ

The drag coefficient B can be given as [10]:

B¼ BeþBp
T

300

� �
, ð5Þ

where T is the absolute temperature of deformation and the
coefficients Be and Bp are associated with electron and phonon
drags, respectively. The Bp is about one order of magnitude larger
than Be and therefore the former one gives the main contribution
to B at RT. Although the parameter B depends on the prevailing
dislocation slip system, we use its average value of about
10�4 N s m�2 for Zn at RT [38]. Taking the value of b¼0.4 nm
as determined by averaging the magnitudes of Burgers vectors for
different types of dislocations in Zn and M¼4.5, the mobile
dislocation density was calculated from the stress and strain data
using Eq. (4). The density of mobile dislocations was found to be
in the range of 0.3–1.7�1011 m�2.

It is noted that at high strain rates the temperature usually
increases significantly during dynamic compression, which influ-
ences the value of B according to Eq. (5). Assuming that 90% of the
plastic work (Wp) transformed into heat in an adiabatic compres-
sion, the increase of the sample temperature (DT) can be esti-
mated from the following formula:

DT ¼
0:9Wp

rmasscp
, ð6Þ

where rmass is the mass density (7140 kg m�3 for Zn) and cp is the
specific heat (390 J kg�1 K�1). The plastic work calculated from
the stress–strain data for MC-Zn at the highest strain rate
(104 s�1) was 3.9�108 J m�3. Using this value, Eq. (6) gives a
temperature rise of 127 K when the dynamic compression fin-
ished, which yields a sample temperature of 427 K (homologous
temperature of 0.61). However, due to the high heat-conductivity
tungsten bars of the DIHPB set up this temperature decreased
very quickly to room temperature. Namely, this cooling period
can be estimated as:

Dt¼
DQx

kADT
, ð7Þ

where the heat redution of DQ equals to 0.9 Wp, k is the thermal
conductivity of Zn (112 W m�1 K�1), x is the thickness (2 mm)
and A is the area of the sample surface contacted with the bars
(92 mm2) at the end of compression. Assuming that the tungsten
bars are always at about room temperature due to their high
heat-conductivity, the value of DT obtained from Eq. (6) can be
substituted into Eq. (7). The obtained cooling period of 5�10�2 s
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is much larger than the duration of compression (10�4 s), which
suggests that first the temperature increased by about 127 K then
it decreased to room temperature very quickly (in 5�10�2 s).
The increase of the sample temperature from 300 to 427 K during
dynamic compression will increase the value of B by about 40%
which does not change the order of magnitude of rm. Similarly,
even if a texture formed during deformation, the deviation of M

from 4.5 would not alter the order of magnitude of the mobile
dislocation density. It is also noted that relativistic effects should
not be considered here as even at the highest strain rate of
104 s�1 for MC-Zn the velocity of dislocations is not higher than
about 0.3�Cs (CsE2370 ms�1 is the velocity of shear waves in
Zn) as calculated from Eq. (3) and relativistic effects become
significant only above 0.8�Cs [11].

For UFG-Zn the steep increase of the flow stress was not
observed even at very high strain rates (see Fig. 3(a)), suggesting
that viscous drag effects are negligible for this material. The lack
of dislocation drag phenomenon in UFG-Zn can be explained by
the relatively large dislocation density (�1014 m�2 see the next
section) and the small grain size as both hinder the acceleration of
dislocations to very high velocities necessary for the occurrence of
viscous drag effects. The velocity of dislocations in UFG-Zn is
about 1 m/s (�10�3

�Cs) for the highest applied strain rate
(104 s�1) as can be estimated from Eq. (3) using b¼0.4 nm and
M¼4.5, and assuming that the mobile dislocation density has the
same order of magnitude as the total dislocation density
(�1014 m�2). The present observations for the difference in the
stress vs strain-rate characteristics for UFG-Zn and MC-Zn at very
high strain rates are in accordance with a previous report [39].
It is noted that during quasi-static straining of MC-Zn at RT in
addition to dislocation slip, twinning also operates as it has been
shown in previous works [40,41]. In the following, we discuss the
microstructure evolution in UFG-Zn and MC-Zn during quasistatic
and dynamic compressions. For the sake of clarity the strain rates
in the next sections refer to their initial values in the beginning
of deformation for both quasistatic or dynamic compression
experiments.

3.3. Change of microstructure during compression

3.3.1. Microstructure of UFG-Zn from X-ray line profile analysis

The microstructure of UFG-Zn before and after compression
was investigated by X-ray line profile analysis using the CMWP
fitting method. As an example, the CMWP fitting for UFG-Zn is
shown in logarithmic intensity scale in Fig. 4. The open circles and
the solid line represent the measured data and the fitted curve,
respectively. The area-weigthed mean crystallite size (/xSarea),
Fig. 4. The X-ray diffraction pattern in logarithmic intensity scale for UFG-Zn

sample. The open circles and the solid line represent the measured and the fitted

X-ray diffraction patterns, respectively. A part of the pattern is presented in the

inset with linear intensity scale. The difference between the measured and the

fitted patterns is also shown at the bottom of the inset.
the dislocation density r and the relative fraction of /aS, /cS
and /cþaS dislocations obtained by the CMWP method are
listed in Table 3 for the as-consolidated material and also after
compression at different strains and strain rates. The crystallite
size is 202720 nm in the as-consolidated state that is close to the
grain size, �250 nm determined by TEM (see Fig. 1(c)). It is noted
that the microstructural parameters determined by X-ray line
profile analysis characterise only the fraction of the sample where
the crystallite (or grain) size is smaller than about 800 nm. As it
was mentioned above, the Debye–Scherrer rings detected in X-ray
diffraction experiments contain high intensity spots scattered
from large crystallites that most probably correspond to similar
large grains as seen in Fig. 1(b). The number of high intensity
spots counted for all the Debye–Scherrer rings is also given in
Table 3. In the samples exhibiting these spots, the dislocation
density and crystallite size averaged for the whole specimen are
lower and larger, respectively, than the values determined by
X-ray line profile analysis. The lack of a subgrain structure and the
moderate value of the dislocation density (0.770.1�1014 m�2)
in the as-consolidated sample can be explained by the very high
homologous temperature of SPS consolidation (0.83 correspond-
ing to 300 1C). The twin boundary frequency both in the
as-consolidated and the compressed UFG-Zn samples was under
the detection limit of X-ray line profile analysis, 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 250 nm in the UFG
matrix, suggesting negligible amount of twin boundaries. The
absence of twins in the present UFG-Zn sample is in agreement
with previous observations which have shown that the prob-
ability of twinning in HCP structures decreases with decreasing
grain size [37,38,42–44] and also confirmed by the present TEM
investigations (see Fig. 1(c)).

In a HCP metal, the deformation parallel to the basal plane is
resulted by the easy glide of dislocations with /aS Burgers
vectors. At the same time, the strain in the direction of the
crystallographic c-axis may be performed by glide of dislocations
with /cþaS Burgers vector or by twinning (both processes
operate mainly on pyramidal planes). The generation and propa-
gation of /cþaS dislocations are difficult due to their large
Burgers vectors and their dissociation on basal planes [45].
Therefore, they require larger stresses than twinning at low
homologous temperatures. However, the critical resolved shear
stress for /cþaS dislocations in pyramidal slip planes decreases
with increasing temperature [46]. Therefore, the high homolo-
gous temperatures 0.43–0.83 in both sintering process and sub-
sequent compression also facilitated the activation of /cþaS
dislocations in addition to the small grain size. This is in
accordance with the high fraction of /cþaS dislocations
obtained for all UFG-Zn samples as can be seen in Table 3.
X-ray line profile analysis also revealed that in the as-consolidated
state, most of /aS and /cþaS type dislocations are prismatic
(/2 1 1 0Sf0 1 1 0g) and pyramidal (/2 1 1 3Sf2 1 12g) edge
dislocations, respectively. It should be emphasized that the
dislocation activity inside the ultrafine grains is most probably
complemented by simultaneous deformation at the grain bound-
aries such as grain boundary sliding as suggested by former
studies [47] and the present mechanical experiments (see the
previous section).

During quasistatic compression at a strain rate of 8�10�4 s�1

for a fixed strain of 0.29, the parameters of the microstructure
including the type of dislocations appear to remain unchanged
within the experimental error. However, high intensity spots
were not observed in the Debye–Scherrer rings for the com-
pressed sample contrary to the undeformed specimen, indicating
that the large grains in the as-consolidated samples have been



Fig. 5. TEM micrographs for UFG-Zn deformed in quasistatic and dynamic

conditions at strain rates of (a) 0.35 s�1 and (b) 4500 s�1.
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fragmented into smaller subgrains during compression. As a
consequence, for the sample compressed at 8�10�4 s�1 the
microstructural parameters obtained by X-ray line profile analysis
characterize the whole sample. At the same time, in the as-
consolidated state the average dislocation density and crystallite
size are lower and higher, respectively, than the values presented
in Table 3 as the intensity scattered from the large grains was not
incorporated into the evaluation of X-ray diffraction line profiles.
Therefore, it can be concluded that the average dislocation
density increases while the average crystallite size decreases in
the whole sample during quasistatic compression of UFG-Zn at a
strain rate of 8�10�4 s�1.

Table 3 shows that for the UFG-Zn samples deformed up to the
strains of 0.2–0.3, the dislocation density increases with increas-
ing strain rate from 8�10�4 s�1 to 0.35 s�1, but further incre-
ment in the strain rate did not cause additional rise in the density
of dislocations. At the same time, the crystallite size reduces
continuously with increasing strain rate up to 4834 s�1. The
maximum dislocation density and the minimum crystallite size
are about 1.570.1�1014 m�2 and 85715 nm, respectively. The
evaluation of X-ray line profiles also revealed that at strain rates
higher than 0.35 s�1, in addition to prismatic /2 1 1 0S
f0 1 1 0g slip system other /aS-type dislocations in basal
(/2 1 1 0Sf0 0 0 1g) and pyramidal (/1 2 1 0Sf1 0 1 1g)
slip systems were also activated. Similarly, for /cþaS-type
dislocations beside pyramidal /2 1 1 3Sf2 1 1 2g slip system,
prismatic (/2 1 1 3Sf0 1 1 0g) and other pyramidal disloca-
tions (/2 1 1 3Sf1 1 2 1g and /2 1 1 3Sf1 0 1 1g) were also
detected. Most probably, at pile-ups formed on the slip planes in
the as-consolidated sample (e.g., on prismatic planes for /aS
dislocations) the local stresses induce slip on other planes (e.g., on
pyramidal or basal planes in the case of /aS dislocations) during
compression.

For the samples deformed by dynamic compression at high
strain rates (4500 and 10,542 s�1) and large strains (eE1.9–2.9),
both the centre part and the outer region at the half-radius of the
impacted disks were investigated by X-ray line profile analysis. In
these specimens the dislocation density and the crystallite size do
not surpass the values obtained for lower strain and strain rates,
rather at the half-radius of these disks the dislocation density and
the crystallite size are smaller and larger, respectively. The lower
dislocation densities for higher strains and strain rates can be
explained by a dynamic recovery and/or recrystallization that is
confirmed by the increase of the number of high intensity spots
compared to the samples deformed at smaller strains and strain
rates (see Table 3). The higher degree of recrystallization in the
outer region of the impacted disk has also been shown recently
for coarse-grained Zn [21]. It is suspected that the reason of this
effect is the larger strain in the outer region compared to the
centre of the impacted UFG-Zn. It should be noted that the
recrystallization at high strain rates most probably occurred
dynamically during compression since the high temperature
caused by the fast plastic deformation decreased quickly in about
5�10�2 s as shown in Section 3.2. Therefore static recrystalliza-
tion after deformation due to the high temperature of the sample
is not expected. This conclusion is in line with previous observa-
tions on CP-Ti processed by differential speed rolling [48,49].
3.3.2. Microstructure changes of UFG-Zn during compression from

TEM investigations

Typical TEM micrographs for UFG-Zn deformed in quasistatic
and dynamic conditions at strain rates of 0.35 s�1 and 4500 s�1

are shown in Fig. 5(a) and (b), respectively. The mean grain sizes
are about 150 nm for both samples which are in good agreement
with the crystallite sizes obtained by X-ray line profile analysis
(see Table 3). The morphology of the grains in UFG-Zn remained
equiaxed after both quasistatic and dynamic compression experi-
ments. Additionally, twins were not observed inside the grains at
either low or high strain rates, conforming the results of X-ray
line profile analysis. Therefore, both TEM and X-ray peak profile
experiments suggest that the plastic deformation in UFG-Zn
occurred by dislocation motion inside the grains which may have
been complemented by grain boundary sliding due to the small
grain size and the high homologous temperature.
3.3.3. Microstructure changes in MC-Zn during compression from

EBSD investigations

3.3.3.1. Microstructure after quasistatic compression. Fig. 6(a)–(d)
show EBSD orientation maps for MC-Zn samples deformed by
quasistatic compression at strain rates of 6.7�10�5 (Fig. 6(a)),
6.7�10�4 (Fig. 6(b)), 2.7�10�2 (Fig. 6(c)) and 6.7 �10�2 s�1

(Fig. 6(d)), and at fixed strains of e¼0.4 (Fig. 6(a)–(c)) and e¼ 0.56
(Fig. 6(d)). The grain size values determined from the EBSD images
are listed in Table 4. Up to the strain rate of 2.7�10�2 s�1, the grain
size decreases slowly from about 300 to 200 mm with increasing
rate of deformation. Fig. 6(d) shows that further increase of the
strain rate and the strain to 6.7�10�2 s�1 and 0.56, respectively,
leads to a more pronounced decrease of grain size. In the later case,
the grains are equiaxed with an average size value of about 53 mm
and a narrow size distribution. In addition, it is observed that the
grains possess a strong tendency to having their [0 0 0 1]
crystallographic direction perpendicular to the impacted surface.

The red lines in the images of Fig. 6 correspond to LAGBs
having misorientation angle smaller than 51 while the green ones



Fig. 6. EBSD images of the microstructure after quasistatic compression of MC-Zn. (a), (b) and (c) correspond to the initial strain rates of 6.7�10�5 s�1, 6.7�10�4 s�1 and

2.7�10�2 s�1, respectively, and a fixed strain of¼0.4; In the case of (d) the strain rate and the strain were 6.7�10�2 s�1 and¼0.56, respectively. (For the coloured image

on the right one can refer to the standard stereographic triangle inset in Fig. 1d). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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are boundaries having misorientation angle in the range of 5–151.
Most probably, these boundaries were developed from the dis-
locations formed during compression. Additionally, a high frac-
tion of lenticular deformation twins can also be observed that
were not found in the initial unstrained state (see Fig. 1(d) and
(e)). The twins are either very thin or consisting of twin bundles
spreading through the entire grain. As a consequence, twinning
may induce a change of orientation inside the grains when the
deformation proceeds [42,49] and contributes to the decrease of
grain size. As the strain rate increased, the twinning activity
Fig. 7. EBSD images illustrating the microstructure after quasistatic compression of M

region and (c) the outer rim of the sample for a fixed strain of 0.56. The grains in (a, b) a

(For the coloured image on the right one can refer to the standard stereographic triangle

the reader is referred to the web version of this article.)
decreased and at a strain rate of about 2.7�10�2 s�1 the amount
of twin boundaries was very small (see Fig. 6(c)) that can be
explained by the decrease of grain size as discussed in the
previous section. In addition, it was reported by Brown et al.
[50] that twinning activity in pure Be depends on the initial
crystallographic texture. In their study on the plastic deformation
of pure Be over a wide range of strain rates (10�4–104 s�1) the
authors found that the material with strong basal texture com-
ponent exhibited active twinning, contrariwise to the hot-pressed
sample with a random distribution of grain orientation, in which
C-Zn at strain rate of 9�103 s�1. (a) for a fixed strain of e¼ 0.22; (b) The central

re randomly oriented while there is a near [0 0 0 1] crystallographic texture in (c).

inset in Fig. 1d). (For interpretation of the references to color in this figure legend,
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twinning was negligible. In the present case, the initial MC-Zn
material exhibited a random crystallographic texture.

3.3.3.2. Microstructure after dynamic compression. Fig. 7(a) shows
the microstructure in MC-Zn after dynamic compression at a strain
rate of 9.1�103 s�1 and at a fixed strain of e¼0.22. The lack of
twinning should be noticed. Indeed, no twins were found after
compression tests in the dynamic regime, irrespectively of the
strain rate values applied here. The EBSD orientation map in
Fig. 7(a) also shows that the grain orientation deviates strongly
from that observed in the initial material but it is more or less
qualitatively equivalent to the state observed at a similar strain value
in quasistatic compression. Therefore, it can be concluded that the
grain reorientation is rather dictated by the strain value than the
strain rate effect per se. Nevertheless, it was noted that the grain
refinement is more pronounced after dynamic tests than in the case
of quasistatic compression at the same strain in accordance with the
larger value of the Zener–Hollomon parameter at a higher strain rate
[51]. The decrease of twinning activity is most probably accompanied
by an increase of dislocation-controlled plasticity. It is interesting to
note that Conrad and Narayan [52] proposed a grain size regime of
10–1000 nm where the absence of twinning is expected to occur in
Zn during quasi-static deformation at a strain rate of about
10�4 s�1. The grain size of UFG-Zn (250 nm) falls into this regime,
but the grain size in MC-Zn is much larger (Z26 mm) even after
deformation at the highest applied strain rate. During dynamic
compression of MC-Zn, the temperature most probably increases
significantly [21] thereby promoting the activation of /cþaS
dislocations instead of twinning even if the grain size is not
very small.

Contrariwise to the monomodal grain size distributions observed
in the materials described above, during loading at a strain rate of
9.1�103 s�1 and for a fixed strain of e¼0.56 a bimodal grain size
distribution has developed similar to the case reported in [21]. In this
microstructure a central region having larger grains (but still lower
compared to the initial state) is surrounded by an outer ring with
smaller grains as illustrated in Fig. 7(b) and (c), respectively. More-
over, the grain size distribution in the outer region is itself clearly
bimodal: dislocation-free large grains (about 6 mm) with crystal-
lographic [0 0 0 1] direction normal to the impacted surface coexist
with much smaller grains (about 1 mm) whose orientations are
random. It is interesting to note that Meyers et al. [53] have reported
on shear localization during dynamic deformation of metals and
associated microstructural evolution and self-organization. Detailed
Fig. 8. Image quality index (IQ) determined from the EBSD images taken in the

central (a) and the rim (b) areas of MC-Zn compressed at an initial strain rate of

9�103 s�1 for a fixed strain of¼0.56.
microstructural investigations of the shear bands formed in Ti, Cu,
Al–Ti and Ta at very high strain rates revealed a fine grained
microstructure that was attributed to the operation of a recrystall-
ization process due to the increase of temperature during dynamic
deformation.

Further investigations were conducted to confirm the occur-
rence of dynamic recrystallization in the case of the impacted
MC-Zn samples. Fig. 8 represents the distribution of image quality
number (IQ) describing the sharpness of the diffraction pattern in
EBSD. The higher the IQ, the less distorted the lattice. The values
of IQ in the central and outer areas of the disk impacted at
9.1�103 s�1 and at a fixed strain of 0.56 were investigated. It is
observed that the outer ring possesses higher IQ values that the
internal coarse-grained region. The higher IQ indicates defect-free
areas that may be linked to recrystallized grains. The overlapping
between the two IQ distributions in Fig. 8 is most probably
related to recovered zones in both the centre and the outer ring.
This observation is in line with TEM investigations reported in
[21] that showed a gradual change of the microstructure from
dislocation-populated grains in the centre of the disk to recovered
and/or recrystallized grains in the outer ring.
4. Conclusions

Ultrafine- and coarse-grained Zn samples were deformed by
compression at RT in the strain rate range spanning nine orders of
magnitude. The main results are the following:
(1)
 In the case of MC-Zn compressed up to a strain rate of
�10 s�1 twinning and thermally activated dislocation motion
controlled the deformation yielding to a strain rate sensitivity
of about 0.12. Above the strain rate of 103 s�1 dislocation drag
effects controlled the plasticity which was accompanied by
partial recrystallization. In this strain rate regime the mobile
dislocation density was found to be about 1011 m�2. In the
case of UFG-Zn the relatively large dislocation density
(�1014 m�2) and the small grain size (�250 nm) limited
the dislocation velocity, yielding the lack of dislocation drag
effects up to 104 s�1. The strain rate sensitivity was higher for
UFG-Zn (�0.18) than for MC-Zn in the thermally activated
deformation regime. In UFG-Zn dynamic recrystallization was
observed in the strain rate regime of 103–104 s�1.
(2)
 Twinning contributed to deformation only in MC-Zn at low
strain rates. For MC-Zn at high strain rates and in UFG-Zn for
the entire strain rate regime, the main deformation mechan-
ism was the dislocation motion of /aS and /cþaS type
dislocations. The activation of /cþaS type dislocations on
pyramidal planes instead of twinning with increasing strain
rate was caused by the decrease of grain size and the increase
of temperature.
(3)
 During compression, a significant grain refinement occurred in
MC-Zn, whose magnitude increased with increasing both strain
and strain rate. The grain size reduction was partially caused by
recrystallization. The degree of recrystallization increased with
increasing the distance from the centre of the impacted disk.
(4)
 During compression of MC-Zn, grain reorientation occurred
leading to the development of near [0 0 0 1] crystallographic
texture. The amount of reoriented grains increased with
increasing strain.
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[24] G. Ribárik, J. Gubicza, T. Ungár, Mater. Sci. Eng. A387–389 (2004) 343–347.
[25] L. Balogh, G. Ribárik, T. Ungár, J. Appl. Phys. 100 (2006) 023512.
[26] L. Balogh, G. Tichy, T. Ungár, J. Appl. Cryst. 42 (2009) 580–591.
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