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Polycrystalline Znwith an average grain size of about 300 μmwas deformed by direct impact
Hopkinson pressure bar at a velocity of 29 m/s. An inhomogeneous grain structure was
found consisting of a center region having large average grain size of 20 μm surrounded by a
fine-grained rim with an average grain size of 6 μm. Transmission electron microscopy
investigations showed a significant dislocation density in the large-grained areawhile in the
fine-grained rim the dislocation density was negligible. Most probably, the higher strain
yielded recrystallization in the outer ring while in the center only recovery occurred. The
hardening effect of dislocations overwhelms the smaller grain size strengthening in the
center part resulting in higher nanohardness in this region than in the outer ring.
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1. Introduction

The high strain rate behavior of materials is increasingly
important in many applications from microelectronics to ballis-
tics. Therefore, various studies have been reported on the
deformation behavior and microstructural evolution under high
strain rate loading conditions [1–5]. It was shown that at a critical
strain rate a transitionof the controllingdeformationmechanism
from thermally activated deformation to viscous phonon drag
occurred [6]. Later, Zerilli and Armstrong [7] suggested that this
behavior could be more accurately interpreted as an increase in
dislocation and twin formation rates.

Hopkinson pressure bar (split-Hopkinson and direct impact
Hopkinson pressure bars) and Kolsky bar techniques are among
the means that are extensively used to characterize the
mechanical behavior of face centered cubic (fcc) [8,9] body
centered cubic (bcc) [10,11] and hexagonal close packed (hcp)
metallic materials [12–14] under high strain rate impact loading.
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Inmost cases, one of the striking features of the impact test is the
occurrenceof localizeddeformation in the formofadiabatic shear
bands [15,16]. The structure within the bands usually consists of
recrystallized submicron-sized grains as a consequence of
intense strain localization and temperature rise during straining
[17], whose combination supposedly triggers recovery and/or
recrystallization phenomena. Therefore, high strain rate loading
techniques have been considered by some authors as a way to
refine grains inmetals and alloys [18–21]. It has been shown that
the grain refinement in fccmetals such asAl [21] andNi [9] during
impact loading was accompanied by changes in crystallographic
texture.

The present work applies direct impact Hopkinson pres-
sure bar technique to study the microstructural changes
during high strain rate impact test in high purity polycrystal-
line Zn. The evolution of the microstructure due to the impact
loading is discussed in relation with the local mechanical
behavior measured by nanoindentation.
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2. Experimental Procedure

High purity polycrystalline Zn, whose chemical composition
is given in Table 1 was supplied by Vieille Montagne Angleur
(Umicore), Belgium, in the form of bar specimens having
100 mm in height and 6 mm in diameter. Cylindrical speci-
mens of about 6 mm in diameter and 3.3 mm in height were
prepared by electric discharge machining. Dynamic com-
pression tests were performed by a direct impact Hopkinson
pressure bar (DIHPB) system at room temperature (RT) and at
a velocity of 29 m/s. Two samples were tested under the
same conditions and they showed identical microstructural
characteristics. The set-up of the DIHPB device is depicted in
Fig. 1. Further details can be found in our previous reports
[9,22].

The microstructures before and after impact test were
investigated by electron backscattering diffraction (EBSD)
technique using a Zeiss Supra 40VP FEG scanning electron
microscope (SEM). The EBSD scans covered regions of
approximately 1300 μm×1300 μm using a step size between
neighboring measurement positions of 1 μm. Samples for
EBSD investigations were prepared bymechanical grinding up
to 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, the fraction
of low angle grain boundaries (LAGBs) and high angle grain
boundaries (HAGBs) 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 voltage of 200 kV. Specimens for TEM
investigations were first thinned mechanically and dimpled
to about 60 μm. Final thinning was carried out in a Gatan
Precision Ion Polishing System (PIPS). The local mechanical
behavior was studied by nanohardness measurements using
an UMIS nanoindentation device with a Berkovich indenter
and applying a maximum load of 5 mN. The indentation rate
was 0.15 mN/s. Nanoindentation experiments were per-
formed at different locations of the impacted surface. In
each location 400 indentations were carried out arranging the
indents in a 20×20 matrix. The distance between the
neighbouring indents was 20 μm. The mean hardness at
each location was calculated by averaging the 400 hardness
values determined as:

H =
Pm

24:5h2
m
; ð1Þ

where Pm is the maximum load (5 mN) and hm is the
maximum penetration depth during indentation.
Table 1 – Chemical compositionof the Zn sample (data given
by Vieille Montagne Angleur, Belgium).

Zn Pb Cu Cd Fe

base 0.00005% 0.0% 0.00002% 0.00003%
3. Results and Discussion

3.1. Microstructure Characterization

3.1.1. EBSD Investigations
Fig. 2 illustrates themicrostructure of the initial sample before
high strain rate impact test. The grains are equiaxed having an
average grain size of about 300 μm. In Fig. 2a LAGBs are
observed inside the grains and are represented as red lines
(angle of misorientation≤5°) and green lines (angle of misori-
entation between 5° and 15°). The total volume fraction of
LAGBs is about 15%. Fig. 2b indicates that the majority of the
grains have [0001] crystallographic direction normal to the
disc surface, corresponding to a strong [0001] texture as
illustrated by the color code in the associated standard
stereographic projection triangle.

After the direct impact with a striker velocity of 29 m/s, the
final diameter of the sample was increased to about 18.50 mm
and the thickness of the disc was reduced to 0.07 mm (h),
which corresponds to an engineering axial strain, εeng=(h−h0)/
h0 of about −0.98 (h0 is the initial height of the sample).
Assuming that an uniaxial state of stress prevails up to the
engineering strain of −0.4, the true stress and true strain rate
as a function of true strain were calculated from the load and
displacement data taken during impact test. These quantities
are plotted in Fig. 3 up to the absolute value of true strain of 0.5
that corresponds to the engineering strain of −0.4. It can be
seen in Fig. 3 that in the beginning of plastic deformation the
strain rate was ~9×103 s−1 which increased up to 1.5×104 s−1 at
a true strain of −0.5. At the end of the loading, the strain rate
(not shown in Fig. 3) is of the order of 105s−1. This value of
strain rate falls into the viscous deformation regime where
phonon drag has an important effect on dislocation motion
[6]. It should be noted that a precise evaluation of the strain
rate history for strain exceeding −0.5 will require to conduct a
numerical simulation of the experiment to take into account
the evolution of the uniaxial stress state to a multi-axial one.
This will be a topic of a further work.

Fig. 4 illustrates the microstructure obtained after impact
test. The comparison with the initial state revealed a
significant evolution of the grain structure due to deforma-
tion. Indeed, a gradient of the grain size is observed on the
impacted surface. The center of the sample having a diameter
of about 4 mm consists of equiaxed coarse grains with an
average grain size of about 20 μm, that is 15 times smaller than
in the initial state. This central zone is surrounded by an outer
ring consisting of even smaller grains whose average size is
about 6 μm, that is 50 times smaller than in the initial state.
The frontier between these two areas is not sharp. Indeed,
islands of coarser grains like those formed in the center of the
sample, are immersed in the zone having small grains, and
conversely. Some of the isolated small islands are indicated by
squares in Fig. 4. It is also worth to note that the distribution of
LAGBs is not the same within the two types of microstructure.
The central zone with coarser grains exhibits mostly LAGBs
with misorientation angle≤5° (red line or red etch pits), while
the fine-grained area is mostly populated by LAGBs with
relatively high misorientation close to 15° (green lines). The
total fraction of LAGBs extrated from Fig. 4 was about 22% (16%



Fig. 1 – A schematic drawing of the direct impact Hopkinson pressure bar system [22].
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for LAGBs with a misorientation angle≤5°). The black clusters
which are mostly seen in the vicinity of grain boundaries or at
triple junctions in Fig. 4 correspond to non indexed areas,
probably due to the presence of grainswith the size lower than
the EBSD step size.

It is noted that the plastic deformation in hexagonal close-
packed metals occurs by twinning and/or dislocation slip. In
Fig. 2 – (a): EBSD boundary map of the initial microstructure
that consists mainly of equiaxed grains bounded by HAGBs.
The red and green lines correspond to LAGBs (see the text for
more details); (b): EBSD inverse pole figure showing the
orientation of grains on the surface of the initial sample. The
majority of the grains possess a [0001] axis perpendicular to
the surface of the sample.
this context, the ratio c/a is a very important parameter. In the
case of Zn with c/a=1.856 (larger than the ideal value=1.63),
mechanical twinning can be activatedmainly under compres-
sion. For example, Li et al. [23] investigated the fundamental
plastic deformation and damage mechanisms in pure Zn
under compression and cyclic compression–compression
loadings. The main deformation and damage mechanisms
ig. 3 – True stress and true strain rate as a function of true
train for the specimen tested at 29 m/s.
F
s

Fig. 4 – EBSD analysis of the impacted surface showing an
inhomogeneousmicrostructure. The center of the sample (on
the left side of the figure) consists mainly of coarse grains
surrounded by a fine-grained rim (on the right side of the
figure). The red and green lines correspond to LAGBs (see the
text for more details).
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consist of slipping, twinning, secondary twinning, kinking and
cracking along grain boundaries and twin boundaries. Fur-
thermore, the deformation and fracture mechanisms in
polycrystalline Zn for different values of grain size and tensile
strain rate were reported by Liu et al. [24]. It was shown that
crack propagation was accompanied by formation of defor-
mation twins and kinked bands, while in the vicinity of a grain
boundary, cleavage crack first induced a plastic zone ahead,
and then crossed the grain boundary when the strain
accumulates. In the present case, when pure polycrystalline
Zn was deformed at high strain rate, the microstructural
observations do not show any evidence of twinning, contari-
wise to its appearance when the deformation was carried out
in the quasi-static regime. Most probably, the lack of twins in
the impacted sample is caused by the relatively small size of
grains formed at high strain rate deformation as in hcp metals
the reduction of grain size is usually accompanied by the
decrease of twinning activity [25]. In smaller grains the
stresses developed at dislocation pile-ups are higher that
facilitate the operation of <c+a> dislocations beside <a>
dislocations, thereby reducing the occurrence of twinning.
Beside the small grain size, the higher deformation temper-
ature also facilitates the activation of <c+a> dislocations,
therefore in the case of Zn where RT corresponds to higher
homologous temperature than for Mg or Ti, the critical grain
size may be larger as smaller stresses are enough for the
activation of <c+a> dislocations.

Further EBSD investigations of the impacted sample are
shown in Fig. 5. Even if the information contained in the pole
figures are incomplete and semi-quantitative, Fig. 5a indicates
that in the coarse-grained central region the crystallographic
orientation became more scattered after the impact test
compared to the initial state (for instance, the basal poles
tend to be tilted away from the normal of the impacted
surface), while in the outer ring most of the fine grains have
[0001] orientation parallel to the normal of the impacted
surface, yielding an intense level of a [0001] fiber texture (see
Fig. 5b). Former reports have shown that the combination of
Fig. 5 – EBSD images showing the orientation distribution of the g
for (a) the coarse-grained center and (b) the surrounding fine-gra
basal 0001f g < 1120 > slip and pyramidal 1122
� �

< 1123 >

slip in Zn resulted in textures with basal poles tilted away
from the normal direction toward the rolling direction [26]. In
addition, in hcp metals reorientation of the grains due to
recrystallization was also observed [27]. Therefore, both the
dislocation activity during large impact deformation and the
annealing processes, such as recovery and recrystallization
usually occurring at high strain rates may result in the
observed textural evolution. This is in line with TEM investi-
gations as discussed below.

3.1.2. TEM Investigations
Fig. 6 shows qualitatively the typicalmicrostructures observed
by TEM after impact test. One quarter of the impacted diskwas
cut and within this piece three specimens were investigated,
corresponding to the fine-grained outer ring (Fig. 6a), the
intermediate zone (Fig. 6b) and the coarse-grained area in the
center of the disk (Figs. 6c and d). Equiaxed and dislocation-
free grains/crystallites are foundwithin the fine-grained outer
ring. It is noted that in the TEMmicrographs some grains have
much smaller size (about 500 nm) than the average value
determined by EBSD (6 μm) that can be attributed to the step
size used in EBSD investigations (about 1 μm). Moreover,
differences between the grain size values observed by TEM
and EBSD analyses are usually reported in the literature [28].

In the intermediate zone between the outer ring and the
central area, another type of substructure is found which
contains dislocation cells and a few isolated dislocations or
dislocation debris (Fig. 6b). The observed substructure resem-
bles to a polygonized structure similar to that develops during
a recovery process. In the coarse-grained central area, the
grains are populated with a high density of individual
dislocations (see Fig. 6c) or dislocation networks (not shown).
Both the TEM observation of the loose dislocation networks
and the EBSD results indicating a large amount of LAGBs with
small misorientations suggest a less correlated dislocation
structure in the central coarse-grained region. Another
characteristic feature of the microstructure is illustrated in
rains and the corresponding pole figures after the impact test
ined zone.



Fig. 6 – TEM images taken on different areas of the Zn sample impacted at a velocity of 29 m/s: outer ring having dislocation-free
grains (a), the intermediate zone containing dislocation walls and some isolated dislocations (b), and the center part with large
grains containing straight dislocation segments (c) as well as dislocation loops (d).
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Fig. 6d which shows the presence of dislocation loops
exhibiting fringes as they are inclined from the observation
plane. This type of substructure was observed in both coarse-
grained and fine-grained areas. Such loops were reported in
high purity (99.999%) Zn quenched after annealing [29] and
may have been formed by point defect agglomeration.

The dislocation-free grains and the polygonized dislocation
structure suggest that recovery and/or recrystallization oc-
curred due to the high strain and temperature rise in the short
duration of the impact test. Local heating usually occurs due to
the high strain rate impact as reported many times in the
literature [9]. During high strain rate deformation, the fraction
of plastic work, Wp that gets converted into heat in a unit
volume during a supposedly adiabatic deformation process
(assuming it is 90% of the plastic work) is related to the
temperature increment as [30–32]:

ΔT =
0:9Wp

ρCp
; ð2Þ

where ρ is the mass density and Cp is the specific heat at
constant pressure. The values of ρ and Cp for Zn are
7140 kg m−3 and 390 Jkg−1 K−1, respectively. Theoretically,
this formula yields a temperature increment of ΔT~660 K.
Therefore, during the high strain rate impact at RT the
temperature of the sample may increase to T+ΔT~960 K,
that is above the melting temperature of Zn (~692 K). This
temperature level could have melted the specimen. Most
probably, the surrounding material of the impact device
dissipated a significant fraction of heat. In fact, the sample
remained in contact with the impacting bar made of a
tungsten alloy having very high thermal conductivity
(~75 W/mK) that most probably led to a rapid cooling of the
sample. Therefore, in such a case, the melting does not occur
but the temperature remains high enough to trigger structural
changes controlled, in part, by the strain gradient. The
observed dislocation loops may be formed from point defects
during cooling of the impacted sample. It is worth to note that
Mishra et al. [33] have calculated the cooling rate in Cu sample
severely deformed by a steel cylinder (thermal conductivity is
~35.17 W/mK) at RT and a strain rate of 1 s−1. Their calcula-
tions showed that the sample cooled down from 355 K to RT
within a time interval of 5 s.

As the center part contains significant amount of disloca-
tions, while in the outer ring mostly defect-free grains are
observed, most probably in the center there was only a
recovery of the microstructure while in the ring recrystalliza-
tion occurred during impact test. This inhomogeneity of the
microstructure may be a consequence of both strain and
temperature gradients. The recrystallization of the outer ring
may be caused by the higher strain evolved there during
deformation compared to the center region. This is caused by
the bulging of the sample during impact test originating from
the friction between the surfaces of the pressing bars and the
sample. The higher strain in the outer ring yielded a higher
driving force for recrystallization compared to the center part



Fig. 7 – (a): The locations on the disk where nanohardness
valuesweremeasured. Themissing quarterwas used for TEM
investigations (see Section 3.1.2); (b): the mean nanohardness
at different locations. Locations 2 and 3 correspond to the
coarse-grained zone, while locations 1, 4 and 5 correspond to
the surrounding fine-grained ring.
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where probably only recovery occurred. Such a strain gradient
has been also reported in ECAP-processed Cu during high
strain rate impact test [34].

As discussed in Section 3.1.1, the [0001] texture in the outer
ring is most probably also formed due to recrystallization. The
(0001) basal plane in Zn has the lowest surface energy [35]
among the crystallographic planes, therefore this plane in the
recrystallized grains is favourably lying parallel to the
impacted surface. As a consequence, in both the annealed
initial state and the recrystallized outer ring, [0001] texture
was formed.

Finally, Schmid and Boas [36] have been also reported
similar gradient in grain size for Sn sheets that were impacted
by bullets at high strain rates. Around the holes left by the
bullet impact, a recrystallized zone having fine grains was
observed that was surrounded by a coarse-grained outer ring.
The microstructure inhomogeneity was explained by the
existence of a strain gradient, which was associated with the
local increase of temperature resulting in dynamic recrystal-
lization. It should be noted that the microstructure observed
here is reversed to that discussed in [36]. In the present case,
the average grain size in the center zone ismuch larger than in
the outer ring. This apparent dichotomy can be explained by
considering that in the case of a bullet impact the strain is the
highest in the vicinity of the hole while in our case the strain is
the largest at the periphery of the impacted disk.

3.2. Nanoindentation Test

Nanohardness measurements were carried out at five loca-
tions on the disk which are numbered from 1 to 5 as shown in
Fig. 7a. The mean hardness was determined for each location
from 400 indentations and plotted in Fig. 7b as a function of
number of location. It can be revealed that the coarse-grained
area possesses higher mean hardness value compared to the
fine-grained outer ring. The observed mechanical behavior
can be explained by the higher dislocation density in the
center as follows.

Taking into account the strengthening caused by grain
boundaries and dislocations using Hall–Petch and Taylor-
formulas, respectively, the yield strength in the different areas
of the impacted Zn sample can be approximated as:

σ = σ0 + Kd−1=2 + αMGbρ1=2; ð3Þ
where σ0 is the friction stress, d is the grain size, α is a
constant,M is the Taylor factor (αM≈1), G is the shearmodulus
(40 GPa for Zn), b is the length of the Burgers vector (an average
value of 0.42 nm was chosen assuming <a> and <c+a>
dislocations with equal fractions) and ρ is the dislocation
density. Using the values of σ0=23 MPa and K=8.5 MPamm1/2

taken from Ref. [37], as well as the grain size values
determined by EBSD (20 and 6 μm for the coarse-grained
center and the fine-grained outer ring, respectively), the
contributions of grain boundaries to strength are 60 and
110 MPa for the coarse-grained center and the fine-grained
outer ring, respectively. The average distance between dis-
locations estimated from Fig. 6c is 160 nm that corresponds to
the dislocation density of 4×1013m−2. Substituting this value
into Eq. (3), 105 MPa is obtained for the dislocation strength-
ening in the center region. As dislocation was only scarcely
observed in the fine-grained outer ring, therefore in this region
the dislocation strengthening was neglected. The calculation
presented above shows that in the center zone the smaller
grain boundary strengthening compared to the outer ring is
overwhelmed by the dislocation strengthening, resulting in a
higher total strength in the coarse-grained center than in the
fine-grained outer ring. Assuming that the hardness is
approximately three times of the yield strength, 600 and
400 MPa are obtained for the hardness of the center part and
the outer ring, respectively, that are in good agreement with
the experimental results (see Fig. 7b).

It should be noted that the [0001] texture in the outer ring
may also affect the hardness value but it is difficult to estimate
whether this texture increases or decreases the hardness
compared to the case of random grain orientation as this
effect depends on the type of active dislocation slip systems.
As the Berkovich indenter used in this study is relatively flat,
the resolved shear stresses in the planes lying perpendicular
or parallel to the loading axis are low. Consequently, if [0001]
texture exists, the basal and prismatic slips are difficult to
occur under the tip, thereby increasing the hardness value
compared to the case of randomgrain orientation. At the same
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time, the slip on pyramidal planes are is easier for a hcp
material having [0001] texture than for a randomly oriented
grain structure. During plastic deformation of a hcp metal,
usually basal and/or prismatic as well as pyramidal slips occur
[38], therefore the [0001] texture may increase or decrease the
hardness depending on the dislocation populations on the
different slip planes.
4. Conclusions

High purity polycrystalline Zn was deformed at high strain
rate by DIHPB. It was found that:

• The microstructure is considerably refined and an inhomo-
geneous grain structure developed, containing larger grains
in the center region and finer grains in the rim. This
microstructure is most probably caused by the strain
gradient in the impacted sample. In the center part, where
the strain is lower only recovery occurred while in the outer
ring recrystallization took place due to the higher strain.

• Local mechanical measurements by nanoindentation
showed that the large-grained area possesses higher
hardness value compared to the fine-grained rim. This is
attributed to the higher dislocation density in the center
region whose hardening effect overwhelms the reduced
strengthening due to the larger grain size compared to the
outer ring.
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