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A B S T R A C T

We conducted high-pressure torsion (HPT) of hybrid materials composed of two copper disks with a layer of ZnO
ceramic nanoparticles sandwiched in-between. A detailed microstructural analysis of the processed samples
revealed a surprisingly high level of plastic deformation introduced in individual ZnO particles, even though
they possess a much high hardness than the surrounding Cu. Moreover, we demonstrated that by tailoring the
initial geometry of the system (i.e. introducing holes in the cladding Cu disks), we can effectively change the
flow mode of ZnO particle clusters from laminar to turbulent one and facilitate their deagglomeration process.
Finally, the presence of ZnO particles decreased the microstructural stability of the Cu matrix. We discussed the
obtained results in terms of hydrodynamic and microstructural instabilities during plastic deformation. This
work expands our understandings of the cooperative severe plastic deformation of two dissimilar materials and
sheds new light on the design of hybrid materials.

1. Introduction

The conventional design strategy of strong metal-based materials for
structural applications usually relies upon uniform distribution of re-
inforcement phases in a homogenous matrix [1]. However, recent stu-
dies have demonstrated that heterogeneous microstructures can offer
several advantages over their homogeneous counterparts. The hetero-
geneity could be obtained by either the change of defects densities and
arrangements in a single phase metal [2,3], or the combination and
patterning of different phases [4–6]. With proper microstructure “ar-
chitecturing” and nanostructuring, strength and ductility can be en-
hanced simultaneously in the heterogeneous structure as a result of
postponed deformation localization and extended strain hardening
[7,8]. To achieve this, utilization of innovative processing routes and
microstructural design methods are essential.

As pointed out by Bouaziz et al. [4,9], substantial breakthroughs in
the development of the heterogeneous architectured materials could be
achieved by incorporating the refinement of material building blocks
with the aid of severe plastic deformation (SPD) techniques. Indeed,
SPD techniques including equal-channel angular pressing [10–12],
high-pressure torsion [13–24], accumulative roll-bonding [25–29], etc.

have been drawing increasing attention due to their ability to combine
intensive components intermixing with the simultaneous nanos-
tructuring of the individual building constituents [5,30].

The co-deformation of individual building blocks modifies the in-
itial material on both macro- and microscopic length scales. On one
hand, under the plastic flow the individual building constituents would
go through a series of geometrical and size changes, such as de/ag-
glomeration, de/bonding, fracture and solid-state welding. On the other
hand, the microstructures inside each constituent would undergo re-
finement resulting from the hydrostatic pressure and shear straining.
Therefore, by controlling the SPD processing parameters of the multi-
component material such as the amount of strain [11,12], strain rate,
strain path, processing temperature [10] and post-deformation heat
treatment [31], the balance between architecturing, alloying and na-
nostructuring can be manipulated.

In the past decade, it was demonstrated that processing of multi-
component materials by high-pressure torsion (HPT) results in ex-
tensive microstructure refinement and components intermixing.
Sauvage et al. demonstrated that surprisingly high degree of mechan-
ical alloying between Cu and Fe in a filamentary composite was
achieved due to significantly enhanced atomic mobility and
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interdiffusion [13]. Bachmaier et al. found that by changing the strain
route and increasing the strain, transformation from ultrafine grained
two-phase composite to nanostructured supersaturated solid solution
alloy occurred in a Cu/Fe powder mixture in a two-step HPT process
[14]. The exceptional chemical intermixing at room temperature be-
tween powders was also utilized for producing ultrahigh-strength W-
based nanocomposites. As stated by Edalati et al. [15], HPT process
produced strong interfaces by interdiffusion bonding and avoided
chemical reactions that occur at elevated temperature. However, recent
studies demonstrated that intermetallic and even amorphous phases
can form during HPT process as well. In Oh-Ishi et al. work, a hybrid
disk consisting of two separate Al and Cu half-disks was processed by
HPT and intermetallic phases were formed, accompanied by the for-
mation of supersaturated Al- and Cu-based solid solutions [16]. Using
the same two half-disk arrangement, Sun et al. have recently shown that
after 20 HPT rotations, amorphization would occur in the Cu/Zr and
Cu/Ag couples [18]. Kawasaki et al. [19–22] conducted a series of in-
vestigations on HPT-processed Al-Mg-Al disks which were stacked to-
gether in a sandwich-like manner. After processing, heterogeneous
microstructure was formed with ultrafine multi-layered structure in the
central region of the disk and a nano-layered intermetallic phase em-
bedded in the nanostructured Al matrix near the edge of the disk.
Sandwich structure was also studied in Rogachev et al. work by em-
ploying steel-V alloy-steel configuration [23]. Lower HPT processing
temperature was found to be more effective for the mixing of two
phases. This is a result of a delicate interplay between the plastic de-
formation-induced intermixing and defects annihilation during HPT
[32–36]. Most recently, Sun et al. conducted HPT of a mixture of
cryomilled Al and Ti powders and found that the intermetallic phases
formed after just one rotation, even though some Ti particles were not
fragmented yet and appeared to retain their original shape [17].

As summarized above, most of the previous studies of the effect of
HPT on heterogeneous materials were focused on the mixtures of
powders, or a combination of two kinds of bulk metals. The focus of the
present study is on a composite structure with a particulate ceramic
layer sandwiched between two disks of a bulk metal. In addition to the
scientific significance, such configuration may also provide a new way
of controllable distribution of ceramic particles in metallic matrix and
concomitant stabilization of nanoscale microstructure. To this end, the
composite of Cu disk - ZnO nanopowder - Cu disk was chosen for this
study. It is worth noting that finely dispersed ZnO particles on Cu
substrate serve as an efficient catalyst for CO2 hydrogenation to me-
thanol [37].

In our previous study, it has been found that the existence of pre-
fabricated holes dramatically changes the plastic flow behavior during
HPT of pure Cu [38]. In the holed disk the material tended to flow

inwards and close the holes rather than outwards as in the case of solid
Cu disk. In the present study we also drilled the holes in the Cu disks of
the Cu/ZnO/Cu sandwich, with the aim of affecting the degree of in-
termixing between the ZnO particles and the Cu matrix. All in all, in the
present work we processed by the HPT and characterized by various
electron microscopy techniques four different types of samples: Cu
disk/ZnO nanopowder/Cu disk sandwich, holed Cu disk/ZnO nano-
powder/holed Cu disk sandwich, monolithic Cu disk, and holed Cu
disk. The latter two samples served as a reference, to investigate the
effect of ZnO nanoparticles on the microstructure evolution and plastic
flow in Cu matrix.

2. Experimental Methods

The Cu material of an ultrahigh purity of 99.9995 wt% (5N5) and
nodular-shaped ZnO of an purity of 99.999% were employed in this
study. The Cu disks cut from the as-cast ingot for further HPT proces-
sing were of 10mm in diameter and 0.7 mm in thickness (in what fol-
lows “Cu disks”). In several Cu disks seven cylindrical holes of 0.8mm
in diameter were drilled through the thickness (in what follows, “Cu-
Holes disks”). One hole was located at the center of the disk while the
other six were located about 2.5mm away from the disk center and 60°
away from each other. Seven holes resulted in a nominal porosity of
4.48%. Two kinds of sandwich-like samples were processed by HPT.
One was Cu-ZnO-Cu disk (in what follows, “Cu-ZnO disk”), and the
other one was Cu-Holes-ZnO-Cu-Holes disk (in what follows, “Cu-Holes-
ZnO disk”).

The high-pressure torsion processing and compression were all
conducted on a Bridgman anvil-type unit with a quasi-constrained die
using a custom-built computer controlled HPT device (W. Klement
GmbH, Lang, Austria), and the processing scheme is shown in Fig. 1.
First of all, to evaluate the effect of shear straining on the evolution of
ZnO particles in terms of their average size and distribution, two
compression tests with the pressure of 5 GPa without rotation were
conducted on the ZnO nanopowder and on the Cu-ZnO disk, see
Fig. 1(a, b). Then, the HPT processing (5 GPa compressive pressure, 5
anvil rotations at a rotation rate of 1 revolution per minute) was carried
out on both sandwich samples, Cu-ZnO disk and Cu-Holes-ZnO disk, as
shown in Fig. 1(c, d). At last, the HPT was also performed on Cu and Cu-
Holes disks for reference.

The microstructure characterization was conducted on the cross-
section area of the disks in Fig. 1(b–f). In what follows we assigned the
labels normal direction (ND), shearing direction (SD), and transverse
direction (TD) to the disk normal, to the in-plane direction in the cross-
section orthogonal to ND, and to the out-of-cross-section direction, re-
spectively (see Fig. 1(g)). It should be noted, however, that the true

Fig. 1. The schematic illustration of the processing and characterization scheme. (a, b) compression at 5 GPa without torsion of the ZnO powder and Cu-ZnO sample;
(c, d) HPT processing of the Cu-ZnO and Cu-Holes-ZnO samples; (e, f) HPT processing of the Cu and Cu-Holes samples, for the reference; (g) the cross-section where
electron microscopy characterization was performed. Note the difference between the coordinate systems (ND, SD, TD) and (ND′, SD′, TD′).
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shearing and transverse directions (SD′ and TD′) are the tangential and
radial directions which change with respect to the location of the
characterized regions. After processing, the disk was cut 3mm away
from its center and two Cu plates with similar size were glued on each
side of the sample. It is worth noting that after HPT 5 rotations under
the pressure of 5 GPa, the microstructure of Cu samples of conventional
purity should be homogeneous throughout the sample, both in radial
and axial directions [39]. Epoxy was used for glue and the curing was
conducted on a hot plate at 120 °C for 20min. Conventional grinding
using SiC paper down to 4000 grit and final mechanical polishing using
50 nm Al2O3 suspension were conducted. Final electropolishing was
carried out at room temperature in 14M phosphoric acid by applying
electric potential of 1.2 V. Time of about 2min was sufficient to remove
the damaged surface layer and reveal the grains. After electropolishing
the samples were rinsed with distilled water. High resolution scanning
electron microscopy (HRSEM), electron backscattered diffraction
(EBSD) and on-axis transmission Kikuchi diffraction (TKD) measure-
ments were carried out on a Zeiss Ultra Plus SEM equipped with a
Bruker EBSD/TKD system. For calculation of average grain size, twins
and subgrains defined by the low angle grain boundaries (LAGBs) with
misorientation angle below 15° were not accounted for as individual
grains. Moreover, average grain size was calculated based on area
weight fraction, instead of number fraction. Focused ion beam (FIB)
regular cross-section milling was carried out on a FEI Helios NanoLab
DualBeam G3. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) were performed on Tecnai
T20 and Titan Cubed Themis G2 300, respectively. Energy-dispersive X-
ray spectroscopy (EDX) mapping was carried on STEM using a Dual-X
detector (Bruker).

3. Results

We characterized the distribution and size of the ZnO clusters in the
as-compressed Cu-ZnO disk, and the HPT-processed Cu-ZnO and Cu-
Holes-ZnO disks. We also determined the grain size distribution and
crystallographic orientations of the grains, paying special attention to
the regions in the vicinity of ZnO clusters. They are expected to influ-
ence the microstructure evolution of the soft Cu phase due to the strain
gradient induced by the hard ceramic particles.

3.1. Evolution of ZnO Clusters and Particles

The cross-section SEM views of the as-compressed Cu-ZnO disk, and
of the HPT-processed Cu-ZnO and Cu-Holes-ZnO disks are shown in
Fig. 2. Weak bonding between the individual ZnO particles, and be-
tween the ZnO particles and Cu in the as-compressed sample resulted in
a loss of most of the ZnO material during the sample preparation
handling, i.e. cutting and grinding. The hollow middle layer with a
uniform thickness in Fig. 2a exemplifies the layer of ZnO particles in the
as-compressed state which was lost during sample preparation. In ad-
dition, due to the material outflow under the compressive pressure of
5 GPa, scattered ZnO clusters with lower thickness were found at the
edge of the disk. This indicates that material flow and relative sliding
between the individual ZnO particles enhances adhesion. Indeed, after
the HPT process, the bonding strength was significantly increased and
ZnO clusters were still embedded in the Cu matrix after the sample
preparation, as seen in Fig. 2(b, c). In addition, the overview in Fig. 2(b,
c) and enlarged views in Fig. 2(b1–4) and (c1–4) reveal that the HPT-
processed Cu-Holes-ZnO exhibited more homogenous distribution and
finer sizes of ZnO clusters than the HPT-processed Cu-ZnO disk. The
enlarged views in Fig. 2(b1–4) and (c1–4) were taken from locations at
increasing distances from the center of the disk. The equivalent von
Mises strain εeq in these locations can be estimated by =ε πrN t2 / 3eq ,
where r, N and t are the distance from the center of the disk, the number
of rotations and the thickness of the disk, respectively [40,41]. It is
worth noting that the large ZnO cluster is located at the lower surface

close to the disk center, as seen in the enlarged view in Fig. 2b1. This
ZnO cluster initially trapped between two equally thick Cu disks “mi-
grated” through to the Cu layer and arrived at the sample bottom. In the
magnified images in Fig. 2(c), small vortex-like ZnO clusters can be
seen; their formation is related to the plastic flow of Cu and probably is
a consequence of plastic flow instability [42].

To statistically evaluate the deagglomeration and redistribution of
ZnO clusters in the two HPT-processed Cu-ZnO composite disks, the
dimensions of the clusters along the SD and ND have been measured,
see Fig. 3. In both cases, there was a clear correlation between the
cluster sizes along the shearing and normal axes, i.e. the shorter the
cluster in shearing axis, the narrower the clusters in the normal axis.
This indicates that increasing extent of stretching of the ZnO clusters
also means the higher possibility for them to fracture and deagglome-
rate. For the Cu-ZnO disk, the size distribution of ZnO clusters was
directly influenced by the equivalent strain distribution. Large ZnO
clusters were in the center region and their sizes decreased gradually
when moving towards the edge regions. In contrast, in the Cu-Holes-
ZnO disk, the variations of the cluster sizes were smaller. This indicates
that, in general, the plastic deformation was more homogeneous in Cu-
Holes-ZnO disk than in the Cu-ZnO disk. Thus, the convective flow of
ZnO clusters became also uniform. We suggest that the Cu flow leading
to the closure of the pre-existing holes interfered with the simple shear
flow and caused more uniform distribution of ZnO clusters. In other
words, a fraction of ZnO particles was squeezed into the pre-existing
holes. Finally, it is worth noting that since the scatter of clusters di-
mensions was large (for example, the dimensions for clusters in Cu-ZnO
sample along shearing axis ranged from 31 to 421 μm), the standard
deviations were larger than their average values.

Apart from the evolution of the ZnO clusters, their building blocks -
ZnO nanoparticles - were also influenced by the HPT process and de-
formed along shearing directions. As seen in Fig. 4, the as-received ZnO
particles were nodular in shape [43] and had an average size of
351 ± 174 nm. The compression at 5 GPa caused only insignificant
changed of their shape and average size (332 ± 213 nm), even though
the hardness of ZnO was reported to be 2–5 GPa [44–46]. In addition,
the average size of ZnO particles embedded in the Cu disks and com-
pressed at 5 GPa decreased to 288 ± 201 nm, and the particles elon-
gated along shearing direction (Fig. 4c). In Fig. 2(b, b1), it can be seen
that some ZnO particles were transported to the external surface after
HPT of the Cu-ZnO disk. These particles were also characterized from
normal direction, see Fig. 4d. Interestingly, their size did not change
significantly (334 ± 140 nm). This indicates that the residual ZnO
particles trapped between the Cu disk and the anvil evolved by sliding
and rotation rather than by plastic deformation and fracture.

The plastic flow of Cu around ZnO clusters was essential for the co-
deformation of ZnO particles, as seen in Fig. 4(e1–4) and (f1–4). After the
HPT processing, the embedded ZnO particles were extensively de-
formed and elongated along shearing direction. To determine the in-
fluences of the strain level on the extent of their deformation, ZnO
particles at four different locations, starting from the disk center
[Fig. 4(e1, f1)] and at the distances of 1.5mm (e2, f2), 3 mm (e3, f3), and
4.5 mm (e4, f4) away from the center, were characterized. The length
and the thickness (along the ND) of the ZnO particles were measured
(Fig. 5). In the case of HPT-processed Cu-ZnO disk, ZnO particles were
increasingly stretched along shearing direction with increasing amount
of strain. Their average dimension along shearing and normal direc-
tions changed from 410 ± 160 nm and 90 ± 50 nm at the disk center
to 920 ± 190 nm and 40 ± 10 nm at the disk edge. On the contrary,
for HPT-processed Cu-Holes-ZnO disk, the variation of ZnO particles
size measured along shearing direction was less significant. The decease
of dimensions in normal directions was steady, from 80 ± 30 nm to
40 ± 10 nm (see Fig. 4f1–f4). This means that the ZnO particle size of
about 1 μm in the shearing direction corresponds to the saturation
plateau in the dependence of particle dimension on imposed strain. This
trend reflected the increasing strain level from the center to the edge. It
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is evident that in the HPT-processed Cu-Holes-ZnO disk the ZnO par-
ticles were extensively deformed even in the center region. Finally, the
deagglomeration of ZnO clusters was accompanied by the plastic de-
formation and fragmentation of the ZnO particles, resulting from the
shearing strain.

The morphological evolution of ZnO particles clearly demonstrated
the plastic deformation of ceramic particles during HPT when they were
embedded in Cu disks. As it can be seen in Fig. 4d, without the con-
straining pressure, ZnO particles found between the Cu disk and the
anvil barely underwent any plastic deformation. This phenomenon is
similar to the brittle to ductile transformation of rocks under Earth's
mantle [47]. Similar to the metals, the plastic deformation of ceramic
particles relies upon defects activity [47–50]. To obtain further insight
into the deformation behavior of the ZnO particles, TEM lamella were
prepared from the cross-sections of the HPT-processed Cu-ZnO and Cu-
Holes-ZnO disks from regions about 4mm away from the center.

From Fig. 4(e, f), it is clear that the morphology of ZnO particles has
transformed from the equiaxed- to flake-shaped. However, from the
SEM micrograph, only two dimensions along the ND and SD can be
viewed. The TEM micrographs in Fig. 6 show the ZnO particles from
transverse direction (TD). Firstly, the widths of ZnO particles from both
HPT-processed Cu-ZnO and Cu-Holes-ZnO disks were about 50 nm,
which is consistent with the values measured from SEM micrographs.
The decrease of the particles height from ~350 nm to ~50 nm implies
that they experienced compressive strain of about 87%. Secondly, the
measured length of the ZnO flakes was about 3 μm, which means that
the volume of the ZnO particles was conserved during HPT processing.
Finally, the bright field (BF) TEM micrographs in Fig. 6(c, f) show
strong diffraction contrast inside individual ZnO particles, indicating
large amount of strain in the form of lattice distortions and dislocations
produced by plastic deformation.

To determine preferred deformation texture and the average strain
in the ZnO particles, TKD measurements were performed. Fig. 7(a, b)
and (e, f) show band contrast (BC) and orientation images of ZnO
particles from HPT-processed Cu-ZnO and Cu-Holes-ZnO disks, re-
spectively. From the (0002) and (1010) pole figures, Fig. 7(c, g), it can
be found that strong texture has developed in both cases, as the max-
imum intensities were 90 and 60 multiples of random distribution
(mrd). Moreover, since in ZnO the basal plane is the easy glide plane
compared with the non-basal planes [51,52], its preferred orientation
aligned close to the normal direction in both cases, which facilitated the
basal slip along transverse and shearing directions. At last, Fig. 7(d, h)
presents the misorientation maps for one representative grain in each
sample, with the reference point highlighted by a white cross. Sig-
nificant variations of the in-grain misorientation can be seen in both
cases. Peaks in the range of 12° to 16° in both histograms indicated the
strong lattice distortion and high density of defects.

To characterize the interface between ZnO cluster and surrounding
Cu, one TEM lamella was prepared from the area that included both
phases in the HPT-processed Cu-Holes-ZnO disk. The lamella was lifted
out from a region about 4mm away from the center, where the ZnO
clusters are very thin in normal direction, 2.5–3.5 μm (see Fig. 8a), in
agreement with the observation in Fig. 2c4. The ZnO nanoparticles of
60 ± 26 nm in size are clearly seen in Fig. 8(a–d), which is also

Fig. 2. SEM characterization of the distribution of ZnO clusters in cross-sections. (a) the as-compressed Cu-ZnO disk; (b) the HPT-processed Cu-ZnO disk; (c) the HPT-
processed Cu-Holes-ZnO disk. (b1–4) and (c1–4) show the detailed morphology of the ZnO clusters at different locations with the labelled equivalent von Mises strain -
εeq.

Fig. 3. ZnO cluster size distribution in HPT-processed Cu-ZnO and Cu-Holes-
disks.
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consistent with the SEM micrographs in Fig. 4(e4, f4). Diffuse grain
boundaries between the individual ZnO particles and strong bending
contours within the particles can be observed at higher magnification
(Fig. 8c), indicating the high strain amplitude and non-equilibrium
character of grain boundaries. In addition, the selected-area diffraction
pattern (SADP) indicated the presence of only one hexagonal wurtzite
phase. Adjacent to the ZnO cluster, layers of ultrafine Cu grains were
found on both sides. Relatively clear interior was found in these ul-
trafine grains, as seen in Fig. 8(b, d). Moreover, the existence of the
coarse grains also indicates that the recrystallization and grain growth
have occurred in the Cu matrix, probably during holding at room
temperature or during the sample preparation stage. To gain deeper
understanding of the microstructure of ultrafine grain (UFG) Cu regions
abutting the ZnO cluster, the TKD measurement was conducted. The
color coded dark field (CCDF) and orientation images of one

highlighted Cu grain demonstrate several dislocations in the grain in-
terior, see Fig. 9(a, b). This indicates that recrystallization did not occur
in this region, since the grain interior is not dislocation-free and still
exhibits lattice distortions. This can also be proved by the grain or-
ientation spread (GOS) image in Fig. 9(c), as the misorientation angle
inside one grain varies up to 6°. At the same time, large grains and
annealing twins in the coarse grain (CG) regions of Cu clearly indicate
that static recrystallization and grain growth have occurred there.

To check whether there was any chemical intermixing or inter-
diffusion between the Cu and ZnO phases, STEM with EDX mapping
was conducted. As seen in Fig. 10(a–c), the interphase boundary be-
tween Cu and ZnO is very sharp, indicating the absence of intermixing.
Moreover, higher resolution micrographs in Fig. 10(d–f) indicate that
neither Zn nor O segregate at the grain boundaries in an abutting UFG
Cu matrix, which further proves that interdiffusion did not occur. At
last, voids between ZnO particles were seen in the STEM-BF and STEM-
high angle annular dark field (HAADF) micrographs (see yellow arrows
in Fig. 10(a, b)), indicating the insufficient bonding between them.
Therefore, frictional sliding between ZnO particles was another possible
deformation mechanism of ZnO particles during HPT.

3.2. Evolution of Cu Grain Structure

Our TKD and (S)TEM-EDX measurements demonstrated that the
microstructure of Cu matrix in the vicinity of ZnO clusters is bimodal,
with the coexisting regions of the UFGs and CGs. We also demonstrated
that the stability of the UFG microstructure near ZnO cluster cannot be
attributed to solute segregation at the grain boundaries in Cu or to the
particles pinning. To examine the influence of ZnO clusters and holes on
the plastic deformation of Cu, we performed extensive EBSD measure-
ments of the Cu matrix in the HPT-processed Cu-ZnO, Cu-Holes-ZnO,
Cu, and Cu-Holes disks.

3.2.1. HPT-processed Cu-ZnO
A large-area EBSD mapping was first conducted in order to under-

stand the overall microstructure heterogeneity in HPT-processed Cu-
ZnO disk, as presented by the band contrast (BC) image in Fig. 11(a).

Fig. 4. HRSEM characterization of the ZnO particles at the different deformation stages. (a) as-received ZnO particles, (b) as-compressed ZnO particles, (c) ZnO
particles in as-compressed Cu-ZnO disk (d) residual ZnO particles on the external surface of the HPT-processed Cu-ZnO disk, (e1–4) and (f1–4) embedded ZnO particles
in HPT-processed Cu-ZnO and Cu-Holes-ZnO disks, respectively. (e1, f1) were taken at the center region, (e2, f2), (e3, f3) and (e4, f4) were taken about 1.5 mm, 3mm
and 4.5mm away from the center, respectively. For the compressed samples, compression direction (CD) was labelled.

Fig. 5. ZnO particle size distribution in HPT-processed Cu-ZnO disk and Cu-
Holes-disk.
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Two regions with different characteristic microstructures were identi-
fied: the region within 100 μm from the external surfaces (region A)
exhibited bimodal microstructure consisting of the regions of ultrafine
and coarse grains (UFGs+CGs). The area in the middle of the disk was
dominated by the UFGs (region B). The recrystallization and/or grain
growth responsible for the formation of the CGs occurred either during
storing the samples at room temperature or during the sample pre-
paration stage (heating to 120 °C for 20 mins for the curing of epoxy),
due to low thermal stability of HPT-processed Cu [53,54]. In our pre-
vious study of the HPT-processed Cu disk, the layers with bimodal
microstructure have been found within 30 μm from the external sur-
faces [38]. The stability of the UFG component of this bimodal

microstructure was attributed to frictional sliding during HPT [38]. The
increase in thickness of the layers with bimodal microstructure ob-
served in this study can be rationalized in terms of higher extent of dry
sliding between Cu disks and anvils. The extent of sliding increases
because of the reinforcing effect of the ZnO clusters on the Cu matrix
increasing the overall rigidity of the sandwich samples.

The average size of the CGs measured on the EBSD maps of region A
was 37.8 μm, see Fig. 11(b). Moreover, annealing twin lamellae with an
average thickness of 0.51 ± 0.3 μm can be clearly seen in Fig. 11(c).
The detailed characterization of the UFGs is presented in Fig. 11(d).
Their average size is 0.46 μm, which leads to the ratio of about 80 of CG
to the UFG sizes. The representative area of the region B is shown in

Fig. 6. TEM characterization of HPT-processed ZnO particles from Cu-ZnO (a–c) and Cu-Holes-ZnO (d–f) disks. (a, b) and (d, e) BF and DF TEM images showing the
overall morphology of ZnO particles; (c, f) higher magnification BF micrographs showing the defects inside the ZnO particles.

Fig. 7. TKD measurements of ZnO particles from HPT-processed Cu-ZnO (a–d) and Cu-Holes-ZnO disks (e–h). (a, e) BC images; (b, f) orientation images with inserted
legend; (c, g) (0002) and (1010) PF with maximum intensity labelled; (d, h) misorientation map in one highlighted grain, reference location in the grain is pointed by
the white cross; legend and histogram are included.

Y. Qi et al. Materials Characterization 145 (2018) 389–401

394



Fig. 11(e, f). Compared to the region A, the coarse grains in the region B
exhibit smaller average size, around 4.5 μm. This smaller grain size
could be related to more homogeneous plastic flow in the region B
compared to that in region A, resulting in multiple equivalent nuclea-
tion sites for recrystallization during post-processing sample handling.
However, the average size of UFGs remained 0.53 μm, similar to that in
the Region A. Finally, the GOS image indicates that UFGs exhibit re-
sidual strain while their micrometer-sized counterparts are defect free.

3.2.2. HPT-processed Cu-Holes-ZnO
Contrary to the Cu-ZnO disk, only one type of bimodal micro-

structure was found in the Cu-Holes-ZnO disk (see the overview mi-
crograph in Fig. 12(a)). Both CGs and UFG clusters were present
through the thickness of the disk. Based on the microstructure

overview, two small regions shown in Fig. 12(b–d) and (e, f) were
studied in details. Fig. 12(b–d) show the area located close to the ex-
ternal surface and containing ZnO clusters. The majority of the grains
grew extensively and reached the size of about 60 μm, with annealing
twin lamellae exhibiting the average thickness of 0.46 ± 0.31 μm, as
seen in Fig. 12(b, c). However, UFG clusters embedded between ZnO
clusters can be also seen in Fig. 12(d). The UFGs exhibited an average
size of 0.46 μm, and results in the ratio of about 120 of the sizes of CGs
and the UFGs. The UFG areas related to the pre-existing holes are
shown in Fig. 12(e, f). The shear band that is distinguished by its shape
and lower indexing rate than the surrounding grains is highlighted in
the BC image in Fig. 12(e). The UFGs inside of the shear band are be-
lieved to be formed in the healed region of the pre-existing holes. From
our previous study, they exhibited high thermal stability due to

Fig. 8. TEM characterization of ZnO nanoparticles and Cu grains abutting the ZnO cluster. (a) overview showing the interfaces between ZnO and Cu (red dashed
lines) and CG/UFG regions of Cu (yellow dashed lines); (b–d) higher magnification micrographs of areas labelled in (a). SADP from ZnO and Cu regions are shown as
inserts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. TKD characterization of Cu grains adjacent to the ZnO cluster. (a) CCDF image; (b) orientation image of the selected Cu grain showing residual dislocations;
(c) grain orientation spread image.
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Fig. 10. STEM characterization and EDX mapping of the interface between ZnO cluster and Cu matrix. (a, d) BF-STEM images; (b, e) HAADF images; (c, f) EDX
mapping showing Zn, Cu, and O elements distribution. Voids between ZnO particles were highlighted by yellow arrows in (a, b). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. EBSD maps showing the microstructure of HPT-processed Cu-ZnO disk. (a) Large-area BC image showing the overall microstructure, ZnO clusters (marked by
yellow dashed curves), and two regions with low and high relative fraction of UFGs (Regions A and B, respectively). (b–d) are from Region A with increasingly
enlarged magnifications and (e, f) are from Region B. UFGs in (c) are subdivided and highlighted in (d). (f) Presents the GOS map of (e). Note the following
orientation images use the same legend. (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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excessive vacancies and pores drag effect [38]. The GOS map in
Fig. 12(f) demonstrate that most UFGs exhibit high defects density and
internal strain, whereas the CGs are free of any residual strain and had
obviously formed during recrystallization and grain growth.

3.2.3. HPT-processed Cu and Cu-Holes Disks
To evaluate the effect of ZnO clusters and pre-existing holes on the

microstructural evolution of Cu matrix, EBSD measurements were also
conducted on HPT-processed Cu and Cu-Holes disks. As seen in

Fig. 13(a, b), the homogeneous CGs (~5 μm in size) with annealing
twins (0.50 ± 0.32 μm in thickness) were found in HPT-processed Cu
disk. Similar homogeneous grain coarsening was as found in HPT-pro-
cessed high purity Ni at 150 °C [55]. On the other hand, the clusters of
UFGs (~0.59 μm in size) embedded in the CG matrix (~9 μm in size)
were found in the HPT-processed Cu-Holes disk (see Fig. 13(d, e)). We
believe that these UFGs were formed at the bonded internal surfaces of
the healed pre-existing holes [38]. The GOS maps, Fig. 13(c, f), indicate
that CGs and UFGs consistently exhibit low and high values of GOS,

Fig. 12. EBSD maps showing the microstructure of HPT-processed Cu-Holes-ZnO disk. (a) BC image showing the overview of the microstructure; (b–d) orientation
maps from one representative region containing CG with twins and UFG clusters; UFGs in (c) are highlighted in (d); (e, f) BC and GOS maps from another
representative region exhibiting UFG clusters located at some distance from ZnO clusters.

Fig. 13. The orientation and GOS maps of the HPT-processed (a–c) Cu and (d–f) Cu-Holes disks. White dashed boxes in (d, e) highlight the UFG regions embedded in
the CG matrix. (c) and (f) are GOS images of (b) and (e), respectively.
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respectively.
In summary, the HPT-processed Cu disk exhibits the most uniform

grain coarsening during the post-processing handling (holding at am-
bient conditions and heating at 120 °C for 20min). By introducing
holes, ZnO particles, and both of them together, the abnormal grain
growth became increasingly preferred as the ratio of CG to UFG sizes
increased from 15 to 80 and 120, respectively. Finally, in all three
cases, only partial recovery has occurred in the UFG clusters, since the
GOS maps indicated that they still had residual strains.

4. Discussion

In this section, the flow behavior and deagglomeration of ZnO
clusters is first considered. Then, the plastic deformation of the ceramic
ZnO nanoparticles is analyzed. Lastly, the formation mechanisms of the
bimodal microstructure found in Cu matrix are discussed.

4.1. Deagglomeration of ZnO Clusters

Two models have been proposed to describe the morphology evo-
lution of heterogeneous materials caused by shearing instability. They
both are based on the concept of hydrodynamic instability. One ap-
proach is derived from geological systems, where folding and necking
are used to describe the morphological events that occur in rocks on the
scale from centimeters to kilometers [56,57]. The occurrences of these
two events depend on the effective viscosity ratio between the rocks
and the medium they are embedded in [57–59]. The other theory is
based on the interaction between the flow of two fluids with different
velocities, in which turbulent and laminar flow patterns are used to
describe the geometry of the flow [59–62]. High strain gradient and
strain rate gradient between different layers are believed to be the
reason for the morphological events. In what follows, we will discuss
the evolution of ZnO clusters from both perspectives.

In a recent study by Pouryazdan et al. [59], multilayered Al/Cu and
Ag/Cu composites were processed by HPT. It has been conjected that
the viscosity contrast (VC) between the two phases in the multilayers
and stress exponent, n, are two determinant factors that affect the de-
velopment of the composite microstructure. High VC/n ratio leads to
fold formation, while delamination/necking or lamellar flow is domi-
nant in the system with a low VC/n. By adopting this theory in the
present study, the fact that fold formation was dominant in the HPT-
processed Cu-Holes-ZnO disk could be explained by the higher VC value
in this system as compared to that in Cu-ZnO disk. Indeed, the effective
viscosity of the Cu disk was decreased by introducing holes, which
leaded to an increased VC with ZnO cluster. On the contrary, relatively
low VC in the Cu-ZnO system leaded to lamellar flow, necking of ZnO
clusters and elongation of ZnO particles. Therefore, it is likely that
viscosity contrast affects the morphological evolution of the Cu-ZnO
composites.

On the other hand, the UFG layers that formed in Cu at its interface
with ZnO clusters (Fig. 8) indicate that shear strain gradients induced
by the difference in shear strain rates in the two phases have to be taken
into account. In Bachmaier et al. [63] and Sun et al. [17] recent works
on the HPT processing of metallic hybrids, it has been found that me-
chanical alloying and formation of intermetallic phase occurred before
the deformation and fracture of the hard phase constituent. This in-
dicates that interface sliding originated from the difference of plastic
flow velocities is the dominant factor for chemical intermixing at in-
terfaces. The velocity difference across the interface is one of the key
contributing factors for the occurrence of Kelvin-Helmholtz instability.
In this theory, the transition between the turbulent flow and laminar
flow is determined by the Reynolds number, Re, above which the flow
pattern is turbulent and below which it is laminar.

=R
ρvL
ηe

eff

where ρ is the density of Cu (8920 kgm−3), v is the characteristic flow
velocity, L is a characteristic linear dimension (5×10−3 m), and ηeff is
the effective viscosity of Cu at hydrodynamic pressure (assuming as low
as 104 Pa·s). Based on Pouryazdan et al. [59] and our own estimates, to
realize the turbulent flow pattern we observed in Cu-Holes-ZnO disk,
the plastic flow velocity should be in the km/s range, which is un-
realistic even when the “fast” formation of adiabatic shear bands is
taken into account. Therefore, the classic Kelvin-Helmholtz instability
model cannot be applied here for explaining the ZnO cluster vortices. In
summary, the hydrodynamic instability theory established in the geo-
logical community can be adopted here to explain the evolution of ZnO
clusters. Though the viscosity contrast and stress exponent are the two
key factors, our observations indicate that interfacial shear sliding be-
tween the two phases also plays some role in the morphological evo-
lution.

Finally, we would like to mention Beygelzimer et al. and Kulagin
et al.'s theory about shear mixing under HPT processing [64–67], in
which a transition from laminar to turbulent plastic flow was related to
the shear blocking by hard inclusions. The hardness of ZnO nano-
particles is higher than that of Cu, which means that the mechanisms
considered in Refs. [64–67] may also play a role in the present work.

4.2. Deformation of ZnO Particles

The ZnO ceramic nanoparticles embedded in the Cu matrix under-
went unusually high extent of plastic deformation during the HPT
processing of the sandwich structure. The large-strain plasticity in in-
trinsically brittle ceramics has been observed in two cases. In the first
case, deformation was usually conducted under hydrostatic confining
pressure and at elevated temperature, to facilitate the transformation
from micro-cracking to plastic slip for inelastic relaxation, and reduce
the critical resolved shear stress for activation of slip systems [68–71].
Recent studies by Amodeo et al. [72] showed that the confining pres-
sure directly affects the electronic structure and bonding of MgO and
the core structure and mobility of dislocations. In the second case,
deformation was carried out at ambient temperature but on nano-scale
ceramic wires/rods, and the brittle fracture was postponed due to the
scale-related dislocation activity [73–75]. Also, significant plasticity of
intrinsically brittle oxide ceramics was observed in nano- and micro-
indentation tests that combine both the hydrostatic compression and
the sub-micrometer size effect [76,77]. Hockey demonstrated sig-
nificant plasticity of sapphire single crystals during microindentation
and observed the high density of dislocations and twins in the indented
zone [77]. Similarly, the small size of ZnO particles employed in the
present work (~350 nm) and very high hydrostatic pressure during
HPT (5 GPa) indicate that both extrinsic (deformation conditions) and
intrinsic (particle dimensions) factors contributed to the large strain
plasticity and high shaping ability of the particles.

It has been recently shown that HPT-induced plastic deformation of
ceramic particles changes their functional properties (e.g. bandgap
narrowing, photoluminescence, photocatalytic activity and dielectric
properties) due to the deformation-induced formation of new phases
and oxygen vacancies [78–83]. Theoretical work also proved that
combining hydrostatic pressure with shear strain increases the ther-
modynamic driving force for pressure-induced phase transformation
[84]. Razavi-Khosroshahi et al. have observed a phase transformation
of ZnO from hexagonal wurtzite to cubic rocksalt phase during the HPT
under the pressure of 6 GPa [81]. The HPT pressure employed in this
study (5 GPa) was probably below the threshold value for transforma-
tion (6 GPa, higher than the hardness of ZnO, 2-5 GPa [44–46]), so that
the particles remained in single-phase, wurtzite state.

4.3. Bimodal Grain Distribution in Cu

Our EBSD studies demonstrated that adding of ZnO particles be-
tween the two Cu disks, and introducing holes in the Cu disk promote

Y. Qi et al. Materials Characterization 145 (2018) 389–401

398



formation of bimodal microstructure in the Cu matrix after HPT pro-
cessing and post-processing handling. The Cu disk and Cu-Holes disk
processed and handled under identical conditions exhibited more
homogeneous CG microstructure, with some isolated UFG clusters in
the regions of healed pre-existing holes (Fig. 13e). This uniform and
continuous recrystallization and coarsening is related to the fact that at
very high strain level the distribution of strain is very homogenous and
there are no recognizable “nucleation” and “growth” stages [85,86]. In
this classic theory, discontinuous static recrystallization with abnormal
grain growth is usually expected in deformed structure with low im-
posed strain (usually less than 2) and heterogeneous strain distribution
[86,87]. In the present case, heterogeneous strain distribution was
obtained even after a very high strain was imposed on Cu-ZnO and Cu-
Holes-ZnO disks because of the presence of ZnO particles and pre-fab-
ricated holes.

Similar bimodal grain size distribution after annealing of highly
strained samples was found in several other studies of nano-reinforced
ferritic steel powders after high energy ball milling [88–91]. For ex-
ample, in Sallez et al. recent study of annealed nanoreinforced steel
powder [91], UFG clusters were embedded in CGs and thermally stable
even at high temperature close to the solidus temperature (Fig. 11 in
Ref. [91]). We assume that large strain gradients in the composite Cu-
ZnO samples result in especially potent sites for recrystallization during
post-processing handling of the samples [85,86]. The high efficiency of
these sites, and their small number result in large size of recrystallized
grains. At the same time, the recrystallization front is pushing the re-
sidual impurities in the Cu matrix towards the untransformed regions of
the UFG matrix. In Cu, such re-distribution of impurities can proceed by
grain boundary diffusion even at room or slightly elevated (120 °C)
temperatures. As proposed by Prokoshkina et al. [55], the residual
impurities accumulating in the untransformed UFG matrix reduce the
grain boundary mobility by the solute drag mechanism and stabilize the
UFG structure. Since the UFG regions are predominantly located in the
vicinity of ZnO clusters (see Fig. 12), some degree of Zn and O segre-
gation at the Cu grain boundaries (below the detection limit of EDX)
cannot be excluded. These impurities should provide additional stabi-
lization against the recrystallization and grain growth.

5. Conclusions

We have studied the microstructure evolution in HPT-processed
bulk metal (Cu) - ceramic particles (ZnO) hybrid material. The fol-
lowing conclusions can be drawn from the present study:

1. The HPT caused the deagglomeration and fragmentation of ZnO
clusters due to the hydrodynamic instabilities associated with the
plastic flow in the Cu matrix. Pre-fabricated holes in Cu disks in-
creased the viscosity contrast between the ZnO particles and the Cu
matrix, thus increasing the turbulence of the plastic flow and en-
hancing the deagglomeration and refinement of ZnO clusters.

2. Embedded ZnO particles were plastically deformed to a compressive
strain of 86% during HPT in the two studied sandwich structures. In
addition, strong basal texture was found in the deformed ZnO
clusters. The small size of ZnO particles (~350 nm) and very high
hydrostatic pressure during HPT (5 GPa) contributed to the large
strain plasticity and high shaping ability of the particles.

3. ZnO powders and pre-fabricated holes caused increased strain gra-
dients in the Cu matrix during the HPT processing. Consequently,
this increased the propensity of the UFG Cu matrix for re-
crystallization and abnormal grain growth. As a result, a bimodal
microstructure was formed in the Cu-ZnO hybrids during post-pro-
cessing samples handling. The increased stability of the residual
clusters of UFGs was attributed to re-distribution of impurities
during recrystallization and abnormal grain growth.

Data Availability

The experimental procedures required to reproduce these findings
are available in the “Experimental methods” section. The EBSD raw
data required to reproduce these microstructural findings are available
to download from “https://www.dropbox.com/sh/tjgesbzxiiq81n9/
AACzv_8HzE3gk6FGwg7RcN1Ea?dl=0”.
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