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a b s t r a c t   

High-pressure torsion (HPT) processing has proved to be a powerful tool to consolidate metallic particles 
and fabricate nanostructured metal-matrix composites with a wide range of compositions. In this study, 
HPT was used to fabricate different Mg-Zn composites at room temperature, and the evolution of micro
structure and mechanical properties were analyzed by x-ray diffraction, scanning and transmission electron 
microscopy, dynamic hardness and Vickers microhardness tests. The results show that ultrafine-grained 
microstructures were achieved in all composites compositions. Smaller grain sizes are observed in Mg-rich 
phases near areas with significant segregations of Zn. The Mg-rich phase appears to retain less deformation 
than the Zn-rich phase. Bending and vortex phenomena, that are usually reported in microscale for ma
terials mixed by HPT, are observed in nanoscale in this work. There is evidence of the MgZn2 intermetallic 
phase with a morphology that varies with composition. Higher levels of deformation imposed by HPT leads 
to an increase in hardening and a decrease in strain-rate sensitivity which are attributed to the tendency to 
form intermetallics and Zn segregations that prevent grain boundary sliding. Moreover, a model is proposed 
to explain the mixing of phases in microscale and its relation to the evolution of mechanical properties. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Severe plastic deformation (SPD) is one of the widely used 
methods for producing ultrafine-grained structure of metals and 
alloys which usually results in exceptional mechanical strength
ening. SPD processing is also an effective tool to consolidate metallic 
particles to produce bulk materials. In respect of consolidation, high- 
pressure torsion (HPT) is the most efficient technique because the 
processing is generally conducted under a high hydrostatic com
pressive stresses state and high shearing deformation. These con
ditions lead to the deformation and bonding of the particles while 
preventing cracking of the sample, enabling to process a wide range 
of materials. Many papers have reported the successful consolida
tion of pure metals [1,2], alloys [3], and even harder materials such 
as partly amorphous [4] and fully amorphous [5] metallic glasses. 
Besides, a variety of metal-matrix composites were fabricated by 
HPT by the mixture of metallic particles and hard inert materials. For 
example, Al based composites were produced by HPT processing of 
Al particles mixed with Al2O3 [6,7], carbon nanotubes [8], fullerene  

[9] and Nb2O5 [10]. Recent papers also showed successful production 
of Mg based composites with different reinforcement phases such as 
Al2O3 [11,12], quasicrystal [13] and bioactive materials [14,15]. These 
composites in which hard phases are incorporated, usually display 
an increase in strength in the range of Hall-Petch strengthening, as 
the inert phases enhance the grain refinement during HPT [16]. 

Moreover, HPT can be used for processing non-inert phases such 
as metal mixtures, and this provides the opportunity to induce solid 
state reactions during deformation, enabling the achievement of 
further improvement in strength and other properties. Examples of 
such reactions include formation of supersaturated solid solutions  
[17,18], segregation of alloying elements in crystalline defects [19], 
and the formation of different phases [20,21]. Hence, there has been 
an increasing interest in HPT of different metallic materials com
bined, either by consolidating a mixture of metal powders, ma
chining chips, or by stacking different discs together. Many different 
systems have been processed including Al-Mg [22–28], Al-Cu [29], 
Ag-Ni [30], Cu-Ag [31–33], Cu-Co [34–37], Cu-Zr [38], Cu-Cr [18,39], 
Cu-W [40–42], Cu-Ta [43], Fe-Cu [17,38,44,45], Fe-V [38,46], Fe-Zr  
[38], V-Zr [38,45,47], Zr-Nb [48], and Zn-Mg [49–51]. 

Among those systems, magnesium and zinc alloys are of great 
interest due to their high potential for biological applications since 
both are biocompatible and biodegradable materials which could be 
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used to produce temporary implants. Recent papers have shown that 
HPT processing does not affect the biocompatibility of Zn and Mg  
[52] and might even improve Mg corrosion resistance [53–55]. Al
though recrystallization and grain growth take place in pure Zn after 
HPT limiting the strengthening in this material [56], alloying with 
Mg usually leads to finer grain sizes and higher strength [52,57,58]. 
The main strengthening mechanism of the Zn-Mg system has been 
attributed to the Hall-Petch effect and precipitation of intermetallics  
[51]. Also, experiments with bulk Zn-Mg alloys have showed that 
grain growth is prevented and ultrafine grains are developed by 
hydrostatic extrusion [59]. In this study, a wide range of composition 
of Mg-Zn composites were synthesized by mechanical alloying of the 
elemental powders using HPT at room temperature. The micro
structure and mechanical properties of the HPT-processed compo
sites were systematically investigated. Special attention was given to 

the effect of Zn content on the deformation process and mixing of 
the different components. 

2. Experimental procedure 

Magnesium particles with a sizing range of 20–100 µm and zinc 
powders with 2–10 µm in diameter were used in the present work. 
Scanning electron microscope (SEM) images of these initial mate
rials are available as Supplementary Material (Fig. S1). The particles 
were separated into groups of pure magnesium, pure zinc and 
mixtures of Mg-20 wt% Zn, Mg-50 wt% Zn and Mg-95 wt% Zn. Each 
group was prepared by hand mixing, cold pressed at 400 MPa and 
processed by 10 and 20 turns of HPT using a nominal pressure of 
~3.8 GPa and rotation speed of ~1 rpm. The discs had an initial 

Fig. 1. BSE-SEM images of the Mg-Zn composites after 10 and 20 HPT turns: (a) general surface of all samples, and (b) surface at mid-radius of the Mg-Zn composites.  
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diameter of 10 mm and thicknesses of ~1 mm. After HPT processing, 
the thickness of the discs was reduced to ~0.7 mm. 

The processed discs were ground and polished using 3 µm and 
1 µm diamond paste. Final polishing was carried out using colloidal 
silica suspension. The polished surfaces were observed using a JEOL 
6360LV scanning electron microscope operating at 15 kV. X-ray 
diffraction was used on the polished surface to determine the major 
phases present. A Philips PW1710 diffractometer operating with Cu 
Kα radiation and a graphite monochromatic crystal with a wave
length of 1.5406 Å was used. The step was 0.01° with 2 s of time and 
the diffraction was collected in the range 30–65°. 

Thin lamellae were extracted at ~4 mm from the disc center using 
focused ion beam milling. The lamellae were observed using a Tecnai 
G2–20 - SuperTwin FEI - 200 kV transmission electron microscope 
operated at 200 kV. Images were obtained using transmission (TEM) 
and scanning transmission electron microscopy (STEM) techniques, 
with bright-field (BF) and annular dark-field detection (ADF). 
Particularly, the Mg-20% Zn composite processed to 20 turns was also 
observed using STEM images on a FEI Titan Themis Cubed (FEI 
Company) operated at 300 kV, equipped with a Cs probe corrector. 
High angular annular dark field (HAADF) images were also obtained in 
order to provide better composition contrast. Local composition 
mapping was performed by using a Super-X EDS with four windowless 
silicon-drift detectors. The grain size was estimated by measuring the 
length of at least 50 different grains in each sample. It was not possible 
to distinguish the misorientation of grains and therefore subgrain 
boundaries were also considered grain boundaries. 

Vickers microhardness tests were carried out at different loca
tions using a load of 100 gf and 10 s of dwell time. The position of 
each indentation was recorded in order to determine its distance to 
the disc center which was used to estimate the effective strain im
posed during HPT processing. A minimum of 5 indentations were 
carried out in locations with reduced scattering of the hardness and 
up to 20 indentations were carried out in areas with large scattering. 
Additionally, dynamic hardness tests were carried out at mid-radius 
locations of the discs using a Shimadzu DUH-211s equipment. A 
maximum load of 300 mN was applied for up to 999 s and the 
evolution of penetration depth was tracked with time. Care was 
taken to maintain constant temperature during these tests. The time 
and depth were used to estimate the strain rate following procedure 
reported in the literature [60,61]. The flow stress was estimated as 
the instant hardness divided by 3 [62] and plots of flow stress vs 
strain rate were used to estimate the strain-rate sensitivity. 

3. Results 

3.1. General microstructure 

Fig. 1 shows SEM images from backscattered electrons (SEM-BSE) 
of the surfaces of the processed samples. The observed surfaces are 
perpendicular to the torsion axis of each sample. In Fig. 1(a), low 
magnification images of the discs processed to 10 (upper) and 20 
turns (lower) of HPT are presented, where the bottom left of each 
image corresponds to the center of the disc. Because the deformation 
imposed during HPT is proportional to the distance from the disc 
center [63], the bottom left of each image corresponds to an area 
which underwent a lower plastic deformation; and the top right 
corresponds to an area submitted to larger strain. The image contrast 
observed in Fig. 1 is related to variations in atomic number of the 
analyzed region. Thus, pure Zn (right) appears brighter and pure Mg 
(left) appears darker. Intermediate intensity levels can be also 
visualized in certain regions of the samples, which indicates the 
effective mixing of Mg and Zn at finer scales. 

Higher magnification images taken at the mid-radius of the 
composites are presented in Fig. 1(b). The contrast between different 
areas is clearly observed, thereby indicating that the Mg-rich and Zn- 
rich phases remain still present in all composites up to 20 turns of 
HPT. Nevertheless, thicknesses of the phases considerably decrease 
with increasing number of HPT turns for the Mg-20% Zn and the Mg- 
50% Zn composites, suggesting a better mixing between the phases. 
The Mg-95% Zn composite - which is the only one having Zn as the 
major component - fails to show the occurrence of a greater mixing 
with increasing the number of HPT to 20 turns. In addition, an 
alignment between the phases and the shear direction can be ob
served in many areas of the discs, mostly Mg-20% Zn composite, as 
well as folding of phases in some areas. Bent phases with curvature 
radius higher than 1 µm are observed, mostly Mg-50% Zn composite. 
Both effects of alignment and folding of phases have been reported 
in literature in multiphase materials processed by HPT [20,38,64,65]. 

According to SEM investigation, it appears that HPT can fully 
consolidate pure Mg and Mg-Zn composites in which Mg occupies a 
larger volume fraction. However, pure Zn and Mg-95% Zn samples 
after 10 and 20 turns of HPT still exhibit some clear boundaries 
between original Zn particles, thereby indicating an apparent lack of 
bonding in these areas. Yet, great majority of their volume were 
consolidated. 

The X-ray diffraction peak profiles are shown in Fig. 2 for the Mg- 
Zn composites, pure Mg and pure Zn discs after 10 and 20 HPT turns. 
The detected main constituent phases are Mg, Zn, ZnO, and MgZn2. 
Zinc oxide peaks are clearly visible in the XRD patterns of all samples 
produced with Zn, what indicates that ZnO corresponds to a sig
nificant portion of the original particles. The presence of some 
naturally oxidized surface layer is expected on metallic particles. 
However, MgO peaks were not identified in XRD indicating that the 
fraction of this phase in the initial Mg particles is reduced. This is 
attributed to the larger size of the Mg particles and, consequently, 
reduced surface area prone to oxidation. All three Mg-Zn composites 
exhibit the peaks related to MgZn2, which confirms the occurrence 
of phase transformation and intermetallic formation during HPT 
processing. This agrees with recent observations of intermetallic 
formation in Zn-Mg composites produced by HPT processing of 
stacked discs [49–51]. In addition, the intensities of the peaks related 
to Mg or Zn are higher than the ones related to the other phases 
identified confirming that the pure metals are the major constituent 
of the composites. 

3.2. Transmission electron microscopy 

Transmission electron microscopy (TEM) analyses were carried 
out for a detailed examination of the microstructure of the Mg-Zn 

Fig. 2. X-ray diffraction patterns of the different materials.  
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composites. Fig. 3(a) shows selected area electron diffraction (SAED) 
patterns of large areas of the lamellae of the three composites pro
cessed for 10 turns of HPT. These patterns confirm the presence of 
three main phases: Mg, Zn, and MgZn2. The higher intensities of the 
SAED patterns are associated with the pure metals which agrees 
with the XRD results. Zinc oxide could not be properly distinguished 
in the patterns. Fig. 3(b)–(d) presents STEM-BF images of the com
posites from which the patterns displayed in Fig. 3(a) were taken. 
The Mg-20% Zn (Fig. 3b) and Mg-50% Zn (Fig. 3c) samples exhibit 
thin (< 100 nm) and elongated areas of Zn in the Mg matrices. 
Folding of the Zn-rich phase in which the radius of curvature is 
smaller than 1 µm also visible in these composites. The Mg-95% Zn 

(Fig. 3d) composite exhibits elongated and folded Mg-rich areas in 
the Zn matrix. Submicrometer voids (the brightest regions) can be 
identified in the Mg-95% Zn composite, indicating poorer con
solidation when compared to the other two composites. 

The grain size distributions of the Mg-Zn composites are pre
sented in the histogram of Fig. 3(e). The composites display a broad 
range of grain sizes including grains smaller than 40 nm and grains 
larger than 240 nm. The average grain sizes measured were ~95 nm, 
~130 nm, and ~135 nm for the Mg-20% Zn, Mg-50% Zn and Mg-95% 
Zn composites, respectively. In addition, the SAED patterns also 
suggest differences in grain sizes. The SAED patterns of Mg-50% Zn 
and Mg-95% Zn are significantly dotted which is an evidence of 

Fig. 3. Mg-Zn composites processed to 10 turns of HPT: (a) SAED patterns of the samples, (b–d) BF-TEM images of: b) Mg-20% Zn, c) Mg-50%Zn, and d) Mg-95% Zn; and (e) grain 
size distribution. 
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coarse grains. On the other hand, the Mg-20% Zn pattern shows more 
uniform and diffuse rings, indicating smaller grains. 

The TEM and STEM images shown in Figs. 4–6 provide additional 
information on the microstructure of the Mg-20% Zn, Mg-50% Zn and 
Mg-95% Zn composites, respectively. The BF-TEM image of the Mg- 
20% Zn composite, shown in Fig. 4(a), shows elongated strips with 
less than 100 nm thickness slightly darker than the matrix. These 
strips are attributed to Zn-rich areas. The dark-field (DF) TEM image 
in Fig. 4(b) reveals the presence of several isolated Mg-rich grains 
(bright) with less than 100 nm. 

Fig. 5(a) presents an ADF-STEM image of the Mg-50% Zn com
posite. It is possible to distinguish Zn-rich areas (bright) dispersed in 
the Mg matrix. In addition, very thin layers (intermediate gray level) 
at the Mg grain boundaries can be distinguished which indicate the 
Zn segregation. Due to the contribution of diffraction effects in BF 

imaging, Fig. 5(b) clearly shows long and thin strips of Zn (dark). 
These strips display thicknesses as thin as a few tens of nanometers 
and appear slightly folded. Fig. 5(c) and (d) shows BF- and DF-TEM 
images of the same area of the sample and reveal a wide range of 
grain sizes. The majority of grains observed in this composite have 
less than 100 nm in length, but some grains of hundreds of nan
ometers are also present. It is important to note that there was a 
limitation in the TEM examination to distinguish grains within the 
Zn-rich areas in both Mg-20% Zn and Mg-50% Zn composites. 

Further details of the structural features observed in the Mg-95% 
Zn composite after 10 turns of HPT are shown in Fig. 6. Areas with 
fine and distorted grains are distinguishable from some coarser 
grains with clean interior in the BF-TEM image in Fig. 6(a), sug
gesting the partial recrystallization of this sample. This agrees with a 
report of recrystallization and grain growth at room temperature in 

Fig. 4. STEM (a) BF and (b) DF images of the Mg-20% Zn composite processed to 10 turns of HPT.  

Fig. 5. (a) ADF-STEM, (b) BF, (c) BF, and (d) DF images of the Mg-50% Zn composite processed to 10 turns of HPT.  
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zinc processed by HPT [56]. The ADF-STEM image in Fig. 6(b) clearly 
shows grains with a broad range in sizes. Also, small black areas 
which correspond to pores can be visualized. These cavities support 
the idea that the surface oxide layer of the original Zn particle hin
dered the full consolidation. During the TEM analysis of this sample 
it was noted the presence of regions with an intermediate gray level 
at the Mg/Zn interfaces, which suggests the formation of a new 
phase during HPT processing. The thickness of these layers lies in the 
range of tens of nanometers. In order to evaluate the presence and 
distribution of MgZn2 phase, a dark field image was collected from 
the reflections associated with this phase. The DF-TEM image with 
the corresponding diffraction pattern, is shown in Fig. 6(c), and re
veals the presence of the MgZn2 phase, evidenced by the weak rings 
and dots corresponding to 4.49 Å (100), 4.26 Å (002), and 3.97 Å 
(101) lattice spacings (planes). Many of the MgZn2 particles in this 
image are located in the interface between Mg and Zn phases.  
Fig. 6(d) shows an HRTEM image in which a lattice spacing of 4.49 Å 
is visible next to the Mg area (bright phase on the top right). This 
interplanar spacing is associated with MgZn2 (100) planes. 

For comparison purposes, DF-TEM images of the Mg-20% Zn 
composites processed to 10 and 20 turns of HPT are shown side by 
side in Fig. 7(a), and the corresponding grain size distributions are 
presented in Fig. 7(b). It is apparent that significant grain refinement 
occurred with increasing numbers of turns of HPT. The average grain 
size decreased from ~95 nm to ~70 nm with the increase from 10 to 
20 turns. 

Fig. 8 presents additional information on the microstructure of 
the Mg-20% Zn composite processed to 20 turns of HPT. The HAADF- 
STEM image, displayed in Fig. 8(a), show that the morphology of the 
Zn-rich phases (bright) is quite heterogeneous throughout the 
sample. Fig. 8(b)–(d) correspond to magnified views of the regions 

indicated by red squares in Fig. 8(a). Fig. 8(b) shows folded regions of 
Zn, whereas elongated ribbons with thicknesses ranging from few to 
tens of nanometers are observed in Fig. 8(c) and (d). These findings 
indicate that areas of the composite distanced few microns apart 
from each other experienced different shear paths and deformations. 

Fig. 8(b) reveals two folded Zn ribbons less than 100 nm apart 
connected by extremely thin bright lines. These lines indicate the 
segregation of Zn along Mg boundaries. Fig. 8(c) shows a high mag
nification image of the region c in Fig. 8(a) and the EDS mapping as
sociated with the region confirms that the bright areas are rich in Zn 
and the dark matrix is rich in Mg. The images show that Zn-rich veins 
separate the volumes of Mg as thin as a few tens of nanometers.  
Fig. 8(d) shows coarse volume of Zn surrounded by Zn fragments. This 
observation suggests the fragmentation of the initial components 
during HPT processing. Careful analysis of the HAADF-STEM image in  
Fig. 8(e) and (f) reveal that the Mg grain size differs significantly in 
close proximity to the Zn phase. For instance, the Mg grains close to 
the Zn-rich areas on the bottom Fig. 8(f) are clearly smaller and an 
extensive segregation of Zn can be observed at the boundaries of these 
grains. The region of the upper part of Fig. 8(f) displays coarser Mg 
grains with the presence of the Zn segregations in more than ~100 nm 
distancing. This indicates that higher levels of Zn segregations can 
prevent grain growth and reduce the grain size of Mg. 

Fig. 9(a) shows a HAADF-STEM image of the Mg-20% Zn com
posite revealing different Zn-rich areas including some clusters with 
~2 nm in size. A high-resolution image of the area marked in red 
around these particles is shown in Fig. 9(b), in which is possible to 
distinguish atomic planes in one of them. The respective Fast Fourier 
Transform (FFT) and a line profile of HAADF intensity are shown in 
the right side of this image and a spacing of 2.31 Å was determined, 
which is associated with Zn (100) planes. 

Fig. 6. Images of the Mg-95% Zn composite processed to 10 turns of HPT: (a) BF-STEM, (b) ADF-STEM, (c) DF with the corresponding diffraction pattern, and (d) HRTEM with the 
corresponding FFT. 
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The formation of MgZn2 in the Mg-20% Zn composite processed 
to 20 turns of HPT could be confirmed. As it is shown in Fig. 9(c), the 
precipitates were located preferentially associated to grain bound
aries which were decorated by Zn atoms and their sizes were in the 
range of tens of nanometers. A higher magnification of one of these 
precipitates which was located at a grain boundary triple junction is 
shown in Fig. 9(d). The FFT of the high-resolution image reveals atom 
positions associated with the Mg grains and positions having an 
interplanar spacing of 4.0 Å which is associated with MgZn2 (101) 
planes. 

3.3. Mechanical properties 

Fig. 10 summarizes the mechanical properties of the HPT-pro
cessed samples. Fig. 10(a) shows the evolution of microhardness as a 
function of the effective strain imposed to the materials. The con
tinuous lines serve as guide to the eyes. Pure Zn and pure Mg 
samples display reasonably constant hardness values at ~45 Hv and 
~55 Hv, respectively, with increasing equivalent strain. The lack of 
hardening agrees fairly well with reports in the literature for bulk Zn  
[56] and Mg [54,66]. All Mg-Zn composites display higher hardness 
than the pure metals although a significant scatter in data was ob
served. This scatter is attributed to the significant changes in mi
crostructure that do not take place homogeneously throughout the 
sample. It is interesting to note that the composites present a near 
saturation in hardness at strains of ~100 but a second hardening 
stage takes place at even higher strains. Such effect, different hard
ening stages, has been reported in many hybrid materials processed 

by HPT [67]. At strains >  300, the Mg-50% Zn exhibits the highest 
hardness among the composites (some measurements give hardness 
values above 170 HV) while the Mg-95% Zn shows the lowest 
(hardness values not higher than 120 HV). 

Dynamic hardness tests were used to estimate the strain-rate 
sensitivity, m, of all the HPT-processed materials. Fig. 10(b) shows 
representative curves of flow stress plotted as a function of the 
strain-rate and the slopes of these curves can estimate the values of 
m. The estimated m values are summarized for the materials in  
Fig. 10(c) where the average microhardness values are indicated by 
squares and the m values are indicated by circles (determined for 
strain-rates lower than ~10−4 s−1), and are plotted as a function of the 
Zn content in the composite for the samples processed to 10 and 20 
turns. Both, pure Mg and pure Zn display curves with high slope 
which agrees with reports of high strain-rate sensitivity in pure Mg 
processed by HPT [61,68] and in pure Zn [69]. The composites also 
display a high strain-rate sensitivity after processing by 10 turns of 
HPT only. However, increasing the number of turns in HPT increased 
their hardness and reduced their strain-rate sensitivity. 

4. Discussion 

4.1. Mixing of phases and formation of segregations 

The present HPT consolidation of dissimilar metal powders is 
anticipated to introduce continuous and homogeneous shear de
formation promoting thinning and alignment of phases along the 
shear direction. This effect has been observed in many multi-phase 
materials such as Fe-Cu [17] and Cu-Ag alloys [70], and pearlitic steel  
[71]. However, it is now known that the homogeneity of deformation 
during HPT can be affected by processing conditions such as anvil 
misalignment [72–74] and friction between the anvil and the sample  
[75]. The presence of different phases can also induce local hetero
geneities in deformation and finite element modeling has shown 
changes of local material velocity, thus plastic instability, due to the 
presence of phases with different strength [76–80]. The hetero
geneity of deformation in HPT can induce variations in hardness 
along the thickness of samples [81–83] and also develop local vor
tices of material flow inducing the curving of different phases. 
Vortex-like patterns have been observed using optical microscopy 
and SEM in many multi-phase materials [70,78,84,85]. 

Experiments by stacking of dissimilar metal discs revealed the 
microstructural evolution with different patterns upon HPT de
formation. Continuous thinning of phases occurs due to delamina
tion of individual layers in the early stage of deformation in stacked 
discs of Ag and Cu while folding of Cu layers takes place in Al and Cu 
stacked discs [64]. However, after larger deformation both systems 
develop tangled and turbulent-like patterns indicating pronounced 
mixing at the nanometer and even atomic scales. These different 
patterns were successfully predicted using numerical simulations in 
which the phases were treated as nonlinear viscous fluids with 
different viscosity ratios [64]. A recent paper [38] also combine 
different materials (Fe, V, Zr, Cu) using HPT to evaluate the formation 
of turbulent flow at their interface, and concluded that the structure 
evolution depends on the hardness ratio between the phases and 
their deformation capacity. It was shown that significant differences 
in hardness between the materials lead to smooth interfaces while 
similar levels of hardness and deformation capacity induce multi- 
layered vortex structure. Thus, when there is a significant difference 
in hardness between the phases, the softer phase accounts for most 
of deformation inhibiting deformation of the harder phase and good 
mixing. Turbulent flow and vortices formation are associated with 
increased deformation and promotes better mixing of phases. 

The present results show evidence of both co-deformation and 
bending of phases at different length scale in the Mg-20% Zn and 
Mg-50% Zn composites. In practice, bent phases with curvature 

Fig. 7. Mg-20% Zn composites processed to 10 and 20 turns of HPT: (a) DF-TEM 
images and (b) the grain size distributions. 
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radius higher than 1 µm were observed using SEM and bent phases 
with curvature radius of ~100 nm were observed using TEM/STEM. 
Thus, the heterogeneity of plastic flow reported for many systems at 
microscale also takes place at sub-micron scale and contribute to 
mixing of phases. On the other hand, the Zn-rich Mg-95% Zn com
posite did not display significant mixing, and Zn and Mg phases 
appears elongated as shown if Figs. 1(b) and 3(d), suggesting co- 
deformation. Also, the Mg phase is thicker in this Zn-rich composite 

than the Zn phase in Mg-rich composites. This suggests that Zn is 
softer and undergoes larger deformation, which agrees with the 
slightly lower hardness in pure Zn discs when compared to the va
lues in pure Mg discs. The observation of a thick and continuous 
layer of MgZn2 intermetallic around the Mg phase also supports the 
assumption that this phase undergoes less deformation. The plastic 
deformation of the Mg phase would lead to breakup of the inter
metallic layer. It is worth noting that turbulent-like flow features are 

Fig. 8. HAADF-STEM and EDS composition maps of the Mg-20% Zn composite processed to 20 turns of HPT.  
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not readily observed in the Mg-95% Zn composite and such plastic 
instability of two element under deformation could improve mixing. 

In addition to bending, pronounced fragmentation of the Zn 
phase was observed in the Mg-20% Zn and Mg-50% Zn composites. 
Careful observation of the area surrounding the Zn particles suggests 

that mechanical fragmentation takes place at a nanometric scale. It 
is expected that diffusion assisted dissolution of the Zn phase would 
lead to a continuous gradient in composition around the Zn particles. 
However, discrete nanometric volumes of Zn are clearly observed 
surrounding these particles. The morphology of the Zn particle, and 
fragments, depicted in Fig. 8(d) resembles the reported finite ele
ment simulations of shearing of nonlinear fluids with different 
viscosities [64]. This supports the assumption that mechanical 
mixing, rather than atomistic diffusion, plays a major role in mixing 
Mg and Zn phases. 

Fig. 9. Mg-20% Zn composite processed to 20 turns of HPT: (a) HAADF-STEM, (b) 
insert HAADF and respective FFT and HAADF intensity profile, (c) HAADF-STEM of a 
MgZn2 precipitate at a grain boundary, and (d) insert HAADF and respective FFT. 

Fig. 10. (a) Vickers microhardness vs effective imposed strain and (b) stress vs. strain 
rate for the different materials and (c) microhardness and strain-rate sensitivity 
plotted as a function of the Zn content. (For interpretation of the references to color in 
this figure, the reader is referred to the web version of this article.) 
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The small, and sometimes nano-scale, pieces of Zn undergo se
vere shear leading to the formation of very thin and aligned Zn 
ribbons in the Mg matrix. The thickness of these ribbons can be so 
small that they may segregate along Mg grain boundaries as shown 
in Fig. 8(a). It is important to note that such segregations of Zn were 
observed throughout the Mg matrix forming a continuous network 
of segregations. The thick Zn ribbons are aligned along shear direc
tion, but thin segregations of Zn are observed in all orientations 
implying that diffusion also plays a role in their formation. Thus, the 
mechanical fragmentation and mixing of phases reduce the distance 
between Zn particles and therefore facilitate the formation of 
diffusion-assisted Zn segregations along grain boundaries. Such 
segregations along grain boundaries act as potential sites for the 
nucleation of MgZn2 intermetallics. 

4.2. Model for structure and mechanical properties evolution 

The evolution of hardness with imposed strain shows discrete 
hardening stages in the composites. These hardening stages reported 
in systems fabricated by HPT mixing and consolidation of metal 
powders are attributed to microstructural changes during mixing of 
phases. Different models of hardness evolution are proposed based 
on the fraction of each phase and their strength ratio [67]. In the 
present study, a model for the hardness and structure evolution is 
presented in Fig. 11 based on microstructural features observed. 

Fig. 11(a) illustrates the hardness evolution after HPT process for 
single phase materials such as pure Mg and pure Zn (black line) and 
for multi-phase materials such as the Mg-Zn composites (red line). 
Single phase metallic materials and most alloys display a conven
tional strain hardening behavior during HPT processing in which the 
hardness increases at low strains and saturates in a high value [86]. 
The increase in hardness is associated with grain refinement which 
is illustrated by sequence (Fig. 11(b) and (c)). The saturation in 
hardness is associated with a steady structure which remains con
stant with further deformation. Grain refinement of each phase is 
also expected at low strains in immiscible systems as the Mg-Zn 
composites, increasing the overall hardness of the material. This 
initial grain refinement is illustrated by sequence (Fig. 11(d) and (e)) 
which shows refined and agglomerated grains forming elongated 
phases. Further deformation promotes the stretching and fragmen
tation of the phases and segregations of elements around the phases’ 
interfaces, reducing grain boundary mobility and enabling further 
grain refinement in the local areas. This is illustrated in Fig. 11(f) 
which shows grain boundaries without segregations (black lines) 
and finer grains separated by boundaries with segregations (red 
lines). Consequently, there is a broad distribution of grain sizes at 
this stage as observed in the composites processed to 10 turns of 
HPT. As the fragmentation of phases and segregations are still re
stricted to some areas, there is no significant increase in hardness. 
However, further deformation leading to the stretching of the phases 
reduces the distance between the ribbons, increasing the amount of 
segregations. This process goes on until the whole sample is affected 
by the mixing of elements, as illustrated in Fig. 11(g), and this mi
crostructural refinement is associated with a significant increase in 
hardness. The decrease in overall grain size, the narrowing of the 
range of grain sizes, fragmentation and thinning of phases and 
increase in hardness agree with the present observations in the 
Mg-20% Zn composite processed to 20 turns. 

Precipitation of intermetallics is expected in the Mg-Zn system. 
The pronounced segregations of Zn along Mg grain boundaries 
convert these boundaries into sites for precipitation of MgZn2 in
termetallic. In fact, nanometric precipitates of MgZn2 were observed 
at Mg grain boundaries in the Mg-20% Zn composite processed by 20 
turns of HPT (see Fig. 9). As a consequence, the Zn segregations 
harden the Mg grain boundaries and prevent grain boundary sliding, 
which is the deformation mechanism responsible for the inverse 

Hall-Petch behavior [87] and enhanced strain-rate sensitivity [61] in 
pure Mg. The tendency for precipitation of intermetallics is illu
strated in Fig. 11(h) while segregations of elements that do not 
precipitate intermetallics is illustrated in Fig. 11(i). 

An analysis of data in the literature for different metallic systems 
processed by SPD suggests that the tendency of formation of inter
metallics plays a major role on evolution of strength and strain-rate 
sensitivity when segregations are developed. For example, HPT 
mixing of Mg and Al, which tends to form intermetallics, is asso
ciated with hardening [25,27,28,88] while HPT processing softened 
and increased the strain rate sensitivity of a Mg-Li alloy [89], which 

Fig. 11. Model for hardness and microstructure evolution of single-phase materials 
and multi-phase materials. (For interpretation of the references to color in this figure, 
the reader is referred to the web version of this article.) 
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does not form intermetallics. Also, improved strain-rate sensitivity 
was reported in an Al-7% Si alloy processed by HPT [90] and the Al-Si 
system does not display intermetallics. Moreover, it has been shown 
that HPT processed Zn-Al alloys, which do not form intermetallics, 
may be softer than the pure components Zn and Al. It has been re
ported that HPT processing increases the strain-rate sensitivity [91] 
and may soften [92] a Zn-22% Al alloy. Also, experiments showed 
that HPT processing of an Al-30% Zn alloy induce formation of Zn 
segregations along Al grain boundaries which favors the occurrence 
of grain boundary sliding [93,94], increases strain-rate sensitivity 
and can introduce superplastic behavior [95]. However, the present 
experiments show that HPT processing of the Mg-Zn composites 
induces significant hardening and reduces strain-rate sensitivity 
after 20 turns despite the introduction of finer grain sizes. Thus, the 
formation of Zn segregations along grain boundaries, which was 
associated with improved strain-rate sensitivity in the Al-Zn system  
[93,94], is associated with increase in strength and decrease in 
strain-rate sensitivity in the present experiments. The difference in 
behavior is attributed to the tendency of formation of precipitates 
in the different systems. 

Thus, the present results, which show HPT induced hardening of 
Mg-Zn composites, agree with other reports of HPT processing of 
metallic systems associated with intermetallic formation, such as 
the Mg-Al. The reduced strain-rate sensitivity observed in the 
Mg-20% Zn and Mg-50% Zn composites processed to 20 turns of HPT 
is therefore attributed to a Zn segregation hardening of grain 
boundary areas that prevent grain boundary sliding. 

5. Summary and Conclusions  

1. Pure Mg and pure Zn particles were mixed in different propor
tions and consolidated into discs with different compositions 
using high-pressure torsion. Full consolidation was observed in 
discs of pure Mg and Mg-20% Zn and Mg-50% Zn composites. Lack 
of bonding was observed at isolated areas in Mg-95% Zn com
posite and pure Zn discs.  

2. The mixing of phases differs between Mg-rich and Zn-rich 
composites. Folding, fragmentation and elongation into thin 
ribbons were observed in the Zn phase in Mg-rich composites. 
The Mg phase appears less deformed in the Zn-rich composite. 
MgZn2 intermetallics were formed in all composites but its 
morphology differs.  

3. Mechanical deformation plays a major role in mixing the phases 
and diffusion contributes to the development of grain boundary 
segregations. It is shown by the formation of MgZn2 at a Zn 
segregation along Mg grain boundary.  

4. Mg-Zn composites display pronounced hardening and decrease 
the strain-rate sensitivity with increasing the deformation im
posed by HPT. This evolution in mechanical properties differs in 
the pure Mg and pure Zn observed in the present study and from 
the reports for the Al-Zn and Mg-Li systems. These effects are 
attributed to the tendency of formation of intermetallics at seg
regations at grain boundaries which prevent grain boundary 
sliding.  

5. Discrete hardening stages are observed in the Mg-Zn composites 
and are attributed to the slow evolution of the microstructure 
and high amount of strain required to develop segregations. 
Smaller grain sizes are observed in Mg near areas with significant 
segregations of Zn.  

6. A model is proposed to explain the mixing of phases and its 
relation to the evolution of mechanical properties. 
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