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Abstract: There has been a great interest in developing zinc-based composites for biological appli-
cations. Mixing bioactive particles and obtaining a well-dispersed structure is not straight forward
though. The present study reports a novel processing route in which zinc particles are mixed with hy-
droxyapatite and bioactive glass particles and consolidated at room temperature using high-pressure
torsion. The composites display good dispersion of second phase particles, enhanced strength and an
increased corrosion rate in the Hank’s balanced salt solution. The incorporation of these particles
can be used to tailor the corrosion rate of zinc. It is shown that the surface layer of the corrosion
product in the zinc-bioactive particle composites is richer in calcium and phosphorous than the pure
zinc counterpart.

Keywords: zinc matrix composites; biodegradable metals; high-pressure torsion

1. Introduction

Biodegradable metals have attracted significant attention in recent years due to their
potential use as temporary implants [1]. Iron, magnesium and zinc are the most studied
materials in this group due to their good biocompatibility and continuous well-known
degradation in physiological media. However, their mechanical properties and corrosion
behavior differ significantly. Changes in composition and the processing route have been
investigated in order to attain better combinations of appropriate mechanical strength and
corrosion resistance, without compromising biocompatibility.

Severe plastic deformation (SPD) techniques [2] have attracted attention as a potential
processing route for many applications, including biodegradable metals. These techniques
can refine the grain structure of metallic materials and produce ultrafine grained structures.
Such grain refinement is usually linked to a pronounced increase in strength in these mate-
rials due to the well-known Hall–Petch effect [3–5]. Moreover, severe plastic deformation
can improve corrosion resistance of metals and alloys [6,7]. Among the different SPD tech-
niques, high-pressure torsion (HPT) [8] has emerged as a promising one. In this process,
samples in the shape of discs or rings are pressed between rigid anvils and subjected to
severe torsion straining through the relative rotation between these anvils. Thus, HPT has
been widely used to process magnesium and its alloys [9] and a recent paper reviews the
results focused on biological applications [10]. HPT has also been used to process iron
and its alloys [11,12] and low corrosion rates in a Hank’s solution have been reported for
ultrafine grained iron [13]. Despite the significant improvement in properties, there are few
studies on HPT processing of Zn-based materials [14–18] and most of these studies focus
on mechanical properties.

In addition to the improvement in mechanical and corrosion properties, HPT has
been used to consolidate particles to produce metal matrix composites (MMC). The high
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compressive stresses and large shear straining enable the elongation of particles, breaking
their surface oxide layer and promoting metallic bonding. Consequently, it is possible to
incorporate different materials into a continuous metallic matrix. There has been a great
interest in fabricating zinc matrix composites for biological applications by incorporating
bioactive ceramic materials. For instance, zinc with beta-tricalcium phosphate [19,20]
and hydroxyapatite (HA) [21,22] has been produced with spark plasma sintering. Zn-
HA composites were also produced by hot extrusion of pressed particles [23]. There are
now studies showing that Zn composites can be produced with HPT [16,24–27], but these
studies were mostly focused on mixing metallic materials. Thus, the present study aimed
to evaluate the effectiveness of HPT processing to consolidate Zn powders with bioactive
particles. Both hydroxyapatite and bioactive glass are known to produce better interfacial
bonds with hard tissues [28].

2. Materials and Methods

The materials used in the present investigation were pure Zn, hydroxyapatite (Sigma-
Aldrich, St. Louis, MO, USA) and bioactive glass particles. The bioactive glass (BG) was
prepared by sol-gel process and the precursors of the syntheses were tetraethyl orthosili-
cate (TEOS/98%, Sigma-Aldrich), triethyl phosphate (TEP, ≥99.8%, Sigma-Aldrich) and
calcium nitrate tetrahydrate ((Ca(NO3)2).4H2O, ≥99.8%, Vetec/Sigma-Aldrich). A detailed
description of the synthesis and characterization of this BG is given in a previous study [29].

Preliminary tests were carried out to evaluate the minimum number of turns in HPT
required for consolidation. Discs with 10 mm diameter and 1 mm thickness were produced
by pressing pure Zn particles. These discs were processed by HPT using quasi-constrained
equipment and a nominal pressure of 3.8 GPa. Samples were processed using 5, 10, 15
and 20 turns at room temperature. The effect of the number of turns on the consolidation
was evaluated by observation of the structure and hardness distribution. Thus, Figure 1
shows the longitudinal section and hardness of the different samples. A continuous Zn
matrix with isolated islands of ZnO was observed in all samples. The initial Zn particles
contain a surface layer of ZnO, which is incorporated into the matrix during consolidation.
Homogeneous hardness distribution, with an average value of ~50 Hv, was observed in
all samples, except for the sample processed using 5 turns, which displayed a region with
lower hardness near the center. This reduced hardness suggests a lack of consolidation in
this region and therefore the composites were produced using 10 turns of HPT.

Pure Zn, Zn-10 wt.% HA and Zn-10 wt.% BG were mixed and pressed to ~100 MPa
into discs with 10 mm diameter and 1 mm thickness. These discs were then processed
with 10 turns of HPT at room temperature using a nominal pressure of 3.8 GPa. Quasi-
constrained anvils were used for processing and the rotation rate was set to 1 rpm. This
rotation rate is expected to generate negligible heating during processing [30]. The structure
of the processed discs was observed using a JEOL 6360LV Scanning Electron Microscope
(SEM) coupled with energy dispersive X-ray spectroscopy (SEM/EDX). The surface was
ground and polished to a mirror-like finish before observation.

The microhardness distribution was evaluated along the disc surface. Thus, approxi-
mately 25 indentations were made along the diameter of the disc using Vickers indenter, a
load of 100 gf and a dwell time of 10 s. The hardness was estimated as the average of each
indentation. Dynamic hardness tests were used to estimate the strength and strain-rate
sensitivity of each sample. Thus, a load of 300 mN was applied and maintained for 300 s
while the variation in indentation depth was tracked using Shimadzu DUH-211s equip-
ment. The data of indentation depth were plotted as a function of the time and the strain
rate sensitivity was evaluated using a procedure suggested elsewhere [31].

Plane strain compression tests [32] were carried out at a strain rate of 10−3 s−1. The
discs’ edges were ground to attain parallel surfaces with 7 mm width. The top and bottom
were also ground to attain parallel surfaces with ~0.7 mm thickness. The plane strain
compression device had a width of 1.4 mm. The tests were carried out using an Instron
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equipment model 5582. Load and displacement data were converted to effective stress and
effective strain considering plane strain conditions [32].
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Figure 1. (a) Longitudinal sections and (b) hardness distribution in samples of pure Zn consolidated
with HPT using a different number of turns.

The corrosion behavior was evaluated using electrochemical techniques in Hank’s bal-
anced salt solution (H1387, Sigma-Aldrich). The tests were conducted at room temperature
using an electrochemical workstation (Gamry, Reference 600 Potentiostat). Three measure-
ments were taken for each sample group. A three-electrode cell with Ag/AgCl(KClsat) as a
reference electrode, platinum as the counter electrode and the composite as the working
electrode was used. The open circuit potential (OCP) of each sample was monitored for
3600 s. The electrochemical impedance spectroscopy (EIS) measurement was performed by
applying 5 mV (RMS) perturbation, in the frequency range of 0.01–105 Hz, with 10 points
for decade. The potentiodynamic polarization test was conducted at a scanning rate
of 0.167 mV/s in a range of ±300 mV regarding OCP. The working electrode exposed
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area in all electrochemical tests was 0.126 cm2. The corrosion rate was calculated using
Equation (1) [33,34]:

CR = 3.27 × 10−3 × icorrEW
ρ

(1)

where icorr is the corrosion current density (µA/cm2) extracted from linear fit and Tafel ex-
trapolation for the anodic curve for Zn-10% HA and cathodic curve for Zn and Zn-10% BG,
EW is the corresponding equivalent weight and ρ is the density of corroding material
(g/cm3). Zinc, hydroxyapatite and bioglass density was 7.13 g/cm3, 3.16 g/cm3 [35] and
2.70 g/cm3 [36], respectively. Some samples were immersed in Hank’s solution for 24 h
and the surface was then observed using SEM.

3. Results
3.1. Consolidation and Mechanical Properties

The surface of the discs of pure Zn, Zn-10% HA and Zn-10% BG consolidated with
HPT is depicted in Figure 2. A continuous matrix and isolated islands of the second phase
are observed in all samples. Details of the edge and center areas are also shown, revealing
differences in the size of the reinforcement phase. The reinforcement phase particles appear
larger in the center of the discs and smaller near the edges. This is attributed to the
difference in shear strain imposed in these areas. The larger shear strain imposed on the
edges of the discs can break these particles and promote better mixing with the metallic
matrix. However, some cracks are visible near the edges of the Zn-BG composite.
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Figure 2. The appearance of the surface of the processed discs.

The average composition of selected locations was evaluated using EDS. The analysis
was conducted at two locations for each sample, one representing the matrix area and the
other around the reinforcement particles. Thus, the pure Zn sample is composed of Zn, O
and islands of higher oxygen content surrounded by a Zn-rich matrix. This is attributed
to the zinc oxide layer of the starting powder that becomes part of the composite after
consolidation. Small amounts of Ca and P are observed in the matrix of the Zn-HA and Ca,
P and Si are present in the matrix of the Zn-BG composites. This shows that small amounts
of bioactive glass particles are broken and distributed in the matrix.

Figure 3 shows the average hardness of the composites and it is apparent that the
addition of HA and BG increases the strength of the material. The standard deviation of
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the measurements shows that the Zn-HA and Zn-BG composites display a larger variation
in strength due to the interaction between the reinforcement phase and the surrounding
matrix. The size and distribution of the reinforcement phase varies along the disc diameter.
The average hardness of the disc of Zn consolidated with HPT is only slightly larger than
the value reported for pure Zn processed with HPT of ~38 Hv [14], but the incorporation
of hard ceramic particles can increase the hardness to over ~60 Hv. The hardness in the
Zn-HA composite processed with HPT is larger than the value reported in the literature for
Zn-HA composites processed with spark plasma sintering [21].
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Figure 3. The average microhardness of the composites.

Plane strain compression tests also confirm the higher strength of the Zn-HA and
Zn-BG composites. Figure 4 shows the stress vs. strain curves obtained in this test. Thus,
the yield stress for the consolidated Zn is ~100 MPa, which agrees with the range of
yield stress reported for pure Zn processed with HPT [14]. The flow stress increases to
~160 MPa in the Zn-HA and Zn-BG composites. The Zn-BG composite displays a peak
stress of ~180 MPa at a strain of ~0.04, followed by a decrease in flow stress attributed to the
propagation of cracks in this material. The consolidated Zn and Zn-HA composite display
strain hardening behavior and the flow stress increases with deformation. Flow stress over
~200 MPa is observed in the Zn-HA composite after ~20% strain, which is higher than the
peak stress (~150 MPa) observed in pure Zn tested in tension [14]. These results show that
the changes in composition and structure due to the incorporation of ceramic particles and
HPT processing effectively strengthen the material.

The strain rate sensitivity of the different samples was evaluated using indentation
creep tests and following a procedure suggested elsewhere [31]. The indentation depth is
plotted as a function of t-tc, where tc is a constant and t is the indentation time (Figure 5).
The strain rate sensitivity was estimated for each material and the values are within the
range of 0.032~0.044. This range is slightly lower than the values obtained in tensile tests in
commercial purity Zn [37]. It is known that the strain rate sensitivity of zinc depends on the
testing strain rate [37], temperature and grain size [3,5,38]. It was recently shown that the
strain rate sensitivity of metals depends on multiple thermally activated mechanisms [5].
These mechanisms might include grain size strengthening, solution hardening and second
phase particle strengthening. Thus, the present results suggest that the strengthening effect
due to hard ceramic particles might decrease the strain rate sensitivity of zinc.
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3.2. Corrosion Behavior

Electrochemical tests were used to evaluate the corrosion behavior of the different ma-
terials in the Hank’s solution. Figure 6 shows representative potentiodynamic polarization
curves. It is observed that the incorporation of HA and BG increases the corrosion potential
of the composite compared to consolidated Zn. It also increases the corrosion current and
the values determined in experiments are given in Table 1. It is observed that the corrosion
current density in consolidated pure Zn agrees with the value of 9.07 µA/cm2 reported
for rolled pure Zn [39]. Compared to the pure Zn sample, the increase in corrosion current
density in the Zn-HA composite also agrees with the trend reported in the literature [21].
The curves of the EIS tests are shown in Figures 7 and 8. The electrochemical impedance
spectroscopy (EIS) test shows a decrease in impedance in the Zn-HA composite compared
to Zn and an increase in this parameter in the Zn-BG composite. A decrease in impedance
was also reported for a Zn-HA composite compared to pure Zn [21]. In Figure 8, it can be
observed that the impedance modulus at a frequency of 10−2 Hz is higher for the Zn-BG
composite. The shape of the frequency versus phase angle curves indicates two-time
constants for pure Zn and the Zn-HA composite and a one-time constant for the Zn-BG
composite, which suggests different corrosion mechanisms.
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Table 1. Summary of average values of corrosion potential (E) and current density (I) determined
with potentiodynamic polarization curves.

Sample E (VvsAg/AgCl/KClsat) I (µA/cm2)

Zn −1.12 ± 0.02 6.28 ± 1.59
Zn-HA −0.80 ± 0.07 16.24 ± 5.10
Zn-BG −1.00 ± 0.06 20.05 ± 2.62
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the empty symbols are related to the phase.

The different samples were subjected to immersion in the Hank’s solution for 24 h and
their surfaces were observed using SEM. Figure 9 shows the appearance of the different
samples. Pure Zn shows no sign of significant corrosion, while a rougher surface develops
in the Zn-BG composite, suggesting more corrosion in the latter. The average composition
of a large area was evaluated using EDS and the results show the presence of O and minor
amounts of Ca and P in the consolidated Zn. The amount of O, Ca and P is larger in the
Zn-HA and Zn-BG composites, and could reach higher levels of the Ca/P ratio if it stays in
the solution for a longer period, confirming these composites’ ability to develop a surface
layer rich in these elements. An increase in O, Ca and P concentration was reported for the
surface layer of a Zn-10% HA composite compared to a pure Zn counterpart after 50 days
of immersion in a Hank’s solution [21]. The following was also reported: an increase in the
ratio of Ca/P from 0.54 in pure Zn to 1.41 in the Zn-HA composite [21]. This trend agrees
with the present results, showing a ratio of 0.51 in pure Zn and 1.05 in the Zn-HA composite.
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4. Discussion

The present results show it is possible to consolidate Zn particles into a bulk through
HPT processing. The large compressive stresses and severe shear straining promotes the
elongation of particles, breaking the oxide layer and enabling metal binding. It is also
shown that the ZnO particles become dispersed within the matrix during consolidation.
Incorporating bioactive particles is also possible and the results show that the breaking
and dispersion of these particles increase with increasing straining during HPT. Thus, the
particles become smaller and better dispersed at the edges of discs processed using 10 turns
of HPT compared to the center of these discs. The effectiveness of the consolidation is
verified by the enhanced mechanical strength of the composites. It is expected that the
heterogeneity in the disc structure from the center to edge will decrease with increasing the
number of turns of HPT [8]. Moreover, eventual differences in the structure are avoided
when processing ring samples [40–42] instead of disc-shaped samples. Figure 10 illustrates
the procedure and the final structure of the composites. Thus, the initial Zn and bioactive
particles are mixed, pressed and consolidated using high-pressure torsion. The final
structure can be described as a continuous matrix of Zn containing dispersed ZnO and
bioactive particles.
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composites.

The appearance of cracks in the Zn-BG composite is attributed to the expansion of the
bioactive glass. Bioactive glass is known for its tendency to induce hydroxyapatite forma-
tion [29] and this phenomenon is expected to increase the volume of the original particles.

In order to provide a direct evaluation of the material produced using the consolidation
of particles through HPT in the present experiments, the hardness and corrosion rate of Zn
produced using different techniques are summarized in Table 2. The data include samples
produced using casting, thermo-mechanical processing and consolidation of particles. It
is observed that the hardness of the sample produced in the present study is within the
upper range of Zn produced using other techniques and the corrosion rate is within the
average values.

Table 2. Summary of hardness and corrosion data of Zn processed using different routes.

Processing Hardness (Hv) Corr. Rate
(mm/Year) Corr. Test Corr. Media Reference

HPT 47.7 0.094 Electrochemical Hank’s Present study

Casting 41.4 0.019 Immersion Hank’s [43]

Rolling 42.7 0.011 Immersion Hank’s [43]

Extrusion-drawing 41.4 0.036 Immersion Hank’s [44]

Rolling 40.0 0.135 Electrochemical Hank’s [39]

Casting 30.0 0.137 Immersion Hank’s [45]

Extrusion 34.0 0.134 Immersion Hank’s [45]
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Table 2. Cont.

Processing Hardness (Hv) Corr. Rate
(mm/Year) Corr. Test Corr. Media Reference

Ball milling + Sintering 18.0 2.710 Electrochemical Hank’s [46]

Extrusion 34.9 0.410 Immersion SBF [47]

Sintering 18.7 0.610 Immersion SBF [47]

Sintering 14.4 0.750 Immersion SBF [47]

Spark Plasma Sintering 43.9 0.073 Immersion Hank’s [21]

Spark Plasma Sintering 33.0 0.850 Electrochemical SBF [22]

Extrusion 45.6 0.13 Electrochemical SBF [23]

Laser Melting System 40.7 0.114 Electrochemical SBF [48]

Sintering 58.0 0.264 Electrochemical Hank’s [49]

Spark Plasma Sintering 47.4 0.105 Electrochemical SBF [50]

Sintering 47.3 0.191 Electrochemical SBF [19]

Sintering 43.7 0.085 Electrochemical Hank’s [51]

It is then interesting to compare the data of the Zn-HA and Zn-BG composites pro-
duced in the present study with other Zn matrix composites and this is provided in data
summarized in Table 3. It is observed that the strength of the composites produced in
the present study is in the upper range of pure Zn matrix composites. Higher strength
is attained in composites in which Zn alloyed with Mg is used in the matrix [52,53]. The
corrosion rates of the Zn-HA and Zn-BG composites are also in the upper range for the
different composites. It has been shown that the addition of HA increases the corrosion
rate and it was suggested that this effect could be used to adjust the degradation of Zn [21].
Data for Zn-BG composites were not found in the literature, but the present results suggest
that bioactive glass leads to a similar effect relative to hydroxyapatite. The chemical and
biological stability of HA is higher than the BG, therefore the glass can increase the strength
but also the corrosion rate [54].

Structural temporary implants must withstand the load conditions during the period
in which the tissue regenerates and should undergo corrosion within a reasonable time
afterward. Hence, the corrosion of a temporary implant cannot be faster than the time re-
quired for regeneration but also should not be too slow. The length of time for regeneration
can vary depending on the tissue and it is important to note that the length of time for
corrosion of an implant depends on its corrosion rate and on its dimensions. Thus, the
ideal corrosion rate can vary depending on the application and implant dimensions. The
ability to control the corrosion rate of Zn by incorporating bioactive particles is therefore
desirable and can be used to tailor the lifespan of a temporary implant.

Finally, it has been reported that the addition of hydroxyapatite improves the os-
teogenic properties of Zn, as observed with in vivo tests [21]. The present study shows a
higher concentration of Ca and P on the surface of the Zn-HA composite after 1 day of
immersion in the Hank’s solution, due to its initial composition, compared to pure Zn.
This result suggests that the Zn-HA composite can develop a corrosion product surface
layer with a composition closer to the bone, which might improve its performance as a
temporary implant for orthopedic applications. The bioactive glass has faster chemical
kinetics, which allow for faster and more effective bonding with the bone than HA. A con-
siderable increase in the Ca/P ratio on the material surface is expected due to the formation
of carbonated hydroxyapatite when in contact with solutions such as SBF (simulated body
fluid) and Hank’s [55].
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Table 3. Summary of strength and corrosion data of Zn composites.

Composite Yield Strength
(MPa)

Corr. Potential
(V)

Corr. Rate
(mm/Year) Corr. Test Corr.

Media Reference

Zn-10% HA 156 −0.760 0.258 Electrochemical Hank’s This study

Zn-10% BG 161 −0.960 0.320 Electrochemical Hank’s This study

Zn-1% Mg 258 −0.946 0.040 Immersion SBF [52]

Zn-1% Mg/1β-TCP 277 −0.957 0.045 Immersion SBF [52]

Zn-0.5% SiC 43 −1.059 0.148 Electrochemical SBF [48]

Zn-1% SiC 75 −1.107 0.163 Electrochemical SBF [48]

Zn-2% SiC 122 −1.119 0.198 Electrochemical SBF [48]

Zn-3% SiC 44 −1.170 0.230 Electrochemical SBF [48]

Zn-0.1% GNP 110 −1.084 0.224 Electrochemical Hank’s [49]

Zn-0.2% GNP 123 −1.113 0.090 Electrochemical Hank’s [49]

Zn-0.3% GNP 119 −1.061 0.143 Electrochemical Hank’s [49]

Zn-0.4% GNP 118 −1.110 0.187 Electrochemical Hank’s [49]

Zn-3% MgO 156 −0.953 0.171 Electrochemical SBF [50]

Zn-3% ZnO 135 −0.960 0.184 Electrochemical SBF [50]

Zn-3% CuO 203 −0.963 0.178 Electrochemical SBF [50]

Zn-3% Mg-0.7Mg2Si 388 −0.996 0.045 Immersion Hank’s [53]

Zn-3% Mg-0.7Mg2Si 406 −0.930 0.043 Immersion Hank’s [53]

Zn–1Mg2Ge 118 −0.714 0.219 Electrochemical Hank’s [56]

Zn–3Mg2Ge 162 −0.755 0.347 Electrochemical Hank’s [56]

Zn–5Mg2Ge 129 −0.845 0.026 Electrochemical Hank’s [56]

Zn/1% TCP 133 - 0.081 Immersion SBF [20]

Zn/3% TCP 141 - 0.071 Immersion SBF [20]

Zn/5% TCP 123 - 0.081 Immersion SBF [20]

Zn/1% TCP 132 −0.915 0.077 Electrochemical SBF [19]

Zn/3% TCP 142 −0.928 0.148 Electrochemical SBF [19]

Zn/5% TCP 142 −0.927 0.162 Electrochemical SBF [19]

Zn-1% Mg 135 −1.066 0.114 Immersion Hank’s [51]

Zn-2% Mg 152 −1.101 0.209 Immersion Hank’s [51]

Zn-5% Mg 184 −1.312 0.427 Immersion Hank’s [51]

Zn-3% HA 108 −1.046 0.101 Electrochemical SBF [57]

Zn-3% HA-2% Fe 116 −1.047 0.088 Electrochemical SBF [57]

Zn-5% HA-2% Fe 118 −1.071 0.113 Electrochemical SBF [57]

Zn-1% HA 70 −1.281 0.327 Immersion Hank’s [21]

Zn-5% HA 43 −1.274 0.630 Immersion Hank’s [21]

Zn-10% HA 47 −1.290 0.856 Immersion Hank’s [21]

Zn-16% HA 46 - 1.520 Electrochemical SBF [22]

Zn-8% HA 113 - 0.070 Electrochemical SBF [23]
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5. Conclusions

Zinc matrix composites were produced with consolidation, at room temperature, of
particles using high-pressure torsion (HPT). Zn-10% hydroxyapatite (HA) and Zn-10%
bioactive glass (BG) composites were successfully consolidated. A continuous Zn matrix
and high strength were observed in all composites.

The reinforcement particles become smaller and their distribution improved with
increasing the amount of shear straining during HPT.

The addition of HA and BG to zinc improves the hardness and compressive strength
and increases the corrosion rate in a Hank’s solution. These adjustments in properties can
be used to tailor the size and time required for the corrosion of temporary implants.

A higher amount of Ca and P is observed on the surface of the Zn-HA and Zn-BG
composites after immersion in the Hank’s solution for 24 h compared to pure Zn.
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