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Abstract

This work presents the manufacturing and characterization of zinc-tungsten carbide (Zn-WC)
nanocomposite as a potential biodegradable material. A highly homogeneous WC nanoparticle
dispersion in a Zn matrix was achieved by molten salt assisted stir casting followed with hot
rolling. The Vickers microhardness and ultimate tensile strength of zinc were enhanced more than
50% and 87%, respectively, with the incorporation of up to 4.4 vol. % WC nanoparticles.
Additionally, Zn-WC nanocomposite retained high ductility (> 65%). However, the electrical and
thermal conductivities were reduced by 12% and 21%, respectively. The significant enhancement
in mechanical strength makes nanoparticle-reinforced zinc a promising candidate material for
biodegradable metallic implants for a wide range of clinical applications, including orthopaedic
and cardiovascular implants as well as bioresorbable electronics.
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1. Introduction

Metallic implants are the gold standard for clinical applications requiring high strength-to-
bulk ratio (e.g. bone fixation screws/pins, cardiovascular stents, etc.). However, many
clinical indications only need temporary support while the tissue heals. Metallic implants
made of biomaterials like titanium (Ti) alloys [1], stainless steel [2] and cobalt-chromium
(Co-Cr) alloys [3] are permanent, and either require a second surgery to remove or they
remain in the body where there is a risk for long-term complications (e.g. inflammation,
tissue loss, etc.). Conversely, biodegradable materials including zinc (Zn), magnesium (Mg)
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[4], iron (Fe) [5], and some biodegradable polymers [6] provide the required support during
healing and then progressively degrade after completing its function. For high-stress
applications, biodegradable metals are the ideal choice because of their mechanical strength
and stiffness. Mg has been the most studied biodegradable metal because of its reasonable
mechanical strength and proven biocompatibility. However, there are limitations to Mg,
namely the rapid corrosion rate, high hydrogen evolution /n-vivo [7], and chronic
inflammation has been observed in tissue surrounding Mg implants [8].

In the last decade, Zn has been studied as an alternative to Mg. Zn has excellent
biocompatibility [9] and has already shown great potential in biotech applications, ranging
from electrodes for batteries [10] and sensors [11] to micro/nanofillers for conductive paste
[12] as the filament or alloying element. This is because the electrical conductivity of Zn is
much higher than most of the biocompatible semiconductors, making Zn a suitable option
for bioresorbable electronics. However, its success as a structural material is limited because
of its low mechanical strength and modulus. This is unfortunate because recent studies have
evaluated Zn has a potential material for bioresorbable stents (BRS) and found that Zn offers
an ideal corrosion rate (10um/year) that would allow vascular healing to occur before the
stent biodegraded. Additionally, no inflammation was observed in arteries containing a Zn
implant [13]. Despite these promising results, no commercially available Zn-based BRS are
commercially available. Enhancing the strength of Zn would make is an ideal candidate for
clinical applications requiring implants designed to withstand high stresses. Alloying has
been one of the most popular methods to strengthen Zn by using a low concentration of a
second metal element. The mechanisms mainly depend on intermetallic phase precipitation
strengthening and solid solution strengthening [14]. However, this can negatively impact
Zn’s corrosion rate, as well as reduce the ductility. Furthermore, depending on the alloying
element(s) used, biocompatibility could also be compromised.

Nanoparticles have been reported as an effective method for mechanical strengthening in
metallic materials due to the precipitation strengthening (Orowan strengthening), grain
refinement (Hall-Petch effect) and load bearing [15]. Moreover, by using chemically and
thermally stable nanoparticles [16], Zn matrix nanocomposite could achieve the balance
among biocompatibility, corrosion rate, and ductility. However, the grand challenge of metal
matrix nanocomposite manufacturing is the nanoparticle dispersion problem, where
agglomeration and sintering would generate defects and cracks. Therefore, in this study, we
demonstrate the manufacturing method of high-performance Zn-WC nanocomposite with
uniform nanoparticle dispersion according to the nanoparticle self-dispersion mechanism
[15] and the characterization results of strong and ductile Zn-WC nanocomposite as a
potential biodegradable material. WC nanoparticles were mainly utilized to enhance the
mechanical strength of Zn. Zn-WC nanocomposites obtained an overall optimized
combination of mechanical properties and physical properties, serving as an ideal
biodegradable material. This study has also investigated the thermal/electrical conductivity
of Zn-WC nanocomposite, to validate the viability of being used in bioelectronics.
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2. Method

Salt assisted stir casting was performed to mass produce Zn-WC nanocomposite, which has
recently been demonstrated to be an efficient method for other composite systems [17, 18].
An induction finance was used to melt potassium aluminum fluoride (KAIF,) at 700°C in a
3kg-capacity graphite crucible (89mm in height and 130mm in inner diameter). This molten
salt was used for surface oxidation removal. Bulk Zn (99.9%, RotoMetals) was weighed and
added to the crucible. The molten salt was used to cover the metal and protect it from
oxidation. WC nanoparticles (50—200nm) were mixed with fine KAIF, salt powders at a
volume ratio of 1:20. This powder mixture was slowly added to the crucible until 5 vol.%
and 10 vol.% WC nanoparticles concentration was reached. A graphite stirrer set to 400 rpm
was used to mix and incorporate the WC nanoparticles (1.0 hour). The top layer of low-
density molten salt was removed prior to casting Zn-WC to a 2-inch diameter disk with a
0.4-inch thickness. Hot rolling of the Zn-WC nanocomposite was performed at 200°C with a
thickness reduction ratio of 1:7. Thin plates (0.06-inch thickness) were used for
microstructure characterization by scanning electron microscopy (SEM), element detection
by x-ray diffraction (XRD) and inductively coupled plasma mass spectrometry (ICP-MS),
and electrical/ thermal conductivity measurement. Wire-electrical discharge machining
(wire-EDM) was used to cut samples to dog-bone shape for the tensile test (tensile test
standard shown in Table 1).

3. Characterization

3.1. WC concentration

To accurately measure nanoparticle concentrations and account for any dispersion
inhomogeneity, ICP-MS was used to measure metallic element concentrations. Briefly, Zn-
WC nanocomposites were ground to small pieces, and aqua regia was used to extract
elemental W. The results were converted to WC concentrations in volume percentage, shown
in Table 2. In this study, Zn-WC nanocomposite samples had lower than designed due to
poor nanoparticle incorporation efficiency during manufacturing. The final Zn-WC
nanocomposite formulations were Zn-2.6 vol.% WC and Zn-4.4 vol.% WC, which were
characterized and compared to pure Zn samples processed under the same conditions.

3.2. Chemical composition

XRD was performed on the nanocomposite samples and the reference sample to semi-
quantitively characterize the chemical composition on the surfaces of the materials, shown in
Fig.1. The diffraction peaks of WC could be observed on the XRD pattern for Zn-2.6WC
and Zn-4.4WC samples, where the diffraction angles are from 30 to 90 degrees.
Furthermore, no unwanted by-products were observed, indicating that WC nanoparticle did
not react with Zn during manufacturing and processing.

3.3. Microstructures

SEM in backscattering mode was performed on the nanocomposite samples to investigate
the nanoparticle dispersion, shown in Fig.2. The bright phase represents the WC
nanoparticles, while the darker phase represents the Zn matrix. Compared with Zn-2.6WC
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(Fig. 2(a) and 2(b)), which obtained zones of dense nanoparticles, Zn-4.4WC (Fig. 2(c) and
2(d)) achieved better homogeneity. To investigate the impact that nanoparticles have on the
crystal structure, optical images were shown in Fig. 2e—g, where hot rolled samples were
etched (etchant: 20% CrO3 and 5% Na,SOy in distilled water). The grain size reduced from
17.4um to 6.1um for 4.4% WC nanoparticle incorporation (Fig. 2h).

3.4. Hardness and mechanical properties from tensile test

The grain-size effect on the mechanical properties (Hall-Petch effect) was evaluated using
Vickers microhardness testing and tensile testing. Microhardness was measured using 300gf
and 10s dwelling time. Fig. 3(a) shows that Vickers microhardness of the Zn-4.4%WC
nanocomposite has increased by more than 43% from 34.9HV to 55.0HV. Tensile testing
was performed using an Instron 5966 Dual Column Tabletop Testing system. The results
show the ultimate tensile strength (UTS) of Zn-4.4WC increased by 87% from 89.1 MPa to
166.3 MPa, while the ductility only decreased from 70.1% to 65.1% (Fig. 3(b) and Table 3).
These results show that homogeneous nanoparticle dispersion could be used to avoid
significant ductility reduction, which has been reported by a previous study on metal matrix
nanocomposites [19].

3.5. Electrical conductivity and thermal conductivity

The sheet resistance of nanocomposite samples was measured by ResMap four-point probe
(Fig. 4(a)), and thermal conductivity was calculated using heat capacity measurements from
differential scanning calorimetry (DSC) and thermal diffusivity by laser flash analysis (Fig.
4(b)). The electrical conductivity decreased from 10.2 x 108 §/mto 8.9 x 108 §/m for
Zn-4.4WC, and the thermal conductivity decreased from 114.6 W/m-K to 91.0 W/m-K.
According to one-way ANOVA analysis, electrical conductivity and thermal conductivity
have p values of 5.5% and 7.0%, respectively, indicating that no significant reduction after
nanoparticle incorporation. All related mechanical and physical results are presented in
Table 4.

4. Discussion

Good wettability between WC and molten Zn enables a self-stabilization mechanism
through a force balance between the particle-particle van der Waals force and the particle-
molten metal surface tension [15]. This produces a nanoparticle self-dispersion within the
molten Zn. However, when the nanoparticle size is not small enough, pseudo self-dispersion
occurs, where there is a favorable particle-particle distance (e.g. approximately a few
nanometers in Zn-WC system). Thus, pseudo-microcluster was observed in Zn-2.6WC.
Zn-4.4WC, on the other hand, obtained a much better nanoparticle dispersion due to the
higher concentration. The problem of non-uniform dispersion could be solved by using
smaller sized nanoparticles.

The major strengthening mechanisms of the Zn-WC nanocomposite are grain refinement
and precipitation hardening. Zinc’s grain size is one of the determinant factors for
mechanical strength. For instance, cast zinc with 100um grain size only has a UTS of
30MPa. The nanoparticle-induced grain refinement achieved in this study is due to grain
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growth impedance during solidification. The finer crystalline structure (6.1um grain size)
enables grain-boundary strengthening, also known as Hall-Petch strengthening, by impeding
dislocation propagation. Another contributor to the increased mechanical strength is the
precipitation strengthening effect directly from WC nanoparticles. The nanoparticles
presence blocks dislocation movement, which means dislocations need higher energy to
shear through/around the nanoparticles (i.e. Orowan mechanism) [20]. Other strengthening
mechanisms that may apply but are not dominant in this case include load-transfer effect and
thermal expansion coefficient/elastic modulus mismatch.

Previous studies on nanoparticle reinforced metal matrix nanocomposites reported that this
strategy negatively impacted ductility because of nanoparticle agglomeration, sintering,
impurities, and voids. Such defects can cause premature fracture through crack propagation
during tensile testing. In this study, salt assisted stir casting protected against the formation
of these defects by preventing zinc oxide contamination, nanoparticle agglomeration and
sintering. A good nanoparticle dispersion was achieved by self-stabilization mechanism, and
hot extrusion processing could further enhance the dispersion homogeneity by allowing
nanoparticles migration [21].

The Zn-WC nanocomposites successfully manufactured in this study could be used to create
the next generation of bioresorbable electronics and metallic implants. Zn [22, 23] and WC
[24] have both been previously shown to be non-toxic. The Zn-WC nanocomposites studied
in this research have shown a good combination of material properties, including mechanical
ductility (elongation to failure > 65%), mechanical strength (UTS ~ 166.3MPa, YS
~126.9MPa), microhardness (~55HV), electrical conductivity (8.9 x 108 §//m) thermal
conductivity (~91W/m-K). The enhanced mechanical properties provide the strength
bioresorbable devices require to withstand physiological forces. For example, the
combination of high mechanical strength and high ductility makes Zn-WC nanocomposites a
promising material choice for BRS designed for high-stress applications (e.g. aortic
stenting). The high electrical conductivity provides a better signal-to-noise ratio in sensing
and high thermal conductivity provides faster heat release for electronics. With an optimized
combination of good toughness and electrical/thermal conductivity, Zn-WC nanocomposite
would be suitable for applications such as electrodes and interconnects in bioresorbable
electronics [11].

5. Conclusion

This study presents a successful manufacturing process, molten salt assisted stir casting, for
novel Zn-4.4WC nanocomposite with highly homogeneous nanoparticle dispersion.
Characterization of the resulting nanocomposites found that a combination of good
mechanical properties (UTS ~ 166.3MPa, ultimate strain >65%) and physical properties (no
significant reduction on electrical/thermal properties) had been achieved with only 4.4% WC
nanoparticles added to the Zn matrix. The results from this study show that Zn-WC
nanocomposites could be a promising material for load-bearing biodegradable metallic
implants and bioresorbable electronics.
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Future studies will investigate the impact that nanoparticle size, shape and concentration
have on the material properties. This will allow for the fabrication of nanocomposites with
material properties that match the application requirements. Also, it will be essential to
investigate the corrosion behavior of the novel Zn nanocomposite material. Additionally, Zn-
based materials have a limited shelf life due to Zn’s low recrystallization temperature, which
causes self-annealing and decreased mechanical properties over time. Further investigation
is needed to study how nanoparticles impact Zn’s recrystallization process and the
subsequent impact on long-term mechanical stability.
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Fig. 1.

Diffraction pattern of Zn and Zn-WC nanocomposite samples.
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Fig 2.

Zr?—WC nanocomposite microstructure from SEM in back scattering mode. (a) and (c)
represent Zn-2.6 vol.% WC sample and Zn-4.4 vol.% WC sample, while (b) and (d) are the
magnified images. Optical images of hot-rolled sample for grain size measurement,
including (e) Zn, (f) Zn-2.6WC and (g) Zn-4.4WC. (d) shows the grain size refinement
effect with respect to the nanoparticle concentration.
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Fig. 3.
(a) Vickers microhardness Zn-WC nanocomposite samples; (b) Stress-strain curves of the

Zn and Zn-WC nanocomposite samples from tensile test.
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Fig. 4.
(a) Thermal conductivity of Zn-WC with respect to the WC nanoparticle concentration; (b)

electrical conductivity of Zn-WC with respect to the WC nanoparticle concentration.
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Table 1:

Tensile test standard

Standard ASTM E8/E8M

Shape Rectangular subsize specimen
Width 6mm

Gauge length  25mm

Strain rate 0.5mm/min
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Table 2.

ICP-MS result of Zn and Zn-WC nanocomposite samples (10mg per sample and 3 tests were performed on
each sample)

Concentration [mg/g]

Zn W WC (vol.%)

Zn 769.2+45 1.2+0.0 0.0

Zn-26 WC  761.4+1.7 42015 26

Zn-44WC 802.7+0.2 75.8+2.3 4.4
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Table 3.

Tensile test results of ASTM subsize dog bone shape samples

UTS (MPa) Yield strength (MPa) Elongation to fail

Zn 89.1+15.4 35.6+10.4 70.1+10.2%
Zn-26WC  111.6+3.4 75.1+8.8 69.7+10.3%
Zn-44WC  166.3+15.7 126.9+2.7 65.1+12.3%
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Table 4.

Physical properties of hot-rolled Zn/Zn nanocomposite plate

Page 15

Grainsize (um)  Vickers microhardne ss (HV)  Electrical conductivity (X10° S/m)

Thermal conductivity (W/m-K)

Zn 17.4+15 34.9+1.2 10.2+1.1 114.6+19.0
Zn-2.6WC 8.5%15 42.7+1.5 8.9+1.2 105.2+7.8
Zn-44WC  6.1+0.6 55.0+3.6 8.9+0.7 91.0+7.2
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