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Abstract

Zinc (Zn) and Zn alloys have been studied as potential materials for bioresorbable stents (BRSs) 

in the last decade due to their favorable biodegradability and biocompatibility. However, most Zn 

alloys lack the necessary combination of strength, ductility, fatigue resistance, corrosion rate (CR), 

and thermal stability needed for such applications. In this study, nanoparticles made of tungsten 

carbide (WC) were successfully incorporated into Zn alloyed with 0.5 wt % magnesium (Mg) 

and evaluated for their suitability for BRS applications. Specifically, the resulting Zn–0.5Mg–WC 

nanocomposite’s microstructure, mechanical properties, in vitro CR, and thermal stability were 

evaluated. The Zn–0.5Mg–WC nanocomposite had excellent mechanical strength [ultimate tensile 

strength (UTS) > 250 MPa], elongation to failure (>30%), and a suitable in vitro CR (~0.02 mm/y) 

for this clinical application. Moreover, the Zn–0.5Mg–WC nanocomposite survived 10 million 

cycles of tensile loading (stress ratio, R = 0.053) when the maximum stress was 80% of the 

yield stress. Its ductility was also retained during a 90-day thermal stability study, indicating an 

excellent shelf life. Stent prototypes were fabricated using this composition and were successfully 

deployed during bench testing without fracture. These results show that the Zn–0.5Mg–WC 

*Corresponding author: xcli@seas.ucla.edu. 

HHS Public Access
Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 July 25.

Published in final edited form as:
ACS Biomater Sci Eng. 2022 January 10; 8(1): 328–339. doi:10.1021/acsbiomaterials.1c01358.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nanocomposite is a promising material for BRS applications. In vivo studies are underway to 

validate both biocompatibility, stent function, and degradation.
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1. INTRODUCTION

Coarctation of the aorta and pulmonary artery stenosis increases the workload on the 

ventricles and can lead to congestive heart failure in newborns and children. Options for 

adults with coarctations or pulmonary artery stenosis include surgery and catheter-based 

interventions such as angioplasty and stenting. Open chest surgery for aortic coarctation 

and pulmonary artery stenosis is often required to treat these lesions. Stenting is limited 

in newborns and small children as these patients will quickly outgrow the stent and 

require multiple additional transcatheter interventions to dilate the stent as the patient 

grows. Consequently, surgical intervention continues to be the primary treatment option 

for coarctation in newborns. Thus, stents that either grow with the child or biodegrade after 

tissue remodeling so that developing tissues can grow with the rest of the body would be 

ideal.

Bioresorbable stents (BRS) that can tolerate high-stress applications (e.g., aortic stenting) 

would greatly benefit this patient population by temporarily augmenting the vessel diameter 

and allowing time for tissue remodeling and healing before dissolving away and enabling 

the vessel to grow with the patient. Zinc (Zn) and Zn alloys have been studied as 

innovative materials for BRS in the last decade due to their favorable biodegradability 

and biocompatibility. (1–6) Zn alloys have received the most attention because load-bearing 

applications require materials with greater strength than pure Zn. More recently, Zn alloyed 

with a low concentration of magnesium (Mg; ≤0.5 wt %) has been shown to effectively 

strengthen Zn. For instance, Zn–0.08 wt % Mg and Zn–0.5 wt % Mg alloys both offered 

ultimate tensile strengths (UTS) over 300 MPa and ductility of 40 and 14%, respectively. 

(7,8) Furthermore, Zn–Mg alloys have a similar corrosion rate (CR) to pure Zn and produce 

a minimal inflammatory response. (9)

However, previous studies have shown that these alloys lack the stability of mechanical 

properties, due to natural aging/age hardening, where the phase transformation can 

occur at room temperature and the physical properties of materials can change during 

storage, (10,11) or dynamic recrystallization, where grain coarsening occurs during plastic 

deformation process which can impact the microstructure and mechanical properties. (12) 

For example, it has been reported that Zn–Mg alloys with less than 0.1 wt % Mg 

suffered from significant embrittlement, where ductility loss is as high as 55% in as 

few as nine days under ambient and physiological conditions. (7) The most commonly 

used manufacturing methods for metallic stents (e.g., hot extrusion/rolling) can refine the 

grain sizes and dissolve this brittle intermetallic phase to achieve the desired mechanical 
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properties; however, the poor thermal stability may result in an unfavorable shelf-life with 

deteriorating performance during storage, implantation, and service.

Several techniques have been used to slow the natural aging rate. (10,13) One such strategy 

to demonstrate limited success added a third alloying element, such as Al, Cu, Ag, or Mn, 

to stabilize the material via the formation of nanosized intermetallic particles, (14–16) at 

the risk of sacrificing the biocompatibility by using toxic heavy metal elements. (17–19) 

It could also induce an increment of the preferred CR of Zn. (8,20) Another such strategy 

achieves microstructure stabilization through the incorporation of ceramic nanoparticles into 

metallic matrices (i.e., nanocomposites). For example, alumina nanoparticles were utilized 

as a thermal stabilization agent in an aluminum alloy successfully, (21) and a similar 

mechanism was applied to control the grain growth during solidification in the laser additive 

manufacturing of aluminum. (22,23) The presence of ceramic nanoparticles affects the 

molten metal solidification process, including cooling, nucleation, and phase growth, and 

produce ultrafine grains in the metal matrix even for slow cooling conditions. (24) For 

Zn matrix nanocomposites, tungsten carbide (WC) nanoparticles have been validated as 

a suitable agent for incorporation using a relatively simple and scalable manufacturing 

method, because of the good wettability. (25,26) Although WC nanoparticles are not 

degradable, studies have indicated the benign biocompatibility of limited nanoparticle 

concentration, as evidenced by the previous cytotoxicity studies. (27–29)

Another key property that has not been thoroughly discussed for biodegradable Zn is the 

cyclic fatigue behavior. (13) The strength and ductility of the stent device can usually 

be optimized through the structural design and specialized manufacturing method, but 

such strategies do not always apply to the fatigue properties, which are mainly associated 

with the microstructure. (30,31) Pulsatile blood pressure and vessel movements impose 

cyclical bending, torsion, and tension/compression loading on stent materials during 

service. (32) The number of loading cycles a BRS should survive are determined by the 

performance phases of a BRS: (i) revascularization (0–3 months), where performance 

mimics standard metal stents; (ii) restoration (3–6 months), where the stent transitions to 

discontinuous structure; and (iii) resorption (6–12 months), where the implanted stent is 

discontinuous and resorbs benignly. An ideal BRS should retain structural integrity through 

the revascularization phase (at least three months) before completely degrading into non-

toxic byproducts and allowing for vascular growth. (33,34) Therefore, fatigue test specimens 

were cyclically loaded up to 10 000 000 cycles─equivalent to an average heart rate of ~77 

bpm for 90 days. Pure Zn has been reported to offer a quite low fatigue strength of less than 

30 MPa for the endurance of 107 cycles, (35) which is much lower than biocompatible Ti 

alloys and Co–Cr alloys. (10) A nanocomposite has been shown as a strategy to enhance 

the fatigue strength in previous studies of aluminum alloy matrix nanocomposite because 

the fatigue crack nucleation and growth were delayed through crack-bridging and frictional 

pull-out mechanism. (36,37)

In this study, WC nanoparticles were incorporated into Zn alloyed with a low Mg 

concentration (0.5 wt %), and the resulting Zn–0.5Mg–WC nanocomposite was evaluated 

for its suitability as a material for BRS. Only 2 vol % of WC nanoparticles, unable 

to provide much strengthening effect though, were added as a biocompatible agent to 
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stabilize the microstructure to gain mechanical stability, as well as to enhance the fatigue 

resistance. Results from tensile testing, fatigue resistance, material stability, and in vitro 

CRs are reported. Additionally, stent prototypes were fabricated using this nanocomposite 

composition and successfully deployed during bench testing without fracture.

2. MATERIALS AND METHODS

2.1. Nanocomposite Manufacturing

Salt-assisted stir casting followed by ultrasound processing was performed to manufacture 

the Zn–Mg–WC nanocomposite (Figure 1). A similar method has been used to fabricate 

Zn–Fe–WC, (38) and previous works on Zn–WC nanocomposites showed this method 

achieved highly dispersed nanoparticles and the nanocomposites retained good ductility 

when WC concentration was less than 2 vol %. (25) Briefly, Zn was melted at 800 °C in 

a graphite crucible. The experimental temperature for nanoparticle incorporation was set 

much higher than the melting point of Zn to improve the wettability of molten Zn with 

WC and achieve homogeneous nanoparticle dispersion in the molten Zn. Molten potassium 

aluminum fluoride (KAlF4) was used to assist with the incorporation of 2 vol % WC 

nanoparticles (US Research Nanomaterials, Inc.) into the molten Zn by mechanical stirring 

under an inert atmosphere (mixture of 99% argon (Ar) and 1% sulfur hexafluoride (SF6) 

gas protection) to prevent molten metal surface oxidation. After the molten salt-assisted 

stirring process, the lower density KAlF4 molten salt separated from the nanocomposite and 

was removed. An ultrasound processor (Misonix S-400 Ultrasonic Liquid Processor, with 

an Nb probe with BN coating) was used to promote nanoparticles dispersion by breaking 

agglomerated nanoparticle clusters with cavitation forces (20 kHz, 90% amplitude). A 

salt mixture [1:1 atomic ratio sodium chloride (NaCl) and potassium chloride (KCl)] was 

added to protect the metal melt from oxidation. (39) An appropriate amount of the Mg–Zn 

master alloy (1:1 weight ratio) was added to the crucible before casting into a steel mold. 

Post-processing involved hot rolling the Zn–Mg–WC samples under a thickness reduction of 

10:1 at 250 °C. This post-processing method has been previously described as a potential 

technique to increase strength and ductility. (40)

2.2. Microstructural Characterization

As-hot-rolled Zn–0.5Mg–WC nanocomposites were prepared by mechanical grinding, 

alumina nanoparticle polishing, and ion milling for microstructure characterization 

by ZEISS Supra 40VP scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), electron backscatter diffraction (EBSD), and element detection by 

X-ray diffraction (XRD). Transmission electron microscopy (TEM) samples of 200 nm 

thickness Zn–0.5Mg–WC were prepared in a Nova 600 SEM/focused ion beam (FIB) 

System and were characterized by an FEI T12 cryo-electron microscope. As-cast samples, 

instead of as-hot-rolled samples, were used in TEM, because as-hot-rolled TEM can hardly 

be cut by FIB due to the internal residual stress. The nanocomposite samples were ground 

into chips of a few hundred micrometers and were digested by aqua regia to release metal 

ions for quantitative element detection using inductively coupled plasma–mass spectrometry 

(ICP–MS, NexION 2000, PerkinElmer).
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The heat capacity of the Zn–0.5Mg–WC nanocomposite and pure Zn–0.5Mg were measured 

by differential scanning calorimetry (DSC, on a PerkinElmer model) using 100 mg samples 

with polished surfaces. The temperature ranged from 50 to 500 °C (scan rate: 5 °C/min) 

under N2 purge protection.

2.3. Mechanical Testing

Wire-electrical discharge machining was used to cut hot-rolled samples into “dog-bone” 

shapes for tensile testing (ASTM E8/E8M standard sub-size). Tensile tests were carried out 

using the ElectroPuls E1000 (Instron) mechanical tester at a strain rate of 2 mm/min, and 

0.2% proof stress was used as yield strength. Tensile-mode fatigue tests were also conducted 

using the ElectroPuls E1000 mechanical tester to evaluate the fatigue performance of the 

Zn–0.5Mg–WC nanocomposite samples. The tests were performed in ambient conditions at 

a frequency of 60 Hz using a sinusoidal waveform under load control with the stress ratio R 

= 0.053. The maximum stress was set to 80, 100, 150, and 200% of the yield stress. Cyclical 

loading was continued for 10 000 000 cycles or until fracture. The frequency dependence of 

the nanocomposite’s fatigue performance was also evaluated. The tests were performed in 

ambient conditions using a sinusoidal waveform under load control with the stress ratio R = 

0.053. The maximum stress was set to 200% of the yield stress. The frequencies tested were 

3, 30, and 60 Hz with cyclical loading continued for 10 000 000 cycles or until fracture at 

each frequency.

2.4. Immersion Testing

Immersion tests were carried out as previously described. (38) Briefly, each specimen was 

mechanically polished with SiC abrasive papers down to 1200 grit. The surfaces were 

cleaned with acetone followed by nano-pure water in an ultrasound bath for 10 min. The 

immersion solution was oxygenated Hank’s balanced salt solution (1× HBSS; Gibco) that 

had the pH adjusted to 7.4 using NaOH. At the time of testing, the specimen was immersed 

in HBSS and kept at 37 °C without stirring, and at each time point (days 1, 3, 5, 7, 10, 14, 

17, 21, 23, and 28), aliquots of the immersion medium were collected, and the immersion 

medium was completely replaced with fresh solution. Because changes in the immersion 

solution (e.g., accumulation of corrosion products, exhaustion of corrosive electrolytes) 

can affect the measured CR, the solution volume should be large enough to avoid any 

appreciable changes. ASTM G31 standard recommends the surface area to volume ratio 

be a minimum of 0.2 mL/mm2 for a 30-day study. In this study, the surface area to 

volume ratio used for the test was >1 mL/mm2 and the immersion medium was completely 

replaced at each time point to mimic sink conditions. The aliquots were filtered (0.22 μm 

polyvinylidene difluoride membrane) and acidified with nitric acid (final concentration = 

5% v/v nitric acid). The ion concentrations of Zn and W in the immersion medium were 

measured using ICP–MS (PerkinElmer).

2.5. Stent Fabrication and on Bench Deployment

Thin metal sheets (200 μm) of the Zn–0.5Mg–WC nanocomposite were fabricated using hot 

rolling. A 2-D stent pattern with a strut cross-section of 200 μm × 200 μm was achieved 

via fiber laser cutting. The stent pattern was based on the close-cell Complete SE Vascular 

Stent (Medtronic) and modified accordingly to accommodate the mechanical properties of 
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the nanocomposite material. The laser-cut sheet was rolled into a hollow cylinder and the 

free strut ends were bonded using an epoxy adhesive (Masterbond). The stent was crimped 

onto a 10 mm × 2 cm Cordis Opta Pro balloon (Cordis Corp., Santa Clara, CA) to an outer 

diameter of 2 mm. Simulated deployment was carried out on the bench through inflation of 

the deploying balloon (Supporting Information Video 1).

3. RESULTS AND DISCUSSION

3.1. Tensile Properties

Materials meant to be manufactured into BRS for pediatric patients should have material 

specifications comparable to those achieved by the current generation of balloon-expandable 

stents used clinically such as the 316L stainless steel Palmaz Genesis stent (Cordis Corp.). 

(41–43) Specifically, a successful stent material should have minimum yield strength of 138 

MPa, a UTS of at least 245 MPa, and be capable of >20% elongation to failure. The tensile 

properties of Zn–Mg–WC nanocomposites prepared with a range of Mg concentrations 

(0–1 wt %) were measured. ICP–MS was used to accurately measure metallic element 

concentrations (Zn, Mg, and W) post-manufacturing. The Zn–Mg–WC nanocomposites with 

2 vol % WC were ground into small pieces, and aqua regia was used to extract elemental Mg 

and W. The results are shown in Table 1. The corresponding samples were used for tensile 

property characterization, shown in Figure 2. WC volume fraction was calculated based on 

the W ion concentration.

The corresponding tensile properties for the nanocomposites, including UTS and elongation 

with respect to the Mg concentration, are shown in Figure 2a and compared to previously 

published results for pure Zn–Mg samples. (7) Three distinct regions are identified in this 

figure: (i) when Mg concentration is less than 0.2 wt %, the nanocomposite had a slightly 

increased UTS with no ductility compensation. This is attributed to the nanoparticle-induced 

Orowan strengthening and inferior solid solution strengthening. Furthermore, based on 

previous results for pure Zn matrix nanocomposite, (25) the elongation to failure will not 

decrease once the WC nanoparticle dispersion is homogeneous. (ii) When Mg concentration 

is between 0.2 and 0.6 wt %, the UTS of nanocomposite is comparable to the pure 

alloy’s UTS, but the nanocomposite exhibits greater elongation to failure. In this region, 

the ductility enhancement is attributed to the nanoparticle’s impact on the intermetallic 

morphology. Specifically, nanoparticles could assist in engineering the microstructure of 

the Mg2Zn11 intermetallic phase by modifying from a dendritic to granular morphology to 

reduce the crack propagation for better ductility. (44) It is worth noting that the nanoparticle-

induced Orowan strengthening effect is not obvious in this region because the intermetallic 

phase dominates the strengthening effect. (iii) When Mg concentration is greater than 0.6 wt 

%, the elongation is comparable between the pure alloy and the nanocomposite. Because the 

intermetallic volume fraction is higher than 20%, nanoparticles induced precipitation control 

is less effective.

The Zn–Mg–WC nanocomposites with 0.5 wt % Mg was selected for additional 

characterization because it satisfied the minimum strength requirements (UTS = 281.8 ± 2.1 

MPa, YS = 119.2 ± 18.0 MPa) and had an elongation to failure of 41.4 ± 7.2% (Figure 2b), 

which is preferred for materials used for cardiovascular stents. A representative stress–strain 
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diagram is shown in Figure 2b. The results from this study have already outperformed most 

of the Zn–Mg alloys, but it may not have advantages toward the tensile properties, when 

compared with most of the recently developed Zn alloys, such as Zn–Li, (45) Zn–Al–Cu–Li, 

(20) Zn–Mn, (46) which have achieved significantly high strength and ductility comparable 

with Ti alloys and CoCr alloys. However, BRS devices using a high-strength material with 

thin strut size may not be ideal because thin strut size may result in the lack of long-term 

mechanical integrity. More importantly, the abovementioned Zn alloys do not provide a 

solution for mechanical instability and low fatigue resistance.

3.2. Microstructure

Agglomeration and sintering of WC nanoparticles in the fabrication process could result 

in non-homogenization and deterioration of the mechanical properties of Zn alloys. With 

obtaining the optimal tensile properties, as-hot-rolled Zn–0.5Mg–WC was characterized 

for particle dispersion analysis using SEM with EDS (Figure 3) and under backscattering 

mode (Figure 4a). The bright phases are WC nanoparticles, and the gray phases indicate 

the Zn–Mg matrix. A semi-quantitative element analysis in Figure 3 has shown a minor 

peak of W, because of the low concentration of about 2 vol %, and the peak of Mg 

cannot be detected because the concentration is about 0.5 wt %. A higher magnification 

image of the area within the yellow box is shown in Figure 4b. The SEM images show 

no obvious agglomeration. Furthermore, TEM images (Figure 4c,d) show WC nanoparticles 

distributed inside the Zn matrix. There was a slight increase in the average WC nanoparticle 

size following processing (257.96 ± 106.19 nm) (Figure 4e) when compared with the 

average nanoparticle size in the stock supply (214.80 ± 47.42 nm) (Figure 4f). Additionally, 

there was greater non-uniformity in nanoparticle size distribution within the nanocomposite 

suggesting some sintering during the manufacturing process.

Due to hot-rolling induced internal stress, TEM samples less than 100 nm thick cannot 

be prepared; therefore, the Mg2Zn11 phase’s distribution could not be directly observed 

due to the resolution limitation. However, submicron-sized grain structures were observed 

in the TEM images in the zones adjacent to the nanoparticles. This confirms the grain 

refining effect enabled by the WC nanoparticles as nucleation sites and growth confinement. 

(47) This is also illustrated in a representative EBSD figure of the as-hot rolled Zn–0.5Mg–

WC sample (Figure 5a) where nanoparticles are shown as the dark phase. Most of the 

nanoparticles are found close to grain boundaries, and sub-micron grain size was observed 

(Figure 5b). α-Zn (Zn-rich phase) of grain size of about 4 μm was observed in regions of 

low nanoparticle density, due to the non-uniformity locally, which is about the same size in 

similar research (4.4 μm). (4) The difference to pure Zn–Mg is that the high concentration 

of nanoparticles in localized areas resulted in regions of sub-micron and nanoscale grain 

structure. This microstructure is due to both nanoparticle-induced and rolling-induced grain 

refinement.

In addition to the TEM study, SEM/FIB was used to identify the intermetallic phases in Zn–

0.5Mg–WC nanocomposites (Figure 6a). The bright phase embodied by solid yellow lines 

represented the intermetallic phase; the darker background is the Zn-rich phases (α-Zn); 

WC nanoparticles are indicated in green; grain boundaries refer to the dash yellow line. 
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The intermetallic phase observed in hot extruded/rolled Zn–Mg alloys usually appears as a 

networked morphology where nucleation and precipitation growth (where Mg migrate out 

of α-Zn to form intermetallics) typically occurs along the grain boundaries. (4) However, 

the microstructure observed in this study showed the intermetallic phases with a granular 

morphology. According to the XRD results in the later section, the intermetallic phases are 

likely to compose α-Zn, Mg2Zn11, and MgZn2. Additionally, nanoparticles were observed 

adjacent to the intermetallic phases. Such a phenomenon suggests that WC nanoparticles 

served as nucleation sites for intermetallic formation instead of grain boundaries. (48) 

The same sample was characterized again after being immersed in 37 °C silicone oil for 

three months to evaluate the temperature effect on the microstructure (Figure 6b). The 

silicone oil bath was used instead of a common simulated body fluid (SBF) to eliminate the 

influence of the corrosion process, thus individually studying the microstructure evolution 

at the physiological temperature. WC nanoparticles were observed at the boundaries of 

Zn–Mg intermetallics, inferring that nanoparticles could serve as blockers to precipitate 

growth along the grain boundaries. This suggests that the nanocomposite has relatively good 

thermal stability and that the incorporation of WC nanoparticles improved the material’s 

thermal stability by controlling the precipitate morphology and growth. In contrast, pure 

Zn–Mg samples are thermally unstable with significant precipitate growth and age hardening 

that resulted in a substantial reduction of shelf life. (7)

The crystallographic structure and chemical composition of Zn–0.5Mg–WC and Zn–0.5Mg 

was evaluated by XRD (Figure 7). The Zn–0.5Mg–WC spectrum shows the diffraction 

peaks of WC, representing (001), (100), and (101), respectively. In addition to the 

intermetallic phase for Mg2Zn11 (yellow dots), MgZn2 phase (green dots) was also observed 

in the spectrum, which is uncommon in materials with less than 3 wt % Mg according to 

the Zn–Mg phase diagram. (49) This unusual phenomenon suggests that the formation of 

MgZn2 intermetallic phases could attribute to a controlled Mg segregation, possibly enabled 

by the presence of WC nanoparticles. The relatively high Mg concentration in local zones 

could be achieved by the preferential Gibbs free energy minimization at the metal matrix–

WC interface during the solidification process. (50)

Finally, DSC heat flow measurements were conducted to understand precipitation dynamics 

during the solidification process (Figure 8). Solidification of Zn-rich phases (hexagonal 

closest packed) occurred at 419 °C, and solidification of Mg2Zn11 was supposed to occur 

gradually over a broad temperature range (366.13 to 419.53 °C). (51) However, the heat flow 

curve for Zn–0.5Mg–WC had an additional peak at 368.9 °C about 50 °C lower than the 

major peak, representing the solidification of Mg2Zn11. This peak indicates rapid precipitate 

formation in the presence of WC nanoparticles. This phenomenon suggests at the beginning 

of solidification there is controlled Mg segregation at the metal matrix–WC interface that 

acts as nucleation sites with higher free energies. This high Mg concentration lowers the 

liquidus temperature in these localized regions. As observed via XRD analysis, there was 

MgZn2 present in the nanocomposite and there was a solidification exothermal peak for 

Mg2Zn11 in the heat flow curve.

The imaging, XRD, and DSC results show that WC nanoparticles participate in both 

the nucleation and precipitation process to alter the precipitate morphology. A schematic 
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illustration showing the impact of WC nanoparticles is shown in Figure 9. Specifically, the 

WC nanoparticles caused Mg segregation and served as nucleation sites for intermetallic 

phase formation and growth instead of the grain boundaries. As a result, the morphology 

of the intermetallic phase was granular rather than dendritic. Furthermore, the presence 

of WC nanoparticles at the grain boundaries effectively restricted precipitate growth after 

work hardening. During precipitation growth, Mg atoms segregated to nanoparticle-adjacent 

areas instead of the grain boundaries, and the intermetallic precipitates grew isotropically 

with nanoparticles restraining the growth front. This phenomenon alleviated the material 

embrittlement and retained the thermal stability and ductility. This effect was confirmed by 

the experimental result of the material stability in the later section.

3.3. Fatigue Performance

The fatigue performance of Zn, Zn–0.5Mg, and Zn–0.5Mg–WC are presented in Figure 

10a. The results show that (i) alloying Zn with Mg improved fatigue resistance and (ii) the 

addition of WC nanoparticles to the Zn–Mg alloy further enhances the fatigue resistance. 

For instance, the Zn–0.5Mg–WC specimen endured maximum stress that was 200% of the 

mean yield stress, on average, for 4 010 998 cycles while the Zn–0.5Mg specimen survived 

for 81 935 cycles and pure Zn specimen endured 50 659 cycles. Previous studies have shown 

that WC nanoparticles have good wettability in molten Zn and are well-dispersed in metal 

Zn after cooling. (25,38) This helps improve fatigue performance by eliminating defects 

and porosities that can arise at the particle–matrix when there is insufficient wettability and 

poor adhesion between the matrix and reinforcing particle. (52) Furthermore, reinforcement 

particles/fibers in metal matrix composites have been shown to shield the crack tip from 

the applied stress and reduce the rate of crack growth. (53,54) A similar phenomenon was 

observed for the Zn–0.5Mg–WC specimen. SEM analysis of the fracture surfaces from the 

fatigue test samples found that the nanocomposite sample had more dimples on the fracture 

surfaces when compared to the Zn–0.5Mg and pure Zn samples (Figure 11). Furthermore, 

WC nanoparticles were observed on the surface where the crack propagation occurred. 

This suggests that the WC nanoparticles indeed acted as barriers to propagating cracks and 

decreased the propagation rate.

Loading frequency also influenced on Zn–0.5Mg–WC fatigue performance: specimens 

loaded at greater frequencies survived more cycles of loading before failure (Figure 

10b). Specifically, the average number of cycles Zn–0.5Mg–WC specimen survived, when 

cyclically loaded at 3 Hz with the maximum stress set to 200% of the yield stress (R 

= 0.053), was 269 637 cycles compared to 2 612 168 cycles and 4 010 998 cycles for 

30 and 60 Hz, respectively. Few studies have investigated the influence of frequency on 

fatigue behaviors of Zn alloys, let alone Zn–Mg alloys. (10) However, investigations into 

the frequency effect on the fatigue behavior of a Zn–Al eutectoid also found an increase 

in loading frequency reduced the amount of plastic strain at the crack front. (55,56) This 

suggests dislocation movements in the matrix of Zn alloys are time-dependent. In all cases, 

the frequencies tested exceed cyclic loading frequencies a BRS would be exposed to during 

service. The heart rates equivalent to both 30 and 60 Hz are physiologically impossible, 

while 3 Hz─equivalent to a heart rate of 180 bpm─would be an abnormal, sustained heart 

rate. Additionally, the radial preload on a cardiovascular stent is expected to lead to more 
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positive R-ratios than the R-ratio studied here, and once deployed, a BRS would not be 

experiencing cyclical stresses above its yield stress. To more closely reflect the working 

conditions in vivo, one Zn–0.5Mg–WC specimen was cyclically loaded under ambient 

conditions at a frequency of 3 Hz using a sinusoidal waveform under load control with 

maximum stress equal to 80% of the yield stress (R = 0.053). The total run time for the 

specimen was ~2 months, and it survived 15 million cycles without failing. Overall, these 

results are promising for Zn–0.5Mg–WC prospects as a BRS material. However, the body’s 

mechanical environment is more complex with fretting corrosion and immune responses 

added to cyclic loading. Consequently, investigations into the corrosion and fretting fatigue 

behavior of these Zn nanocomposites are required to better understand the underlying 

mechanisms of fatigue failure.

3.4. Thermal Stability

A major obstacle for metals with ultrafine grain structures is their thermal instability, which 

is directly related to the shelf life. (57) It has been previously shown that nanocrystalline 

metals have extensive grain growth at room temperature, which negatively impacts the 

mechanical properties endowed by an ultrafine grain structure. (58) Thermal instability 

is readily apparent in Zn and Zn alloys because the inherent low melting temperature of 

Zn (419.53 °C, 692.68 K) results in natural annealing at room temperature. Dispersed 

nanoparticles have been shown to stabilize ultrafine grains in Cu and Al nanocomposites. 

(22,24) To investigate the thermal stability of the Zn–0.5Mg–WC nanocomposites, tensile 

tests were performed on nanocomposites that were immersed in a silicon oil bath at 37 °C 

for up to three months. As a control, Zn–0.08Mg was used instead of Zn–0.5Mg because 

the Zn–0.08Mg alloy had initial mechanical properties (i.e., strength and ductility) that 

were most similar to the Zn–0.5Mg–WC nanocomposite and were closest to meeting the 

performance requirements for BRS applications. (59) Previous work has shown that the 

Zn–0.5Mg alloy did not achieve elongation higher than 10% and had greater mechanical 

strength. (4) Compared with the reported hot-extruded Zn–0.08Mg, which experiences 

natural age-hardening with rapid loss of ductility, Zn–0.5Mg–WC demonstrated thermal 

stability by maintaining stable mechanical properties during the 3-month study (Figure 12). 

The UTS remained in the range of 250–280 MPa, and the elongation to failure was 24–30%. 

These results showed that Zn–0.5Mg–WC has a longer shelf life than pure Zn–Mg alloys. 

It suggests that WC nanoparticles can eliminate the grain-growth problem and control the 

formation of precipitates in Zn–Mg alloys for sustained mechanical properties (i.e., UTS and 

ductility) at physiological temperatures by instilling the Zener pinning effect to restrict grain 

growth.

3.5. Immersion

One of the reasons Zn and its alloys are attractive candidates for BRS is because they 

have a CR compatible with the arterial healing timeline post stenting. (1–3) However, the 

addition of alloying elements and other impurities (e.g., dispersed nanoparticles) can change 

the chemical composition, structure, and grain size at the metal surface. This heterogeneity 

promotes corrosion by creating local regions that act as cathodes and anodes on the same 

metal surface, and as a result, the CR can be significantly different from that of the pure 

metal. (60–62) To compare the CRs of Zn, Zn–0.5Mg, and Zn–0.5Mg–WC, samples were 
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immersed in 1× HBSS for four weeks and the ion concentrations of Zn and W in the 

immersion medium were measured via ICP–MS. Overall, there was no difference in the 

cumulative Zn ion release between the three different groups (Table 2 and Figure 13). 

The kinetics appeared to be linear for the duration of the immersion study suggesting a 

zero-order reaction taking place during the corrosion process. These findings suggest the 

addition of both WC nanoparticles and a low concentration of Mg should not significantly 

change the CRs of Zn–Mg–WC nanocomposites when compared to pure Zn and that the 

nanocomposite should be compatible with the post-stenting arterial healing timeline.

CRs based on immersion testing were calculated according to ASTM G31. Briefly, the 

ICP–MS data was used to calculate CR in mm/y using eq 1

CR = K × m  /  A  ×  t  ×  ρ (1)

where K is the CR constant 8.76 × 104, m is mass loss (g), A is exposed surface area (cm2), 

t is time (h), and ρ is the density (g/cm3). The theoretical densities of the nanocomposites 

were calculated using the mixture rule. The CRs reported in Table 2 are averaged over 

the four-week test. For all three sample types, the calculated CR was ~0.01 mm/y. 

These values may underestimate the CR because any released ions that formed insoluble 

corrosion products were not accounted for in the calculation. However, little-to-no insoluble 

products are likely on the samples since they yielded linear Zn ion release versus time 

plots and insoluble corrosion products would have formed a barrier to the electrochemical 

reactions causing corrosion. Importantly, in vitro tests fail to fully recapitulate the corrosive 

environment BRS are exposed to during service in vivo. Still, these in vitro results suggest 

the Zn–0.5Mg–WC nanocomposite should satisfy the degradation rate criteria of <0.02 

mm/y for BRS. (4)

Encouragingly, no W ions were released after 28 days as measured by ICP–MS with a lower 

quantifiable limit of 0.5 ppb. Currently, there are no minimal risk levels that have been 

derived for W and it is generally considered to be an inert metal. Still, occupational exposure 

limits have been set at 1 ppm for soluble W compounds for up to 10 h work exposure by the 

National Institute for Occupational Safety and Health (NIOSH) and the Occupational Safety 

and Health Administration (OSHA). However, in clinical applications, it is more likely that 

cells will encounter WC nanoparticles over elemental W. Previous studies have found that 

tungsten carbide nanoparticles could enter various cell types, (27,63) but do not yield a 

toxic response. It is worth noting that these studies only looked at short-term exposure (<3 

days) and no in vivo studies have been performed to date. As such, no biodistribution data 

are available, and minimal risk levels have not been derived. However, taken altogether, the 

toxic potential of the tungsten and tungsten carbide nanoparticles released from a stent made 

of Zn–0.5Mg–WC are expected to be negligible.

3.6. Stent Fabrication and Bench Testing

A closed-cell stent prototype with a 200 μm strut size made from fiber laser cut Zn–0.5Mg–

WC nanocomposite sheet is shown in Figure 14. Bench testing was carried out at room 

temperature, and a video of the stent deployment is available in the Supporting Information. 

It shows the stent was crimped onto a flat balloon followed by reducing to an outer 
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diameter of 2 mm. Then, as the balloon was inflated, the stent prototype was deployed 

uniformly to an outer diameter of 10 mm. It was observed that the recoil was less than 

5% and there was no fracturing during the deployment process. The reduced stent recoil is 

benefited from the enhanced Young’s modulus caused by nanoparticle strengthening. The 

bench testing provides further evidence that the Zn–0.5Mg–WC nanocomposite satisfies the 

material requirements for stenting applications. However, in vitro bench testing does not 

fully account for all the challenges associated with in vivo stent deployment, and these 

results must be confirmed in a large animal model.

4. CONCLUSIONS

In this study, Zn–0.5Mg–WC nanocomposite was comprehensively evaluated for its 

suitability as a material for high-stress BRS applications (e.g., aortic stenting) in pediatric 

patients. The results showed that the Zn–0.5Mg–WC nanocomposite had excellent 

mechanical strength (UTS > 250 MPa), elongation to failure (>30%), and a suitable 

CR (~0.02 mm/y) for this clinical application. Although the tensile performance cannot 

outperform some of the biocompatible Zn alloys, the presence of WC nanoparticles provided 

the Zn–Mg alloy with enhanced fatigue resistance and thermal stability for prolonged shelf 

life, which has not yet been achieved by others. Nanocomposites could overcome the 

thermal instability obstacle caused by age hardening, and retain their mechanical properties 

during storage, implantation, and service. Preliminary bench testing of stent prototypes 

shows the nanocomposite is capable of surviving deployment. However, in vivo studies 

in a large animal model are required to validate both the biocompatibility as well as the 

efficacy of the Zn–0.5Mg–WC nanocomposite as a BRS material. Considering the scalable 

fabrication of cardiovascular stent, hot tube extrusion will be required in the fabrication 

for better quality control. Overall, a safe and efficacious BRS to treat pediatric arterial 

obstructions would revolutionize the field by eliminating the need for open-chest surgeries in 

infants and older children.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the Zn–Mg–WC nanocomposite fabrication process.
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Figure 2. 
(a) Tensile properties of Zn–Mg–WC nanocomposite vs Mg concentration. Zn–Mg data 

from published results. (7) (b) Representative stress–strain curve for Zn–0.5Mg–WC 

nanocomposite.
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Figure 3. 
SEM image of Zn–0.5Mg–WC nanocomposite in large scale, with EDS to identify the peaks 

of Zn (green) and W (yellow).
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Figure 4. 
(a) Microstructure of Zn–0.5Mg–WC by SEM. (b) Magnified image of yellow box in (a). 

(c) TEM image of Zn–0.5Mg–WC. (d) Magnified TEM image of yellow box in (c). (e) WC 

nanoparticle size distribution measured by ImageJ-particle analysis using TEM image (c). (f) 

WC nanoparticle size distribution of stock samples, where analysis was performed on SEM 

images of dispersed nanoparticles.
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Figure 5. 
(a) EBSD image analysis of Zn–0.5Mg–WC (b) Zn–Mg matrix grain size distribution.

Guan et al. Page 21

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
SEM images by FIB, indicating intermetallic morphology of as-hot-rolled Zn–0.5Mg–

WC (a) (top right corner is the intermetallic morphology of as-hot-extruded Zn–0.5Mg 

referenced from ref (4) for comparison) and sample after 3-month immersion in silicone oil 

(b).
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Figure 7. 
XRD analysis of Zn–0.5Mg–WC and Zn–0.5Mg.
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Figure 8. 
DSC cooling curve of Zn–0.5Mg and Zn–0.5Mg–WC.
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Figure 9. 
Schematics of Zn–Mg–WC during the manufacturing process to obtain good ductility and 

enhanced thermal stability, compared with Zn–Mg.
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Figure 10. 
(a) S–N curve of fatigue testing result for Zn, Zn–0.5Mg, and Zn–0.5Mg–WC. (b) Fatigue 

performance of the Zn–0.5Mg–WC samples exhibits frequency dependence. Samples that 

did not fail by 10 000 000 cycles are hollow circles (○).
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Figure 11. 
Fatigue fracture surfaces characterized by SEM. (a) Pure Zn, (b) Zn–0.5Mg, (c) Zn–0.5Mg–

WC, and (d) magnified image of (c) (yellow square).
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Figure 12. 
Changes in the (a) UTS and (b) elongation as a function of immersion time. Zn–0.5Mg–WC 

samples were immersed in silicon oil at 37 °C. Zn–0.08Mg data was acquired from ref (7).
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Figure 13. 
Cumulative Zn ion release in an immersion period of 28 days in a SBF (Hank’s balanced salt 

solution) at 37 °C. Zn–0.5Mg–WC has indicated a similar CR as pure Zn manufactured in 

the same method.
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Figure 14. 
Thin sheet metal Zn–0.5Mg–WC after laser cutting (left) and the cut pattern was rolled and 

bonded to stent prototype (right).
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Table 1.

Element Concentration of Zn–Mg–WC Samples

sample no. Mg (wt %) WC (vol %) Zn (wt %)

1 0 2.6 bal.

2 0.09 1.8 bal.

3 0.20 2.3 bal.

4 0.37 1.9 bal.

5 0.50 2.6 bal.

6 0.69 2.2 bal.

7 1.03 1.3 bal.
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