
Novel high-strength, low-alloys Zn-Mg (<0.1 wt% Mg) and their 

arterial biodegradation

Hualan Jina,b, Shan Zhaoa, Roger Guilloryc, Patrick K. Bowena,d, Zhiyong Yina, Adam 

Griebele, Jeremy Schaffere, Elisha J. Earleyc, Jeremy Goldmanc, and Jaroslaw W. Drelicha,*

aDepartment of Materials Science and Engineering, Michigan Technological University, Houghton, 
MI 49931,USA

bSchool of Materials Science and Engineering, Nanchang University, Nanchang 330031, People 
Republic of China

cDepartment of Biomedical Engineering, Michigan Technological University, Houghton, MI 49931, 
USA

dResearch & Development, Deringer-Ney Inc., Bloomfield, CT 06002

eResearch & Development, Fort Wayne Metals, Fort Wayne, IN 46809

Abstract

It is still an open challenge to find a biodegradable metallic material exhibiting sufficient 
mechanical properties and degradation behavior to serve as an arterial stent. In this study, Zn-Mg 
alloys of 0.002 (Zn-002Mg), 0.005 (Zn-005Mg) and 0.08 wt% Mg (Zn-08Mg) content were cast, 
extruded and drawn to 0.25 mm diameter, and evaluated as potential biodegradable stent materials. 
Structural analysis confirmed formation of Mg2Zn11 intermetallic in all three alloys with the 
average grain size decreasing with increasing Mg content. Tensile testing, fractography analysis 
and micro hardness measurements showed the best integration of strength, ductility and hardness 
for the Zn-08Mg alloy. Yield strength, tensile strength, and elongation to failure values of >200–
300 MPa, >300–400 MPa, and >30% respectively, were recorded for Zn-08Mg. This metal 
appears to be the first formulated biodegradable material that satisfies benchmark values desirable 
for endovascular stenting. Unfortunately, the alloy reveals signs of age hardening and strain rate 
sensitivity, which need to be addressed before using this metal for stenting. The explants of 
Zn-08Mg alloy residing in the abdominal aorta of adult male Sprague-Dawley rats for 1.5, 3, 4.5, 6 
and 11 months demonstrated similar, yet slightly elevated inflammation and neointimal activation 
for the alloy relative to what was recently reported for pure zinc.
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1 Introduction

Arterial disease is detrimental to the continuous blood flow in arteries. Due to many well-
documented benefits, endovascular scaffolds are commonly deployed on balloons using 
angioplasty procedures to restore and sustain blood flow through diseased blood vessels [1, 
2]. However, long term complications such as chronic inflammation [3], late-stage 
thrombosis [4], and stent corrosion and fracturing [5] can overshadow the short term 
benefits. Moreover, arterial restenosis caused by neointimal proliferation is commonly 
encountered in traditional stent implantations [6, 7].

Biodegradable stents would eliminate much of the long term health risks and complications 
associated with the use of current permanent and drug-eluting stents [8]. Generally, they 
would retain their mechanical characteristics and structural integrity for about six months 
before being decomposed, metabolized, and excreted by the body, leaving behind a renewed 
vessel segment and removing the sources of inflammation or thrombosis [9]. In more than 
twenty years of research on biodegradable materials for endovascular stent applications, two 
classes of materials, polymers and metals, have been widely tested. Development of 
polymeric stents progressed at a higher pace than metallic ones due to availability of 
polymers of proven biocompatibility. For example, poly-L-lactic (PLLA) has been proven to 
have a satisfactory biocompatibility [10]. However, because the biodegradable polymers 
have low ultimate tensile strength, typically in a range of 36–45 MPa, the polymeric stents 
rely on struts of larger dimensions (strut thickness can vary from 150 to 300 μm) than 
metallic stents [11]. This characteristic contributes to the similar restenosis rates that have 
been reported between polymeric scaffolds and earlier generation bare metal stents [12]. 
Other shortcomings shown in polymeric stents include their inability to enlarge fully during 
balloon expansion [13].

Biodegradable metals have received much attention in recent years. Having superior 
mechanical properties as compared to polymers, metals could provide a more ideal platform 
as interim implants if their biocompatibility is close to or better than biodegradable polymers 
[14]. In the selection of elements for biodegradable metals, elements with biological roles in 
the human body are often considered first. For example, both iron (Fe) and magnesium (Mg) 
are essential elements of our body and have been tested as bioabsorbable implants in the last 
several years [15–21]. As a result, both Fe and Mg can serve as base metals for 
manufacturing strong scaffolds, desirable in widening the diseased blood vessel and 
providing support during the healing period. Fe and Mg and their alloys have a tensile 
strength and elastic modulus that are superior to those of biodegradable polymers [22, 23]. 
Moreover, a metal’s mechanical characteristics make stent manufacturing advantageous 
relative to polymers. In addition, the favorable mechanical properties of metals allow for 
cutting stents with small diameter struts, desirable in combating the restenosis rate [24]. Mg 
and its alloys have a unique advantage of eliciting low thrombosis [25], which is believed to 
explain the lack of thrombotic complications in past clinical studies [9]. However, 
commercial purity Mg has a high degradation rate along with an associated and potentially 
harmful release of hydrogen gas. Some studies have reported that Mg completely dissolves 
after implantation in 60–90 days [26, 27], not enough for endovascular stent applications. 
On the contrary, although Fe possesses excellent biocompatibility without systemic iron 
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toxicity, its slow degradation [28] along with the formation of voluminous corrosion 
products precludes this metal from biomedical applications requiring absorbable implants 
with substantial volume or section thickness [24, 29]. Various alloying and coating strategies 
are being pursued in each of these classes to address their shortcomings, with mixed success 
[30–38].

Research attention has shifted in the last few years to alternative metals such as Zn [23, 39–
42]. The standard corrosion potential of Zn is −0.8 V, which is between Fe (−0.4 V) and Mg 
(−2.4 V) [43], making this metal electrochemically more noble than Mg and more active 
than Fe. Moreover, Zn is an indispensable element for human health and is the second most 
abundant transition metal element in the human body. It is also a very important element for 
cell proliferation, as well as the functioning of both the immune and nervous systems [44, 
45].

Observations from pure Zn wires implanted into the rat abdominal aorta for up to 6 months 
has been reported by Bowen et al. [39, 46]. During the first 3 months, the penetration rate for 
pure Zn remained below 0.02 mm/yr, but the corrosion rate doubled at 4.5 and 6 months. 
The study also revealed that zinc oxide and zinc carbonate were the primary corrosion 
products during in vivo metal degradation, and that arterial tissue regenerated within the 
original footprint of the implant during degradation. More importantly, it was shown that Zn 
could inhibit arterial restenosis after device implantation because of its suppressive effect 
against arterial smooth muscle cells [46].

Although pure Zn appears to be biocompatible in the endovascular environment with a 
nearly ideal corrosion rate, its strength needs to be enhanced for vascular stent applications 
[39, 42]. By adding alloying elements and/or thermos-mechanical refinement of the 
microstructure, improvements in the mechanical properties of pure Zn can be accomplished 
[14]. Among many candidates, the Zn-Mg binary alloys are expected to achieve the 
mechanical strength and biocompatibility required for bioabsorbable stent applications; 
although a concomitant drop in its ductility reported in previous studies to less than 5–10% 
[47–53] is not acceptable for stent applications.

In this study, we explored the feasibility of Zn-Mg alloys for endovascular stent applications. 
The use of Mg in this binary alloy was motivated by the excellent biocompatibility of Mg. 
Previous reports also suggest an improvement in the strength of Zn metals alloyed with Mg 
[40, 52, 53]. However, in contrast to previous studies on these alloys [54–57], the content of 
Mg in formulated Zn-Mg alloys was selected to be substantially below 1 wt%. By reducing 
the content of Mg in the Zn-Mg alloy, we intended to preserve a high ductility of the Zn 
alloys, a critical feature in endovascular stent applications. In this paper, we describe our 
findings regarding the microstructure, mechanical properties, and in vivo corrosion behavior 
of Zn-0.002, −0.005, and −0.08 wt.% Mg alloys.

2. Selection of Alloys

The Zn-Mg phase diagram for Mg content not exceeding 20 wt% is shown in Figure 1a. 
Figure 1b shows a portion of Figure 1a for Mg content from 0 to 0.2 wt% [58], which 
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includes all alloy compositions of interest. These phase diagrams indicate that the solid 
solubility of Mg in Zn is very low and the Mg2Zn11 intermetallic phase precipitates with 
little Mg addition. When cooling down Zn-Mg metal liquid to about 419 °C, a primary Zn 
phase forms first. After cooling down to 364 °C, a eutectic microconstituent containing Zn 
and Mg2Zn11 forms along the grain boundaries of primary Zn grains [52, 55, 59–61]. The 
solubility of Mg in a Zn matrix seems to be an open question [58]. Figure 1b indicates 
moderate solubility of ~0.15 wt.% of Mg in Zn at the eutectic temperature. Other system 
reviews [62, 63] indicate different or negligible solubility, with the latter group treating the 
eutectic reaction as a simple decomposition from the liquid to pure Zn and Mg2Zn11. This is 
notable, as systems of the former configuration may exhibit limited age hardenability, 
whereas the latter may only be wrought hardened.

The introduction of Mg2Zn11 intermetallic phases can provide a hardening effect in Zn-Mg 
alloys via dispersion strengthening [56, 59], important to increasing the strength of the 
material relative to pure zinc. However, high Mg contents can result in brittle materials with 
reduced plasticity, as reported by others for the as-cast alloys [42, 56, 59]. To avoid an 
excessive drop in ductility, Mg contents below 0.1 wt% were selected in this study.

3. Experimental

3.1 Zn and Zn-Mg alloys

Zn wire from Goodfellow (99.99+% purity) with a diameter of 0.25 mm was used as a 
reference material in this study. The Zn-Mg alloys were cast at Michigan Tech and reduced 
to 0.25 mm wires at Fort Wayne Metals as described below.

Three different Zn-Mg alloys were prepared including Zn-0.08 wt% Mg, Zn-0.005 wt% Mg 
and Zn-0.002 wt% Mg, which are marked as Zn-08Mg, Zn-005Mg, and Zn-002Mg, 
respectively, throughout this contribution. The alloys were cast in-house using a vacuum 
induction casting apparatus per the following procedure.

A 304 stainless steel (304 SS) mold and a fine-grained graphite crucible were cleaned from 
previous melts prior to melting by etching with ca. 6N HCl, thoroughly rinsed with 
deionized water, and baked at 110°C overnight. Pure reagents-99.99% Zn (Alfa Aesear) 10 × 
2 mm round “splat shot” and 99.99% Mg turnings-were weighed, mixed, and added to the 
graphite crucible. The crucible and mold were placed in the appropriate positions and 
aligned. The chamber was evacuated to 15–25 mTorr under rough vacuum, then to 200–250 
μTorr under high (diffusion pump) vacuum, and then backfilled with high-grade (99.998%) 
Ar to 684 Torr. Melting was conducted at 2.5–3 kW input power for 10–15 min, and the melt 
was poured at a 510°C pyrometer readout-likely closer to 470°C real melt temperature-using 
an auto-pour routine. After allowing the melt to cool for 10 min, the chamber was evacuated 
to < 100 mTorr, and the ingot was allowed to cool further for 1 h. The chamber was then 
vented to atmosphere, the ingot was removed and quenched to 15°C under running water.

The ingots obtained with a diameter of ~50 mm and a height of ~60 mm were then extruded 
at 150 °C to a diameter of 13 mm. The extruded rods of 13 mm in diameter were centerless 
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ground to provide a pristine surface finish and were then drawn into wires of 0.25 mm in 
diameter by Fort Wayne Metals (Fort Wayne, IN).

The elemental composition of the Zn-Mg alloy wires was determined by Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) (PerkinElmer Optima 7000DV, 
Waltham, MA). About 80 mg of each respective alloy wire was dissolved in 10 ml of 6M 
HCl, which was diluted for ICP-OES analysis.

3.2 Microstructure characterization

Longitudinal and transverse samples of each alloy were mounted in low viscosity epoxy, 
which was allowed to set for at least 24 hours. The samples were ground on 600-grit and 
800-grit SiC paper, and then were polished using 6 μm, 1 μm diamond paste, and a 0.05 μm 
Al2O3 suspension. The samples were etched in a solution consisting of 6 g picric acid, 5 ml 
acetic acid, and 10 ml water and 100 ml ethanol. The microstructure of samples was imaged 
using a Leica EC3 (Leica Microsystems; Buffalo Grove, Illinois) digital camera on an 
Olympus PMG-3 optical microscope (Olympus, Shinjuku, Tokyo, Japan).

An XDS 2000 θ/θ X-ray diffractometer (Scintag Inc., Cupertino, CA) with CuKα radiation 
(k = 1.540562 Å) was utilized in detecting X-ray diffraction (XRD) of the Zn alloys. The 
fast scans were performed between 10° to 90° in the 2θ range with a scan speed of 0.5°/min 
and a step size of 0.02°. The slow scans were performed between 31° to 49° in the 2θ range 
with a scan speed of 0.1°/min and a step size of 0.02°. The glass slide was covered with 
conductive tape on top and the eight 10 mm-long wires were laid down and stacked together 
on the tape.

3.3 Mechanical properties

The tensile test samples are shown in Figure 2a. The end sections (~5 mm) of the Zn-Mg 
wires were rough ground using 120 grit SiC sandpaper prior to mounting, which could 
improve their bonding to the epoxy and prevent sample pullout.

Tensile tests were carried out using a Bose ELF 3200 mechanical tester (Bose Inc., MN, US) 
equipped with a 22.2 N load cell. The wires were stored for 2–3 hours (0 day), 1 day, 9 days, 
half year, and one year at room temperature, before the test. Bent wires were mounted on 
two polycarbonate (PC) holders (about 30 mm wide, 40 mm long) using Loctite General 
Purpose epoxy (Henkel Corporation; Westlake, OH). The two PC holders were placed 10 
mm apart to allow for a gauge section of that size (Figure 2a). Two toothpicks taped to them 
were used to maintain the stability and distance between the PC holders while the tested 
wire was mounted between the toothpicks. After curing, the samples were fastened by the 
grips and the toothpicks were removed (Figure 2b). Tests were performed using strain rates 
of 1.67×10−4 s−1, 10−3 s−1, 3.3×10−3 s−1 and 1.67×10−2 s−1 until fracture. Yield strength, 
tensile strength and percent elongation to fracture were calculated from the stress-strain 
curves. The standard error was calculated from six samples per measurement.

The fracture surfaces were examined under SEM after tensile testing. The measure of 
ductility was the reduction of area, given by (1).
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(1)

where Ao and Af are the original and final (fracture) cross-sectional areas, respectively, of 
the test specimen.

Vickers micro-hardness (HV) tests were made at a 200 g load using an M-400-G1 digital 
hardness tester (LECO, St Joseph, MI) at a fixed dwell time of 10 s. Sixteen indentations 
were made on a longitudinal section of pure Zn and each Zn-Mg wire, in the area of wire 
axis. A standard error was calculated from the sixteen different points.

3.4 In vivo study and explant characterization

The Zn-Mg wire samples (which were stored for 3 to 5 weeks) were cut into 15 mm 
segments and the ends smoothed to remove any burrs (for arterial wall implantation) or 
sharpened (for puncture into the arterial lumen). Prior to implantation, the Zn-Mg wires 
were cleaned using a ProCleaner TM cleaning device (BioForce Nanosciences; Ames, IA) 
for 30 minutes to remove dust or other loose contaminants and sterilize the surface.

Adult male Sprague-Dawley rats were used for in vivo evaluation. All animal tests were 
permitted by the animal care and use committee (IACUC) of Michigan Technological 
University. The 15 mm wires were either advanced within the lumen (for latter 
biocompatibility evaluation by histological analysis) or wall (for metallographic analysis and 
determination of corrosion behavior) of the abdominal aorta of adult male Sprague-Dawley 
rats. Thus, the Zn-Mg wires were either immersed in the flowing blood to simulate the initial 
environment of a stent or placed within the arterial extracellular matrix to simulate the long 
term encapsulated state of a stent. After a period of 1.5, 3, 4.5, 6 and 11 months, the rats 
were euthanized and rat aortas with the implanted wires were explanted. To protect any 
corrosion layer on the wires’ surfaces, the wires were immersed in absolute ethanol for a 
short time. All samples were preserved in a low humidity atmosphere before analysis.

In order to determine the cross sectional area (CSA) reduction and the penetration rate of the 
Zn-Mg alloys after degradation in the aortas of rats, the explants were mounted in epoxy, 
inside a silicone tube with diameter of 12.5 mm. After curing, the mounted wire was 
removed from the silicone tube and then cut transversely into 16–20 slices having thickness 
of about 1 mm. The cross-sectioned slices were then mounted in epoxy again. After curing, 
mounted slices were ground with 600-grit and 800-grit SiC, polished with 6 μm and then 1 
μm diamond paste, and finished with 0.05 μm Al2O3 suspensions. The polished cross-
sections were coated with carbon to improve conductivity before imaging with a JSM 6400 
scanning electron microscope (SEM) (JEOL, Peabody, MA). The images were taken using 
its backscattered electron detector at 15 kV accelerating voltage and a working distance of 
39 mm.

The cross sectional area (CSA) of the obtained backscattered electron images of corroded 
wires was analyzed using ImageJ software [64]. Example of cross section of a corroded wire 
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with marked metallic section (red area) and surrounding corrosion product (outside the red 
area but inside of the circle) is shown in Figure 3. The selection of metallic area (marked as 
red area A) was done by selecting the brightest pixels by thresholding. The perimeter of 
original wire, and associated cross-sectional area, was approximated by a circle/ellipse 
(yellow B). Based on the cross-sectional area measurement, a penetration rate was calculated 
for each sample. The change in CSA was used to find the penetration rate at each section 
using equation (2) [65]:

(2)

where p and t are the penetration rate and the in vivo implantation time, respectively. A0 is 
the nominal CSA and At is the CSA at time point t.

On average 18 (±2) images were produced for each specimen. Both mean values and 
standard error are reported.

3.5 Histological evaluation

Selected sections of wires with aortas were snap-frozen in liquid nitrogen and cryo-
sectioned for histological analysis. Before staining, samples were preserved in a −80 °C 
freezer. Frozen samples were cross-sectioned at a 10 μm thickness with a Thermo-Scientific 
HM 550 P cryostat. Tissue sections were then placed on warm VWR Histobond slides and 
fixed in −20°C absolute ethanol for 60 s and washed three times in PBS (Sigma Aldrich) for 
5 min before staining commenced. Gills-3 hematoxylin solution was pipetted onto each slide 
for 2–5 min, or until over-stained (determined by visual examination). Slides were then 
dipped in a 900 mL bath of distilled water that had been acidified to pH = 1.8–2.0 by adding 
HCl. After 5 dips in the acidic bath, the samples were rinsed in distilled water for 1–5 min. 
Slides were then washed twice with 95% ethanol (v/v). The slides were counterstained with 
Eosin Y working solution (0.25%), which was micro-pipetted onto each slide for 45 s. 
Immediately after counterstaining, the slides were rinsed and dehydrated in two changes of 
absolute ethanol for 5 min apiece. The slides were then cleared twice with xylene substitute 
for 5 min, and mounted under a cover slip using Eukitt mounting medium. Samples were 
imaged using an Olympus BX51, DP70 bright-field microscope (Upper Saucon Township, 
PA).

4. Results

The compositions of the Zn-Mg alloys formulated in this study as analyzed using an ICP 
method are given in Table 1. The content of Mg was 0.002 wt%, 0.005 wt%, and 0.08 wt% 
and other elements including Al, Cd, Cu, Fe, Ni and Pb were detected as trace impurities in 
the formulated Zn-Mg alloys.
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4.1 Microstructure characterization

The optical micrographs for the Zn-Mg alloys are shown in Figure 4. Coarse grains with an 
average diameter of ~76 μm were observed in the Zn-002Mg alloy. With increasing Mg 
content, grain refinement of the Zn-Mg alloys was achieved. The grain size was reduced by 
one order of magnitude when the content of Mg was increased to 0.005 and 0.08 wt%. The 
Zn-005Mg and Zn-08Mg alloys had ~7 and ~6 μm grains on average, respectively (Table 2).

Based on the Mg-Zn phase diagram presented in Section 2 [66], it is predicted that all three 
different Zn-Mg alloys consist of primary α-Zn and Mg2Zn11. Figure 5 shows the XRD 
patterns of the Zn-08Mg alloy. These XRD patterns confirm the presence of both α-Zn and 
Mg2Zn11 phases, in accordance with an earlier report on Zn-Mg alloys [56]. Increasing Mg 
content in the Zn-Mg alloys generally lead to the formation of larger quantities of Mg2Zn11.

4.2 Mechanical properties

4.2.1 Tensile testing and hardness measurements—Table 3 lists the tensile and 
hardness test results for the three Zn-Mg wires of different shelf time. Because the majority 
of tests and characterization on formulated wires reported in this contribution were carried 
out on specimens stored for half a year, we start discussion with the set of results for these 
samples.

The Vickers hardness values for the three Zn-Mg wires are shown in Table 3. The Zn-002Mg 
had the lowest hardness value of 45 HV, nearly identical to Zn (42 HV). The Zn-08Mg alloy 
had the highest average hardness of 103 HV. Increasing hardness correlates well with 
increasing Mg content, associated reduction in grain sizes.

As shown in Table 3, the Zn-002Mg alloy had the lowest yield strength, tensile strength, and 
elongation among all three alloys. The yield strength, tensile strength and percent elongation 
for the Zn-Mg alloys increased with the increasing Mg content.

Figures 6 and 7 showed the representative tensile stress-strain curves of Zn-08Mg wires. 
Figure 6a shows the representative tensile stress-strain curves for Zn-08Mg wires with 
different storage times, which were recorded at a strain rate of 0.0033/s. The curves reveal 
age hardening of this alloy. The tensile strength of nearly 270 MPa recorded a few hours 
after wire drawing increased to nearly 500 MPa after ~ 24 hours and 9 days. Elongation of 
30% dropped to 20% and 13% in the same time of storage sequence. After one year of 
storage the wire tensile strength dropped by only ~10%. Elongation unfortunately dropped 
to less than 4%.

The same Zn-08Mg wire also showed strain rate sensitivity during tensile testing. Figure 6b 
shows examples of tensile testing results for the wire left on a shelf for 9 days. Three stress-
strain curves show increases in tensile strength of the Zn-08Mg wire from ~230 MPa, to 
~500 MPa, and to >600 MPa as the strain rate increases from 0.000167 to 0.0033 and 
0.033/s, respectively. The elongation value dropped from ~90% to ~13% and ~2.3% over the 
same sequence of strain rate tensile testing conditions. Samples stored for one year showed a 
similar strain rate sensitivity (Figure 7). Tensile testing at 0.001/s and 0.0033/s strain rates 
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revealed a drop in elongation from >30% to ~5%, with tensile strength increasing from ~370 
MPa to ~430 MPa (Figure 7b).

4.2.2 Fracture surface—The fracture surfaces of the tensile samples of the Zn-Mg alloys 
(storage half a year, strain rate 1.00×10−3s−1) are shown in Figure 8. The Zn-002Mg alloy 
exhibited a brittle fracture, but the fracture surfaces of Zn-005Mg and Zn-08Mg alloys had 
characteristic dimples, and showed a more ductile fracture surface. Also, the diameter of the 
wire specimens systematically decreased around the fractured surface with an increasing 
content of Mg, suggesting an increasing ductility.

Figure 9 shows the fractured surfaces of the tensile samples for Zn-005Mg and Zn-08Mg 
alloys. As shown by these two micrographs, the percent reduction in cross-sectional area as 
the result of elongation and fracture was ~63% and ~82% for these two Zn-Mg alloys, 
respectively. A change took place in the fracture behavior of the Zn-Mg alloys as the Mg 
content increased, and the Zn-08Mg alloy showed a more ductile behavior than Zn-005Mg. 
A close look into the micrographs revealed that the ductile fracture generally took place 
along planes (where the shear stress is at a maximum).

4.3 In vivo biocorrosion

Representative backscattered electron images of cross sections for explants retrieved after 
1.5, 3, 4.5, 6 and 11 months from the abdominal aorta of a Sprague-Dawley rat are shown in 
Figure 10. The intact Zn-Mg alloys are visible as a bright feature in the center, surrounded 
by corrosion product, artery tissue, and epoxy. The remaining metallic cores of these 
explants had irregular edges, caused by a partial degradation of implanted wires. As 
implantation time progressed, the remaining metallic area became smaller and more 
irregular.

Image analysis of the sample sections enabled measurement of cross sectional area reduction 
and average penetration rates, as presented in Figure 11 and 12, respectively. Penetration rate 
analysis showed the degradation rates of Zn-002Mg and Zn-005Mg at 1.5 months were 
~0.029 mm/y and 0.021 mm/y, respectively, which are above the values recorded for pure Zn 
but near the benchmark value proposed for ideal endovascular stent degradation (0.02 mm/y) 
[67]. After 3 months, their degradation rates reduced to below what was observed for pure 
Zn. Overall, the degradation rates of Zn-002Mg and Zn-005Mg were close and slightly 
lower than what we reported for pure Zn [39], but above the ideal degradation benchmark 
(0.02 mm/y). The degradation rate of Zn-08Mg was 0.012–0.015 mm/y at 1.5–4.5 months, 
below the benchmark value of 0.02 mm/y at 1.5–4.5 months. However, the degradation rate 
of Zn-08Mg increased to 0.027 mm/y and 0.023 mm/y at 6 and 11 months, respectively. This 
degradation acceleration in later stages is viewed as a favorable feature of degradable 
implants because the stent should dissolve in the body as soon as possible after fulfilling its 
mission as mechanical support during the healing process. It should be noted that 
biocorrosion of Zn-Mg alloys progressed quite uniformly, as reflected in the standard error 
bars shown in Figures 11 and 12.
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4.4 In vivo biocompatibility analysis

The biocompatibility of the Zn-Mg alloys was assessed by examining histological images 
from luminally implanted wires, with representative 6 and 11 month implantation images 
shown in Figure 13 and 14, respectively. The biological host response to the three 
magnesium concentrations was generally similar to what we recently reported for pure zinc 
[46], although with a slightly higher presence of inflammatory cell infiltrates which lead in 
some cases to a slightly greater degree of neointimal activation or arterial constriction. At 6 
months, intimal activation can be seen from the media layer of the Zn-002Mg progressing 
away from the implant site and protruding into the lumen (guided by the red bars). At 
Zn-005Mg, a non-stable neo-intima had formed (guided by the blue bar), along with native 
intimal activation (depicted by the red bar). Although the Zn-08Mg does not show distinct 
intimal thickening, it does exhibit a modest degree of chronic inflammation (shown by the 
red asterisks), and a decrease in luminal cross sectional area. At 11 months in vivo, relatively 
low cell density can be seen around the base the Zn-002Mg with a stable neointimal 
endothelium. The Zn-005Mg elicited chronic inflammation in the wall of the artery 
(identified by the red asterisks). Unlike the Zn-002Mg, the Zn-005Mg experienced an 
unorganized intimal growth, lacking a confluent endothelial cell layer (shown by the red 
arrows). The Zn-08Mg experienced intimal thickening (shown by the red bar), accompanied 
by a discontinuous endothelium (shown by the red arrows). The degree of inflammation for 
Zn-08Mg appears to subside from 6 to 11 months. Some degree of cell toxicity is evident in 
both the Zn-005Mg and the Zn-08Mg as evidenced by the appearance of dense cell regions. 
In summary, there appears to be a trend of slightly worsening biocompatibility with 
increasing Mg content. In contrast, the neointima that formed around pure zinc implants was 
generally restricted to the implant vicinity and arterial constriction was not detected [46]. Of 
note, the luminal narrowing effects are acceptable from an application standpoint, as the 
presence of mechanical scaffolding would be expected to counteract this tendency.

5 Discussion

5.1 Structural and mechanical characteristics of alloys

By varying the content of Mg, the microstructure and mechanical properties of Zn-Mg alloys 
were manipulated in this study. It was observed that the Zn-002Mg alloy had very coarse 
grains, averaging around 76 μm in diameter (Figure 4a), and this alloy consisted of primary 
dendrite-type grains and eutectic mixtures. Due to the extrusion process at 150°C, the Zn 
matrix may experience dynamic and static recrystallization and growth, which produces 
coarse grains. This grain growth could be hindered by more additions of Mg (shown in 
Figure 4b,c), since the growth speed is determined by the different activation energy for 
grain boundary motions [68, 69]. Adding Mg above 0.002% produced a significantly refined 
structure after extrusion and drawing. The Zn-08Mg alloy had very small grains, averaging 
about 6 μm in diameter (Table 2).

According to the Mg-Zn phase diagram (Figure 1) [66], the microstructure of Zn-Mg alloys 
should consist of primary α-Zn grains and a Mg2Zn11 intermetallic. The XRD results shown 
in Figure 5 confirmed the presence of these two phases with characteristic peaks on the 
XRD pattern for the zinc phase at 36.4°, 43.24°, 54.36°, 70.14 °, 77.13 ° and 82.4 °and 
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Mg2Zn11 phase at 32.6°, 34.8 ° and 44.8°. When increasing Mg from 0.0002 and 0.005% to 
0.08%, the content of Mg2Zn11 increased. The “microsegregation” phenomenon could have 
occurred due to the excess Mg2Zn11 in solid solution of Zn matrix, and is responsible for 
structural strengthening. The concentration of Mg2Zn11 in the wire center of Zn-08Mg as 
can be interpreted from micrograph in Figure 4c could be due to the cooling process where 
the excess Mg was unable to go into α-Zn grains near the surface and was forced to migrate 
to the center. These second phase particles exhibited a preferred wire-axial orientation, 
produced during extrusion and drawing. The elongated intermetallics are commonly known 
as stringers in other materials [70, 71].

As shown by the phase diagram in Figure 1, the Mg2Zn11strengthening phase precipitates 
from the liquid when below the melting point. The resulting Zn matrix and precipitated 
phase formed a hypoeutectic structure. The grain size decreased from 76 to 6 microns with 
increasing Mg content in Zn-Mg alloys from 0.002 to 0.08 wt% (Table 2). A drastic 
reduction in grain sizes had a significant impact on the strength and hardness of the alloys 
(Table 3).

For Zn-08Mg (stored for half a year), TYS and UTS were 221 ± 14 and 339 ± 42 MPa, 
respectively, with elongation to failure ~40%. Surprisingly, the ductility of the wires 
increased with increasing Mg content, as reflected by the necking of wires during fracturing 
(Figures 8 and 9). This could be due to the finer grain size with increasing Mg content.

The mechanical properties for all the Zn-Mg alloys studied in the past are compiled in Table 
4. As shown by these data, hot-extrusion improves the strength of Zn-Mg alloys as compared 
to as-cast Zn-Mg materials with the same Mg content. In the as-cast state, the structural 
compositions of this alloy rely primarily on Zn dendrites and the Zn + Mg2Zn11 

interdendritic eutectic network [42]. After hot extrusion, eutectic regions become oriented in 
the extrusion direction and the grains are usually refined and become more homogeneous, 
with reduced area fraction of the eutectic mixture [54].

Mostaed et al. [52] characterized Zn-0.15Mg, Zn-0.5Mg, Zn-3Mg alloys after two-stage hot-
extrusion at 250 °C (with an extruded ratio of 6:1 to obtain cylindrical rods) and 300 °C 
(with an extruded ratio of 16:1 to obtain small tubes.) The data showed that both TYS and 
UTS consistently increase with increasing Mg content, with a final product achieving values 
of approximately 290 and 400 MPa, respectively, for Zn-3Mg. Unfortunately, elongation to 
fracture dropped from 60% to 0.8%. Kubasek et al. [53] researched the hot-extruded 
Zn-0.8Mg at 300 °C (with ratio of 10:1 and rate of 2 mm/min). They report TYS and UTS 
values of around 200 and 300 MPa, respectively, for this alloy. The Zn-0.8Mg alloy retained 
relatively good plasticity with an elongation to fracture value of 15% attributed to a lack of 
networked intermetallic phases. Gong et al. [40] studied the hot-extruded Zn-1.0Mg alloy 
(extrusion temperature = 200 °C, ram rate = 20 mm/s, extrusion ratio = 16), and the values 
for TYS and UTS reported are 180 MPa and 252 MPa, respectively, with an elongation to 
fracture of 13%. Vojtech et al. [56] prepared the Zn-1.6Mg alloys by hot-extrusion at 300 °C 
with an extrusion rate of 2 mm/min and a ratio of 10:1. The extruded Zn-Mg alloy exhibited 
good TYS and UTS (~290 and ~360 MPa, respectively), but a low elongation of 6%.
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None of the previous reports suggested any instabilities of Zn-Mg alloys and neither age 
hardening nor strain rate sensitivity were studied. Figure 6a shows representative tensile 
stress-strain curve for Zn-08Mg wires shelved over different times. It shows that tensile 
strength increases and elongation to fracture value decreases with increasing storage time. 
Figure 6b and Figure 7b show example stress-strain curves produced at different strain rates. 
The results clearly show decreases in elongation to failure when the Zn-08Mg wire is tested 
under tensile load at increasing strain rate. In summary, the Zn-08Mg alloy exhibited 
significant shelf-aging and strain-rate sensitivity phenomenon despite favorable mechanical 
characteristic.

The natural aging phenomenon observed for low Mg content Zn-Mg alloys is likely a result 
of formation and then migration of the precipitate phase (Mg2Zn11) to grain boundaries. The 
phase diagram in Figure 1 indicates a very low solid solubility of Mg in Zn. The Mg2Zn11 

intermetallic phase precipitates with little Mg addition. When the Zn-Mg alloy is cooled 
down to about 419 °C, the Zn phase nucleates first. After cooling down to 364 °C, the 
Mg2Zn11 intermetallic phase precipitates. The final product is eutectic containing Zn and 
Mg2Zn11 formed along the grain boundaries of primary Zn and some Mg2Zn11 freely 
precipitated inside the grains. Over time, Mg2Zn11 inside the grains continues to precipitate 
and migrate to grain boundaries. This results in Mg2Zn11 phase enrichment zones and the 
age-hardening phenomenon.

During the tensile test, dynamic recrystallization is likely to occur because the 
recrystallization temperature is 10 °C for pure Zn [72]. The dynamic recrystallization 
process is related to rate of deformation, and the increased strain rate makes the plastic 
deformation harder, which leads to the insufficient development of dislocation movement 
and little ductility of the Zn-Mg alloys [73, 74]. The strain rate sensitivity of Zn-Mg alloys is 
also likely related to the mobility of dislocations. The increasing strain rate and ensuing 
movement of dislocations under the external force will result in plastic deformation of the 
Zn-Mg alloy. The slip of a dislocation has a certain speed, that is to say the slip process 
needs some time. In general, higher strain rate leads to higher dislocation density, greater 
tensile strength, and less ductility of the Zn-Mg alloys (Figure 7b) [75, 76].

Both metal strength and ductility are sensitive to grain sizes, according to the Hall-Petch 
relation [77], where finer grains result in higher grain boundary strengthening. The same 
rule is also generally true for Zn and its alloys, although there is not enough experimental 
data to draw more specific correlations. The grain sizes of the studied Zn-Mg alloys become 
more homogeneous and fine with increasing Mg content, which leads to the enhancement of 
strength for Zn-Mg alloys (studied herein and in other laboratories; Table 4). However, the 
trend of elongation to failure was different for the three alloys studied herein. The elongation 
to fracture values increase from about 17% to 40% when increasing the Mg content from 
0.002 wt% to 0.08 wt % (Table 4). We attribute this to an excessively large grain size in the 
Zn-002Mg wire which leads to non-uniform deformation and quicker localization of strain.

Further, since a radially expanded stent must undergo a significant plastic deformation when 
expanded into its working state, it should be made of a material having a low yield point, 
high tensile strength and sufficient strain hardening rate to avoid strain localization. The lack 
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of strain-hardening observed in tensile testing of Zn-Mg alloys is a challenge to overcome in 
future work.

5.2 Biocompatibility of alloys

The increase in the concentration of Mg2Zn11 particles throughout the Zn matrix can readily 
explain the trend of decreasing biocompatibility with increased Mg content, as seen 
histologically for the luminally implanted Zn-Mg alloy wires (Figure 13, 14). The increased 
corrosion resistance imparted by Mg2Zn11 particles (as shown in Figures 11 and 12) can be 
expected to promote a more aggressive activity of macrophages, as they secrete acids and 
reactive oxygen species and recruit additional macrophages in an attempt to metabolize the 
foreign material. This may be considered as a surprising finding since magnesium is widely 
considered to be a highly biocompatible element in the human body. The formation of 
intermetallics with unknown biological effects underscores the importance of long term 
implantation studies of Zn-Mg alloys. It also suggests that Mg concentrations in Zn that are 
well above what we have evaluated here may result in harmful macrophage responses that 
undermine the positive remodeling effect imparted by the zinc base metal.

6 Conclusions

In this study, Zn-Mg binary alloys with three ultra-low concentrations of Mg as the alloying 
element were investigated as potential biodegradable materials for stent applications. The 
following conclusions were reached:

1. The extruded and drawn Zn-Mg alloys were composed of primary α-Zn and 
Mg2Zn11 phases. With increasing Mg content from 0.002 to 0.08 wt%, the 
average grain size of the Zn-Mg alloys decreased from 76 to 6 microns.

2. The yield strength, tensile strength and percent elongation for the Zn-Mg alloys 
increased with the Mg content increasing from 0.002 wt% to 0.08 wt%. It was 
observed that increasing Mg content result in finer grains and an increased 
amount of hard Mg2Zn11 intermetallic phases.

3. The combination of grain boundary strengthening and precipitation 
strengthening makes the Zn-08Mg alloy stronger and harder among the alloys 
tested in this study. The Zn-08Mg alloy produced in this study also has favorable 
ductility with an elongation to fracture value of ~40%,

4. The Zn-08Mg alloy still shows strain-rate sensitivity (significantly reduced TYS 
at slow rates) and strain softening after yield. These sensitivities need to be 
addressed for successful vascular design with this material.

5. Biocompatibility was assessed qualitatively from histological images at 1.5, 3, 
4.5, 6 and 11 months. The data suggest a slight trend of decreasing 
biocompatibility with increasing Mg concentration. This may relate to the 
increased corrosion resistance afforded by the Mg2Zn11 intermetallic phase, 
which requires a more robust macrophage activity to progressively breakdown 
the foreign material.
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It appears that the Zn-08Mg alloy formulated in this study and then extruded and drawn has 
corrosion characteristics and biocompatibility that may qualify it as a biodegradable material 
candidate for vascular stent applications. The mechanical properties, while sufficient in 
some loading conditions, will require further tuning to eliminate shelf-aging and strain-rate 
dependent softening.
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Highlights

• Minor alloying with Mg additions improves Zn strength

• Novel micro-alloy exceeds benchmark values desirable for vascular 
scaffolding

• Minor alloying with Mg additions does not compromise Zn biocompatibility

• Micro-alloys showed age-hardening and strain rate sensitivity
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Figure 1. 

The Zn-Mg phase diagrams: a) 80 to 100% Zn, b) Mg content from 0 to 0.2% (based on Ref. 
[66])
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Figure 2. 

The wire samples during preparation (a) and tensile testing (b).
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Figure 3. 

The ImageJ screen shot for cross sectional analysis. The red area selected by thresholding 
(area A) is to represent the remaining metallic Zn-Mg alloy, outlined in yellow B.
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Figure 4. 

Microstructure of the investigated samples for longitudinal section and transverse section :
( a) Zn-002Mg, (b) Zn-005Mg, (c) Zn-08Mg.
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Figure 5. 

XRD pattern for the Zn-08Mg sample: a) fast scan; b) slow scan
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Figure 6. 

Representative tensile-stress curve of Zn-08Mg wires: a) different storage time at strain rate 
of 0.0033/s; b) different strain rates after the wires being stored for 9 days
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Figure 7. 

Representative tensile-stress curve of Zn-08Mg wires: a) five samples at strain rate of 
0.0033/s after being stored for a year, b) different strain rate after the wires being stored for a 
year
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Figure 8. 

SEM micrographs of the tensile fracture surfaces: a) Zn-002Mg; b) Zn-005Mg; c) Zn-08Mg 
(storage half a year, strain rate 1.00×10−3s−1).
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Figure 9. 

Reduction in area(% )of the tensile fracture surface for a) Zn-005Mg, and b) Zn-08Mg 
samples (storage half a year, strain rate 1.00×10−3s−1).
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Figure 10. 

Representative backscattered electron cross section images from different implantation Zn-
Mg wires after 1.5, 3, 4.5, 6 and 11 months’ in vivo.
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Figure 11. 

Measured values for cross sectional area reduction of Zn-Mg explants from in vivo study.
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Figure 12. 

Penetration rates calculated from the data in Figure 11.
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Figure 13. 

H&E staining of 6 month implanted Zn-002Mg, Zn-005Mg, and Zn-08Mg wires through the 
arterial lumen at different magnifications. 2nd and 3rd rows correspond to green and yellow 
asterisks respectively at high magnifications. L denotes the luminal opening. Scale bars are 
set to 200 and 100 micrometers.
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Figure 14. 

H&E staining of 11 month implanted Zn-002Mg, Zn-005Mg, and Zn-08Mg wires through 
the arterial lumen at different magnifications. 2nd and 3rd rows correspond to green and 
yellow asterisks respectively at high magnifications. L denotes the luminal opening. Scale 
bars are set to 200 and 100 micrometers.
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Table 2

Average grain size of the investigated samples.

Alloy Average grain size(µm)

Zn-002Mg 76±10

Zn-005Mg 7.2±1.5

Zn-08Mg 6.3±0.8
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