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Abstract

Absorbable metals have the potential to serve as the next generation of medical implant devices
by safely dissolving in the human body upon tissue healing and bone regeneration. Their
implementation in the market could greatly reduce the need of costly and risky additional surgeries
for either implant replacement or removal, often required in current permanent implants containing
titanium and stainless steel. Despite the extensive research done over the last two decades on
magnesium (Mg) and iron (Fe) based alloys, they have not generally shown a satisfactory
combination of mechanical properties, biocompatibility and controlled degradation rate in the
physiological environment. Consequently, zinc (Zn) based alloys were introduced in the last few
years as alternative materials to overcome the limitations of Fe and Mg-based alloys. The blend of
different alloying elements and processing conditions have led to a wide variety of Zn-based alloys
having tunable mechanical properties and corrosion rates. This review provides the most recent
progress in the development of absorbable Zn-based alloys for biomedical implant applications.
Their toxicological and metallurgical aspects, as well as their mechanical behavior and corrosion
properties are presented and discussed, including their opportunities, limitations and future

research directions.
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1. Introduction

After decades of developing strategies to fight against corrosion of metallic biomaterials, there is
currently an increasing interest to make use of corrodible metals in medical device applications.
They are called biodegradable metals or absorbable metals !, metals that are expected to corrode
gradually in-vivo by generating an appropriate host response, and then dissolve completely upon
assisting tissue healing 2. A gradual transfer of load to the healing tissue, and non-necessity of a
second removal surgery are the two primary reasons why this category of metals are favorable
alternatives to the existing corrosion resistant metal implants used for temporary interventions .
To be considered as absorbable, a metal is required to corrode in a physiological environment and
its corrosion products need to be non-toxic. Thereafter, it must have an optimum trade-off between
maintaining strength and corroding within a required time frame. Iron (Fe), magnesium (Mg) and
their alloys have been extensively studied as absorbable metals, mostly for cardiovascular and
orthopaedic applications. Fe was used for making coronary stents and showed its safety and
efficacy when tested in animals *. Stents made of Mg alloys were clinically tested for critical limb
ischemia in humans with some encouraging results >, while some Mg bone screws are currently
being examined through clinical trials in humans . Despite that, neither Fe nor Mg alloys have
been able to successfully satisfy all the requirements demanded for absorbable implant

applications.

Although the mechanical properties of Mg alloys can be improved significantly, they tend to
corrode too rapidly in physiological environments, compromising the structural integrity of the
implant device during the healing period ’. On the other hand, Fe alloys generally exhibit
mechanical properties significantly greater than Mg alloys. However, they are characterized by
slower corrosion rates, which unnecessarily prolongs the exposure time of the organism to the
implant after healing and recovery have taken place. Moreover, the corrosion products of Fe tend
to be stable in physiological environment, resulting in long-term retention ®. Consequently, zinc
(Zn) has recently been introduced as an alternative to Fe and Mg, mainly due to its moderate
corrosion rate in simulated body fluid °. An in-vivo feasibility study highlighted the outstanding
biocompatibility of Zn implants in vascular environments '°. Published works on Zn as an
absorbable metal are on the rise with one of the latest reports being a one-year corrosion study of
a pure Zn stent in a rabbit abdominal aorta model !'. Many interesting findings have been reported,

but more questions need answers, including: “Are we considering Zn as an escape from the



frustration with Mg and Fe?” This article provides a comprehensive review of the toxicological
and metallurgical aspects, as well as, the mechanical and corrosion properties of Zn and Zn-based

alloys to determine their pertinence to absorbable metals for biomedical applications.

2. Toxicological aspects of zinc

The role of Zn as an essential trace element in several physiological activities determines its
importance for human health. In particular, Zn plays a fundamental role in multiple biochemical
functions of the human body, including cell division, cell growth, wound healing, and the
breakdown of carbohydrates 2. Zinc deficiency has been linked to the impairment of physical
growth and development in infants and young adults, to greater risk of infection, to impaired
cognitive function, behavioral problems, and to impaired memory as well as learning disability
13.14 However, an excess of Zn, (i.e. above its medium level of daily allowance of 15 mg for adult),

may cause neurotoxicity problems °.

Zinc is found in animal proteins, nuts, whole grains, legumes and yeast '°. It is released from food
as free ions during digestion and absorbed in the small intestine by a carrier-mediated mechanism
17, Zinc is mainly present in the body as Zn?*, and its optimal concentration in human eukaryotic
cells is around 10 ng/L. Apoptosis can be triggered when Zn levels fall below 0.06 ng/L, whereas
toxic effects can be induced when Zn concentration rises above 60 ng/L '®. The absorbed Zn is
carried by the portal system directly to the liver, and then released into systemic circulation for
delivery to other tissues '°. About 60 % of Zn is stored in skeletal muscle, ~30 % in bones, and
~5 % is stored in the liver and skin, while the remaining percentage is distributed to other vital
organs such as the brain, kidney, and pancreas 2°. Table 1 presents a series of
symptoms/consequences of an inadequate Zn concentration in several different human organs and

systems.

Table 1: Effects associated to Zn deficiency and excess in human organs and systems.

Organ / System Zn deficiency Zn excess Ref.
Mental lethargy, neurosensory

Brain pathology, neuropsychiatric Neuronal death, lethargy, focal 18,21,22
disorders, decreased nerve neuronal deficit
conduction

Heart Congestive heart failure, Atrial premature beats, 18,23

ischemia/myocardial infarction, hypertension, hypovolemic shock




arrhythmia, diabetic cardiomyopathy,
atherosclerosis

Liver Alcoholic liver disease, viral liver Chronic cholestatic liver disease, 18 24
disease biliary cirrhosis
Kidney Chronic kidney disease - 25
Prostate ) Higher risl.< of prostate 21,22
adenocarcinoma
Gastrointestinal Diarrhea, nausea, dysphagia,
tract - pharyngitis, esophagitis, 18,21,23
epigastric pain
) Acrodermatitis enteropathica,
Epidermal system  ajopecia, skin ulcers, delayed wound - 21,26,27
healing
Respiratory Metal fume fever, stridor,
svstem - dysphonia, respiratory distress 18,21
M syndrome
L . . Altered lymphocyte proliferative
Impaired immune function, thymic . :
Immune system atrophy, lymphopenia, increased response, reduc‘gon of chemotaxis  15,18,21,28
2 : . and phagocytosis,
susceptibility to infections immunosuppression
Reproductive Infertility, hypogonadism, testicular i 21,23,24,26
system atrophy
Growth retardation, abnormal
Skeletal system calcification and development of fetal - 21,29

cranial bones

Healthy individuals are at higher risk of suffering from Zn deficiency than from Zn intoxication.
Zinc deficiency can be inherited or acquired, and has been mainly related to insufficient dietary
intake, but also to genetic disorders associated to malabsorption, such as acrodermatitis
enteropathica, and chronic illnesses like sickle cell disease or anemia 2!, Despite the list of adverse
effects provided in Table 1, Zn is relatively harmless as compared to other metal ions. Only high
Zn overdoses, i.e. ten times greater than the recommended daily dose >3, typically lead to acute
intoxication. In fact, many of the toxic effects reported from Zn are a consequence of copper (Cu)
deficiency. This is often referred to as Zn-induced Cu deficiency, which is caused by a competitive
absorption of Zn and Cu within enterocytes, and results in reduced Cu absorption when there is an

excess of Zn 1821,



Most of the Zn in circulation is bound to albumin forming the serum Zn that represents only 0.1
% of the amount of Zn present in the body '*. Zinc homeostasis, or maintaining a constant state of
cellular Zn, is essential for human survival. It is achieved by the synergetic adjustments in
gastrointestinal Zn absorption (20-40 %), urinary (0.5 mg/day) and intestinal (1-3 mg/day)
excretion, sloughing mucosal cells and integument '®*°. Typically, human Zn intakes range from
107 to 231 pumol/day (~14-30 mg/kg), but Zn homeostasis can be achieved with as little as 2.8
mg/kg or as much as 40 mg/kg 3'. Nutritional supplements were developed to overcome the
undesirable consequences of Zn deficiency. The average adult human contains 2-3 g of Zn, of
which about 0.1% is replenished daily *2. This leads to an average recommended dietary intake
ranging between 5-20 mg/day, depending on gender and age. Growing children and pregnant
women generally require higher amounts than mature adults '8. Thus, the need of supplemental Zn,
as well as the right dose amount, must be carefully evaluated in a case-by-case basis, as chronic

Zn toxicity has been reported from excessive consumption of Zn supplements 2,

Furthermore, the presence of absorbable implants that corrode over time also must be accounted
for when considering Zn supplementation, as they would act as an extra source of Zn into the
bloodstream, which may induce systemic toxicity. The cytocompatibility of absorbable Zn and its
alloys has been studied in view of its applications for bone and vascular implants. Murni, et al. >3
carried out a thorough in-vitro cytotoxicity evaluation of absorbable Zn-3Mg (wt.%) toward
normal human osteoblast cells in view of future applications for bone implants. At a concentration
of 0.75 mg/ml (0.49 ppm Zn and 10.75 ppm Mg), the Zn-3Mg (wt.%) alloy extract exhibited
adjustable cytotoxic effects on normal human osteoblast cells. In a comparative study of Zn
exposure to three vascular cell types, Shearier et al. ** determined the LDso values of 50 uM for
human dermal fibroblast, 70 uM for human aortic smooth muscle cells, and 265 pM for human
endothelial cells, and demonstrated a Zn dose-dependent effect on cell spreading and migration,
suggesting that both adhesion and cell mobility may be hindered by free Zn**. Ma, et al. ** showed
an interesting biphasic effect of Zn>* on human smooth muscle cells up to 24 h. At lower
concentrations (<80 uM), Zn>* had no adverse effects on cell viability, but cells treated with higher
Zn*" concentrations (80-120 uM) had opposite cellular responses and behaviors which affected
functional genes. Although the in-vitro studies indicated a lack of understanding of how Zn and
Zn?" affect surrounding cells, the in-vivo studies indicated the outstanding biocompatibility of Zn-

based implants in vascular environments.



Xiao, et al. 3¢

conducted in-vitro and in-vivo experiments of pure Zn and Zn-0.05Mg (wt.%),
showing a homogenous in-vitro degradation rate and no inflammatory response in the in-vivo
rabbit model. Moreover, new bone tissue was formed at the bone/implant interface, and strong
antibacterial activity was found against Escherichia coli and Staphylococcus aureus. Alternatively,

Bowen, et al. '*

examined the in-vivo degradability of pure Zn wire in the abdominal aorta of rats
and showed that the wire remained intact for four months before the corrosion accelerated. The
corrosion was largely compact and comprised Zn oxide interspersed in Zn carbonate (Figure 1a).
They further demonstrated that metallic Zn did not provoke any response associated to restenosis
as the progression in neointimal tissue thickness over 6.5 months and the presence of smooth
muscle cells near the Zn implant were suppressed by Zn corrosion products and led to a benign
neointimal formation and a healthy artery (Figure 1b) *’. For long-term implantation, the
inflammatory profile of Zn wires was dictated by the corrosion characteristics where alloying with
aluminum (Al) increased the activity of macrophages that penetrated and remained viable within
the corrosion layer (Figure 1c) *%. Yang, et al. !! conducted a one-year implantation study of a pure
Zn stent in a rabbit abdominal aorta model and found that the intrinsic properties of Zn enabled a
match between its corrosion and artery healing process, while maintaining the stent’s mechanical

integrity for six months (Figure 1d). All these studies highlight a favorable physiological behavior,

and thus, it is concluded that Zn has a promising potential to be used for absorbable stents.
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Figure 1: Selected in-vivo results of Zn implants reported in the literature: (a) backscattered
electron image of cross-sectional Zn wire after implantation in abdominal aorta of rat for 4.5
months, (b) histological sections from excised Zn wires after residence in the arterial lumen for
2.5, 4 and 6.5 months, (c) CD68 (green) and CD11/b (red) labeling of cross-sections containing
the explanted artery and the pure Zn and Zn-3Al wires at 6 months, (d) histological sections of
abdominal aorta after 1, 3, 6, and 12 months implantation of Zn stents. Adapted from 10,11,37,39.

3. Metallurgy of zinc and its alloys

Zinc has an atomic number of 30, a molar mass of 65.38 g/mol, a density of 7.13 g/cm?, a melting
temperature of 419.5 °C, and exhibits a single oxidation state (+2) *. Zinc is the fourth most widely
used metal after Fe, Al and Cu, and nearly 14 million metric tons of Zn were produced annually
in 2016 . Zinc and its alloys are used as structural components for engineering applications in a
wide variety of formats. Nearly half of the total world consumption of Zn is in the form of coatings
for the corrosion protection of steel components. This is performed by hot-dip galvanizing in a 450
°C bath of molten Zn or by electroplating in a cold electrolytic bath, where the life of the protective
Zn coatings is proportional to its thickness **. The second-leading use of Zn is in brass and cast
alloys, which represent about 30% of the market, and the remaining use is in wrought alloys and

in the production of Zn oxide for rubber manufacturing, pharmaceuticals and batteries 4.

3.1 Conventional Zn alloys



Brass is an alloy made up of Zn and Cu which can be classified into: o (<35 wt. %Zn), a-8 (35-
45 wt. % Zn), and B’ (> 45 wt. % Zn) brasses. o brasses are ductile and easily cold worked, while
those with higher Zn contents are harder and can only be hot worked or cast and thus have limited
industrial application **. Lead is usually added to enhance workability, and arsenic may be added
to make brass more stable in certain environments **. In the cast Zn alloys, there are two main
families based on Zn-Al system: ZA (Zn-Al) and Zamak (Zn-Al-Mg-Cu) alloys. Addition of Al to
Zn reduces the grain size and increases the strength. In general, Zn-Al alloys are relatively easy to
die cast at low temperatures and allow further machining at a low cost. They have good resistance
to surface corrosion and exhibit greater strengths than many other die-cast alloys ***¢. As-cast Zn
alloys are in a metastable condition after manufacturing due to a very rapid cooling. This produces
natural aging, resulting in a slight increase of elongation-to-failure (&f) and decrease of strength
over a period of about 10 years at room temperature (RT). Aging treatments are also used to
accelerate the transition to the equilibrium microstructure after casting *°. The remaining class of
wrought Zn alloys are mostly supplied as rolled sheet products. Copper and titanium are usually
added to improve the creep resistance at RT. Rolled Zn can be easily joined by soldering and
resistance welding and it is widely used in coinage and dry battery cells. Other manufacturing
processes, such as forging and extrusion, can be also applied, although they have found limited

application 7.

Despite the wide selection of Zn alloys having good mechanical and corrosion properties, those
intended for biomedical applications must be designed with non-toxic alloying elements.
Consequently, the ZA and Zamak alloy series cannot be considered as they contain large amounts
of Al that has been reported to be harmful to bone, neurons and osteoblasts *%, and also associated
with dementia and Alzheimer disease *>>°. More acceptable alloying elements include the nutrient
elements present in the bone matrix (e.g. Mg, Ca and Sr) and the essential elements in human
physiological activities (e.g. Cu and Mn), which have been used for developing Zn-based
absorbable alloys. Limited amounts of Al is still considered for small implants where long term
corrosion may not cause toxic effects 32, The following sections describe the metallurgy of Zn-

based absorbable alloys for biomedical applications.

3.2 Zn alloyed with nutrient elements



Included in this class are Zn-Mg, Zn-Ca, Zn-Sr alloys. According to the Zn-Mg phase diagram
(Figure 2a), the maximum solubility of Mg in Zn is about 0.1 wt.% at 364 °C and it becomes
negligible at RT. Consequently, minimal addition of Mg to Zn lead to the formation of Mg>Zni;
intermetallic compounds. Zn-Mg binary alloys containing 0.15, 0.5, 1 and 3 wt.% Mg were studied
by Mostaed el al. > where the alloys were cast at 500 °C, annealed at 350 °C for microstructure
homogenization, water-quenched and hot extruded to obtain stent-sized mini tubes. In agreement
with the Zn-Mg phase diagram, the microstructures of hypoeutectic Zn-0.15Mg, Zn-0.5Mg and
Zn-1Mg consisted of Zn dendritic grains embedded in a eutectic matrix of Zn and MgzZn;;. In
contrast, Zn-3Mg exhibited a fully eutectic microstructure with fine alternate lamellae of Zn and
Mg>Zni;. In all the alloys, increasing the Mg content was found to decrease the grain size *. Jin
EE

et a

0.005 and 0.002 wt.% Mg.

reached the same conclusion from extruded and drawn Zn-Mg alloys containing 0.08,

The addition of Ca and Sr to hypoeutectic Zn-Mg alloys was investigated independently by Liu et
al. ** for Zn-1.5Mg-0.1Ca/Sr (wt.%) and Li et al. *> for Zn-1Mg-1Ca/Sr (wt.%) ternary alloys, to
study the effect of hot extrusion and hot rolling. Precipitated phases of Mg>Zn11, CaZni3 and SrZni3
were identified in Zn-Mg-Ca/Sr ternary alloys, which lead to finer and more homogenous

1. 3 as a candidate for novel ternary

microstructures. The effect of Mn was investigated by Liu et a
Zn-Mg-Mn absorbable alloys. The microstructures of the alloys contained eutectic mixtures of Zn,
MgZn> and Mn. In all cases, the addition of Ca, Sr and Mn improved the tensile strength of the

Zn-Mg based alloys.

In the Zn-Ca system (Figure 2b) there is no solubility of Ca in Zn; small addition of Ca to Zn
results in the formation of CaZni3 intermetallic phase. This system has only been studied by Li et
al. °” where the as-cast microstructure of Zn-1Ca (wt.%) was composed of hexagonal close-packed
Zn dendrites and a eutectic mixture of Zn and CaZn3. The alloy showed an improved tensile
strength as compared to pure Zn. Further addition of Sr and subsequent hot-extrusion and hot-
rolling processes produced a more homogenous and fine-grained microstructure as compared to
the as-cast counterpart >. Like Ca, Sr has no solubility in Zn (Figure 2c), such that small additions

L. 57

of Sr to Zn lead to the formation of the intermetallic compound SrZn;3. Li et al. °’ observed primary

Zn dendrites and a eutectic mixture of Zn and SrZn13 in the as-cast microstructure of Zn-1Sr (wt.%)



alloy. Further hot-extrusion and hot-rolling effectively increased the alloy’s strength and &r as

compared to the as-cast condition.
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Figure 2: Equilibrium phase diagrams showing regions of interest for the development of Zn-
based absorbable alloys: a) Zn-Mg, b) Zn-Ca, c¢) Zn-Sr, d) Zn-Cu, e) Zn-Mn, f) Zn-Al, g) Zn-Ag,
h) Zn-Li. Adapted from %,

3.3 Zn alloyed with essential elements

Cu has a maximum solubility of about 2 wt. % in Zn at 423 °C (Figure 2d) where at that temperature
the eutectic reaction forms a mixture of Zn and CuZns phases. Zn-xCu (x =1, 2, 3, 4 wt. %) binary
alloys were investigated by Tang et al. *° and Niu et al. ° for absorbable cardiovascular implants.
The as-cast microstructures consisted of dendritic CuZns phase embedded in primary Zn matrix,
with increasing dendritic volume fraction at higher Cu concentrations. Homogenization of the
alloys at 360°C did not alter the microstructure, which revealed the thermal stability of the CuZns
intermetallic. Further hot-extrusion processing caused grain refinement, especially in the regions
closer to the CuZns phase, due to dynamic recrystallization. The effect of small Mg additions to
the Zn-Cu system was investigated through a series of Zn-3Cu-xMg (x =0, 0.1, 0.5, 1.0 wt. %)

ternary alloys by Tang et al. ®!. Increasing Mg concentration gradually refined the grain size and

10



led to a more homogenous microstructure, resulting in higher tensile strength and a more uniform
corrosion. Yue et al. ® studied the effect of Fe in the Zn-Cu system in Zn-3Cu-xFe (x = 0.5, 1.0
wt.%) ternary alloys, and found that the addition of Fe gave rise to the formation of coarse FeZni3
and CuZns particles, which caused distortion of the microstructure uniformity accompanied by a

deterioration of both tensile strength and &.

Mn has a maximum solubility in Zn of about 0.8 wt. % at 416 °C (Figure 2¢). A solid solution of
Zn and MnZni3 intermetallic form at that temperature due to a eutectic reaction. Zn-xMn binary
alloys (x = 0.2, 0.4, 0.6 wt.%) were studied by Sun et al. 3. The Zn-0.2Mn alloy showed only Zn
rich phases, whereas the MnZn3 intermetallic was identified in the Zn-0.4Mn and Zn-0.6Mn
alloys. The average grain size of the hot-extruded alloys decreased notably with the addition of 0.2
wt.% Mn and remained practically constant with higher Mn content. Twinning volume fraction
gradually decreased with increasing Mn content, while a dominant basal texture was maintained,
independently of Mn content. Consequently, dislocation movement was enhanced with higher Mn
content resulting in an increase of the ¢r at the expense of tensile strength. Sotoudeh Bagha et al.
64 prepared Zn-xMn (x = 4, 24 wt.%) alloys via powder metallurgy and found a microstructure
consisting of nano-sized crystallites with MnZn;3 and MnZnj3 second phases, which contributed to

an increased compression strength.

3.4 Zn alloyed with other elements

Al has a maximum solubility in Zn at about 1 wt. % at 382 °C (Figure 2f). A eutectic reaction
forms a mixture of B-Zn and o’-Al. The latter is not stable below 275 °C and transforms into o-Al
through a monotectoid reaction. Zn-xAl (x = 0.5, 1 wt. %) binary alloys were explored by Mostaed
et al. °2 for absorbable stent applications. The as-cast microstructures consisted of a Zn matrix with
a small content of a Zn-Al eutectoid mixture, located mainly at the grain boundaries, which act as
pinning points and therefore delay grain growth leading to finer grain sizes. Further solution
treatment at 350°C was found to dissolve the eutectic constituent in the Zn-rich matrix, forming a
supersaturated solid solution. Despite the toxicity concern of Al, higher Al-containing alloys, i.e.
Zn-xAl (x = 1, 3, 5 wt.%) were investigated by Bowen et al. °! also for stent applications under a
consideration that the presence of Al in such a tiny device with a long corrosion time may not be
toxic. Bakhsheshi-Rad et al. %> added Mg into the system to form Zn-0.5A1-xMg (x = 0.1, 0.3 and

0.5 wt.%) ternary alloys. Its microstructure consisted of fine lamellar of a-Zn and Mgz(Zn, Al)11.

11



Further addition of Bi in Zn-0.5A1-0.5Mg-xBi (x = 0.1, 0.3 wt.%) alloys formed Mg3;Bi, phase that

increase strength in expense of corrosion resistance .

Zinc has also been alloyed with Ag knowing that Ag is soluble in Zn at about 6 wt. % at 431 °C,
where a peritectic reaction transforms AgZnz and liquid into a Zn solid solution (Figure 2g).
Sikora-Jasinska et al. ®” observed that the as-cast microstructure of Zn-xAg (x = 2.5, 5, 7 wt.%)
alloys consisted of a primary Zn matrix and AgZn3 dendrites, with an increasing volume fraction
of the latter at higher Ag contents. After solution treatment at 410 °C, the AgZn3 dendrites were
fragmented into equiaxed particles uniformly dispersed through the Zn matrix. Upon 6h and 12h
solution treatments for the 2.5-5 and 7 wt.% Ag alloys, respectively, the AgZns; phase was
dissolved forming a supersaturated solid solution of Ag in Zn. Further hot-extrusion significantly
reduced the grain size of the alloys, and it was found that Ag contents above 5 wt. % were needed

for complete recrystallization to achieve a uniformly refined microstructure.

Lithium is another element added to Zn, and its maximum solubility in Zn is only about 0.1 wt. %
at 403 °C (Figure 2h). At that temperature, a eutectic reaction transforms the liquid phase into Zn
and B-LiZns, which further transforms to a-LiZn4 below 65 °C. Zhao et al. ®® studied Zn-xLi (x =
0.2, 0.4, 0.7 wt.%) binary alloys, which correspond to hypoeutectic, eutectic and hypereutectic
compositions, respectively. The as-cast microstructure of the Zn-0.2Li exhibited Zn+LiZn4
dispersed in the Zn matrix, whereas for lower Li addition, lamellar Zn+LiZns eutectic
microconstituents decorated the Zn grain boundaries. After hot rolling, the Zn-0.4Li and Zn-0.7L1
alloys exhibited a severe rolling texture with finer dendrites and grains, while Zn-0.2L1 presented

equiaxed grains due to dynamic recrystallization.

4. Mechanical properties of zinc and its alloys

Mechanical properties of Zn, conventional Zn alloys and Zn-based absorbable alloys after different
thermomechanical treatments are presented in Table 2. In general, conventional die-cast Zn alloys
(ZA and Zamak) possess mechanical properties comparable to, and in some cases exceeding, those
of commonly used Fe, Al and Cu casting alloys. However, they cannot be considered for
biomedical applications. The inherently poor mechanical properties of pure Zn, i.e. tensile strength
< 20MPa, elongation < 0.5% >, can be improved by alloying and further thermomechanical or
severe plastic deformation (SPD) processing. It can be observed that a small addition of 0.5 wt.%

Mg significantly increases the tensile strength and &f from 18 MPa and 0.3% to 297 MPa and 13%,

12



respectively [53], [60]. An increasing Mg content up to 3 wt.% gradually improves the strength

and hardness, although this comes with a decrease in elongation due to the larger volume fraction

of the Mg»Zn1; phase. Nevertheless, increasing the amount of alloying element does not always

improve mechanical properties, as is the case of Zn-Mn alloys. Even though the volume fraction

of the MnZni3 intermetallic compound increased with Mn content, and it is generally associated

to higher strength, Zn-0.6Mn (wt.%) exhibited gradually lower tensile strength and higher & than

Zn-0.4Mn (wt.%) and Zn-0.2Mn (wt.%) respectively, associated to a significant reduction in the

twinning volume fraction with decreasing Mn content.

Table 2: Mechanical properties of Zn, conventional Zn alloys and Zn-based absorbable alloys.

Alloy (Wt.%) Y‘e'g:g:)“gth Tensz;;tgngth Elf(;?ﬁi?zn/t)o V:E::S“;SV) Ref.
Zn 10£2 18+3 0.3+0.1 38+1 55
Zn "2 33+7 64 £ 15 3.6+1.8 - 5
Zn "8 30+7 50+9 58+0.8 39+4 55
Zn" 51+4 1115 60+ 6 34+2 52
Conventional Zn alloys
Zamak 3 221 283 10 93b 0
Zamak 7 221 283 13 86 ° 0
Zamak 5 228 328 7 102° 0
Zamak 2 - 359 7 112° 9
ZA-8* 290 374 8+2 116° 9
ZA-12° 320 404 5+£2 112° 9
ZA-27* 376 425 2+1 135° 6
Zn-based absorbable alloys
Zn-0.05Mg * 160 225 26 - 36
Zn-0.15Mg " 114 +8 250+9 22+4 52+5 52
Zn-0.5Mg " 159+9 297 +7 13+1 65+4 52
Zn-1Mg * 180+ 7 340+ 16 61 75+4 2
Zn-1Mg HE 316 435 35 - 7
Zn-1.2Mg 1171 130+ 6 1.4+£0.6 93+7 7
Zn-12Mg * 220+ 15 363+5 21.3+23 96+ 7 7
Zn-1.5Mg 112+3 151 £ 14 1.3+£0.2 150 £ 30 4
Zn-3Mg 65+9 84+ 9 1.3+03 200+ 7 72
Zn-3Mg ECAP 220+ 3 205+ 4 6=+1 186 + 4 72
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Zn-1Mg-1Ca ® 80+9 131+ 16 1£03 92+ 10 53
Zn-1Mg-1Ca ™? 205+ 10 257+13 52+1 - 55
Zn-1Mg-1Ca ™2 1389 198 =20 8.5+1.3 107 10 55
Zn-1.5Mg-0.1Ca 174 + 15 241 1.7 150 + 30 >4
Zn-1Mg-0.1Sr 109 + 14 132+ 10 1.4+0.4 94+7 73
Zn-1Mg-0.1Sr ™ 197 + 13 300+ 6 225+25 104 + 10 73
Zn-1Mg-1Sr ® 87+7 138+9 1.3+02 85+2 55
Zn-1Mg-1Sr -2 202+ 5 253+ 18 74+13 - 5
Zn-1Mg-1Sr ™2 140 + 10 201 +10 9.7+1 92+5 55
Zn-1.5Mg-0.1Sr 130 +8 209+ 10 20£0.2 150 + 20 >4
Zn-1Mg-0.1Mn 114 132 1.1 98 56
Zn-1Mg-0.1Mn ™ 195 299 26.1 108 56
Zn-1Ca 119+7 165+ 14 2.1+£02 73+7 57
Zn-1Ca-1Sr? 86+5 140+ 9 1.2+0.2 91 +12 53
Zn-1Ca-1Sr ™2 212+ 15 260 £ 15 6.7+1.1 - 55
Zn-1Ca-1Sr ™2 144 £9 203+ 10 8.8+1.2 87+7 55
Zn-1Sr 120+ 6 171 + 14 20+02 62+7 57
Zn-1Sr *°¢ 217+9 264+ 10 10.6+1.1 - 57
Zn-18r ™¢ 190+ 5 230+ 10 19.7+1.7 62+5 57
Zn-1Cu " 1499+ 1 186+ 1 21.0+44 - 5
Zn-2Cu " 200 + 4 240+ 1 46.8 + 1.4 - 5
Zn-3Cu *¢ 247+ 8 288 +4 50.6+2.8 67+ 1 62
Zn-3Cu-0.1Mg ™ ¢ 340+ 15 360+ 15 5+1 - ol
Zn-3Cu-0.5Mg ™4 400 + 10 420+5 21 - 61
Zn-3Cu-1Mg ™9 425+5 440+ 5 1+£05 - ol
Zn-3Cu-0.5Fe "¢ 23243 284+2 32.7+42 76 + 1 62
Zn-3Cu-1Fe "¢ 22246 27247 19.6+1.4 82+ 1 62
Zn-4Cu * 250+ 10 270+ 10 5142 - 60
Zn-0.5Al - 79+2 1.5+0.1 71+2 05
Zn-0.5A1" 119+2 203 + 10 33+1.2 59+ 6 52
Zn-1A1" 134+ 6 223+4 24+42 73+5 52
Zn-1A1""f 190 220 24 - 1
Zn-3A1™1 200 240 31 - 51
Zn-5A1""1 240 308 16 - 1
Zn-4Al-1Cu 210 171 1 80 o
Zn-0.5A1-0.1Mg - 87+3 1.6+0.1 79+3 63
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Zn-0.5A1-0.3Mg - 93+3 1.7+0.1 87+3 65

Zn-0.5A1-0.5Mg - 102+4 2.1+0.1 94+ 4 65
Zn-0.2Mn * 132 220 48 - 63
Zn-0.4Mn * 123 198 54 - 63
Zn-0.6Mn * 118 182 71 - 63
Zn-2.5Ag "¢ 147 £7 203 £5 354 - 67
Zn-5Ag ™¢ 210+ 10 252+7 37+3 - 67
Zn-TAg ™¢ 236+ 12 287+ 13 3242 - 67
Zn-0.2Li b 240+ 10 360 £ 15 142+2.0 98+ 6 68
Zn-0.4Li "t 425 £15 440 £ 5 13.8+29 115+7 68
Zn-0.7Li *" 475 £ 50 565+2 24404 137+8 68

As cast; * As die-cast; ~ As hot-extruded; ** As hot-rolled; "E Hydrostatic extrusion; *“A? Equal
channel angular pressing; * Data from °; ® Estimated from Hardness Brinell HB 10/500 in 74; ¢
Data from *7; ¢ Data from °'; ¢ Data from ®; f Data from °'; € Data from ¢7; ! Data from %,

Overall, both hot-extrusion and hot-rolling were effective in increasing the yield strength, tensile
strength and hardness of binary and ternary Zn-based alloys containing Mg, Ca, Sr, Cu, Al, Ag
and Li. For instance, the tensile strength and &r of as-cast Zn-1Sr were simultaneously enhanced
from 171 MPa and 2% to 264 MPa and 10.6% by hot-extrusion, and to 230 MPa and 19.7% by
hot-rolling >’. Similarly, the application of SPD techniques, such as hydrostatic extrusion (HE) and
equal-channel angular pressing (ECAP), have shown potential for achieving nanograin-sized
microstructures that lead to a concurrent increase of the tensile strength and &r in Zn-Mg alloys
70.72 In fact, the exceptional grain refinement obtained in SPD-processed materials is generally
assumed to enhance not only the mechanical behavior, but also the corrosion resistance .
Therefore, with the adequate combination of alloying elements and further thermomechanical

processing, it is feasible that the structural requirements of absorbable Zn alloys for future medical

applications will be satisfied.

Nonetheless, it should be noted that implantable medical devices, i.e. stents, wires, plates and
screws, may differ significantly in terms of their morphology and mechanical constraints. Thus, it
is expected that manufacturing absorbable metal implants with a similar composition for different
applications, may require the processing parameters to be tailored accordingly. The grain size and
shape, the secondary phases, and their distribution and crystal texture are the primary
microstructural features that can be altered to reach the benchmark values required for absorbable

applications. In addition, as the implantation time progresses, the absorbable metal is corroded,
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and deterioration of the mechanical properties is expected. However, the structural integrity of the
implant must be guaranteed during the healing period, and then, gradually transferred to the host
tissue/bone as corrosion advances. To avoid catastrophic failure of the implant, it is vital to
consider any additional loading condition on the implantation site, which could alter the time

intervals required for the healing process due to stress-corrosion.

5. Corrosion behavior and properties of zinc and its alloys

Throughout history, Zn has been widely used as a disposable or sacrificial metal in the cathodic
protection of metallic structures, particularly those made of steel. It is often used either as a
sacrificial anode or as a protective coating on bridges and boats. Zinc has also been used as a self-
healing roofing material for more than a century ®. Therefore, the knowledge about the corrosion
mechanisms of Zn in atmospheric and marine conditions is already well developed and well
understood. In general, the corrosion that occurs under atmospheric conditions is the result of an
aqueous environment. Among all the possible forms of corrosion, Zn is more prone to uniform,
galvanic, pitting and intergranular corrosion. In the case of galvanic corrosion, more noble metals

when alloyed with Zn, usually result in an increase in the corrosion rate ”’.

The corrosion evaluation of Zn-based absorbable alloys, as well as other materials targeted for
biomedical applications, is done primarily in a controlled in-vitro setting before continuing to a
more complex in-vivo implantation. The in-vitro corrosion testing is done using an electrolyte
having a chemical composition that simulates human blood plasma as per the ASTM standard
F2129 7. The commonly used physiological electrolytes are Kokubo’s solution, simulated body
fluid (SBF), Ringer’s solution, and Hanks’ solution. Regardless of the electrolyte used, the
corrosion mechanism of Zn is governed by the reactions in Equation 1 - 4 >*. Different from
corrosion of Mg, no hydrogen gas evolution takes place during the corrosion of Zn. The high
concentration of chloride ions in physiological electrolyte tends to break the equilibrium between
the dissolution and formation of corrosion products, as per Equation 5 and 6 >*. The dissolution of
Zn(OH), and ZnO corrosion products into soluble chloride salts, leaves the fresh metal surface
exposed directly to the electrolyte, which promotes its further dissolution. Carbonate and

phosphate ions have also been found on the corrosion products of Zn and Zn-based alloys 7.

Anodic reaction: Zn — Zn?t + 2e~ (1)
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Cathodic reaction: 0, + 2H,0 + 4e~ - 40H™ (2)

Zn(OH), formation: 2Zn?* + 40H~ - 2Zn(0H), (3)
Zn0O formation: Zn(OH), = Zn0 + H,0 4)
6Zn(0OH), + Zn** + 2Cl~ - 6Zn(0H), - ZnCl, (5)

4710 + 4H,0 + Zn?* + 2C1~ > 4Zn(0H),-ZnCl,  (6)

Besides the chemical composition, the pH of the electrolyte plays an important role in the corrosion
of Zn 8!, According to the modified Pourbaix diagram presented by Thomas et al. % (Figure 3),
both corrosion and pitting phenomena have been observed in Zn for pH values from 1 to 13.
However, in the pH range of 7-10, the lower cathodic reaction rates reduce the overall corrosion
rates such that the surface oxides thermodynamically predicted do not form an effective protection
layer . This indicates that Zn metal immersed in a physiological electrolyte pH of ~7.4 will

dissolve over time, as desired for an absorbable implant.

T T T T T
-0.9
)
g e}
—1.04 e
- A A
-1.14 A
& i
= —1.24
L -
-1.34
AE
—1.44 GoIT
®E,
-1.54 -
I I ) ) ) 1 1 1 I I I
2 4 8 8 10 12 14

Figure 3: Modified potential-pH diagram of Zn in 0.1 M chloride environment. Adapted from 5.

Torne et al. ”°

were the first to study the electrochemical properties of pure Zn in whole blood and
blood plasma, and compared their results to those in Ringer’s and phosphate buffered saline (PBS)

solution. The metal had a stabilized potential during the first hours of immersion in both PBS and
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Ringer’s solution, while never stabilized in plasma and blood. The corrosion rate increased with

immersion time for the two simulated body fluids, whereas it decreased for the two real body

fluids. Table 3 provides a comparative summary of electrochemical data obtained from in-vitro

corrosion studies of Zn and Zn-based alloys, which have been documented in the literature.

Table 3: Corrosion rates of different Zn and Zn-based alloys from immersion (CRI) and
electrochemical (CRE) experiments.

ECOI‘I‘ ICOIT CRE
Alloy (wt.%) CRI Electrolyte - p ¢
(mm/year) W) (nA/cm?) (mm/year) solution
Zn" 0.15 -0.91440.12 44.0+7.14 0.653 SEF 36
Zn-0.05Mg * 0.15 -0.938+0.08 49.142.28 0.728 36
/n - -0.99 9.20 0.137 £ 0.004 32
Zn” 0.074 £ 0.004 -0.98 8.98 0.134 +0.008 2
Zn-0.15Mg - -1.03 11.52 0.172 +0.003 52
Zn-0.15Mg " 0.079 £ 0.004 -1.01 10.98 0.164 + 0.003 2
Zn-0.5Mg - -1.05 11.73 0.175 £ 0.004 52
. Hanks
Zn-0.5Mg 0.081 +£0.002 -1.02 11.01 0.164 + 0.008 2
Zn-1Mg - -1.07 11.88 0.177 £ 0.007 52
Zn-1Mg * 0.083 £ 0.004 -1.05 11.32 0.169 + 0.006 32
Zn-3Mg - -0.98 9.01 0.135+0.006 32
Zn-3Mg ” 0.076 £ 0.005 -0.92 8.60 0.128 £ 0.005 32
Zn-3Mg™™" 0.25 -0.902 34 0.30 72
Zn-3Mg " ECAP-I 0.18 -0.865 2.7 0.24 SBF 72
Zn-3Mg *** ECAP-2 0.19 -0.893 32 0.28 72
Zn-1Mg * - -1.09 +0.02 0.74 £ 0.02 0.012 +0.002 PBS 8
Zn-1Mg-0.5Ca * - -1.073 £ 0.003 43+0.7 0.066 + 0.004 8
Zn-1Mg 0.080 £+ 0.002 - - 0.135+0.005 35
Hanks
Zn-1Mg-1Ca 0.092 +0.003 - - 0.170+0.010 3
Zn-1.5Mg 0.065+0.015 - - 0.104 + 0.040 4
Hanks
Zn-1.5Mg-0.1Ca 0.110+0.015 - - 0.238 £ 0.045 4
/n - -1.11+£0.01 3.02+0.13 0.05+0.01 &
Zn-1Mg-0.1Sr - -1.23 +£0.01 7.85+0.74 0.12+0.01 &
Hanks
Zn-1Mg-0.1Sr ™ - -1.19+0.02 10.24 £ 3.56 0.15+0.05 &
Zn-1Mg-0.5Sr - -1.23+£0.02 7.13 £0.45 0.11 £0.01 &
Zn-1Mg-0.1Mn 0.12 -1.23 17.21 0.26 36
. Hanks
Zn-1Mg-0.1Mn 0.11 -1.21 16.76 0.25 36
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Zn-1.5Mg-0.1Mn 0.09 -1.23 9.34 0.14 36
Zn 0.023 £ 0.006 -1.192 £ 0.020 2.41+0.02 0.036 £ 0.007 84
Zn-0.5Ca 0.035 £ 0.005 -1.225+0.052 2.84+0.03 0.042 +£0.013 84
Zn-1Ca 0.040 + 0.003 -1.239 + 0.063 3.83+£0.04 0.057 £0.009 Hanks 84
Zn-2Ca 0.074 £ 0.010 -1.242 £0.017 5.61+0.11 0.084 £0.021 84
Zn-3Ca 0.066+£0.003  -1.236 £0.084 4.08 £0.09 0.062+0.017 84
Zn-1Ca 0.090 -1.019 10.75 0.160 Hanks 57
Zn-1Ca-1Sr 0.11+0.01 - - 0.19+0.01 Hanks 35
Zn-1Sr 0.095 -1.031 11.76 0.175 Hanks 57
Zn" 0.022 £ 0.005 - - - 59
Zn-1Cu” 0.033 +0.001 - - - 59
Zn-2Cu * 0.027 £ 0.005 - - - c-SBF 59
Zn-3Cu” 0.030 £ 0.004 - - - 59
Zn-4Cu” 0.025 + 0.005 - - - 59
Zn-3Cu” 0.012 +0.003 -1.102 0.372 0.005 61
Zn-3Cu-0.1Mg " 0.023 £0.002 -1.000 1.177 0.018 Hanks 61
Zn-3Cu-0.5Mg " 0.030 + 0.003 -0.957 1.563 0.024 61
Zn-3Cu-1Mg ~ 0.043 £ 0.004 -0.945 12.413 0.180 61
Zn-3Cu” 0.045 £ 0.008 -1.110+0.011 5.8+£0.72 0.085 62
Zn-3Cu-0.5Fe * 0.064 £0.004  -1.095 +0.009 7.1£0.71 0.105 SBF 62
Zn-3Cu-1Fe 0.069 +0.007  -1.087 +0.004 8.8+£0.35 0.130 62
Zn-0.5A1 -0.99 11.08 0.165 +0.009 32
Zn-0.5A1" 0.079 £ 0.005 -0.98 9.60 0.143 £0.008 32
Hanks
Zn-1Al -0.99 11.11 0.166 = 0.007 32
Zn-1A1" 0.078 £ 0.006 -0.98 9.70 0.145 £ 0.007 52
Zn-0.5A1-0.1Mg *** 0.13+£0.01 -1.065+0.013 173+1.1 - 65
Zn-0.5A1-0.3Mg "™ 0.11+£0.01 -1.034 £ 0.011 11.2+£0.7 - SBF 65
Zn-0.5A1-0.5Mg *** 0.08 £0.01 -1.018 £ 0.012 95+0.3 - 65
Zn - -0.85 138 2.71 85
Zn-4Mn - -1.02 43 0.72 Hanks 85
Zn-24Mn - -1.35 2.08 0.02 85
Zn" 0.077 £0.004 -0.98 £0.02 8.9+0.6 0.133+0.010 67
Zn-2.5Ag” 0.079 £ 0.007 -1.12+0.01 9.2+0.9 0.137 £0.021 67
Zn-5Ag” 0.081 £ 0.001 -1.12 £ 0.02 9.7+0.7 0.144 +0.007 Hanks 67
Zn-7Ag” 0.084 £ 0.005 -1.14 £ 0.04 9.9+£0.6 0.147+£0.018 67
Zn ™" - -1.35 10.96 0.16 SBF 68
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Zn-0.2Li ** - -1.18 3.98 0.06 68
Zn-0.4Li ™ -1.21 3.80 0.05 68

As cast; © As hot-extruded; ** As hot-rolled; ©* As homogenized; A" Equal channel angular
pressing; SBF: simulated body fluid; PBS: phosphate buffered saline.

In the Zn-Mg alloy system, Dambatta, et al. 3¢ studied the corrosion of as-cast and ECAP-ed Zn-
3Mg alloy in SBF (37 °C, pH = 7.4) and found that corrosion was fairly uniform at a rate of 0.21-
0.25 mm/year. Alves et al. ¥ evaluated the corrosion of Zn-1Mg and Zn-2Mg (wt. %) alloys by
immersion in SBF up to 6 days and identified the corrosion products as ZnsCl,(OH)g,
Zns(C03),(0H)¢, ZnCO4, Zn;(PO,),and CazZn,(P0O,),C03(0OH),. The corrosion rate of pure
Zn increased from 0.038 to 0.052 mm/year upon addition of 1 wt.% Mg, however, it decreased to
0.020 mm/year in Zn-2Mg. The initially higher corrosion activity in Zn-1Mg was associated to the
presence of Mg>? >, whereas the higher Mg contents in Zn-2Mg (wt.%) led to additional stable

corrosion products able to provide a more uniform protective layer.

Zou et al. ®8 studied the corrosion of pure Zn and Zn-xCa alloys (x = 0.5, 1, 2, 3 wt.%) and found
that Zn-2Ca corroded the fastest. They attributed this behavior to two-phase boundaries (ZnCai3
and Zn) that create a galvanic coupling. Li, et al. > also found that Zn-1Ca alloy exhibited a higher
corrosion rate than that of Zn-1Mg and pure Zn, but it was still lower than that of Zn-1Sr alloy,
which was the fastest corroding sample due to the influence of SrZni3 phase. In ternary Zn-Mg-Sr
alloys, Lui et al. ”* observed that the addition of 1 wt.% Mg and 0.1 and 0.5 wt.% Sr doubled the
corrosion rate of pure Zn. The small difference of Sr in the alloy did not change the corrosion rate

significantly.

Unlike that for Ca, the corrosion rate of Zn decreased with the addition of Mn ®*. Tested in Hanks’
solution, corrosion rates of pure Zn, Zn-4Mn and Zn-24Mn (wt.%) are 2.17, 0.72 and 0.02
mm/year, respectively. Thus, Mn can be used to tailor the corrosion rate of Zn. Liu et al. *
compared the corrosion behavior of as-cast pure-Zn, Zn-1Mg-0.1Mn, Zn-1.5Mg-0.1Mn and as-
rolled Zn-1Mg-0.1Mn. After 90 days of immersion, the corrosion rate was ranked in the following
order from lowest to highest: pure Zn, as-cast Zn-1Mg-0.1Mn, Zn-1.5Mg-0.1Mn and as-rolled Zn-
1Mg-0.1Mn. The effect of 0.5 and 1 wt.% Al on the corrosion behavior of Zn was studied by
Mostaed et al. 2. It was concluded that Zn-Al alloys exhibited higher corrosion resistance as
compared to Zn-Mg alloys, as they present a single phase solid solution microstructure, with no

second phase particles leading to galvanic corrosion. Yue et al. ®* tested the corrosion of Zn-3Cu,
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Zn-3Cu-0.5Fe, Zn-3Cu-1Fe (wt.%) alloys in SBF and found that Fe additions increased the

corrosion rate due to the micro-galvanic effect of FeZni3 and CuZns within the Zn matrix.

Sikora-Jasinska et al. 7 investigated the corrosion behavior of Zn-xAg alloys (x =2.5, 5.0, 7.0 wt.
%) in Hanks’ solution and found that increased Ag content resulted in an increased of corrosion
rate. This trend was associated with the increasing volume fraction of the AgZn;3 phase, which in
turn promoted micro-galvanic corrosion between the Ag-rich phase and the Zn. Zhao et al.
studied the corrosion response of three binary Zn-xLi alloys (x = 0.2, 0.4 and 0.7 wt%) in SBF for
a duration up to 14 days. They found that adding Li in the Zn matrix decreases the corrosion rate

due to increasing passivation that was attributed to LiZn4 phase.

A more representative scenario to investigate the corrosion response of absorbable implants in the
human body is obtained through in-vivo corrosion studies in animal models. Bowen, et al. '
estimated the in-vivo corrosion rate of Zn implanted in the abdominal aorta of rats from cross-
sectional reduction area measurements and found that it increased linearly with additional
residence time in the aorta (Figure 4a). In a long-term implantation study, Drelich, et al. *°
demonstrated that Zn wires implanted in the murine artery exhibited a nearly steady corrosion rate
for up to at least 20 months post-implantation (Figure 4b), confirming that Zn stents can safely
degrade within a time frame from 1 to 2 years. The pure Zn stent conserved its mechanical integrity
for 6 months and about half of the stent volume after 12 months (Figure 4c). Yang, et al. !! reported
that the corrosion mechanism of a pure Zn stent in a rabbit abdominal aorta model involved a

conversion mechanism in a microenvironment that evolved from the dynamic blood flow to

neointima (Figure 4d).
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Figure 4: In-vivo corrosion behavior of Zn: (a) cross-sectional changes of Zn explant after 1.5, 3,
4.5 and 6 months in the abdominal aorta of rats, (b) cross-sectional reduction rate of implanted Zn
wires as a function of implantation time, (c) micro-CT images of Zn stents after 0, 1, 6 and 12
months of implantation each sowing : a 3D reconstruction among which the white one is the
residue Zn stent and the green one represents corrosion products (left); 2D and 3D images of
rectangular area of the stent (top right), and a magnified 3D image combining the residue Zn and
corrosion products, (d) schematic diagrams showing the evolution of corrosion mechanism of Zn
stent from the formation of Zn phosphate under the dynamic flow condition in blood fluid to the
conversion of Zn phosphate to ZnO and Ca phosphate under the diffusion condition in the
neointimal. Adapted from %113,

Xiao et al. implanted Zn and Zn-0.05Mg alloy in the femoral shaft of a rabbit for 4, 12 and 24
weeks *° and observed the presence of Ca around the implant, indicating a bone formation within
12 weeks. Li et al. °” implanted different pins of Zn-1x (x = Mg, Ca, St wt.%) alloys in the femora
of mice during 0, 1, 2, 3, 4 and 8 weeks (Figure 5a). After only 1 week, the bone surrounding the
implantation site of the pins started growing back, showing reactive hyperplasia. It was shown that
bone growth occurred significantly faster near the implantation site than in the control group.
These studies indicate that alloying with Mg, Ca and Sr can promote new bone formation, which
is required for an adequate healing process. The in-vivo corrosion rates were 0.17, 0.19 and 0.22

mm/year for Zn-1Mg, Zn-1Ca and Zn-1Sr (wt. %) respectively.
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Figure 5: (a) Micro-CT 3D images of Zn-1X pin group and the sham control implanted in the
femora of mice, red arrows show the increase in bone density, (b) backscattered electron
micrographs of cross sections for SHG Zn, Zn-xAl alloy explants retrieved from rat artery after

1.5, 3, 4.5 (3.5), and 6 months that demonstrate progressions of in-vivo corrosion. Adapted from
5157

Bowen et al. °! implanted strips of special high grade (SHG) Zn and Zn-xAl alloys (x = 1, 3, and
5 wt.%) into the abdominal aorta of adult Sprague-Dawley rats up to 6 months. The corrosion of
pure SHG Zn progressed from the implant surface towards the center part, with corrosion products
diffusing away from the metal (Figure 5b). It is noted that a portion of the SHG Zn material remains

intact after 6 months exposure to the arterial environment, however, the Zn-Al alloys exhibited
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earlier degradation and cracking after 1.5 months or sooner. Overall, the in-vivo degradation rate
increased with Al content, where the Zn-5Al implant showed the most significant fragmentation

among all the Zn-Al alloys studied.

6. Pertinence of Zn-based absorbable alloys for biomedical applications

Despite the fact that pure Zn has exhibited almost ideal corrosion behavior for potential absorbable

implants '°

, its mechanical properties are not sufficient for most load-bearing biomedical
applications. Consequently, a great number of alloying elements, including, but not limited to Mg,
Ca, Sr, Cu, Al, Ag and Li, have been proposed for improving the strength and the ductility of Zn-
based alloys while maintaining a desirable corrosion rate and biocompatibility. In most of the
investigations related with the development of new alloys, the focus has been on conventional
manufacturing processes, such as hot-extrusion and hot-rolling, for which a considerable amount
of knowledge gained over the years. Although this has improved the mechanical behavior of Zn-
based alloys, i.e. yield and tensile strength and hardness, in general they are not suitable yet to be
introduced safely into the market of absorbable medical implants. To help expedite this process,
severe plastic deformation (SPD) techniques such as high-pressure torsion (HPT) and equal

channel angular pressing (ECAP), are currently being studied and may offer an alternative pathway

to achieve a desirable combination of properties.

SPD techniques have demonstrated a substantial potential for ultrafine grain refinement, which
has been associated with a balance of high strength and high ductility for a wide range of metals
and alloys ¥, Among these methods, HPT is considered the most promising in terms of
producing true bulk nanostructures °>. However, the Hall-Petch strengthening associated with grain
refinement is limited by a steady-state regime reached at high strain values *°, i.e. 8-10 effective
strain **. Thereby, the grain size saturation hinders the improvement of mechanical properties
beyond a certain extent when processing is conducted directly on metallic alloys having
compositional and microstructural homogeneity. Consequently, alternative methods for
synthesizing new metal systems, i.e. Al-Cu, Al-Mg, Al-Fe, Al-Ti, and Zn-Mg, with superior
mechanical properties have been obtained by direct diffusion bonding of dissimilar metals through
HPT %%, Among the metal systems evaluated, the Zn-Mg system exhibits an ultrafine-grained
heterogeneous microstructure with presence of HPT-induced intermetallic compounds that

99

contribute to an exceptional hardness *”. Moreover, electrochemical studies revealed that the
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corrosion resistance and electrochemical kinetics in physiological conditions were similar to that
of Zn. This could not only make Zn-Mg hybrids attractive for absorbable biomedical applications,
but also guide new researchers in the biomedical field into SPD techniques as an opportunity to

achieve the so-called “Paradox of strength and ductility” %,

This novel set of metal hybrid systems consist of neighboring domains with different sizes, which
create large strain gradients within the material during deformation. This leads to a mechanical
incompatibility between soft and hard domains that is accommodated by geometrically necessary
dislocations, producing a back-stress work hardening, and thus improving the er. It is precisely this
back-stress what provides heterogeneous and/or gradient materials with a superior combination of
strength and ductility as compared to their homogenous counterparts '°'. However, besides the
mechanical performance, the corrosion properties of the final material must be simultaneously
tailored in order to fully satisfy the requirements of the desired implant materials. Each of the
phases and/or intermetallic compounds present in the microstructure i.e. Mg>Zni1, CaZniz, SrZni3,
CuZns, FeZni3, have their own electrochemical properties, and may act as initiation sites
promoting galvanic corrosion upon interaction with the Zn matrix. Therefore, the nature and
fraction of the secondary phases, as well as their distribution within the Zn matrix must be
investigated carefully, as they will be the primary influencing parameters determining the

corrosion behavior in the implant material.

7. Summary and concluding remarks

Bioabsorbable metals should simultaneously fulfill three requirements: have an adequate
combination of mechanical properties (i.e. tensile/compressive strength, elongation-to-failure),
show acceptable biocompatibility (i.e. not cause toxicity), and posses a corrosion rate matching
that of the healing tissue. The first attempts in the development of absorbable metal implants were
focused on Fe and Mg-based alloys, which showed promising results, but were generally unable
to fully satisfy that demanding set of conditions. As a consequence, Zn was recently introduced in
this field due to its outstanding biodegradability and biocompatibility in physiological
environment. Moreover, Zn overcomes some of the limitations of Fe and Mg by providing a more
suitable range of corrosion rates, similar to those in tissue-healing processes. However, the
mechanical strength of Zn is not sufficient for load bearing implantable devices, which has

triggered the investigation of biocompatible alloying elements (i.e. Mg, Ca, Sr), and deformation

25



processes (i.e. rolling, extrusion) towards a search of Zn-based alloys with enhanced mechanical
properties. An optimum combination of these two strategies is required to achieve desired
microstructural features (i.e. grain size and morphology, size and distribution of second phases
and/or intermetallics, crystallographic texture) while maintaining an adequate biocompatibility

and corrosion rate.

This review article provides the most current research progress in the development of absorbable
Zn-based alloys for biomedical implant applications. The toxicological and metallurgical aspects,
as well as the mechanical behavior and corrosion properties of different Zn alloys are presented
and discussed, including their opportunities and limitations. In-vitro and in-vivo studies carried
out to date have not only shown that Zn-based alloys are not cytotoxic, but also promote
osseointegration and tissue healing in the implantation site. Moreover, the mechanical properties
after alloying have been greatly improved, and in some case match or exceed the values targeted
for either cardiovascular or orthopedic applications. However, due to the low melting point of Zn
alloys, several new uncertainties with respect to the mechanical properties may arise, including
low creep resistance or high susceptibility to natural aging and static recrystallization, which may

lead to medical device failure during storage at RT or implantation at body temperature.

However, it is important to highlight that each biomedical device (i.e. stent, bone plate, screw)
requires a unique set of mechanical and corrosion properties, so it is necessary to tailor them
accordingly. In addition, the manufacturing techniques (i.e. electrical discharge machining, laser
cutting) can also dramatically change the final properties of the implant materials, and thus, it
becomes crucial to inspect candidate materials through the processing steps. Similarly, the
preliminary results have shown that the corrosion mechanisms and corrosion rates are heavily
influenced by the experimental conditions, such as the testing parameters, solution composition,
duration of the test or sample surface finish. As a result, it becomes a real challenge to make
comprehensive comparisons between different studies reported in the literature. Therefore, there
is a need for standards and protocols to deal with this issue while assisting researchers to address
the remaining challenges towards the development of Zn-based components to serve the next

generation of absorbable biomedical implant applications.
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