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A B S T R A C T   

Biodegradable metals (BMs) gradually degrade in vivo by releasing corrosion products once exposed to the 
physiological environment in the body. Complete dissolution of biodegradable implants assists tissue healing, 
with no implant residues in the surrounding tissues. In recent years, three classes of BMs have been extensively 
investigated, including magnesium (Mg)-based, iron (Fe)-based, and zinc (Zn)-based BMs. Among these three 
BMs, Mg-based materials have undergone the most clinical trials. However, Mg-based BMs generally exhibit 
faster degradation rates, which may not match the healing periods for bone tissue, whereas Fe-based BMs exhibit 
slower and less complete in vivo degradation. Zn-based BMs are now considered a new class of BMs due to their 
intermediate degradation rates, which fall between those of Mg-based BMs and Fe-based BMs, thus requiring 
extensive research to validate their suitability for biomedical applications. In the present study, recent research 
and development on Zn-based BMs are reviewed in conjunction with discussion of their advantages and lim-
itations in relation to existing BMs. The underlying roles of alloy composition, microstructure, and processing 
technique on the mechanical and corrosion properties of Zn-based BMs are also discussed.   

1. Introduction 

Engineered or natural materials that are used directly to supplement 
the functions of living tissue are known as biomaterials and they have 
been utilized as implant materials for a long time in the field of medical 
science [1–4]. Conventional non-degradable metallic biomaterials, such 
as stainless steels (SS), cobalt–chromium (Co–Cr) alloys, and titanium 
(Ti) and some of its alloys, are generally used as permanent or tem-
porary implants to restore function by providing support to hard tis-
sues. These metallic biomaterials have been extensively used for diverse 
biomedical applications, including joint replacement, fracture fixation, 
cardiovascular stents, and remodeling of bone, because of their high 
mechanical strength and corrosion resistance [5–14]. However, these 
materials contain various alloying elements such as aluminum (Al), 
vanadium (V), chromium (Cr), and nickel (Ni) which adversely affect 
their biocompatibility for tissue-engineering applications. Ion release of 
these elements from metallic implants due to corrosion or excessive 
wear triggers inflammation and potentially several complex allergic 
reactions, which cause destruction of host tissues followed by loosening 
of the metallic implant [15–17]. Moreover, the mismatch between the 
elastic modulus of natural bone (3–30 GPa) and those of these metallic 
implant materials (190–200 GPa for SS, 210–240 GPa for Co–Cr alloys, 

and 90–110 GPa for Ti alloys) leads to stress shielding of the sur-
rounding bone that causes bone resorption and subsequent implant 
loosening. Such implant failures often require additional complex re-
vision surgeries to remove or replace them [18–20]. 

Therefore, biodegradable metals (BMs) have been developed to 
overcome these problems and to prevent the need for revision surgery 
generally required to remove metallic implants upon restoration of 
tissue function [21–25]. Compared to non-biodegradable metals, BMs 
can provide the necessary support to host tissues undergoing a re-
generation process and they degrade naturally in the physiological 
environment and dissolve entirely after sufficient tissue healing, while 
their by-products can be metabolized by the body as they are usually 
non-toxic [26–29]. Moreover, BMs may contain trace elements indis-
pensable in the body for performing a variety of biological functions 
[30–33]. Several key advantages and limitations of existing non-bio-
degradable metals and BMs are summarized in Table 1. Table 1 also 
includes various applications of both non-biodegradable metals and 
BMs., e.g., structural implants, such as stents, braces, rods, heart valves, 
bones, pins, hip prosthesis, eye, ear, skull implants and knee replace-
ment implants. 

Materials based on iron (Fe), zinc (Zn), and magnesium (Mg) have 
been widely investigated as potential BMs for orthopedic applications 
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[15,22,31,37,43–50]. The microstructure of Zn alloys mainly contains a 
matrix phase (α-Zn) and second phases called intermetallic phases, 
which are generally hard and brittle. The mechanical properties of Zn 
alloys are significantly influenced by those intermetallic phases, and 
their volume fractions, sizes, and distribution in Zn matrix; and these 
microstructural characteristics are dependent on the fabrication and 
processing methods [37]. The microstructure of Mg alloys typically 
consists of primary α-Mg matrix and multiple second phases mainly 
distributed along grain boundary. These secondary phases are pre-
cipitated from Mg matrix along grain boundaries and can promote the 
strength of Mg alloys by dispersion strengthening. The concentration 
and distribution of secondary phases affect the corrosion behavior of 
Mg alloys. A fine and continuous distribution of secondary phases sig-
nificantly improves the corrosion performance of Mg alloys [14]. 

Compared to Zn alloys, Mg alloys exhibit higher strength, ductility 
and formability. Mg alloys also possess an elastic modulus (~45 MPa) 
approximating that of natural bone (10–30 GPa). However, Zn exhibits 
a lower corrosion rate than that of Mg because their electrode potential 
is −2.37 V and −0.76 V, respectively [14,51]. This makes Zn and its 
alloys a very hot research topic in the area of biodegradable metal al-
loys. 

However, Mg and its alloys exhibit low density (1.7–2.0 g/cm3), low 
elastic modulus (40–45 GPa), and high specific strength relative to 
other BMs [52,53]. Their bone-mimicking elastic modulus is advanta-
geous in minimizing the stress-shielding effect. Also, Mg is a vital nu-
trient and is responsible for many biological roles in the body [54,55]. 
Therefore, Mg-based BMs have been used in numerous biomedical ap-
plications, e.g., fracture fixation devices (bone screws, pins, plates), 
bioresorbable scaffolds for tissue engineering, and cardiovascular stents 
[23,24,32,56–58]. However, Mg-based BMs generally degrade rapidly 
in the body (within 2–3 months following implantation) and their rapid 
degradation is associated with the evolution of excessive hydrogen gas 
(H2) at the interface between the surrounding tissue and the implant 
[19,59–62]. 

Fe-based BMs possess outstanding mechanical properties (such as 
tensile yield strength (σTYS) = 250–950 MPa, ultimate tensile strength 
(σUTS) = 300–1550 MPa, elongation (ε) = 2.0–19.5%, and micro- 
hardness (H) = 85–437 H V), superb formability, and good bio-
compatibility [63,64]. Fe is also a vital nutrient in the body which is 
responsible for numerous enzymatic functions. However, Fe and Fe- 
based BMs usually degrade very slowly (over more than 2–3 years), 
with degradation rates significantly below clinical requirements, and 
thus may generate analogous complications (such as fragment emboli-
zation) as noted with other non-biodegradable implants [65–68]. Also, 
their corrosion by-products are not excreted from the body at a sa-
tisfactory rate and are retained in the surrounding tissues as well as 
biological matrices for long periods [69]. Moreover, Fe-based BMs ex-
hibit a higher elastic modulus (200–210 GPa) compared to those of Mg- 
based BMs (40–45 GPa) and Zn-based BMs (90–100 GPa) [70,71]. 

However, Zn-based BMs exhibit intermediate degradation rates as 
compared to other BMs. Hence, Zn, its alloys and composites are 
emerging as a new class of BMs and are considered promising alter-
natives to Mg-based and Fe-based BMs for biomedical applications, 
particularly orthopedic regeneration, and cardiovascular therapy 
[68,72–77]. This is mainly because Zn-based BMs exhibit more suitable 
degradation rates than those of Mg-based and Fe-based BMs, and their 
degradation products are fully bioresorbable without evolving ex-
cessive H2 gas [78–80]. In addition to the appropriate degradation rate, 
the importance of Zn as nutrient in the human body has been reported 
in several studies. For example, Zn is known as the “calcium” of the 
twenty-first century because of its many important biological roles in 
the body including nucleic acid metabolism, stimulation of new bone 
formation, signal transduction, preserving bone mass, apoptosis reg-
ulation, and gene expression [81–83]. Zn not only suppresses bone- 
tissue loss and inflammatory-related diseases, but also plays a sig-
nificant role in cartilage matrix metabolism (SOX9) and cartilage II Ta
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gene expression [84]. Consequently, compared to Mg-based and Fe- 
based BMs, Zn-based BMs have emerged as the next generation of BMs 
for bone-tissue engineering. Fig. 1 shows an illustration of various in 
vivo studies using Zn-based materials for potential clinical applications 
[85–93]. 

Nevertheless, pure Zn exhibits inadequate mechanical properties, 
such as poor σUTS (20–30 MPa), ε (0.25%), and H (37 HV) [94], and so 
it cannot be used for most clinical applications such as stents and or-
thopedic fixation devices. In addition, the relatively low fatigue 
strength and creep resistance, low-temperature recrystallization, and 
high susceptibility to natural aging of Zn and Zn alloys may lead to 
failure of medical devices during storage at room temperature (RT) and 
during utilization in the body [80]. 

A summary of some physical and mechanical properties of existing 
non-biodegradable and biodegradable metallic biomaterials, along with 
features of natural bone tissues, is given in Table 2. It can be seen that 
the pure Zn shows the lowest σUTS, σTYS, and ε among all the metallic 
biomaterials. Therefore, the development of Zn alloys with higher σUTS, 
σTYS, and ε is one of the main challenges to its suitability as a candidate 
material for biomedical applications. The mechanical properties of Zn 
alloys can be enhanced by tailoring their microstructures via alloying 
and special fabrication techniques followed by several post treatment 
[37,101–103]. In the past few years, several studies have reported ad-
vancements in the development of Zn-based BMs 
[36,37,68,79,80,88,89]. Zn-based materials can be used for a variety of 
biomedical applications, such as wound closure devices (biodegradable 
staples, surgical tacks, plugs, microclips, and rivets), orthopedic fixa-
tion devices (fixative plates, screws, and porous scaffolds), cardiovas-
cular stents, and bone implants. In this study, the chemical composi-
tions, various fabrication techniques, and a variety of post- 

thermomechanical processing routes for manufacturing Zn-based alloys 
and composites are analyzed in conjunction with analysis of their mi-
crostructures, mechanical properties, in vitro and in vivo degradation 
behaviors, and biocompatibility. 

2. Fabrication and post-thermomechanical processing of Zn-based 
biodegradable metals 

2.1. Fabrication of Zn-based BMs 

The fabrication processes for Zn-based alloys include casting, tran-
sient directional solidification, conventional powder metallurgy (PM), 
additive manufacturing (AM), and spark plasma sintering. 

2.1.1. Casting 
Mass production of Zn-based alloys is performed using casting be-

cause this provides easy customization of alloy composition. Casting 
process can also produce complex shapes by designing complex internal 
cavities in molds, but the as-cast products contain defects in several 
forms of pores, shrinkages, pinholes, and cracks, and casting dimen-
sional accuracy is low in comparison to machining components. 
However, the processing of alloys via casting involves melting the metal 
components of the alloy, then pouring the molten metal into a mold, 
and finally solidification. The melting is performed inside a furnace 
(typically, a resistance or induction furnace) at a temperature generally 
between 450 and 750 °C based on alloy composition, in a vacuum or a 
protective atmosphere of gases such as argon (Ar), CO2, or SF6. A 
controlled environment during casting is required in order to avoid 
oxidation reactions, and to control gas dissolution so as to minimize 
porosity. The molten metal is poured into a suitable steel or graphite 

Fig. 1. Potential biomedical applications of Zn-based materials: (a1) staple line made from Zn alloy [86], (a2) macroscopic appearance of Zn alloy staples [86], (b1) 
Zn alloy plate and screws, and fixed mandibular bone fractures immediately after surgery [87], (b2) Zn-based fixative plates, screws, and porous scaffolds providing 
temporary mechanical support for bone tissue regeneration [88], (c1) schematic illustration of stent implantation into a coronary vessel [89], (c2) selected 2D and 3D 
micro-CT images of Zn stents after different implantation time [90], (d1) histological characterization of hard tissue sections at implant sites for Zn-5HA composite at 
week 4 and 8, the red triangle indicates newly formed bone [91], (d2) histological observation of different parts of the implant in the bone environment at 6 months 
(blue arrows indicate the bones surrounding the implant in the medullary cavity, and white arrows mark the locally corroded site) [92], (d3) histological images 
showing the maturation of the newly formed bone in the Zn-MEM compared with the still un-mineralized bone matrix in the Col-MEM group [93]. 

Table 2 
Comparison of physical and mechanical properties of bone tissues along with existing non-biodegradable and biodegradable metallic materials.         

Tissue/Material ρ (g/cm3) σUTS (MPa) σTYS (MPa) E (GPa) ε (%) Ref.  

Cortical bone 1.8–2.0 35–283 105–114 5–23 1.07–2.1 [19,95] 
Trabecular bone 1.0–1.4 1.5–38 1–12 0.01–1.6 2.20–8.5 [19,96] 
316L stainless steel 8.0 450–650 200–300 190 30–40 [95] 
Co–Cr alloy (ASTM F90) 9.2 860 310 210 20 [97] 
Ti–6Al–4V (Annealed) 4.4 895–1025 825–869 110–114 6–10 [98] 
Pure Mg 1.7–2.0 90–190 65–100 41–45 2–10 [52] 
Pure Fe (99.8%) 7.8 180–210 120–150 211.4 40 [64,99] 
Pure Zn (As cast and hot-rolled) 7.14 18–140 10–110 1.2–2.1 0.3–36 [79,100] 

ρ: density, σUTS: ultimate tensile strength, σTYS: tensile yield strength, E: Young's modulus, ε: elongation.  
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mold with the desired shape of ingot for solidification [104–106]. 
The casting process can be classified into three subgroups, namely, 

squeeze casting (or die casting), gravity casting, and sand casting. 
Squeeze casting is the most common processing technique to fabricate 
Zn alloys. In this process, molten metal is forced into the mold cavity 
under elevated pressure [107,108]. Gravity casting involves the direct 
pouring of liquefied metals from the crucible into the mold [109]. Sand 
casting employs disposable sand molds to create metal parts with 
complex geometries. Some essential properties of as-cast Zn-based al-
loys along with their processing parameters are summarized in Table 3. 

2.1.2. Transient directional solidification 
The transient directional solidification (TDS) is the modified form of 

casting and can produce casting products without voids and internal 
cavities. It provides advantages to deal with the large variation of 
growth rate and cooling rate, which may allow a variety of micro-
structures and morphologies. The TDS has been developed to tailor the 
plate-like cellular microstructures of pure Zn and Zn-based alloys into 
dendritic-like equiaxed grains [110,111]. This technique is an alter-
native to traditional casting, where a special water-cooled apparatus is 
utilized to assist directional solidification (DS) and the process is car-
ried out by controlling several conditions of heat flow. Moreover, a 
theoretical/experimental or combined approach is employed to calcu-
late various solidification parameters (such as tip growth rate, cooling 
rate) that affect the microstructure of the resultant Zn alloys [112,113]. 
Zn–Mg alloys fabricated by TDS and their microstructures and me-
chanical properties are summarized in Table 3. 

2.1.3. Conventional powder metallurgy 
A variety of metal and non-metal powders can be processed via 

powder metallurgy (PM) and excellent surface finish can be easily ob-
tained. However, metal powders are prone to oxidation during pro-
cessing which requires inert handling and processing of the metal 
powders. This processing technique generally consists of three steps: (i) 
milling or blending of different metal powders at different rotations per 
minute and intervals in the presence of a processing control agent; (ii) 
green compaction of metal powders; and (iii) sintering to attain semi- 
dense or fully dense solid materials. Sintering is performed under a 
controlled environment at a temperature 0.6–0.8 times the melting 
point of the metal powders. This process can also be used for the fab-
rication of biodegradable Zn-based alloys [114,115]. The maximum 
density of ~95% was achieved via hot pressing (HP), a process that 
simultaneously applies compression and sintering of the part 
[116,117]. The effects of alloying elements, fabrication techniques, and 
post-thermomechanical processes on the microstructure and mechan-
ical properties of various Zn-based alloys are tabulated in Table 5. 

2.1.4. Spark plasma sintering technique 
Spark plasma sintering (SPS), also called pulsed electric current 

(PEC) sintering, is typically used to fabricate metal matrix micro/na-
nocomposites [118]. This technique is a modified form of the HP pro-
cess and involves the usage of joule heating generated by the passage of 
a high DC pulsed current through a graphite die and specimen [119]. 
The SPS process contains a single operation to perform compaction and 
sintering of the powder sample and is efficient in simultaneously ap-
plying high pressure and rapid heating and cooling owing to the effects 
of PEC and spark plasma. Hence, full densification of powder samples 
can be obtained within a short duration and at a lower temperature as 
compared to conventional PM [120]. However, only simple symme-
trical shapes can be fabricated using SPS technique. Čapek et al. [100] 
fabricated porous Zn using the SPS technique for the manufacture of 
biodegradable scaffold materials. They reported that the grain size of 
the starting powder did not affect the porosity of the fabricated porous 
Zn; however, it influenced the pore size and shape significantly, as well 
as the mechanical and corrosion properties (Table 3). Ta
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2.1.5. Additive manufacturing 
Additive manufacturing (AM), or three-dimensional (3D) printing, 

is currently attracting a great deal of attention in manufacturing me-
tallic, polymeric, and ceramic biomaterials [121]. AM is particularly 
advantageous for creating complex 3D parts in a layer-by-layer manner 
with high precision and is also beneficial in the production of net- 
shaped or near-net-shaped components and for rapid prototyping 
[122,123]. AM technology can also produce patient-specific implants to 
fulfil a patient's specific requirements [124]. However, AM is still not an 
efficient way of producing a high volume of metallic parts because of its 
high production cost. There are two frequently employed AM techni-
ques for manufacturing metallic biomaterials and medical devices; one 
is laser powder bed fusion (LPBF), which comprises selective laser 
melting (SLM), selective laser sintering (SLS), and electron beam 
melting (EBM); and the other is direct energy deposition [125,126]. 
Moreover, other AM techniques have also been developed such as direct 
metal writing, binder jetting, friction stir welding, diode-based pro-
cesses, and cold spraying [127–129]. The fabrication of biodegradable 
Zn and Zn alloys via AM is showing promise in the biomaterials field 
[130–133]. Some AM Zn alloys are summarized in Table 3. 

2.2. Post-thermomechanical processing 

The microstructures and resultant mechanical properties of Zn- 
based BMs can be tailored by the application of various processing 
techniques. The following section summarizes some fabrication 
methods that have been employed to develop Zn-based BMs. 

2.2.1. Conventional metal-forming processing (extrusion, drawing, rolling, 
and forging) 

Conventional metal-forming processing (CMFP) uses applied me-
chanical force to deform a metal plastically to create the required 
product shape, generally with enhanced mechanical properties [144]. 
Various types of raw materials can be processed by CMFP and good 
surface finish can be achieved. However, limited products can be pro-
duced since only one type of cross section can be processed at a time. 
The CMFP techniques consist of extrusion, drawing, rolling, and for-
ging. CMFP breaks down the as-cast microstructures and improves the 
mechanical properties via the activation of plastic-deformation me-
chanisms, namely, dislocation slip and twinning. CMFP can be sub-
divided into hot working and cold working. In hot working, the metal is 
plastically shaped at a temperature higher than its recrystallization 
temperature, while in cold working the metal is shaped below its re-
crystallization temperature. Most biodegradable Zn-based alloys can be 
shaped into flat plates through hot rolling (HR), which involves the 
passing of a heated metal sheet between one or more pairs of rollers, 
rotating at an identical speed but in reverse directions, to shrink the 
thickness [103,145,146]. In general, as-cast Zn alloys are homogenized 
in temperatures ranging from 250 °C to 350 °C for 30–180 min to ac-
quire compositional uniformity and the thickness of the HR product 
varies from approximately 300 μm to several millimeters [147]. The 
extrusion and drawing processes can be used to process biodegradable 
Zn alloys with a cylindrical profile, such as a tube [148–150]. The 
processing of Zn alloys using hot extrusion (HE) includes pushing a 
metal billet via a die through an orifice of the desired shape. Metal 
processing via drawing is analogous to extrusion except that the metal 
is pulled via the die, rather than pushed. The metal billets are mostly 
pre-heated in both processes at 150–300 °C for 30–180 min prior to 
shaping [151]. In general, CMFP (e.g., extrusion, rolling, and drawing) 
leads to a better combination of mechanical properties (i.e., higher σUTS 

and ε) as compared to the mechanical properties of their as-cast 
counterparts. For example, the σUTS and ε of as-cast Zn–1Ca were 
concurrently enhanced from 165 MPa to 2.1% to 242 MPa and 7.7%, by 
HE, and to 252 MPa and 12.7% by HR, respectively [147]. Lin et al. 
[152] also reported an improvement in the mechanical properties of as- 
cast Zn–1Cu-0.1Ti alloy by HR, in which the σYTS, σUTS and ε increased 

from 86 MPa, 92 MPa, and 1.4% to 175 MPa, 206 MPa, and 39.0%, 
respectively. It can be seen from the data listed in Table 5 that most of 
the Zn-based alloys fulfilling the mechanical benchmark criteria of 
biodegradable implant materials were processed via thermo-mechan-
ical processing techniques including HE [153], HE + DW [151], and 
hydrostatic extrusion [154]. Consequently, extrusion and extrusion- 
based processing techniques are identified as the most effective ap-
proaches in producing biodegradable Zn-based alloys with the desired 
set of mechanical properties. 

2.2.2. Severe plastic deformation technique 
The processing of materials via the severe plastic deformation 

technique (SPDT) involves metal-forming processes where an extremely 
high plastic strain can be put onto a bulk material using large-scale 
hydrostatic pressure, without any great variation in the overall di-
mensions of the solid. This method can produce final products from 
metals and alloys with very good grain refinement and ductility 
[155,156]. Also, complex shapes can be fabricated from a single piece 
with fine details and close tolerances which eliminates requirement of 
secondary machining operations. Weight and material savings can be 
realized because of formability of the material. However, SPD methods 
would be effective not only for investigations in laboratory scales but 
also for making the possibility of producing ultrafine-grained or na-
nostructured samples in industrial applications. Several SPDTs have 
been developed for processing different materials such as equal-channel 
angular pressing (ECAP), twist extrusion, high-pressure torsion (HPT), 
friction-stir processing, multi-directional forging, and cylinder-covered 
compression [157,158]. In fact, the exceptional grain refinement 
achieved in SPD-processed Zn-based materials simultaneously improves 
their mechanical properties and corrosion resistance [49]. However, 
the effect of severe plastic deformation techniques (SPDTs) on the 
tensile properties of Zn alloys has not been extensively investigated, to 
date. This could be due to the small sizes of the SPD-processed samples 
or the softening of pure Zn at high strains due to dynamic re-
crystallization [159]. Nevertheless, two-pass ECAP processing on 
Zn–3Mg alloy led to grain refinement (GR) as the grain size was de-
creased from 48 μm to 1.8 μm, which resulted in a significant increase 
in σUTS from 84 MPa to 220 MPa and ε from 1.3% to 6.3%, respectively, 
in addition to a decrease in CR from 0.30 to 0.24 mm/y [160]. HPT 
processing on these alloys also resulted in GR and texture sharpening, 
leading to an increase in ε by 285%. The resultant σTYS and σUTS were 
also increased by increasing the number of turns (N) during HPT. In 
another study, it was reported that HPT developed bulk-state reactions 
in hybrids Zn–3Mg alloys which simultaneously improved the hardness 
and ductility of these alloys [161]. The preparation of Zn-based alloys 
via ECAP and HPT has been reported by several group of researchers 
and the results obtained are summarized in Tables 4 and 5. 

3. Microstructure, textural evolution, and mechanical properties 
of Zn-based alloys 

3.1. Zn alloys containing nutrient elements 

The elements that can drive biological activity and are indis-
pensable in the human body are termed nutrient elements. The 
common nutrient elements are Mg, Ca and strontium (Sr). These nu-
trient elements are effective in boosting mechanical properties of pure 
Zn. Therefore, pure Zn is generally alloyed with various nutrient ele-
ments to achieve suitable mechanical and corrosion properties. The 
maximum solubility of Mg in Zn at 364 °C is almost 0.1 (wt.%) and at 
RT its solubility is almost negligible; therefore, the addition of Mg to a 
Zn matrix results in the formation of intermetallic compounds such as 
Mg2Zn11 [176]. 

Kubásek et al. [177] investigated a series of biodegradable binary 
Zn–Mg alloys containing different Mg concentrations (0–8.3 wt%) and 
the microstructural and mechanical properties obtained are presented 
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Table 5 
Effect of alloying elements, fabrication techniques, and post thermomechanical processes on the microstructure and mechanical properties of various Zn-based alloys.             

Composition (wt.%) Processing 
technique 

Microstructural properties Mechanical properties Ref. 

Main phase GS (μm) σTYS (MPa) σUTS (MPa) Ε (%) σCYS (MPa) H (HV) E (GPa)  

Pure Zn 
Zn Cast α-Zn – 10  ±  2 18  ±  3 0.3  ±  0.1 – 38  ±  1 – [147] 

HR – 30  ±  7 50  ±  9 5.8  ±  0.8 – 39  ±  4 – 
HE – 33  ±  7 64  ±  15 3.6  ±  1.8 103  ±  7 – – 
HE 151  ±  20 51  ±  4 111  ±  5 60  ±  6 – 34  ±  2 – [178] 
SLM – 114 134 10.1 – 42  ±  4 23  ±  9.2 [140] 
PM – – – 16 33 18 9.1 [139] 
HE 100 – 24 0.3 – 25 – [94] 
Cast 500 – 20 0.3 – 30 – [214] 
HE 34 57  ±  8 112  ±  11 63  ±  12 – – – [102] 
HE 20 55  ±  8 97  ±  10 7.7  ±  2.7 94  ±  13 44  ±  6 – [164] 

82 60 117 14.0 – – – [188] 
Cast 3094 28 30 0.6 – 33 – [215] 
HR 122 85 118 26.7 – 33 – 
HR – – 35  ±  6 49  ±  11 6  ±  2 – 40  ±  7 – [216] 
HE α-Zn 20 124 164 39.3 94 44  [213] 
SLM 104  ±  30 43  ±  3 61  ±  5 1.7  ±  0.1 – 50  ±  6 12  ±  2.4 [142] 

Zn plate HE + DW – – – 35  ±  2 9.4  ±  1.2 – 38  ±  8 – [71] 
Zn tube – – – 45  ±  2 7.6  ±  0.2 – 41  ±  7 – 
Porous Zn LPBF (Hor) α-Zn – 55  ±  0.7 79  ±  0.6 12  ±  1.5 – – 53  ±  3 [217] 

LPBF (Ver) – 78  ±  0.4 100  ±  0.4 10  ±  0.5 – – 88  ±  1.0 
Zn Alloyed with nutrient elements (Ca, Mg and Sr) 
Zn-0.002 Mg HE + DW α-Zn, Mg2Zn11 76  ±  10 34  ±  4 63  ±  9 17  ±  3 – 45  ±  1 – [151] 
Zn-0.005 Mg 7.2  ±  1.5 93  ±  1 202  ±  60 28  ±  2 – 93  ±  1 – 
Zn-0.08 Mg 6.3  ±  0.8 221  ±  14 339  ±  42 40  ±  3 – 103  ±  1 – 
Zn-0.05 Mg HE 20 160 225 26 – – – [148] 
Zn-0.1 Mg – 214 274 10.2 201 70 – [213] 
Zn-0.4 Mg – 284 353 15.2 281 82 – 
Zn-0.8 Mg – 297 386 9.3 304 96 – 
Zn-0.15 Mg 6.6  ±  0.8 114  ±  8 250  ±  9 22  ±  4 – 52  ±  5 – [178] 
Zn-0.5 Mg 4.1  ±  0.4 159  ±  9 297  ±  7 13  ±  1 – 65  ±  4 – 
Zn-1.0 Mg 4.4  ±  0.5 180  ±  7 340  ±  16 6  ±  1 – 75  ±  4 – 
Zn-3.0 Mg – 291  ±  9 399  ±  14 1  ±  0.1 – 117  ±  6 – 
Zn-0.02 Mg HE at 200 °C 45 132  ±  5 163  ±  8 26  ±  9 – – – [218] 
Zn-0.05 Mg 24 152  ±  5 232  ±  5 14  ±  2 – – – 
Zn-0.2 Mg 16 179  ±  5 234  ±  2 8  ±  1 – – – 
Zn-0.5 Mg 9 227  ±  5 268  ±  5 10  ±  3 – – – 
Zn-1.0 Mg 9 262  ±  10 326  ±  5 5  ±  1 – – – 
Zn-0.02 Mg HE at 300 °C 117 103  ±  5 134  ±  5 6  ±  4 – – – 
Zn-0.05 Mg 85 122  ±  5 142  ±  5 3  ±  1 – – – 
Zn-0.2 Mg 38 170  ±  2 205  ±  2 1  ±  1 – – – 
Zn-0.5 Mg 14 209  ±  5 250  ±  5 1  ±  1 – – – 
Zn-1.0 Mg 11 252  ±  5 317  ±  5 2  ±  1 – – – 
Zn-0.02 Mg Cast – 25 136  ±  2 167  ±  6 27  ±  3 – 65  ±  4 – [219] 
Zn-0.02 Mg HE + DW 1 388  ±  2 455  ±  2 5  ±  3 – – – 
Zn-1.0 Mg Cast α-Zn, MgZn2 – 130  ±  10 180  ±  21 2  ±  0.2 – 78  ±  3 – [147] 

HE 
HR 

– 210  ±  15 265  ±  16 9  ±  1 285  ±  17 – – 
– 192  ±  9 237  ±  20 13  ±  0.1 – 74  ±  4 – 

Zn-0.8 Mg HE 20 203  ±  7 301  ±  8 13  ±  2 186  ±  10 83  ±  5 – [164] 
Zn-1.6 Mg 20 232  ±  8 368  ±  8 4  ±  0.3 257  ±  13 97  ±  4 – 
Zn-1.0 Mg Cast 10 94  ±  5 138  ±  5 0.5  ±  0.1 – – – [104] 

HE 10 180  ±  4 252  ±  6 13  ±  2 – – – 
Zn-0.5 Mg Cast – – 134  ±  9 5  ±  0.7 – 67  ±  2 – [134] 
Zn-1.0 Mg – – 143  ±  15 3  ±  0.5 – 74  ±  2 – 
Zn-2.0 Mg – – 154  ±  37 2  ±  0.4 – 96  ±  4 – 
Zn-5.0 Mg α-Zn, Mg2Zn11 

MgZn2 

– – – – – 101  ±  7 – 
Zn-7.0 Mg – – – – – 106  ±  2 – 
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Table 5 (continued)            

Composition (wt.%) Processing 
technique 

Microstructural properties Mechanical properties Ref. 

Main phase GS (μm) σTYS (MPa) σUTS (MPa) Ε (%) σCYS (MPa) H (HV) E (GPa)  

Zn-1.0 Mg Cast α-Zn, Mg2Zn11 – – 153 1.5 – 65 – [214] 
Zn-1.5 Mg – – 147 0.4 – 93 – 
Zn-3.0 Mg – – 28 0.2 – 206 – 
Zn-1.2 Mg Cast – 117  ±  1 130  ±  6 1.4  ±  0.6 – 93  ±  7 – [220] 

HE – 220  ±  15 363  ±  5 21  ±  2 – 96  ±  7 – 
Zn-1.0 Mg HE 30 90  ±  20 155  ±  15 2  ±  0.2 – 65  ±  10 – [94] 
Zn-1.5 Mg 30 – 150  ±  25 1  ±  0.3 – 100  ±  10 – 
Zn-3.0 Mg 50 – 32  ±  9 0.2  ±  0.1 – 210  ±  10 – 
Zn-1.0 Mg Cast 150 – 120 0.4 – – – [154] 

HE 0.7 316 435 35 – – – 
Zn-1.6 Mg Cast 35 – 172  ±  12 – 245  ±  12 82  ±  2 – [221] 

HE 10 242  ±  14 365  ±  18 6  ±  2 292  ±  11 97  ±  3 – 
RS + HE 2 332  ±  11 370  ±  16 9  ±  2 382  ±  15 122  ±  3 – 

Zn-1.0 Mg SLM 10  ±  2.8 74  ±  4 126  ±  4 3.6  ±  0.2 – 93  ±  8 19  ±  3 [142] 
Zn-2.0 Mg 6.7  ±  1.8 117  ±  5 162  ±  6 4.1  ±  0.2 – 134  ±  7 25  ±  3 
Zn-3.0 Mg 5.2  ±  1.3 152  ±  5 222  ±  8 7.2  ±  0.4 – 177  ±  9 48  ±  4 
Zn-4.0 Mg α-Zn, Mg2Zn11, 

MgZn2 

4.9  ±  1.4 132  ±  8 166  ±  7 3.1  ±  0.3 – 199  ±  9 58  ±  5 

Zn-3.0 Mg Cast α-Zn, Mg2Zn11 48 65  ±  9 84  ±  9 1.3  ±  0.3 – 200  ±  7 132  ±  4 [160] 
Hom 30 36  ±  3 46  ±  1 2.1  ±  0.1 – 175  ±  8 84  ±  3 
1-pass ECAP 2.3 137  ±  2 153  ±  4 4.6  ±  0.5 – 180  ±  4 205  ±  9 
2-pass ECAP 1.8 205  ±  4 220  ±  3 6.3  ±  0.9 – 186  ±  4 210  ±  8 
Cast – – 104  ±  8 2.3  ±  0.3 – 201  ±  7 – [222] 
Hom – – 88  ±  1 8.8  ±  0.1 – 175  ±  8 – 

Zn-0.1 Mg Cast α-Zn 160  ±  22 72  ±  8 81  ±  10 0.6  ±  0.3 – 45  ±  6 – [215] 
Zn-0.2 Mg α-Zn, Mg2Zn11 100  ±  25 82  ±  9 100  ±  8 0.9  ±  0.4 – 47  ±  8 – 
Zn-0.4 Mg 70  ±  11 92  ±  11 108  ±  12 0.8  ±  0.4 – 53  ±  12 – 
Zn-0.8 Mg 65  ±  9 112  ±  11 125  ±  10 0.8  ±  0.4 – 71  ±  19 – 
Zn-1.0 Mg PM α-Zn, MgZn2 7.3 – – 5.6  ±  1.4 245  ±  12 81  ±  5 80  ±  4 [138] 
Zn–25Mg α-Zn, Mg2Zn11, 

MgZn2 

– – – 5.2  ±  1.5 403  ±  14 180  ±  8 86  ±  5 

Zn–4Mg HR – – 236  ±  22 287  ±  21 16  ±  6 – 72  ±  11 – [216] 
Zn-0.05 Mg HR α-Zn, Mg2Zn11 0.4  ±  0.1 197  ±  4 227  ±  5 34  ±  3 – – – [179] 
Zn-0.05Mg-0.1Mn α-Zn, Mg2Zn11, 

MnZn13 

0.7  ±  0.2 230  ±  3 274  ±  5 41  ±  1 – – – 

Zn-0.05Mg-0.5Cu α-Zn, Mg2Zn11, 
ε-CuZn4 

0.5  ±  0.1 241  ±  5 312  ±  2 44  ±  2 – – – 

Zn-1.5 Mg Cast α-Zn, Mg2Zn11 – 120  ±  5 151  ±  13 1.3  ±  0.2 – 154  ±  23 – [135] 
Zn-1.5Mg-0.1Ca α-Zn, Mg2Zn11, 

CaZn13 

– 174  ±  15 241  ±  0.4 1.7  ±  0.1 – 150  ±  20 – 

Zn-1.5Mg-0.1Sr α-Zn, MgZn2, 
SrZn13 

– 130  ±  8 209  ±  10 2.0  ±  0.2 – 150  ±  20 – 

Zn-1.5 Mg Cast α-Zn, Mg2Zn11 – – 150 – 245 93  ±  9 – [223] 
Zn-1.5Mg-0.5Ca α-Zn, Mg2Zn11, 

CaZn11 

– 93 128 – 317 122  ±  14 – 

Zn-1.5 Mg HE α-Zn, Mg2Zn11 – 242 367 – 315 101  ±  11 – 
Zn-1.5Mg-0.5Ca α-Zn, Mg2Zn11, 

CaZn11 

– 205 351 – 346 127  ±  9 – 

Zn-0.5Mg-0.1Ca HE α-Zn, Mg2Zn11, 
CaZn13 

10–20 140  ±  7 273  ±  14 4.1  ±  0.2 – 85  ±  4 – [180] 
Zn-1.0Mg-0.1Ca 10–20 144  ±  5 370  ±  15 5.4  ±  0.2 – 100  ±  5 – 
Zn-1.5Mg-0.1Ca 10–20 160  ±  6 442  ±  18 4.9  ±  0.2 – 111  ±  7 – 
Zn-1.0Mg-1.0Ca Cast 10–50 80  ±  9 131  ±  16 1.0  ±  0.3 – 92  ±  10 – [55] 

HE 10–50 205  ±  10 257  ±  13 5.1  ±  1.0 300  ±  55 – – 
HR 10–50 138  ±  9 198  ±  20 8.5  ±  1.3 – 107  ±  10 – 

Zn-1.0Mg-1.0Sr Cast α-Zn, Mg2Zn11, 
SrZn13 

10–50 87  ±  7 138  ±  9 1.3  ±  0.2 – 85  ±  2 – 
HE 10–50 202  ±  5 253  ±  18 7.4  ±  1.3 383  ±  71 – – 
HR 10–50 140  ±  10 201  ±  10 9.7  ±  1 – 92  ±  5 – 

Zn-0.02Mg-0.02Cu HE α-Zn, Mg2Zn11, 13  ±  2 216  ±  3 262  ±  5 28  ±  2 – 74  ±  2 – [224] 
Zn-1.0Mg-0.1Sr Cast α-Zn, MgZn2, 

SrZn13 

– 109  ±  14 132  ±  10 1.4  ±  0.4 – 94  ±  7 – [225] 
Zn-1.0Mg-0.5Sr – 129  ±  5 144  ±  15 1.1  ±  0.1 – 109  ±  8 – 
Zn-1.0Mg-0.1Sr HR α-Zn, MgZn2, 

SrZn13 

– 197  ±  13 300  ±  6 23  ±  3 – 104  ±  10 – 

Zn-1.0Mg-0.1Mn Cast α-Zn, MgZn2, 
Mn 

– 114 132 1.1 – 98 – [226] 
HR – 195 299 26.1 – 108 – 

Zn-1.5Mg-0.1Mn Cast – 114 122 0.8 – 149 – 
Zn–1Mg-0.1Zr HE α-Zn, Mg2Zn11, 

Zn22Zr 
– 248  ±  3 314  ±  2 2.5  ±  0.1 300  ±  2 94  ±  3 – [227] 

Zn–1Mg-0.25Zr – 236  ±  2 300  ±  2 2.5  ±  0.1 289  ±  2 93  ±  3 – 
Zn–1Mg-0.4Zr – 241  ±  4 316  ±  3 4.7  ±  0.1 301  ±  2 95  ±  4 – 
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Table 5 (continued)            

Composition (wt.%) Processing 
technique 

Microstructural properties Mechanical properties Ref. 

Main phase GS (μm) σTYS (MPa) σUTS (MPa) Ε (%) σCYS (MPa) H (HV) E (GPa)  

Zn-0.1Ca HE α-Zn, CaZn13 – 127 169 37.9 122 45 – [213] 
Zn-0.4Ca – 116 166 26.7 111 44 – 
Zn-0.8Ca – 127 173 27.9 111 44 – 
Zn–1Ca Cast – 119  ±  7 165  ±  14 2.1  ±  0.2 – 73  ±  7 – [147] 

HE – 200  ±  10 242  ±  10 7.7  ±  0.7 281  ±  29 – – 
HR – 206  ±  7 252  ±  10 12.7  ±  1 – 63  ±  3 – 

Zn–1Ca–1Sr Cast α-Zn, CaZn13, 
SrZn13 

10–50 86  ±  5 140  ±  9 1.2  ±  0.2 – 91  ±  12 – [55] 
HE 10–50 212  ±  15 260  ±  15 6.7  ±  1.1 340  ±  43 – – 
HR 10–50 144  ±  9 203  ±  10 8.8  ±  1.2 – 87  ±  7 – 

Zn-0.1Sr HE α-Zn, SrZn13 – 89 139 34.5 88 44 – [213] 
Zn-0.4Sr – 106 153 20.2 94 44 – 
Zn-0.8Sr – 104 151 30.0 105 48 – 
Zn–1Sr Cast – 120  ±  6 171  ±  14 2.0  ±  0.2 – 62  ±  7 – [147] 

HE – 218  ±  6 264  ±  10 10.6  ±  1 341  ±  36 – – 
HR – 188  ±  6 229  ±  10 20  ±  2 – 62  ±  5 – 

Zn-1.1Sr HR – – 220  ±  25 250  ±  30 22  ±  4 – 74  ±  10 – [216] 
Zn Alloyed with crucial elements (Cu, Fe and Mn) 
Zn-0.4Cu HE α-Zn, CuZn5 – 150 197 40.2 139 59 – [213] 
Zn-0.8Cu – 184 234 33.1 165 69 – 
Zn–2Cu – 223 270 40.7 233 75 – 
Zn–1Cu Cast  < 237 26 33 3.9 – – – [228] 
Zn–2Cu  < 237 50 60 3.4 – – – 
Zn–4Cu  < 237 73 105 3.3 – – – 
Zn–1Cu HR 27.5 236 291 38.9 – – – 
Zn–2Cu 27.5 275 328 48.8 – – – 
Zn–4Cu 27.5 327 393 44.6 – – – 
Zn–1Cu HE 33.7 149  ±  1 186  ±  1 21  ±  4 – – – [162] 
Zn–2Cu 6.9 200  ±  4 240  ±  1 47  ±  1.4 – – – 
Zn–3Cu 4.7 213  ±  1 257  ±  1 47  ±  1 – – – 
Zn–4Cu 2.3 227  ±  5 271  ±  1 51  ±  3 – – – 
Zn-0.5Cu HE 38  ±  19 131  ±  1 180  ±  1 27  ±  1 – – – [170] 

ECAP 2.2  ±  1.7 48  ±  1 94  ±  1 345  ±  12 – – – 
Zn–4Cu HE – 250  ±  10 270  ±  10 51  ±  2 – – – [149] 
Zn–3Cu HE – 247  ±  8 288  ±  4 50  ±  3 – 67  ±  1 – [105] 
Zn–3Cu-0.5Fe α-Zn, CuZn5, 

FeZn13 

– 232  ±  3 284  ±  2 33  ±  4 – 76  ±  1 – 
Zn–3Cu-1.0Fe – 222  ±  6 272  ±  7 20  ±  1.4 – 82  ±  1 – 
Zn–3Cu HE α-Zn, CuZn5 – 214 257 47.1 – – – [163] 
Zn–3Cu-0.1 Mg α-Zn, CuZn5, 

Mg2Zn11 

2–11 340  ±  15 360  ±  15 5  ±  1 – – – 
Zn–3Cu-0.5 Mg 2–11 400  ±  10 420  ±  5 2  ±  1 – – – 
Zn–3Cu-1.0 Mg 2–11 425  ±  5 440  ±  5 1  ±  0.5 – – – 
Zn–1Cu-0.1Ti Cast – – 177 200 21 – – – [86] 
Zn–1Cu-0.2Mn - 0.1Ti – – 196 212 19 – – – 
Zn–2Cu Cast α-Zn, CuZn5 – 96 128 2.1 – – – [229] 
Zn–2Cu-0.05Ti α-Zn, CuZn5, 

TiZn16  

132 177 2.5    
Zn–2Cu-0.1Ti  113 146 1.8    
Zn–1Cu-0.1Ti Cast α-Zn, ε-CuZn5, 

TiZn16 

54  ±  8 86  ±  3 92  ±  4 1.4  ±  0.8 – 73  ±  0.6 – [152] 
Cast + HR 84  ±  13 175  ±  4 206  ±  6 39  ±  1.4 – 71  ±  1.8 – 
HR + Cold rolling – 204  ±  4 250  ±  4 75  ±  2 – 56  ±  0.8 – 

Zn-0.1Fe HE α-Zn, FeZn11 – 109 149 41.9 91 41 – [213] 
Zn-0.4Fe – 123 159 47.4 108 42 – 
Zn-0.8Fe – 127 163 28.1 111 53 – 
Zn-0.3Fe Cast α-Zn, FeZn13 24.4 – 47.2  ±  2.6 0.14  ±  0.02 112  ±  7 – – [192] 

BCWC 7.5 70.5  ±  0.7 76.4  ±  2.0 1.18  ±  0.04 117  ±  4 – – 
Zn-1.3Fe Cast α-Zn, Zn11Fe – 80  ±  4.6 134  ±  1.3 1.8  ±  0.4 – 56  ±  2 – [230] 
Zn-0.1Mn HE α-Zn, MnZn13 – 131 177 39.8 125 54 – [213] 
Zn-0.4Mn – 160 214 43.6 136 57 – 
Zn-0.8Mn – 156 190 83.8 145 50 – 
Zn-0.1Mn – 132  ±  3 178  ±  8 40  ±  3.7 129  ±  11 55  ±  0.7 – [231] 
Zn-0.4Mn – 162  ±  9 215  ±  5 44  ±  1.6 136  ±  7 58  ±  3.2 – 
Zn-0.8Mn – 158  ±  7 191  ±  11 84  ±  1.9 142  ±  6 51  ±  1.2 – 
Zn-0.2Mn 4 132 220 48 – – – [188] 
Zn-0.4Mn 3 123 198 54 – – – 
Zn-0.6Mn 2 118 182 71 – – – 
Zn-0.42Mn 7.0  ±  3.2 187  ±  1 251  ±  1 24  ±  2 – – – [170] 
Zn-0.42Mn ECAP 1.1  ±  0.6 148  ±  8 188  ±  6 93  ±  3 – – – 
Zn-4.0Mn PM α-Zn, MnZn13, 

MnZn3  

< 100 nm – – 14.9 291 102 – [139] 

Zn-24.0Mn α-Zn, MnZn3, 
Mn0·27Zn0.73  

< 100 nm – – 6.7 132 71 – 
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Table 5 (continued)            

Composition (wt.%) Processing 
technique 

Microstructural properties Mechanical properties Ref. 

Main phase GS (μm) σTYS (MPa) σUTS (MPa) Ε (%) σCYS (MPa) H (HV) E (GPa)  

Zn-0.34Mn Cast α-Zn, MnZn13 420 98  ±  4 105  ±  4 0.4  ±  0.1 – – – [189] 
HR – 155  ±  13 226  ±  10 37  ±  10 – – – 
HR + Cold rolling 2.1 118  ±  6 167  ±  4 76  ±  1.2 – – – 
HR + AC + Cold 
rolling 

– 120  ±  3 167  ±  1 89  ±  8 – – – 

HR + WC + Cold 
rolling 

– 184  ±  2 234  ±  2 54  ±  4 – – – 

Zn-0.76Mn Cast 187 130  ±  4 155  ±  8 1.8  ±  0.1 – – – 
HR – 137  ±  17 191  ±  18 46  ±  13 – – – 
HR + Cold rolling 1.9 95  ±  6 141  ±  4 48  ±  10 – – – 
HR + AC + Cold 
rolling 

– 114  ±  1 153  ±  2 92  ±  16 – – – 

HR + WC + Cold 
rolling 

– 142  ±  4 194  ±  4 91  ±  18 – – – 

Zn-0.5Mn Multi-pass extrusion 0.35 – – 236 – – – [190] 
Zn-0.8Mn Cast 2.0  ±  0.5 98  ±  2 105  ±  2.6 1.0  ±  0.3 – – – [232] 

HE 1.6  ±  0.8 127  ±  2.4 219  ±  0.5 62  ±  4.4 – – – 
Zn-0.8Mn - 0.4Ag Cast 2.2  ±  1.4 33  ±  3.2 57  ±  5.5 0.1  ±  0.1 – – – 

HE 2.0  ±  0.9 156  ±  6 251  ±  7.3 63  ±  4.2 – – – 
HR 2.0–4.0 173  ±  1.1 262  ±  1.7 46  ±  9.5 – – – [233] 

Zn-0.8Mn - 0.4Cu Cast 3.0  ±  1.5 113  ±  0.2 117  ±  3.2 0.4  ±  0.1 – – – [232] 
HE 1.1 0.8 191  ±  4.1 308  ±  0.6 39  ±  5.4 – – – 

Zn-0.8Mn - 0.4Ca Cast α-Zn, MnZn13, 
CaZn13 

2.8  ±  0.9 112  ±  3.4 120  ±  6.3 0.3  ±  0.1 – – – [169] 
HE 2.6  ±  1.0 253  ±  1.3 343  ±  1.6 8  ±  1.4 – – – 
HR 2.5–2.8 245  ±  5.7 323  ±  11 12  ±  0.9 – – – 

Zn-0.35Mn - 0.41Cu Cast α-Zn, MnZn13, 
MnCuZn18 

7.5  ±  2.6 77 84 0.3  ±  0.1 – – – [145] 
HR 1.1  ±  0.4 198  ±  7 292  ±  3 30  ±  3.8 – – – 

Zn-0.75Mn - 0.40Cu Cast 7.9  ±  4.8 113 120  ±  3 0.4  ±  0.1 – – – 
HR 1.2  ±  0.3 196  ±  11 278  ±  4 15.3  ±  4 – – – 

Zn–1Mn - 0.1Fe Cast α-Zn, MnZn13, 
FeZn13 

384 92  ±  8 99  ±  3 0.2  ±  0.1 – – – [234] 
Zn–1Mn - 0.5Fe 384 96  ±  2 98  ±  2 0.2  ±  0.1 – – – 
Zn–1Mn - 0.1Fe HR – 122  ±  38 162  ±  15 37  ±  3 – – – 
Zn–1Mn - 0.5Fe – 114  ±  7 157  ±  4 7.7  ±  5.9 – – – 
Zn–1Mn - 0.1Ti Cast – – 180 198 7 – – – [86] 
Zn Alloyed with other elements 
Zn-0.4Ag HE α-Zn, ε-AgZn3 – 127 167 38.1 88 50 – [213] 
Zn-0.8Ag – 134 184 58.3 82 58 – 
Zn-2.0Ag – 186 231 36.7 145 55 – 
Zn-2.5Ag 16 147  ±  7 203  ±  5 35  ±  4 – – – [102] 
Zn-5.0Ag 4.2 210  ±  10 252  ±  7 37  ±  3 – – – 
Zn-7.0Ag 1.5 236  ±  12 287  ±  13 32  ±  2 – – – 
Zn-4.0Ag Cast + TT – 157 261 37 – 73 – [167] 

Cast + TT + PH – 149 215 24 – 82 – 
Zn-0.8Ag ECAP (X-direction) 2.7  ±  1.2 37  ±  0.8 83  ±  0.5 390  ±  22 75  ±  2.6 – – [171] 

ECAP (Y-direction) 2.6  ±  1.3 38.5  ±  2.7 83.4  ±  2.7 448  ±  68 38.5  ±  2.7 – – 
ECAP (Z-direction) 2.2  ±  1.0 37.9  ±  2.3 92.7  ±  1.6 428  ±  23 37.9  ±  2.3 – – 

Zn-0.82Ag Ext 50  ±  25 114  ±  1 160  ±  1 18  ±  1 – – – [170] 
ECAP 3.2  ±  2.6 76  ±  2 96  ±  1 143  ±  7 – – – 

Zn–2Ag SLM 83 – – – 199  ±  28 55  ±  5 – [141] 
Zn–4Ag 55 – – – 216  ±  19 80  ±  4 – 
Zn–6Ag 25 – – – 293  ±  55 80  ±  3 – 
Zn–8Ag 45 – – – 267  ±  29 78  ±  4 – 
Zn–4Ag HE 18.0 – 228  ±  5 27  ±  3 – – – [235] 
Zn–4Ag-0.2Mn – – 267  ±  9 25  ±  6 – – – 
Zn–4Ag-0.4Mn 2.4 – 281  ±  5 29  ±  3 – – – 
Zn–4Ag-0.6Mn 1.8 – 302  ±  7 35  ±  4 – – – 
Zn-0.5Al α-Zn 19.4  ±  2.8 119  ±  2 203  ±  10 33  ±  1.2 – 59  ±  6 – [178] 
Zn-1.0Al 14.4  ±  1.2 113  ±  6 223  ±  4 24  ±  4.2 – 73  ±  5 – 
Zn-1.0Al HR – – 197 238 24.0 – – – [146] 
Zn-3.0Al 202 223 31.0 – – – 
Zn-5.0Al 240 308 16.0 – – – 
Zn-2.0Al LPBF α-Zn, α-Al 5.53 142  ±  4 192  ±  5 12  ±  2 – 65  ±  2 – [143]            

Zn-0.5Al Cast α-Zn – – 79  ±  2 1.5  ±  0.1 – 71  ±  2 – [136] 
Zn-0.5Al-0.1 Mg α-Zn, Mg2(Zn, 

Al)11 

– – 87  ±  3 1.6  ±  0.1 – 79  ±  3 – 
Zn-0.5Al-0.3 Mg – – 93  ±  3 1.7  ±  0.1 – 87  ±  3 – 
Zn-0.5Al-0.5 Mg – – 102  ±  4 2.1  ±  0.1 – 94  ±  4 – 
Zn-4.0Al-1.0Cu HE  – 171 210 1 – 80 – [94] 
Zn-0.5Al-0.5 Mg Cast α-Zn, Mg2(Zn, 

Al)11, α-Mg3Bi2 

– – 92  ±  2 1.7  ±  1.6 – 94  ±  4 – [205] 
Zn-0.5Al-0.5Mg-0.1Bi – – 102  ±  4 2.4  ±  0.3 – 102  ±  5 – 
Zn-0.5Al-0.5Mg-0.3Bi – – 108  ±  4 2.7  ±  0.3 – 109  ±  5 – 
Zn-0.5Al-0.5Mg-0.5Bi – – 98  ±  3 2.0  ±  0.2 – 99  ±  4 – 
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in Fig. 2. The microstructure of pure Zn containing α-Zn dendrites are 
shown in Fig. 2a. Addition of 0.8–2.5 wt% Mg to Zn matrices resulted in 
the formation of hypoeutectic microstructures, as shown in Fig. 2b–d. 
These microstructures comprised α-Zn dendrites and a eutectic mixture 
of α-Zn and Mg2Zn11 phases dominated by lamellar and rod 

morphologies, as shown in the inset of Fig. 2d. As the alloying com-
position of the Zn-3.5 Mg alloys approached the eutectic point of the 
Zn–Mg phase diagram, the resultant microstructures were dominated 
by a very fine rod-and-lamellar α-Zn + Mg2Zn11 eutectic mixture 
(Fig. 2e). In contrast, the microstructures of Zn-5.4 Mg and Zn-8.3 Mg 

Table 5 (continued)            

Composition (wt.%) Processing 
technique 

Microstructural properties Mechanical properties Ref. 

Main phase GS (μm) σTYS (MPa) σUTS (MPa) Ε (%) σCYS (MPa) H (HV) E (GPa)  

ZA4-1 (3.5–4.5Al, 
0.75–1.25Cu, 
0.03–0.08 Mg) 

HE α-Zn, α-Al – 80  ±  6 187  ±  12 170  ±  11 161  ±  9 52  ±  3 – [236] 

ZA4-3 (3.5–4.3Al, 
2.5–3.2Cu, 
0.03–0.06 Mg) 

– 110  ±  12 201  ±  14 126  ±  10 167  ±  6 56  ±  2 – 

ZA6-1 (5.6–6.0Al, 
1.2–1.6Cu) 

– 130  ±  9 228  ±  14 111  ±  13 233  ±  8 67  ±  7 – 

Zn-5Ge Cast α-Zn, eutectic 
Ge 

32.2 48  ±  2 54  ±  0.7 1.1  ±  0.2 – 68  ±  2 – [168] 
HR – 175  ±  2 237  ±  3 22  ±  2.8 – 60  ±  1.7 – 

Zn-0.1Li HE α-Zn, LiZn4 21.7  ±  11 189  ±  5 230  ±  1 4  ±  0.6 – – – [211] 
Zn-0.3Li 6.4  ±  1.7 292  ±  4 367  ±  7 19  ±  1 – – – 
Zn-0.4Li 5.9  ±  1.4 364  ±  9 405  ±  7 27  ±  11 – – – 
Zn-0.1Li – 341 431 28.1 306 108 – [213] 
Zn-0.4Li  387 520 5.0 434 164  
Zn-0.8Li – – – – 454 216 – 
Zn-0.1Li HE + DW 3  ±  0.5 238  ±  60 274  ±  61 17  ±  7 – 97  ±  2 – [101] 
Zn-0.2Li HR 50 240  ±  10 360  ±  15 14  ±  2 – 98  ±  6 – [103] 
Zn-0.4Li 10 425  ±  15 440  ±  5 14  ±  3 – 115  ±  7 – 
Zn-0.7Li 10 475  ±  50 565  ±  2 2.4  ±  0.4 – 137  ±  8 – 
Zn-0.5Li HE 10 – 365 22 – – – [237] 
Zn-0.5Li (mini tube) 10 – 296 33 – – – 
Zn-0.1Li 26 189  ±  5 230  ±  0.4 4.0  ±  0.6 – – – [238] 
Zn-0.8Li HR 4.1 186  ±  5 238  ±  5 75  ±  6 – – – [239] 
Zn-0.8Li Cast α-Zn, LiZn4 30–100 195  ±  21 214  ±  34 0.2  ±  0.1 – – – [240] 

HWR 0.3–0.7 262  ±  41 401  ±  52 81  ±  10 – – – 
Zn-0.8Li-0.2Ag HR α-Zn, LiZn4, 

AgZn 
2.3 196  ±  5 255  ±  4 98  ±  9 – – – [239] 

Zn-0.8Li-0.2 Mg HR α-Zn, LiZn4, 
Mg2Zn11 

– 254  ±  5 341  ±  5 31  ±  6 – – – 

Zn-0.1Li HE α-Zn, ε-LiZn4 – 346 431 27.8 – – – [213] 
Zn-0.1Li-0.4 Mg α-Zn, ε-LiZn4, 

Mg2Zn11 

– 334 389 1.74 – – – 
Zn-0.1Li-0.8 Mg – 356 412 2.41 – – – 
Zn-0.4Li α-Zn, ε-LiZn4 – 389 519 5.62 – – – 
Zn-0.4Li-0.4 Mg α-Zn, ε-LiZn4, 

Mg2Zn11 

– 376 502 4.49 – – – 
Zn-0.4Li-0.8 Mg – 401 520 1.56 – – – 
Zn-0.8Li-0.4 Mg – 438 646 3.68 – – – 
Zn-0.8Li-0.8 Mg – 429 462 1.83 – – – 
Zn-0.1Li HE α-Zn, ε-LiZn4 – 346 431 27.8 – – – [213] 
Zn-0.1Li-0.1Mn α-Zn, ε-LiZn4, 

MnZn13 

– 280 412 59.2 – – – 
Zn-0.1Li-0.4Mn – 299 427 52.8 – – – 
Zn-0.1Li-0.8Mn – 241 361 69.4 – – – 
Zn-0.4Li α-Zn, ε-LiZn4 – 389 519 5.62 – – – 
Zn-0.4Li-0.1Mn α-Zn, ε-LiZn4, 

MnZn13 

– 276 449 63.3 – – – 
Zn-0.4Li-0.4Mn – 322 458 75.3 – – – 
Zn-0.4Li-0.8Mn – 270 443 70.3 – – – 
Zn-0.8Li-0.1Mn – 367 551 63.8 – – – 
Zn-0.8Li-0.4Mn – 336 493 73.2 – – – 
Zn-0.8Li-0.8Mn – 357 513 103.5 – – – 
Zn-0.01Ti Cast α-Zn 600 64  ±  1 101  ±  4 8.5  ±  3.2 – 38  ±  2 – [241] 
Zn-0.1Ti α-Zn, Zn16Ti 87 68  ±  2 115  ±  3 12.5  ±  4.4 – 44  ±  3 – 
Zn-0.3Ti 23 87  ±  6 141  ±  5 3.2  ±  0.3 – 53  ±  5 – 
Zn-0.5Ti – 81  ±  1 150  ±  5 4.3  ±  1.0 – 51  ±  3 – 
Zn-1.0Ti – 122  ±  1 177  ±  7 2.3  ±  0.3 – 65  ±  7 – 
Zn-0.01Ti HE α-Zn 14 177  ±  24 269  ±  5 10.9  ±  0.4 – 72  ±  2 – 
Zn-0.1Ti α-Zn, Zn16Ti – 163  ±  13 207  ±  3 43.8  ±  1.9 – 60  ±  4 – 
Zn-0.3Ti – 143  ±  6 199  ±  2 29.8  ±  1.4 – 54  ±  2 – 
Zn-0.01Zr α-Zn, Zn22Zr 93  ±  42 72 123 13 – 33 – [194] 
Zn-0.02Zr 97  ±  52 78 131 12 – 36 – 
Zn-0.05Zr 42  ±  26 100 157 22 – 38 – 
Zn-0.1Zr 45  ±  27 100 157 24 – 32 – 

HE: Hot extrusion; HR: hot rolling; Hom: homogenization; DW: Drawing; PM: powder metallurgy; RS: rapid solidification; SLM: selective laser melting; AC: Air 
cooling; WC: Water cooling; TT: thermal treatment; PH: precipitation hardening; ECAP: equal channel angular pressing; HWR: hot warm rolling; GS: grain size; σTYS: 

tensile yield strength; σUTS: ultimate tensile strength; ε: strain; σCYS: compressive yield strength; E: Young's modulus; H: Vickers hardness. BCWC: Bottom circulating 
water-cooled casting.  
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alloys were found to be hypereutectic, with sharp-edged intermetallic 
phases of Mg2Zn11 and a eutectic combination of α-Zn + Mg2Zn11, as 
shown in Fig. 2f and g. The volume fraction of the brittle Mg2Zn11 in-
termetallic phase was increased by increasing the Mg content in the Zn 
matrices. The presence of hard intermetallic particles (Mg2Zn11) sig-
nificantly enhanced the compressive yield strength and hardness of the 
Zn matrices, as shown in Fig. 2h, whereas the addition of 0.8 wt% Mg to 
the Zn matrix increased its ultimate tensile strength (σUTS) up to 
170 MPa, showing an overall increase of 465% over that of pure Zn 
(30 MPa). However, higher Mg concentrations (> 0.8 wt%) in the Zn 
decreased the tensile properties of these alloys, as shown in Fig. 2i. 

Mostaed et al. [178] studied microstructural changes in as-cast and 
extruded Zn alloys containing different Mg concentrations (0.15–3.0 wt 
%) and the optical micrographs obtained are shown in Fig. 3. In the as- 
cast Zn-xMg (x = 0.15, 0.50, and 1.00 wt%) alloys, hypoeutectic mi-
crostructures were composed of elementary α-Zn dendritic grains in a 
eutectic matrix of Zn and Mg2Zn11 phases (Fig. 3a–c). The volume 
fraction of the Mg2Zn11 phase was simultaneously increased by in-
creasing the Mg concentration from 0.15 to 1 wt% in the Zn matrices, 
resulting in their grain refinement, whereas in the Zn–Mg alloys con-
taining 3 wt% Mg, a fully eutectic structure was observed along with 
thin lamellar phases of Zn and Mg2Zn11 (Fig. 3d). The microstructures 
of the hot-extruded Zn–(0.15–3 wt.%) Mg alloys are shown in Fig. 3e–h. 
It can be observed that with increasing wt.% of Mg, the volume fraction 
of the dark intermetallic Mg2Zn11 particles was successively increased 
and eventually these particles were uniformly dispersed in the micro-
structure of the Zn–3Mg alloy (Fig. 3h), which complements the results 
reported by Jin et al. [151] for extruded and drawn Zn–Mg alloys. 

Fig. 4a and b shows the crystallographic textural analysis and grain 
orientation maps obtained via electron backscattered diffraction (EBSD) 
analysis of the hot-extruded Zn–Mg alloys. It can be seen from the grain 
size distribution that in the case of Zn–Mg alloys containing 0.5 and 
1.0 wt% Mg, HE caused an alteration in their microstructure from 
dendritic to equiaxed (with mean grain sizes of 4.1  ±  0.4 and 
4.4  ±  0.5 mm, respectively). The textural analysis demonstrated that 
the HE Zn alloys developed textures with (0001) tilted a couple of 
degrees from the extrusion direction. Similarly, Xiao et al. [148] re-
ported changes in the microstructures and mechanical properties of 
extruded Zn alloys containing tiny fractions of Mg (0.05 wt%). Com-
pared to pure Zn, the microstructure of extruded Zn-0.05 Mg was 
composed of smaller grains. Moreover, even the addition of small 
fractions of Mg (0.05 wt%) to the Zn matrices resulted in the formation 
of an intermetallic Mg2Zn11 phase which was distributed uniformly in 
the Zn matrix. The addition of 0.05 wt% Mg to the extruded Zn sig-
nificantly increased its σUTS to 225 MPa and its elongation (ε) to 26%, 
showing increases of more than ~2 times in σUTS and ~1.9 times in ε 
over extruded pure Zn (with σUTS = 112 MPa and elongation = 14%). 
Ardakani et al. [179] reported the effects of the addition of 0.1 wt% of 
Mn on the microstructure (Fig. 4c–d) and tensile properties of binary 
Zn-0.05 Mg alloys. They also found that the microstructure of a Zn- 
0.05 Mg alloy contained fully recrystallized fine equiaxed grains with a 
mean size of 0.40 μm (Fig. 4c), whereas a ternary Zn-0.05Mg-0.1Mn 
alloy had a greater grain size of 0.70 μm (Fig. 4d). Their tensile prop-
erties are tabulated in Table 5. In another study, Zn–Mg alloys con-
taining various concentration of Mg (1.0, 1.5, 3.0 wt%) were in-
vestigated and reported to show a simultaneous increase in the 
hardness of the Zn matrices by increasing the Mg concentration which 
was due to formation of brittle Mg2Zn11 intermetallic particles in these 
alloys [94]. 

Yang et al. [180] studied the microstructure and mechanical prop-
erties of as-extruded Zn-xMg-0.1Ca (x = 0.5, 1.0, 1.5) alloys and the 
mechanical properties obtained are summarized in Table 5. In another 
study, the effects of Zr (0–0.4 wt%) addition on the microstructure and 
mechanical properties of as-cast and extruded Zn–1Mg alloys were 
evaluated by Li et al. [166] and the as-cast microstructures obtained are 
shown in Fig. 5a–d. They reported that the microstructure of the Zn–Mg 

alloys consisted of Zn-rich dendrites and a lamellar eutectic 
Zn + Mg2Zn11 mixture (Fig. 5a), while after the addition of Zr, a few 
bar-like intermetallic phases of Zn22Zr were observed in the ternary 
alloys (Fig. 5b–d). Zou et al. [181] investigated binary Zn-xCa (x = 0.5, 
1, 2, 3) alloys and their as-cast microstructures are presented in  
Fig. 5e–h. They reported that the addition of Ca notably increased the 
volume fraction of the second phase (CaZn13), and the morphology 
clearly changed to coarser ellipses from thin dendrites, as shown in  
Fig. 5h. 

The effects of other nutrient elements (Ca and Sr) on the micro-
structure and mechanical properties of hypoeutectic Zn–Mg alloys have 
also been reported in recent studies [55,135,180]. For example, Liu 
et al. [135] observed the inhomogeneous precipitation of Mg2Zn11 and 
CaZn13 phases in as-cast Zn-1.5Mg-0.1Ca alloys, whereas the formation 
and uniform distribution of Mg2Zn11 and SrZn13 phases in as-cast Zn- 
1.5Mg-0.1Sr alloys led to grain refinement in these alloys. Their study 
revealed that lower concentrations of Ca and Sr (0.1 wt%) significantly 
increased the σTYS and σUTS of the Zn-1.5 Mg alloy; however, the ε was 
measured at only 2% for these alloys. Yang et al. [180] investigated the 
mechanical properties of an extruded Zn-xMg-0.1Ca alloy containing 
various Mg concentrations (0.5, 1.0 and 1.5 wt%). An increase in Mg 
concentration in this alloy caused a gradual increase in the content of a 
hard Mg2Zn11 intermetallic phase, which resulted in increases in 
hardness, σTYS, and σUTS. According to the phase diagrams for Zn–Ca 
and Zn–Sr, Ca and Sr are insoluble in Zn; consequently, even minor 
additions of Sr and Ca to Zn create intermetallic compounds such as 
SrZn13 and CaZn13. The effects of the addition of various alloying ele-
ments and manufacturing techniques on the mechanical properties of 
Zn alloys are summarized in Table 5. Based on data presented in  
Table 5, it can be concluded that alloying with Mg has the highest effect 
on enhancing the σUTS, while Ca impacted mostly on ε. Moreover, 
among all the alloys, only four of the binary alloys, e.g., Zn-0.08 Mg, 
Zn-0.4 Mg, Zn–1Mg and Zn-1.2 Mg and one ternary alloy (Zn-0.05Mg- 
0.5Cu) have exhibited the mechanical benchmark values for vascular 
implant materials. Hence, from viewpoint of mechanical properties, till 
now the Zn-xMg (0.1 ≤ x ≤ 1.2) binary alloys are the best candidates 
for biodegradable implant applications. However, some ternary alloys, 
namely Zn–Mg–Ca/Sr have also shown a promising combination of σUTS 

and ε. 

3.2. Zn alloys containing crucial elements 

Bone health is positively influenced by certain elements (Cu, Mn 
and Fe) known as crucial elements in the human body. The scarcity of 
these elements abates the increase of bone mass in childhood and/or in 
adolescence and speeds up bone loss after menopause or in old age. The 
deterioration of bone quality increases the risk of fractures [182,183]. 
However, this class of Zn alloys contains additional elements that are 
crucially required for metabolism, e.g., Cu, Fe, and Mn. The addition of 
these alloying element, particularly, Cu and Mn can improve the me-
chanical properties, not only strength, but also elongation. Cu is an 
essential trace element required for bone growth and connectivity, and 
enhances the proliferation of vascular endothelial cells, and re-
vascularization [184,185]. In addition, Cu deficiency leads to normo-
cytic cholesterol metabolism and neutropenia [186]. Based on the 
Zn–Cu phase diagram, the highest solubility of Cu in Zn is almost 
2.75 wt% at 425 °C [89]. Tang et al. [162] studied a series of binary Zn- 
xCu alloys (x = 1, 2, 3 and 4 wt%) via casting and HE methods for 
cardiovascular implant applications and the microstructures obtained 
are illustrated in Fig. 6. Microstructural analysis revealed that the as- 
cast alloys were composed of a dendritic second phase of CuZn5 within 
the primary Zn matrix, and an increase in the volume fraction of the 
dendritic CuZn5 phase was observed at higher concentrations of Cu in 
Zn, as shown in Fig. 6a–d. HE of the alloys resulted in grain refinement 
(Fig. 6e–h), leading to improved mechanical properties (Table 5). In 
another study, the same research group reported that a small amount of 
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Mg added to a binary Zn–Cu alloy resulted in enhanced mechanical 
properties due to the emergence of an Mg2Zn11 intermetallic phase 
[163]. Furthermore, the σTYS and σUTS increased, respectively, from 214 
to 250 MPa and from 427 to 440 MPa by adding just 1.0 wt% Mg to the 
Zn-3.0Cu alloy; nonetheless, the ε decreased from 47% to 1% due to the 
presence of a hard-intermetallic phase. 

Another study was carried out by Yue et al. [105] to evaluate the 

influence of Fe additions (0.5 and 1.0 wt%) to as-cast and extruded 
binary Zn–Cu alloys. The microstructure of the as-cast Zn–3Cu alloy 
contained a CuZn5 secondary phase embedded in the Zn matrix, 
whereas the Zn–3Cu-0.5Fe and Zn–3Cu-1.0Fe alloys contained an ad-
ditional coarse secondary phase of FeZn13 due to the Fe inclusion. The 
effects of Fe addition on the mechanical properties of these alloys are 
listed in Table 5. More recently, Bednarczyk et al. [170] fabricated a Zn- 

Fig. 2. Optical micrographs (with SEM image insets) and mechanical properties of Zn alloys: (a) pure Zn, (b) Zn-0.8 Mg, (c) Zn-1.6 Mg, (d) Zn-2.5 Mg, e) Zn-3.5 Mg, 
(f) Zn-5.4 Mg, (g) Zn-8.3 Mg, (h) changes in hardness and compressive yield strength of Zn–Mg alloys with respect to Mg concentrations, (i) changes in tensile 
properties of Zn–Mg alloys with respect to Mg concentrations. (Reproduced with permission from Refs. [177]). 

Fig. 3. Optical micrographs of Zn-xMg alloys: (a) as-cast Zn-0.15 Mg, (b) as-cast Zn-0.5 Mg, (c) as-cast Zn-1.0 Mg, (d) as-cast Zn-3.0 Mg alloys, (e) hot-extruded Zn- 
0.15 Mg, (f) hot-extruded Zn-0.5 Mg, (g) hot-extruded Zn-1.0 Mg, and (h) hot-extruded Zn-3.0 Mg alloys. (Reproduced with permission from Refs. [178]). 
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0.49Cu alloy using indirect HE (at 300 °C) and ECAP techniques, and 
the corresponding microstructures and EBSD-IPF (inverse pole figure) 
maps are shown in Fig. 7. The microstructures of both the HE and ECAP 
alloys consisted of equiaxed recrystallized grains and large amounts of a 
CuZn5 second phase were detected on grain boundaries, indicated by 
red arrow (Fig. 7a and b). The addition of low concentrations of Cu to 
Zn produced higher grain refinement in the ECAP alloy, with a grain 
size of ~2.2 μm, than in the HE alloy, with a grain size of ⁓37.8 μm 
(Fig. 7c and d). However, this grain refinement did not significantly 
enhance the mechanical strength but resulted in a notable increase in ε 
from 27% to 345%. 

EBSD microstructural analysis after tensile testing for both proces-
sing techniques is shown in Fig. 7e and f, which indicate that all of the 
primary grains were deformed by twinning in HE, while twinning was 
not observed after ECAP; consequently, deformation happened by slip 
and non-slip deformation modes. Further, textural analysis revealed a 
typical Zn fiber texture for HE in which the grains were non-preferably 
oriented toward basal slip (Fig. 7g). In contrast, a distinct texture was 
observed after ECAP, where the orientation of crystallites preferred 
low-stress basal slip (Fig. 7h). 

Another essential trace element for various enzymes and the human 
immune system is Mn [187], which has low solubility in Zn, approxi-
mately 0.8 wt% at a temperature of 416 °C [176]. At this temperature, a 
solid solution of Zn and an intermetallic phase MnZn13 coexist owing to 
the eutectic reaction. Sun et al. [188] studied the microstructure and 

mechanical properties of as-extruded Zn–Mn alloys containing different 
Mn concentrations (0.2, 0.4, and 0.6 wt%) and the results revealed that 
Zn-0.2Mn alloy was comprised of only a Zn-rich phase, while a sec-
ondary phase of MnZn13 was observed in the other two Zn–Mn alloys. 
The addition of Mn in Zn alloys significantly enhanced the ε from 48% 
to 71%. However, the σUTS of the alloys was slightly decreased, with 
increasing content of Mn. In another study, Shi et al. [189] evaluated 
as-cast Zn-0.34Mn and Zn-0.76Mn alloys using three processing routes: 
(R1) 83.3% HR (R2) 83.3% HR + 84.0% cold-rolling; and (R3) 83.3% 
HR + annealing (200 °C × 2 h, air cooling) + 84.0% cold-rolling. 
Optical micrographs and EBSD maps of these alloys are presented in  
Fig. 8. The microstructure of the as-cast Zn-0.34Mn alloy included 
coarse dendrites, but the addition of 0.76 wt% Mn caused grain re-
finement along with the formation of a second phase, MnZn13 (Fig. 8a). 
The EBSD-measured microstructures shown in Fig. 8b reveal that R1- 
processed Zn-0.76Mn alloy contained more equiaxed grains (91.1%) 
than the Zn-0.34Mn alloy (61.2%), signifying a higher degree of re-
crystallization. Also, the Zn-0.34Mn alloy showed a typical texture 
featuring a pair of poles almost 45° from the normal direction with a 
highest pole density of 14. Conversely, the Zn-0.76Mn alloy showed a 
texture with one pole centered at normal direction with a highest pole 
density of 22. The R2-processed Zn-0.76Mn alloy had smaller grains 
(2.1  ±  1.3 μm) than the Zn-0.34Mn alloy (3.0  ±  2.6 μm), revealing 
that grain growth in the former alloy was restrained by more uniformly 
distributed MnZn13 particles (Fig. 8c). The R3-processed alloys showed 

Fig. 4. EBSD orientation maps, grain size distributions and (0001) pole figures of extruded Zn-xMg alloys: (a) Zn-0.5 Mg, (b) Zn-1.0 Mg, (c) Zn-0.05 Mg, and (d) Zn- 
0.05Mg-0.1Mn alloys. (Reproduced with permission from Refs. [178,179]). 

Fig. 5. Optical micrographs of Zn–1Mg-xZr and Zn-xCa alloys: (a) Zn–1Mg, (b) Zn–1Mg-0.1Zr, (c) Zn–1Mg-0.25Zr, (d) Zn–1Mg-0.4Zr, (e) Zn-0.5Ca, (f) Zn–1Ca, (g) 
Zn–2Ca, and (h) Zn–3Ca. (Reproduced with permission from Ref. [166,181]). 
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similar equiaxed grains, e.g., 88.7% and 84.0% for the Zn-0.34Mn and 
Zn-0.76Mn alloys, respectively, as depicted in Fig. 8d. However, the 
mechanical properties of both as-cast alloys exhibited a very brittle 
nature with very low elongation (< 1%), as summarized in Table 5. The 
σTYS, σUTS, and E were notably improved by applying HR (R1) to the Zn- 
0.34Mn alloy; however, in R2, RT work-softening occurred instead of 
work-hardening, so that σTYS and σUTS declined, but elongation doubled 
(to 75.7%), as shown in Table 5. Analogous RT work-softening was 
observed with R2 for the Zn-0.76Mn alloy. Interestingly, the usage of 
R3 on the Zn-0.34Mn and Zn-0.76Mn alloys gave them extremely high 
elongation, e.g., 88.8% and 94.0% at RT, respectively (Table 5). The 
microstructures and mechanical properties of PM-processed Zn–4Mn 
and Zn–24Mn alloys were investigated by Bagha et al. [139]. The mi-
crostructures of these alloys contained nano-sized crystallites 
(> 40 nm) and the secondary phases of MnZn3 and MnZn13, which 
enhanced the compression strength, elastic modulus and micro-hard-
ness of these alloys. Recently, Guo et al. [190] reported that a multi- 
pass HE-processed Zn-0.5Mn alloy contained ultra-fine Zn grains (with 
0.35 μm grain size) and a second phase of MnZn13 (with 0.07 μm grain 
size), which caused grain refinement and hence superplasticity, i.e., 

ε = 236.2% at RT. In a very recent report, Shi et al. [191] studied the 
influence of Ag, Cu, and Ca on as-cast and extruded Zn-0.8Mn alloys. 
Low additions (0.4 wt%) of Ag, Cu, and Ca to Zn-0.8Mn in an as-cast 
state made the ternary alloys even more brittle, while application of HE 
not only improved elongation but also increased the strength of the 
ternary alloys significantly (Table 5). In another study, Shi et al. [192] 
investigated the mechanical properties of biodegradable Zn-0.3Fe alloy 
fabricated via a newly developed bottom circulating water-cooled 
casting (BCWC) method. The BCWC method significantly refined the 
secondary phase of FeZn13 particles in Zn-0.3Fe. As a result, the ulti-
mate tensile strength (σUTS) of Zn-0.3Fe alloy increased by 62% than 
that of the same alloy fabricated via conventional casting. The micro-
structural evolution and mechanical properties of the Zn-0.3Fe alloy are 
summarized in Table 5. 

It is observed from Table 5 that among all alloys alloyed with crucial 
elements, only two alloys (Zn–2Cu and Zn–4Cu) exceeded the me-
chanical benchmark values for vascular implant materials. However, 
the Mn and Cu has the greatest impact on improving ε values for the 
biodegradable Zn-based alloys. 

Fig. 6. Optical micrographs of Zn-xMg alloys: (a) as-cast Zn–1Cu, (b) as-cast Zn–2Cu; (c) as-cast Zn–3Cu, (d) as-cast Zn–4Cu alloys, (e) hot-extruded Zn–1Cu, (f) hot- 
extruded Zn–2Cu, (g) hot-extruded Zn–3Cu, and (h) hot-extruded Zn–4Cu alloys. (Reproduced with permission from Ref. [162]). 

Fig. 7. Microstructures of (a) HE and (b) ECAP Zn-0.49Cu alloy, EBSD-IPF maps of (a) HE and (b) ECAP Zn-0.49Cu alloy, EBSD microstructures after tensile 
deformation for (e) HE and (f) ECAP Zn-0.49Cu alloy, and pole figures of (g) HE and (h) ECAP Zn-0.49Cu alloy. (Reproduced with permission from Ref. [170]). 
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Fig. 8. (a) Optical micrographs of as cast Zn-0.34Mn and Zn-0.76Mn alloys, and EBSD microstructures of Zn-0.34Mn and Zn-0.76Mn alloys: (b) R1, 83.3% hot- 
rolling; (c) R2, 83.3% hot-rolling + 84.0% cold-rolling; (d) R3, 83.3% hot-rolling, annealing (200 °C × 2 h, air cooling), and 84.0% cold-rolling. (Reproduced with 
permission from Refs. [189]). 
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3.3. Zn alloys containing other elements 

In this group, Zn based alloys cover a wide range of alloying ele-
ments, such as, zirconium (Zr), lithium (Li), Ti, germanium (Ge), alu-
minum (Al), and silver (Ag). Among these elements, the addition of Li 
into pure Zn not only enhances the strength, but also elongation of the 
Zn-alloys. 

It is known from the Zn–Zr phase diagram [193] that Zr is virtually 
insoluble in Zn, i.e., the solid solubility of Zr in Zn is below 0.014 wt% 
at 400 °C, so a tiny addition of Zr in Zn will generate a Zr-rich inter-
metallic phase. Wątroba et al. [194] studied Zn–Zr alloys with Zr 
content of 0.01, 0.02, 0.05, and 0.1 wt% via die casting and HE, and 
their optical and EBSD microstructures are presented in Fig. 9. The 
microstructural analysis (via BSE imaging) indicated that with in-
creasing wt.% of Zr, the particle size of Zr and volume fraction of the 
intermetallic phase (Zn22Zr) increased, as shown by white arrows in  
Fig. 9a–d. Also, the IPF maps displayed in Fig. 9e–h and grain size 
distribution of all alloys confirmed grain refinement from 210 to 42 μm 
due to the increased Zr content. The mechanical property analysis 
concluded that low additions of Zr gave the alloy similar properties to 
brittle Zn. At the same time, higher content (0.05 and 0.1 wt%) of Zr in 
Zn notably enhanced both the strength and ductility of the alloys. 
However, the most promising Zn–Zr alloy is the HE Zn-0.05Zr alloy, 
with σTYS, σUTS, and E of 104 MPa, 157 MPa, and 22%, respectively. 
Recently, another element, Ge, was incorporated into Zn to produce a 
Zn-5Ge alloy, by Tong et al. [168], via casting and HR techniques, and 
the as-cast microstructure exhibited an α-Zn phase with a eutectic Ge 
phase. In the case of the HR Zn-5Ge alloy, the grains were found to be 
elongated in the deformation direction; the Ge phase was also notably 
refined. HR significantly increased the σTYS, σUTS, E, and hardness va-
lues of the Zn-5Ge alloys, as shown in Table 5. 

Another element alloyed with Zn is Ag, which has been used for 
decades to treat burns and in wound healing and is now used in several 
clinical applications [195,196]. Materials containing Ag were effec-
tively utilized as dental implants and in some cases as biomaterial 
coatings [197,198]. Many studies have reported that Ag ions or nano-
particles can kill some bacteria which cling to the implant surface or 
prevent them from attaching to it [199]. Therefore, the addition of Ag 
to Zn or Zn-based alloys would benefit cardiovascular stent applica-
tions. However, as per the Zn–Ag phase diagram [176], Ag shows a 
maximal solubility of roughly 6 wt% in Zn at 431 °C, where solidifi-
cation occurs by a peritectic reaction in which β-AgZn3 and the liquid 

change into an η-Zn solid solution. Binary Zn-xAg alloys with x = 2.5, 
5.0, 7.0 wt% were studied by Sikora-Jasinska et al. [102] and their 
optical and EBSD microstructures are shown in Fig. 10. The optical 
micrographs in Fig. 10a reveal that as-cast pure Zn is composed of very 
coarse grains (< 1 mm), but the addition of 2.5 wt% Ag to Zn causes a 
notably refined dendritic structure (Fig. 10b). Further, alloys with 
larger wt.% of Ag exhibit an elementary η-Zn phase and correspond-
ingly higher volume fraction of ε-AgZn3 dendrites (Fig. 10c and d). It 
was found from the EBSD maps and IPFs (shown in Fig. 10e–h) that 
observable grain refinement occurred because of the Ag content and 
HE, and consequently σTYS and σUTS successively increased, respec-
tively, from, 147–236 MPa and from 203 to 287 MPa for Zn-2.5Ag and 
Zn-7.0Ag. Nonetheless, the inclusion of Ag with Zn reduced the ε of all 
Zn–Ag alloys, but interestingly the values of ε remained almost the 
same at higher wt.% of Ag and the remaining values of E were still fairly 
adequate (32–36%) for various implant applications. In another study, 
Li et al. [167] reported that a thermal treatment of Zn-4.0Ag refined the 
microstructure and so enhanced the mechanical properties. Porous Zn- 
1.0Ag and Zn-3.5Ag alloy scaffolds with porosity of almost 59% were 
fabricated by Xie et al. [200] via the air-pressure infiltration technique 
and they reported that with increasing Ag content, the grain size of the 
alloys reduced gradually to 40 μm, which resulted from the increase in 
the mechanical properties of the Zn–Ag scaffolds. Recently, Bednarczyk 
et al. [171] studied an ECAP-processed Zn-0.8Ag alloy with surprising 
elongation (< 650%). 

Aluminum is another element for alloying with Zn and Zn-based 
alloys and has the highest solubility (1 wt%) in Zn at 382 °C. However, 
the neurotoxicity of Al and its susceptibility for causing Alzheimer's 
disease have been reported in the literature [201,202]. Therefore, the 
content of Al in biodegradable Zn alloys should be limited. Never-
theless, Al in its low concentrations has been extensively used as an 
alloying element in several biomedical implant materials which have 
served the biomedical device industry for the last few decades 
[136,203,204]. A eutectic reaction at 382 °C produces a mixture of β-Zn 
(HCP crystals) and α′-Al (CFC crystals), and below 275 °C a mono-
tectoid reaction occurs to transform α′-Al into α-Al [176]. Low Al 
content (0.5 and 1.0 wt%) Zn–Al alloys were studied by Mostaed et al. 
[178] and the SEM microstructures and EBSD maps obtained are shown 
in Fig. 11. SEM images of both alloys (Fig. 11a) confirm the absence of 
secondary phases, due to the higher solubility of Al in Zn. An equiaxial 
grain was also observed along longitudinal cross-sections, as presented 
in Fig. 11b, ensuring notable grain refinement. Also, the second phase 

Fig. 9. Optical micrographs of as-extruded (a) Zn-0.01Zr, (b) Zn-0.02Zr, (c) Zn-0.05Zr, and (d) Zn-0.1Zr alloys. EBSD maps of as-extruded (e) Zn-0.01Zr, (f) Zn- 
0.02Zr, (g) Zn-0.05Zr, and (h) Zn-0.1Zr alloys. (Reproduced with permission from Ref. [194]). 

H. Kabir, et al.   Bioactive Materials 6 (2021) 836–879

854



was absent, indicating good solubility of Al in α-Zn. The addition of Al 
notably enhanced the strength and elongation; however, σTYS and σUTS 

were still below the benchmark values for implant applications. In 
another study, Demirtas et al. [172] reported that a fine-grained matrix 
and ultrafine-grained Al precipitates generate extremely high elonga-
tion, such as 1000% in an ECAP-processed Zn-0.3Al alloy at RT. Re-
cently, Bowen et al. [146] explored a series of Zn-xAl alloys (x = 1, 3, 
5 wt%) using HR for implant applications and obtained values for σUTS 

and elongation higher than 308 MPa and 31%, respectively, for Zn–3Al 
and Zn–5Al alloys, which are very close to the benchmarks; however, 
the σUTS value for Zn–1Al was still below the benchmark. The effects of 
several wt.% (0.1, 0.3, 0.5) of Mg addition to Zn-0.5Al were in-
vestigated by Bakhsheshi-Rad et al. [136] and they reported that Zn- 
0.5Al-xMg alloys were composed of α-Zn and lamellae of Mg2(Zn, Al)11. 
Also, the mechanical properties, i.e., σUTS, E and HV, of the Zn-0.5Al 
alloys were consistently enriched by using Mg content, yet they ob-
tained values were far below the benchmark values for stent materials. 
The same research group also reported that adding Bi to Zn-0.5Al- 
0.5 Mg alloys aided the formation of an α-Mg3Bi2 phase, which en-
hanced mechanical properties [205]. 

An overdose of Li poses various potential health risks, including 
congenital disabilities, bipolar disorder, etc. [206,207], but it was re-
ported that low content of Li is useful in the treatment of brain injury, 
stroke, spinal cord injury, and Parkinson's disease [208]. Moreover, the 
addition of Li to Mg markedly enhanced the ductility of Mg, and thus 
Mg–Li alloys have more significant potential compared to Mg alloys to 
satisfy the demand for cardiovascular stents [209]. However, according 
to the phase diagram for Zn–Li [210], the highest solubility of Li in Zn is 
~0.12 wt% at 403 °C. A eutectic reaction at 403 °C transforms the li-
quid phase into Zn and β-LiZn4, and then below 65 °C its further 
changes into α-LiZn4. Zhu et al. [211] studied as-extruded Zn-xLi 
(x = 0.3, 0.4) alloys, and the SEM microstructures and EBSD maps 
obtained are shown in Fig. 12. They reported that both alloys contained 
equiaxed grains and strings of an intermetallic phase of LiZn4, as shown 
in Fig. 12a, and the average grain sizes determined from EBSD maps 
(Fig. 12b) were approximately 11 μm and 6 μm, respectively. Li et al. 
[212] fabricated the Zn-(0.1–1.4)Li alloys to systematically investigate 
the impact of Li on the microstructure and mechanical properties of the 
alloys. The Zn–Li alloys contained mainly α-Zn and β-LiZn4 phases. The 
strength of the Zn–Li alloys increased at least 3 times due to the for-
mation of a dense β-LiZn4/α-Zn lamellar structure as summarized in  
Table 5. A series of Zn–Li alloys with varying Li content (0.2, 0.4, 0.7 at. 

%) were also investigated by Zhao et al. [103]. The as-cast Zn-0.2Li 
alloy contained a small amount of Zn + LiZn4 phase in the α-Zn matrix 
which was homogenously dispersed within the matrix. However, Zn 
alloys containing higher Li content exhibited randomly oriented la-
mellar Zn + LiZn4 phase along the grain boundaries. On the contrary, 
acute rolling texture with finer dendrites and grains were observed in 
the hot rolled Zn-0.4Li and Zn-0.7Li alloys, whilst equiaxed grains were 
observed in Zn-0.2Li alloy owing to dynamic recrystallization (DRC). 
The increase in Li content from 0.2 to 0.7 at.% simultaneously im-
proved the σYS and σUTS from 240 to 480 MPa and 360–560 MPa, re-
spectively, yet their ductility was found relatively lower than the 
benchmark value of elongation for stent materials (20%). In a recent 
study, excellent mechanical strength and ductility of hot extruded Zn- 
xLi (x = 0.1, 0.4, 0.8) alloys with addition of Mn from 0.1 to 0.8 wt% 
were reported by Yang et al. [213]. Their reported values of σTYS, σUTS 

and ε for all the binary and ternary alloys were well above the bench-
mark values for any vascular stent materials as shown in Table 5. 

Table 5 also systematically summarizes the effects of these alloying 
elements and fabrication techniques on the formation of different 
phases and the subsequent mechanical properties of Zn-based alloys. 

Form Table 5, it can be summarized that the only Zn-xLi-yMn (x, 
y = 0.1–0.8 wt%) are the best candidates for next generation biode-
gradable implant applications. However, other binary systems like 
Zn–Ag and Zn–Ti, as well as systems like Zn–Ag–Mn have also revealed 
an optimistic combination of σUTS and ε. 

4. Tribological properties of Zn-alloys 

Tribology is the science of wear, friction and lubrication, and en-
compasses how interacting surfaces and other tribo-elements behave in 
relative motion in natural and artificial systems. The wear resistance is 
critical for Zn alloys due to the particular applications, in fashion, 
decorative, automotive, and biomedical industry. In addition, Zn alloys 
have been used for bearing production to replace existing Cu-based 
bearings due to the good castability and unique combination of prop-
erties. Consequently, sliding wear behavior of Zn–Al alloys has been 
extensively investigated via standard pin-on-disk [242,243] or block- 
on-disk (ring) wear tests [244,245] under both dry and lubricated 
conditions. Since wear resistance is not an intrinsic property of the 
material, it relies on the specific tribological system and the testing 
conditions. As a consequence, a comparison of the wear behavior of 
alloys tested under different conditions (i.e., different applied load, 

Fig. 10. Optical micrographs of as-cast (a) pure Zn, (b) Zn-2.5Ag, (c) Zn-5.0Ag, and (d) Zn-7.0Ag alloys. EBSD maps of the extruded (e) pure Zn, (f) Zn-2.5Ag, (g) Zn- 
5.0Ag, and (h) Zn-7.0Ag alloys. (Reproduced with permission from Ref. [102]). 
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sliding distance, with or without lubrication, etc.) is not reputable. 
However, microstructural features govern the resultant tribological 
performance of Zn–Al alloys [246–250]. For example, tribological 
performance of lower Al content hypo-eutectic Zamak 2 (Zn–4Al–3Cu) 
and Zamak 3 (Zn–4Al-0.1Cu) alloys were investigated in comparison 
with Zn alloys containing higher levels of Cu and/or Al [246,247]. 
Generally, the low hardness of Zamak 3 alloy (due to the primary Zn- 
rich α-phase) resulted in higher friction coefficient (COF) and wear rate 
than the other alloys when tested against steel counterpart in dry 
conditions [247]. Conversely, Zamak 2 alloy exhibited higher hardness 
due to the higher Cu content, but it was reported displaying worse wear 
resistance compared to alloys with higher Al content alloys like 
Zn–15Al–1Cu (ZEP) and Zn–27Al (ZA27). This is possibly owing to a 
limited oxide formation on the wear track, whereas the oxide formed on 
the wear track of ZEP and ZA27 alloys protected their surfaces from 
further wear. However, Zamak 2 also underwent a noticeable oxidation 
on the wear track by increasing the sliding distance [246]. In all the 
alloys, scratches aligned with the sliding direction were observed which 
were formed due to abrasive wear damage. Ares et al. [248] evaluated 
the wear resistance of hypoeutectic Zn-xAl (x = 1–4 wt%) alloys fab-
ricated by transient directional solidification (TDS) and reported that 
under the same wear conditions, the wear rate of the equiaxed region 
was lower than that of the columnar and transition regions, and for 
each alloy concentration, the wear resistance increased from the co-
lumnar to the equiaxed structure. The improvement in wear resistance 
with increasing Al content in pure Zn at high loads (40–100 N) was 
attributed to the specific microstructural evolution [249]. The role of 

Ag was studied for gravity casting Zn–12Al alloy by Şevik [250] and the 
modified alloys (Zn–Al–Ag) exhibited higher wear resistance compared 
to the base alloy of Zn–12Al. Both wear rate and COF for all applied 
loads were reduced with increasing Ag content. In another study, Turk 
et al. [242] investigated the wear behavior of Zn–8Al alloys containing 
various concentrations of lead (Pb), tin (Sn), and cadmium (Cd) at 
different sliding speeds and applied loads. Their results indicated that 
Pb and Cd elements enhanced the wear resistance, particularly at high 
loads (30–45 N) while alloys with Sn exhibited poor wear behavior in 
comparison with the base Zn–8Al alloy. Similar tribological behavior 
was reported by Savaskan et al. [251] in which addition of high content 
of Cu (up to 2 wt%) in Zn–27Al increased its wear resistance, while for a 
higher content no significant improvement in material performance can 
be observed. 

The tribological behavior of other Zn-based alloys for biomedical 
applications are rarely reported in the literature. Recently, Lin et al. 
[152] reported the wear and friction behavior of as-cast, HR and cold 
rolled biodegradable Zn–1Cu-0.1Ti alloys with pure Zn as control and 
the results are shown in Fig. 13. The COF values as a function of wear 
time for all the samples are shown in Fig. 13a. It can be seen that the 
COF was relatively stable at the initial stage of wear under dry sliding, 
and then increased rapidly with sharp fluctuations with increasing 
sliding time. The COF, wear loss (WL), and surface roughness (SR) of all 
the samples after dry-sliding wear and corrosive wear testing in Hanks' 
solution is shown in Fig. 13b. The COF, WL and SR values are 0.741, 
2.41 mg, and 1.02 μm for as-cast Zn and 1.039, 1.87 mg and 1.19 μm 
for as-cast Zn–Cu–Ti, respectively. The HR + cold rolling process 

Fig. 11. (a) Optical micrographs and (b) EBSD maps of the Zn-0.5Al and Zn-1.0Al alloys. (Reproduced with permission from Ref. [178]).  
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significantly reduced the COF and SR from 1.039 to 0.731 and 1.19 to 
0.94 μm, respectively, while increased the WL value from 1.87 to 
2.02 mg. The overall results indicate that the ac-cast, HR, and 
HR + cold rolling processed Zn–1Cu–0.1Ti and as-cast pure Zn ex-
hibited better wear performances in the lubricated environment of 
Hanks’ solution than in the dry-sliding wear conditions. The same re-
search group in another study reported the friction and wear behaviors 
of the Zn–3Cu and Zn–3Cu–0.2Ti alloys [252]. With the addition of 
0.2% Ti, the COF and WL of Zn–3Cu–0.2Ti revealed downward trends 
compared to their Zn–3Cu counterparts, indicating higher wear re-
sistance of the Zn–3Cu–0.2Ti alloys than the Zn–3Cu under the same 
conditions. 

5. Corrosion mechanisms and degradation behaviors of pure Zn 
and Zn-based alloys 

Zn is commonly used as a corrosion-protection material in marine 
and industrial applications [253]. Metallic materials used in these in-
dustries are generally coated with Zn-based materials, which act as a 
sacrificial layer to protect against further corrosion of structural com-
ponents. However, for biomedical applications, degradation of Zn and 
its alloys is mainly assessed via in vitro and in vivo studies. The in vitro 
corrosion behavior of Zn-based materials is commonly assessed by 
electrochemical and weight-loss tests. The electrochemical testing in-
cludes standard potentiodynamic polarization (PP) and electrochemical 
impedance spectroscopy (EIS) studies of these materials. In vitro de-
gradation of Zn-based materials in various corrosion mediums has been 
investigated in recent years, including Hanks' Balanced Salt Solution 
(HBSS), phosphate-buffered saline (PBS) solution, simulated body fluid 
(SBF), and Ringer's Saline Solution (RSS) [148,254,255]. Genuine 

human plasma and blood were also used in a few studies [256,257]. 
The corrosion rate (C.R) of Zn-based materials can be evaluated using 
ASTM G59-97 [258]: 

= ×C R i EW. 3.27 10ele
corr3

(1) 

where icorr is the electrochemical corrosion density, EW is the equiva-
lent weight (g/eq), and ρ is the density (g/cm3) of the Zn-based mate-
rials. 

EIS generally employs AC and DC current polarization in the usual 
potentiodynamic test, which evaluates the resistance, impedance, and 
capacitance of materials immersed in various corrosion mediums. The 
corrosion current density is then evaluated using the Stern–Geary re-
lationship [258]: 

=
+

i
R2.303 ( )corr

a c

p a c (2) 

where Rp, βa, and βc are the polarization resistance, anodic, and 
cathodic Tafel slopes, respectively. 

The degradation behavior of Zn-based materials is also assessed by 
weight-loss measurement. These materials are generally immersed for a 
defined duration in various corrosion mediums under static conditions. 
The corrosion rates from immersion tests can be calculated using [259]: 

=C R KW
At

. imm (3) 

where W, A, t, and K are the mass loss in grams, the surface area of the 
specimen in cm2, the immersion period in hours, and a constant, re-
spectively. 

However, irrespective of the corrosion mediums used in these 

Fig. 12. (a) SEM micrographs and (b) EBSD maps of the as-extruded Zn-0.3Li and Zn-0.4Li alloys. (Reproduced with permission from Ref. [211]).  
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studies, the corrosion mechanism of Zn is regulated by the following 
reactions [42,260]:  

Anodic reaction: Zn → Zn2+ + 2e−                                          (4)  

Cathodic reaction: 2H2O + O2 + 4e− → 4OH−                         (5)  

Overall reaction: 2Zn + 2H2O + O2 → 2Zn(OH)2 ↓                     (6)  

Other reactions: Zn(OH)2 → ZnO + H2O                                   (7)  

6Zn(OH)2 + Zn2+ + 2Cl- →6Zn(OH)2·ZnCl2 (8)                               

4ZnO + 4H2O + Zn2+ + 2Cl- → 4Zn(OH)2. ZnCl2 (9)                      

Zn2+ + 2HPO4
−2 + 2OH− + 2H2O → Zn3(PO4)2·4(H2O)          (10)  

It is evident from these series of reactions that Zn doesn't release 
hydrogen gas during biodegradation like Mg, indicating one of the 
major benefits of Zn [88,178,261]. The corrosion by-products from the 
degradation of Zn contain its oxides and some other elements and 
compounds including phosphorus (P), Ca, chlorine (Cl), phosphates 
(PO4), and bicarbonates (HCO3) [78,226,236,262–264]. Apart from the 
chemical compositions of Zn and its alloys, the pH of the corrosion 
medium plays a critical role during their corrosion [265,266]. How-
ever, the overall corrosion rates of Zn-based materials are characterized 
by their lower cathodic reaction rates in pH values between 7 and 10, as 
shown in Fig. 14 [265]. 

The addition of alloying elements can regulate the corrosion me-
chanism and the formation of corrosion products in Zn-based materials. 
The corrosion behavior of Zn and its alloys is typically associated with 
the size, distribution, and volume fraction of the secondary phases, 
which become cathodic sites during their biodegradation in corrosive 
mediums. 

5.1. In vitro degradation of Zn-based materials 

The in vitro corrosion behavior of pure Zn in different corrosive 
mediums has been extensively investigated by researchers 
[85,256,267–269]. For example, the corrosion behavior of pure Zn in 
two corrosive solutions, PBS and RSS, and two natural body fluids, 
human plasma and whole blood, was first reported by Torne et al. [256] 
and their results indicated that corrosion rates decreased with immer-
sion time for plasma and whole blood, while they increased during 
immersion in PBS and RSS. Liu et al. [71] evaluated and compared the 
in vitro corrosion behaviors of ultra-pure (UP) Zn and pure Mg plates 
and mini-tubes and reported that UP-Zn plates had lower corrosion 
rates than pure Mg, while Zn mini-tubes showed a higher corrosion rate 
than Zn plates. In another study, Chen et al. [262] compared the de-
gradation behaviors of Zn with Mg and Fe in PBS solution, and reported 
that the open circuit potential and corrosion rates of Zn were in 

between those of Mg and Fe. The influence of diameter on the in vitro 
corrosion performance of as-extruded pure Zn wires in HBSS was also 
investigated by Guo et al. [268] and their results showed that during 
30 d immersion, a 3 mm Zn wire exhibited much better corrosion re-
sistance than a 0.3 mm Zn wire. Recently, in vitro degradation of pure 
Zn was investigated by Liu et al. [267] by immersing it for 4 weeks in 
bovine serum albumin (BSA). Their results indicated that the adsorp-
tion of BSA protected the substrate from dissolution on the first day, but 
chelation of BSA and Zn2+ increased the corrosion rates over 3–7 d 
immersion. After this period, the corrosion resistance of pure Zn was 
increased by the formation of a complex accumulation on the surface of 
the sample. Similarly, many studies have reported on the in vitro de-
gradation behavior of Zn and its alloys in various corrosive mediums 
such as HBSD, PBS, SBF, artificial urine (AU), and artificial plasma (AP) 
at different immersion durations. These studies revealed that compo-
sition and fabrication techniques alter the degradation behavior of Zn- 
based materials. Results from these studies are summarized in Table 6. 

Mostaed et al. [178] evaluated and compared the degradation be-
haviors of as-cast and extruded Zn-xMg (x = 0.15, 0.5, 1.0, and 3.0) 
alloys in HBSS. Compared to the as-cast alloys, electrochemical studies 
of these alloys revealed lower corrosion potential (Ecorr) and current 
density (Icorr) values for the extruded Zn–Mg alloys. The in vitro de-
gradation of an ECAP-processed Zn–3Mg alloy in SBF was investigated 
by Dambatta et al. [160]. Their results indicated that compared to as- 
cast alloys, the ECAP-processed alloys had better corrosion resistance, 
which was attributed to grain refinement in these alloys. The corrosion 
behaviors of as-rolled pure Zn and binary Zn-1X (x = Mg, Ca, Sr) alloys 
in HBSS solution for 14 and 56 d were also investigated by Li et al. 
[147]. Electrochemical studies of these alloys indicated that pure Zn 
had better corrosion resistance than as-rolled Zn-1X alloys and the 
corrosion rates of these alloys were in the order: pure Zn  <  
Zn–1Mg  <  Zn–1Ca  <  Zn–1Sr. Initially, after 14 d immersion in HBSS 
solution, the surfaces of all samples were found to be flat; however, 
more apatite-like corrosion products were deposited on the surfaces of 
the Zn-1X alloys than on the pure Zn after immersion for 56 d. The 
strength of these Zn-1X alloys decreased slightly after 8 weeks’ im-
mersion in HBSS, but these alloys retained reasonable mechanical in-
tegrity, showing their greater suitability for orthopedic applications 
compared to Mg-based alloys [270]. 

The in vitro corrosion behavior of Zn alloyed with crucial elements 
(Cu, Mn and Fe) were reported by several researchers. For instance, 
Tang et al. [162] studied the in vitro degradation behavior of Zn-xCu 
alloys with Cu contents from 1 to 4 wt% in c-SBF solution at 37 ᴼC for 
20 days immersion period, and reported that inclusion of Cu into Zn 
slightly enhanced CR of Zn, but CR of alloys remained almost steady. 
Same research group in another study reported a lower CR of 9.4 μm/y 
in case of Zn–4Cu alloy in HBSS. Hou et al. [271] reported that addition 
of 3 wt% Cu into Zn scaffolds in c-SBF solution significantly raised the 

Fig. 13. Friction behaviors of AC, HR, and HR + Cold rolled Zn–1Cu–0.1Ti and as-cast pure Zn: (a) friction coefficient curves in dry-sliding wear and corrosive wear 
testing in Hanks' solution and (b) friction coefficient, wear loss and surface roughness after wear testing. (Reproduced with permission from Ref. [152]). 
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CR due to precipitation of CuZn5 second phase. Kafri et al. [230] de-
veloped the Zn-1.3Fe (wt.%) alloy and computed the CR in PBS solu-
tion. The acquired values of Vcorr, Icorr and CR of Zn-1.3Fe alloy was 
found to be increased notably compared to pure Zn for immersion 
period of 20 days (Table 6). However, in another study, they reported a 
reduction of CR in Zn–4Fe alloy with respect to pure Zn in the same 
corrosion medium owing to the passivation effect of corrosion products 
[272]. Addition of Mn was noted to shrink the CR of pure Zn, such as, 
addition of 4 and 24 wt% Mn in pure Zn dropped the CR of Zn more 
than 3 and 100 times, respectively, which was ascribed to finer mi-
crostructure and the formation of a fewer intermetallic compound 
[139]. 

The in vitro corrosion behavior of Zn alloys with other element, i.e., 
Ag, Al, Ge, Li, Zr were also studied and obtained results are summarized 
in Table 6. Like Ca, Sr and Cu, the addition of Ag [102] and Al [178], 
were reported to increase CR of extruded Zn alloys, conversely, CR of 
Zn alloys was found to be abated by adding Ge [168] and Li [103]. For 
instance, the corrosion properties of as-cast and HR Zn-5Ge alloy was 
studied by Tong et al. [168] in HBSS and noted that the CR rate of HR 
Zn-5Ge was almost double of the CR of as-cast Zn-5Ge. However, in 
both cases the CR of Zn-5Ge was much lower than that of pure Zn. 
Champagne et al. [273] compared the electrochemical CR of HE pure 
Zn, Zn-0.5Al and Zn-0.5 Mg in AU, and reported that the CR of both 
alloys was decreased compared to Zn counterparts, but the CR of Zn- 
0.5 Mg was superior than that of Zn-0.5Al alloy. For Zn based ternary 
alloys, Bakhsheshi-Rad et al. [136] observed that the addition of Mg 
(0.1–0.5) progressively increased the CR of Zn-0.5Al (Table 6). In an-
other study, they also reported the similar degradation behavior of as 
cast Zn-0.5Al-0.5 Mg alloys with addition of Bi, and CR was increased 
from 0.148 to 0.283 mm/y [205]. Zhang et al. [239] investigated the 
degradation behavior of Zn-0.8Li, Zn-0.8Li-0.2Ag, and Zn-0.8Li-0.2 Mg, 
and their CRs were measured as 0.12 mm/y, 0.11 mm/y, and 0.17 mm/ 
y, respectively. Higher CR of Zn-0.8Li-0.2 Mg was attributed to the 
formation of cathodic sites due to formation of intermetallic com-
pounds. Nevertheless, lower CR of these alloys showed suitability for 
bone regeneration implant applications. Recently, Li et al. [212] in-
vestigated the in vitro degradation behavior of Zn-xLi (x = 0.1–1.4 wt 

%) alloys in SBF and the results showed the ability of Li in forming 
LiOH and Li2CO3-rich passivation films as corrosion products on Zn- 
(0.5–1.4 wt %)Li alloys. Formation of these passive films resulted in 
reduction of CR of Zn-1.4Li alloy (14.26 μm/y) than that of pure Zn 
(45.76 μm/y). They also reported that interestingly β phase degraded 
prior to Zn in the alloys, indicating that biomedical implants made of 
Zn–Li alloys are likely to degrade entirely in human body. 

The in vitro corrosion behaviors of Zn-based alloyed with various 
elements have also been reported in many other studies and are sum-
marized in Table 6. 

5.2. In vivo degradation behavior of Zn-based materials 

Various animal models such as those using Sprague–Dawley (SD) 
rats [78,282,283], Wistar rats [230,272,284], C57BL/6 mice [147], 
beagle dogs [87], white pigs [285], and rabbits [90,148] have been 
used in previous studies for in vivo degradation assessment of metallic 
biomaterials. The implantation sites in these animals are generally 
application-driven. For example, Zn was inserted into the abdominal 
aorta for in vivo assessment for cardiovascular stent applications 
[101,151,286], whereas it was implanted in the bone for evaluation of 
orthopedic applications [147,148]. Pierson et al. [287] proposed a 
novel and inexpensive technique for implanting wire into the arterial 
wall and this method was adopted by several studies [78,282,288]. The 
corrosion rate of an implanted material can be assessed by measuring 
the weight loss after a specific post-implantation duration. However, 
Bowen et al. [289] reported the unsuitability of this method for eval-
uating the in vivo corrosion rates of samples with large aspect ratios, 
e.g., metallic wires. Therefore, a new approach was proposed in their 
study to determine the corrosion penetration rate (CPR) by determining 
the reduced cross-sectional area of the specimen against implantation 
time, using [289]: 

=CPR
t

A Ao t

(11) 

where, t, Ao, and At are the implantation duration, original cross-sec-
tional area, and cross-sectional area after a specific duration, respec-
tively. In another study, Li et al. [147] also proposed a new method to 
determine in vivo corrosion rates by employing micro-CT imaging, 
using: 

=C R V V
At

. in vivo
t0

(12) 

where A, Vo, and Vt are the initial surface area of the implant, the initial 
volume of the implant, and the volume of the implant after a specific 
duration, respectively. 

The in vivo degradation behaviors of pure Zn and its alloys have 
been reported in several studies [87,101,151,165,283] and some of the 
results obtained for pure Zn are summarized in Fig. 15, while those for 
Zn-based alloys are presented in Fig. 16. For example, Bowen et al. [78] 
first reported the in vivo corrosion rate of a pure Zn implant placed into 
the abdominal aorta of SD rats. The corrosion rate of the Zn implant, 
which was measured by the post-implantation changes in the cross- 
sectional area, increased gradually over time in the aorta, as shown in  
Fig. 15a and b. Similarly, Yang et al. [90] investigated the in vivo de-
gradation behavior of pure Zn stent in a rabbit model. The implanted Zn 
stent retained its mechanical integrity up to 6 months, but degraded 
almost 42% of its volume after 1 year of implantation, as shown in  
Fig. 15c and d. Their study also investigated the chemical composition 
of the corrosion products that were formed on the Zn stent, as shown in  
Fig. 15e and f. The inner layer of the corrosion was composed of Zn, 
carbon (C), phosphate (P), and oxygen (O2), while the outer layer 
contained the additional element of Ca (Fig. 15f). Recently, Drelich 
et al. [283] investigated the in vivo degradation behavior of Zn wires 
implanted in the murine artery for a long duration (up to 20 months). 

Fig. 14. Pourbaix diagram of Zn. The blue arrow shows the range of biological 
standard reduction potentials at pH 7.4. (Reproduced with permission from Ref. 
[265]). 
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Table 6 
Effect of composition and fabrication processes on the degradation behavior of Zn-based alloys (average values are reported).          

Composition (wt.%) and manufacturing process Corrosion medium Immersion time (day) Ecorr (V) Icorr (μA/cm2) C.R (mm/y) Ref. 

C.R imm C.Rele  

Pure Zn 
Pure-Zn Saline 14 −1.25 16.73 – 0.063 [269] 

RSS 3 −1.049 – 0.10 0.094 [256] 
PBS 3 −0.994 – 0.03 0.021 
WB 3 −1.130 – 0.11 0.104 
HP 3 −1.094 – 0.19 0.179 
SBF 14 −1.08 11.90 0.03 0.18 [264] 

Zn (foil) AP 28 −0.97 0.76 0.016 0.011 [267] 
ZnCast HBSS 30 −1.170 37  0.56 [274] 
ZnHE 30 −1.016 30.361 0.027 0.909 [268] 
ZnHE + DW 30 −1.009 14.045 0.035 0.421 
Zn (plate)HE + DW 30 – – 0.013 – [71] 
Zn (tube)HE + DW 30 – – 0.037 – 
Zn Alloyed with nutrient elements (Ca, Mg and Sr) 
ZnHE SBF 14 −0.914 44.0 0.15 0.653 [148] 
Zn-0.005MgHE 14 −0.938 49.1 0.15 0.728 
ZnHE HBSS 15 −1.117 2.81 0.09 0.042 [255] 
Zn-0.02MgHE 15 −1.113 6.19 0.21 0.093 
ZnHE AU – −1.11 58 – 0.87 [273] 
Zn-0.5MgHE – −1.18 92 – 1.39 
Zn-1.0MgHE – −1.17 99 – 1.50 
ZnSLM SBF 28 −0.87 9.24 0.18 – [142] 
Zn-1MgSLM 28 −0.91 5.86 0.14 – 
Zn-2MgSLM 28 −0.88 4.63 0.13 – 
Zn-3MgSLM 28 −0.82 3.62 0.10 – 
Zn-4MgSLM 28 −0.84 3.71 0.11 – 
Zn-1MgCast 30 min. −1.14 28.47 0.43 – [275] 
Zn-1MgCast 7 – – 0.28 – [104] 
Zn-1MgExt 7 – – 0.12 – 
Zn-1MgPM Ringer's 2 −1.224 7.244 0.208 – [138] 
Zn-25MgPM 2 −1.323 12.99 0.374 – 
ZnCast + Hom SBF 14 −0.89 9.7 0.073 – [94] 
Zn-1MgCast + Hom 14 −0.98 1.2 0.083 – 
Zn-1.5MgCast + Hom 14 −0.93 8.8 0.075 – 
Zn-3.0 Mg Cast + Hom 14 −0.93 7.4 0.081 – 
ZnCast SBF 14 – – – 0.064 [214] 
Zn-1MgCast 14 – – – 0.053 
Zn-1.5MgCast 14 – – – 0.058 
Zn-3.0 Mg Cast 14 – – – 0.052 
ZnCast HBSS 14 −0.99 9.20 – 0.137 [178] 
Zn-0.15MgCast 14 −1.03 11.52 – 0.172 
Zn-0.5MgCast 14 −1.05 11.73 – 0.175 
Zn-1.0MgCast 14 −1.07 11.88 – 0.177 
Zn-3.0MgCast 14 −0.98 9.01 – 0.135 
ZnHE 14 −0.98 8.98 0.074 0.134 
Zn-0.15MgHE 14 −1.01 10.98 0.079 0.164 
Zn-0.5MgHE 14 −1.02 11.01 0.081 0.164 
Zn-1.0MgHE 14 −1.05 11.32 0.083 0.169 
Zn-3.0MgHE 14 −0.92 8.60 0.076 0.128 
Zn-1.2MgCast HBSS 90 −1.18 7.68 0.07 0.12 [220] 
Zn-1.2MgHE 90 −1.20 12.38 0.09 0.19 
Zn-0.8MgHE MEM 1 – – 0.071 – [164] 
ZnCast SBF 6 −1.050 2.5 0.038 – [276] 
Zn-1.0MgCast 6 −1.076 3.6 0.052 – 
Zn-2.0MgCast 6 −1.056 1.4 0.020 – 
Zn-1.5MgHE 3 – – 0.101 – [263] 
Zn-3.0MgCast 21 – – 0.21 – [222] 
Zn-3.0MgHom 21 – – 0.13 – 

21 −0.902 3.4 0.25 0.30 
Zn-3.0Mg1-ECAP 21 −0.865 2.7 0.18 0.24 [160] 
Zn-3.0Mg2-ECAP 21 −0.893 3.2 0.19 0.28 
Zn-2.2MgDSC NaCl – −0.938 0.17 – 5.88 cm2/μA [137] 
Zn-3.15MgDSC – −0.918 0.18 – 5.55 cm2/μA 
Zn-0.5Mg-0.1CaHE PBS – −1.25 2.42 – 0.028 [180] 
Zn-1.0Mg-0.1CaHE – −1.20 1.82 – 0.021 
Zn-1.5Mg-0.1CaHE – −1.18 2.08 – 0.024 
ZnHR HBSS 56 −0.988 9.07 0.078 0.135 [147] 
Zn-1.0MgHR 56 −0.999 9.94 0.086 0.149 
Zn-1.0MgCast PBS 30 −1.09 0.74 – 0.012 [107] 
Zn-1.0Mg-0.5CaCast 30 −1.07 4.3 – 0.066 
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Table 6 (continued)         

Composition (wt.%) and manufacturing process Corrosion medium Immersion time (day) Ecorr (V) Icorr (μA/cm2) C.R (mm/y) Ref. 

C.R imm C.Rele  

Zn-1.5MgCast HBSS 30 – – 0.065 0.104 [135] 
Zn-1.5Mg-0.1CaCast 30 – – 0.110 0.238 
Zn-1.5Mg-0.1SrCast 30 – – 0.105 0.105 
ZnHE 56 – – 0.078 0.135 [55] 
Zn-1.0Mg-1.0CaHE 56 – – 0.092 0.170 
Zn-1.0Mg-1.0SrHE 56 – – 0.095 0.178 
Zn-0.02Mg-0.02CuHE 15 – – 0.047 0.079 [224] 
ZnCast 30 −1.12 3.52 0.086 0.05 [226] 
Zn-1.0Mg-0.1MnCast 30 −1.23 17.21 0.12 0.26 
Zn-1.5Mg-0.1MnCast 30 −1.23 9.34 0.09 0.14 
Zn-1.0Mg-0.1MnHR 30 −1.21 16.76 0.11 0.25 
ZnCast – −1.11 3.02 – 0.05 [225] 
Zn–1Mg-0.1SrCast – −1.23 7.85 – 0.12 
Zn–1Mg-0.5SrCast – −1.23 7.13 – 0.11 
Zn–1Mg-0.1SrHR – −1.19 10.24 – 0.15 
ZnHE SBF 90 −1.05 7.89 0.13 0.23 [227] 
Zn-0.5Mg-0.5ZrHE 90 −1.23 5.44 0.08 0.16 
Zn-1.0Mg-0.5ZrHE 90 −1.25 27.15 0.12 0.79 
Zn-1.5Mg-0.5ZrHE 90 −1.26 68.41 0.09 2.00 
Zn-0.1CaHE 30 −1.19 17.83 0.018 – [213] 
Zn-0.4CaHE 30 −0.98 7.32 0.020 – 
Zn-0.8CaHE 30 −1.20 10.51 0.021 – 
ZnCast HBSS 14 −1.192 2.41 0.023 0.036 [181] 
Zn-0.5CaCast 14 −1.225 2.84 0.035 0.042 
Zn-1.0CaCast 14 −1.239 3.83 0.040 0.057 
Zn-2.0CaCast 14 −1.242 5.61 0.074 0.084 
Zn-3.0CaCast 14 −1.236 4.08 0.066 0.062 
Zn-1.0CaCast 56 −1.019 10.75 0.090 0.160 [147] 
Zn-1.0Ca-1SrHE 56 – – 0.11 0.19 [55] 
Zn-4.0Ca-2CuPM – −1.503 667 – 2.60 [277] 
Zn-0.1SrHE SBF 30 −1.02 7.13 0.014 – [213] 
Zn-0.4SrHE 30 −1.13 20.46 0.016 – 
Zn-0.8SrHE 30 −1.14 27.59 0.021 – 
Zn-1.0SrCast HBSS 56 −1.031 11.76 0.095 0.175 [147] 
Zn-1.1SrHR SBF 30 – – 0.4 – [216] 
Zn Alloyed with crucial elements (Cu, Fe and Mn) 
Zn-0.4CuHE SBF 30 −0.98 7.69 0.015 – [213] 
Zn-0.8CuHE 30 −1.10 37.16 0.026 – 
Zn-2CuHE 30 −1.11 31.53 0.029 – 
ZnHE 20 – – 0.022 – [162] 
Zn-1CuHE 20 – – 0.033 – 
Zn-2CuHE 20 – – 0.027 – 
Zn-3CuHE 20 – – 0.030 – 
Zn-4CuHE 20 – – 0.025 – 
Zn-1CuLPBF 28 −1.167 9.12 0.16 0.137 [278] 
Zn-2CuLPBF 28 −1.186 10.96 0.18 0.165 
Zn-3CuLPBF 28 −1.198 11.75 0.20 0.176 
Zn-4CuLPBF 28 −1.238 12.88 0.22 0.194 
Zn-4CuHE HBSS 20 – 4.1 – 0.009 [149] 
Zn-1CuCast 40 – – 0.16 – [228] 
Zn-2CuCast 40 – – 0.13 – 
Zn-4CuCast 40 – – 0.14 – 
Zn-1CuHE 40 – – 0.06 – 
Zn-2CuHE 40 – – 0.13 – 
Zn-4CuHE 40 – – 0.13 – 
Zn-3CuHE 20 −1.102 0.372 0.012 0.005 [163] 
Zn–3Cu-0.1MgHE 20 −1.000 1.177 0.023 0.018 
Zn–3Cu-0.5MgHE 20 −0.957 1.563 0.030 0.024 
Zn–3Cu-1.0MgHE 20 −0.945 12.413 0.043 0.180 
Zn-3CuHE SBF 20 −1.110 5.8 0.045 0.085 [105] 
Zn–3Cu-0.5FeHE 20 −1.095 7.1 0.064 0.105 
Zn–3Cu-1.0FeHE 20 −1.087 8.8 0.069 0.130 
Zn-3CuHE 20 – – 0.043 – [83] 
Zn–3Cu-0.2FeHE 20 – – 0.059 – 
Zn–3Cu-0.5FeHE 20 – – 0.064 – 
Zn-2CuCast HBSS 30 −1.137 1.63 0.011 – [229] 
Zn–2Cu-0.05TiCast 30 −1.164 2.56 0.022 – 
Zn–2Cu-0.1TiCast 30 −1.211 3.27 0.028 – 
Zn–1Cu-0.1TiCast 30 −1.025 21.5 0.029 0.315 [152] 
Zn–1Cu-0.1TiHR 30 −1.123 111.2 0.034 1.628 
Zn–1Cu-0.1TiHR + Cold rolling 30 −1.100 67.7 0.032 0.991 
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Table 6 (continued)         

Composition (wt.%) and manufacturing process Corrosion medium Immersion time (day) Ecorr (V) Icorr (μA/cm2) C.R (mm/y) Ref. 

C.R imm C.Rele  

Zn-3CuCast HBSS 90 −0.932 14.3 0.019 0.190 [252] 
Zn-3CuHR 90 −0.946 19.2 0.021 0.255 
Zn-3CuHR + Cold rolling 90 −0.979 23.4 0.024 0.311 
Zn–3Cu-0.2TiCast 90 −0.961 10.9 0.018 0.145 
Zn–3Cu-0.2TiHR 90 −0.982 19.0 0.021 0.252 
Zn–3Cu-0.2TiHR + Cold rolling 90 −0.993 22.5 0.022 0.299 
Zn-0.1FeHE SBF 30 −1.14 49.36 0.020 – [213] 
Zn-0.4FeHE 30 −1.04 9.20 0.016 – 
Zn-0.8FeHE 30 −1.13 55.55 0.022 – 
Zn-0.3FeCast 30 −1.00 8.99 0.046 0.137 [192] 
Zn-0.3FeBCWC 30 −1.01 7.31 0.044 0.111 
ZnCast PBS 20 −1.02 0.67 0.295 0.010 [230] 
Zn-1.3FeCast 20 −1.04 0.89 0.509 0.013 
ZnCast 30 – – 0.320 – [272] 
Zn-4FeCast 20 – – 0.148 – 
Zn-0.1MnHE SBF 30 −0.95 5.07 0.028 – [213] 
Zn-0.4MnHE 30 −0.96 7.13 0.014 – 
Zn-0.8MnHE 30 −0.98 7.51 0.019 – 
Zn-0.1MnHE 30 −0.964 9.031 0.027 0.161 [231] 
Zn-0.4MnHE 30 −0.942 10.671 0.016 0.318 
Zn-0.8MnHE 30 −0.976 7.436 0.019 0.111 
Zn-0.82MnHR HBSS 15 −1.080 9.530 0.036 0.145 [279] 
Zn-0.82MnHR+SHT 15 −1.080 6.25 0.019 0.095 
ZnPM 3 −0.85 138 – 2.71 [139] 
Zn-4MnPM 3 −1.02 48 – 0.72 
Zn-24MnPM 3 −1.35 2.08 – 0.02 
Zn-0.8MnHE SBF – −1.07 6.76 – 0.101 [232] 
Zn-0.8Mn - 0.4AgHE – −1.19 11.22 – 0.168 
Zn-0.8Mn - 0.4CuHE – −1.18 8.91 – 0.133 
Zn-0.8Mn - 0.4CaHE – −1.16 10.72 – 0.160 
Zn-0.35Mn - 0.41CuHR 14 −1.06 4.1 0.050 0.062 [145] 
Zn-0.75Mn - 0.40CuHR 14 −1.03 6.5 0.065 0.098 
Zn Alloyed with other elements 
Zn-0.4AgHE SBF 30 −1.05 35.66 0.026 – [213] 
Zn-0.8AgHE 30 −1.10 45.98 0.018 – 
Zn-2AgHE 30 −1.06 17.27 0.018 – 
ZnHE HBSS 14 −0.98 8.9 0.077 0.133 [102] 
Zn-2.5AgHE 14 −1.12 9.2 0.079 0.137 
Zn-5.0AgHE 14 −1.12 9.7 0.081 0.144 
Zn-7.0AgHE 14 −1.14 9.9 0.084 0.147 
Zn-2AgSLM SBF 21 −1.07 5.01 0.086 0.08 [141] 
Zn-4AgSLM 21 −0.99 1.47 0.107 0.02 
Zn-6AgSLM 21 −0.94 9.56 0.114 0.15 
Zn-8AgSLM 21 −0.90 13.94 0.133 0.21 
Zn-1.0AgHE HBSS 28 −1.035 12.3 – 0.184 [280] 
Zn-1.0Ag-0.05ZrHE 28 −1.008 4.6 – 0.077 
Zn-0.5AlHE AU – −1.15 77 – 1.14 [273] 
Zn-0.5AlCast HBSS 14 −0.99 11.08 – 0.165 [178] 
Zn-0.5AlHE 14 −0.98 9.60 0.079 0.143 
Zn-1.0AlCast 14 −0.99 11.11 – 0.166 
Zn-1.0AlHE 14 −0.98 9.70 – 0.145 
Zn-2.0AlLPBF SBF 14 −1.059 8.037 – 0.142 [143] 
ZnCom 7 −1.032 9.55 – 0.14 [281] 
Zn–5Al-4 MgCom 7 −1.020 17.7 – 0.32 
Zn-0.5AlCast 30 −1.074 20.4 – 0.147 [136] 
Zn-0.5Al-0.1MgCast 30 −1.065 17.3 – 0.130 
Zn-0.5Al-0.3MgCast 30 −1.034 11.2 – 0.110 
Zn-0.5Al-0.5MgCast 30 −1.018 9.5 – 0.080 
Zn-0.5Al-0.5MgCast 30 −1.028 9.51 0.148 – [205] 
Zn-0.5Al-0.5Mg-0.1BiCast 30 −1.049 12.11 0.174 – 
Zn-0.5Al-0.5Mg-0.3BiCast 30 −1.065 16.45 0.210 – 
Zn-0.5Al-0.5Mg-0.5BiCast 30 −1.084 22.73 0.283 – 
ZnCom + HE HBSS – −0.958 1.799 0.027 – [236] 
ZA4-1Com + HE – −1.145 2.986 0.047 – 
ZA4-3Com + HE – −1.196 7.209 0.374 – 
ZA6-1Com + HE – −1.142 5.331 0.086 – 
ZnCast 14 −1.063 10.7 0.068 0.157 [168] 
Zn-5.0GeCast 14 −1.020 8.7 0.042 0.127 
ZnHR 14 −1.077 20.9 0.099 0.306 
Zn-5.0GeHR 14 −1.045 15.4 0.051 0.226 
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Their study revealed a stable degradation rate of the implant for at least 
a 20-month period, as shown in Fig. 15g. They observed that degraded 
Zn wire was substituted for by corrosion products, as shown in Fig. 15h. 
The cross-sectional area of the wire changed due to the deposition of 
corrosion products; however, the implant retained its original shape. 

Zhao et al. [101] implanted Zn and Zn–Li wires in the abdominal 
aorta of SD rats for 2–12 months and observed that a reduction in the 
cross-sectional area of the alloys progressively increased with im-
plantation time, resulting in loss of the circular wire's integrity 
(Fig. 16a). Lin et al. [165] implanted Zn-0.02Mg-0.02Cu stents in rabbit 
carotid arteries for maximum 1 year and obtained micro-CT 3D re-
construction images, as shown in Fig. 16b, which revealed that after a 
1-week corrosion period, the stent had almost no corrosion; later, the 
stent was partly corroded by fracturing and attenuating struts, yet it 
was found to be almost intact after up to 6 months of implantation time, 
although acute localized corrosion with vanishing several struts was 
noticed after 1 year of implantation. The in vivo degradation behavior of 
Zn-xMg (x = 0.002, 0.005, 0.08 wt%) alloys was studied by Jin et al. 
[151] using an SD rat model for a 1.5–11 month implantation period 
and they reported that with progression of time, the cross-sectional area 
of the metallic specimens became shorter with a more irregular shape, 
as shown in Fig. 16c. They also reported that the CR of Zn-0.002 Mg and 
Zn-0.005 Mg alloys at 1.5 months were higher than that of P–Zn but 
very close to the benchmark value for an endovascular stent (0.02 mm/ 
y) [290]. However, the CR of Zn-0.008 Mg were found to increase to 
0.027 mm/y after 6 months' implantation time. Bowen et al. [146] 
investigated the in vivo corrosion behaviors of P–Zn and Zn-xAl alloys 
(x = 1, 3, 5 wt%) by inserting strips of these alloys into the arterial wall 
of SD rats for 6 months, and reported that the P–Zn was corroded from 
the surface into the interior. A segment of the P–Zn strip stayed intact 
after 6 months' exposure, but earlier (within 1.5 months or even less) 
degradation and cracking were observed in the strips of Zn–Al alloys. 
The in vivo CR was found to rise with increasing wt.% of Al and the most 
notable fragmentation was seen in the Zn–5Al among all the in-
vestigated Zn–Al alloys. Wang et al. [87] implanted a Zn alloy (Zn- 
2.5Mg-2.5Fe), a Ti alloy, and poly-L-lactic acid (PLLA) into beagle dogs 
for 6 months to evaluate and compare the in vivo degradation beha-
viors, and observed that after 4 weeks the size of the bone calluses in 
PLLA was much greater than those in the Ti and Zn alloys; however, 
histomorphometry at 4 weeks revealed that the values for bone vo-
lume/total volume, BV/TV (Fig. 16d), and trabecular thickness (Tb·Th) 
were notably improved in the Zn alloy, which indicates that the Zn- 
based implants caused fast bone remodeling during fracture healing 
(Fig. 16e). This was also confirmed by the result of undecalcified bone 
histomorphometry, as shown in Fig. 16f. Similar to the ternary Zn- 
2.5Mg-2.5Fe alloy, Li et al. [147] observed that binary Zn–1Mg, 
Zn–1Ca, and Zn–1Sr alloys were also able to influence new bone for-
mation. They implanted several pins of these three alloys into the 

femora of mice from 1 to 8 weeks, and the micro-CT 3D images in  
Fig. 16g clearly indicate that after 7 d there were successive variations 
in the bone at the distal femora, which suggests new bone formation 
and remodeling. The in vivo corrosion and biocompatibility properties 
of several biodegradable Zn and Zn alloys are summarized in Table 7. 

6. Zn-based composites 

Compared to Mg and Fe, Zn-based materials show intermediate 
corrosion rates, as revealed by several studies which have been dis-
cussed in previous sections. In these studies, pure Zn was alloyed with 
several alloying elements such as Mg, Ca, Sr, Cu, Mn, Fe, Ag, Al, Ge, Ti, 
Zr etc. to improve its mechanical and corrosion properties, which have 
been summarized in Tables 5 and 6. Several studies have also reported 
the promising mechanical, corrosion, and biocompatibility properties of 
Zn-based composites containing various reinforcement materials 
[91,291–294]. These studies revealed considerable increases in the 
mechanical strength of pure Zn matrices containing bio-inert and 
bioactive ceramic reinforcement materials such as calcium phosphate 
(CaP), hydroxyapatite (HA), Bioglass, and tri-calcium phosphate (β- 
TCP) [91,293,294]. Table 8 summarizes the properties and applications 
of these various reinforcement materials for Zn-based composites. 

6.1. Bioceramic reinforcements in Zn-based composites 

Ceramic biocomposites may contain various reinforcing particles 
such as tungsten carbide (WC), Titanium diboride (TiB2), alumina 
(Al2O3), zirconia (ZrO2), HA, and β-TCP. Al2O3 is a chemically inert 
material and possesses excellent hardness and abrasion resistance, 
which may increase the life span of Zn-based implant materials. Its 
excellent wear and friction properties in vivo further suggest its suit-
ability for artificial-joint surfaces [297]. The chemical inertness of 
Al2O3 is advantageous for biomedical applications as it results in ex-
cellent biocompatibility and non-sensitization of tissues [298]. From 
the perspective of mechanical properties, the superior compressive 
strength of Al2O3 makes it better suited to hard-tissue applications 
under compressive loading, such as artificial joints and dental appli-
cations. Similarly, because of its bio-inertness, non-toxicity, high me-
chanical strength, and fracture toughness, ZrO2 is also used in ortho-
pedic applications [299]. HA (Ca10(PO4)6(OH)2) is another calcium 
phosphate–based bioceramic material which has been extensively used 
as a reinforcing material in Fe- [300], Mg- [301,302], and Zn-based 
biodegradable matrices [91,303]. HA possesses a hexagonal crystal 
structure with a characteristic Ca/P ratio of 1.67. β-TCP has similar 
compositional properties to human bone and is extensively used for 
orthopedic applications due to its excellent biocompatibility with bone 
cells and its potential to stimulate new bone ingrowth [304]. Therefore, 
the addition of β-TCP particles as reinforcements in biodegradable 

Table 6 (continued)         

Composition (wt.%) and manufacturing process Corrosion medium Immersion time (day) Ecorr (V) Icorr (μA/cm2) C.R (mm/y) Ref. 

C.R imm C.Rele  

Z-0.1LiHE SBF 30 −1.04 15.20 0.025 – [213] 
Z-0.4LiHE 30 −1.03 11.26 0.019 – 
Z-0.8LiHE 30 −1.11 30.40 0.025 – 
ZnHR 14 −1.35 10.96 – 0.16 [103] 
Zn-0.2LiHR 14 −1.18 3.98 – 0.06 
Zn-0.4LiHR 14 −1.21 3.80 – 0.05 
Zn-0.8LiHR Ringer's 35 −1.29 8.24 – 0.12 [239] 
Zn-0.8Li-0.2AgHR 35 −1.21 7.67 – 0.11 
Zn-0.8Li-0.2MgHR 35 −1.32 11.31 – 0.17 

Com: Commercial, SHT: Solution heat treatment, PBS: phosphate buffered saline; HBSS: HBSS balanced salt solution; SBF: stimulated body fluid; AU: Artificial urine; 
WB: Whole blood; AP: Artificial plasma; HP: Human plasma; RSS: Ringer's saline solution; MEM: minimum essential medium; Ecorr: electrochemical voltage; Icorr: 
current density; C.R: corrosion rate; C. Rimm: corrosion rate evaluated from immersion corrosion studies; C. Rele: corrosion rate evaluated from electrochemical 
corrosion studies.  
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metal matrices not only enhances their mechanical properties, but also 
significantly increases the biocompatibility of these composite mate-
rials [293]. Tables 9 and 10 summarize the mechanical and corrosion 
properties of various Zn-based composites, respectively. 

Yang et al. [91] fabricated Zn–(1, 5, 10 wt%) HA composites using 
the SPS technique and investigated their microstructure, mechanical 

properties, and in vitro degradation behaviors; their results are pre-
sented in Fig. 17. HA particles were mainly distributed along the grain 
boundaries of the Zn matrices (Fig. 17a), which was complemented by 
the X-ray diffraction and energy dispersive X-ray analysis results 
(Fig. 17b and c) which revealed peaks associated with HA. However, 
the addition of HA particles to Zn matrices did not enhance their 

Fig. 15. In vivo degradation behavior of Zn-based implants: (a) cross-sectional changes of Zn implant after 1.5, 3, 4.5 and 6 months in the abdominal aorta of rats, (b) 
CPR rate of implanted Zn wires as a function of exposure time, (c) micro-CT images of Zn stents after 0, 1, 6 and 12 months of implantation, (d) volume loss of Zn 
stent at different exposure duration, (e) SEM images of corrosion products formed on Zn implant after 1, 3, 6 and 12 months implantation, (f) elemental compositions 
of corrosion products (at. %) in inner and outer corrosion layers formed after 1, 3, 6, and 12 months implantation, (g) Reduction of cross-sectional area in Zn implant 
after different exposure time, and (h) energy dispersive X-ray (EDX) elemental maps showing the variation in cross-sectional area of corroded Zn wires. (Reproduced 
with permission from Refs. [78,90,283]). 
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mechanical and corrosion properties, as shown in Fig. 17d and e. Micro- 
CT analysis was performed on both the P–Zn and Zn-5HA composites to 
study the in vivo degradation behavior and new bone formation. No 
dislocation was found in any of the implants and no gas cavities were 
observed around the Zn and Zn-5HA composite implants (Fig. 17f). In 
contrast, cross-sections of femurs with the implants after 4 weeks 
showed formation of new bone in both samples and over time the 
amount of new bone mass increased surrounding the implants; how-
ever, in contrast to the matrix, the composite sample revealed better 
bone integration ability, i.e., direct and compact bone bonding was 
observed in the composite implant (Fig. 17g). Conversely, 3D re-
construction images of both implants showed a homogeneous and mild 
degradation progress (Fig. 17h) and both implants retained mechanical 
integrity up to 8 weeks’ implantation time, but the composite implant 
degraded slightly faster than its counterpart (pure–Zn), as shown in  
Fig. 17i. Recently, Pinc et al. [305] fabricated a Zn-8HA composite via 

extrusion and compared its properties with pure Zn. They reported that 
the addition of HA to pure Zn decreased the mechanical properties 
(σCYS and σUTS) of the composite by almost 30%, although these levels 
are suitable for cancellous bone replacement. 

Guoliang et al. [294] investigated the mechanical and corrosion 
behaviors of a bioabsorbable β-TCP/Zn–1Mg composite fabricated via 
HE. The microstructural and fracture behaviors of the composites are 
shown in Fig. 18. The addition of 1 vol% β-TCP particles to the Zn–1Mg 
matrix resulted in grain refinement of the Zn matrix (Fig. 18a) which 
significantly enhanced its tensile strength and ductility as compared to 
the unreinforced Zn–1Mg matrix. The fracture surfaces of the un-
reinforced Zn–1Mg matrix were primarily composed of cleavage facets 
with few dimples, whereas the fracture surfaces of the Zn matrices 
containing 1 vol% β-TCP revealed fewer cleavage facets and more 
dimpled areas (Fig. 18b), showing the better plasticity of this material 
under tensile loading. The in vitro degradation behavior of both the 

Fig. 16. In vivo corrosion behavior of Zn-based alloys: (a) CSA reduction and penetration rate of implanted Zn–Li wires as a function of corrosion time, (b) micro-CT 
3D images of Zn–Mg–Cu alloy stents after 1 week, 1, 3, 6, and 12 months of implantation in the rabbit carotid arteries (Each time point is composed of two images: 
the left one is a complete 3D reconstruction and the right one is a lengthwise section of the stent), (c) cross-sectional changes from different implantation Zn–Mg 
wires after 1.5, 3, 4.5, 6 and 11 months' in vivo, (d) BV/TV with implantation time for the Zn (Zn-2.5Mg-2.5Fe) alloys, PLLA and Ti alloys at 4 weeks post operation, 
(e) percentage of new bone formation for the Zn alloys, PLLA and Ti alloys at 4 weeks implantation time, (f) undecalcified bone histomorphometry of the mandibles 
at 12 weeks post operation in the Zn alloys, and (g) micro-CT 3D images of Zn-1X pin group implanted in the femora of mice, red arrows show the increase in bone 
density. (Reproduced with permissions from Ref. [87,101,147,151,165]). 
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Table 7 
In vivo corrosion and biocompatibility of biodegradable Zn and Zn alloys.             

Materials Animal model 
(implanted site) 

Duration 
(months) 

Corrosion 
rate (mm/y) 

Residual area 
(vol%) 

Biocompatibility Key findings Refs.  

Pure Zn 
Zn (wire) SD rat (aorta) 1.5 0.012 97 ♦♦♦ Zn wire remained intact up to 4 months and then 

corrosion accelerated. The corrosion products on 
Zn after 4.5 and 6 months were mainly made of 
ZnO and ZnCO3. 

[78] 
3.0 0.02 93 
4.5 0.042 76 
6.0 0.048 63 

SD rat (aorta) 2.5 – – ♦♦♦ Low cell densities and neointimal tissue thickness, 
along with tissue regeneration within the 
corroding implant, point to optimal 
biocompatibility of corroding zinc 

[282] 
6.5 – – 

ZnExt&Dwg (wire) SD rat (aorta) 2 0.020 95 ♦♦♦ Extruded Zn wire exhibited nearly linear 
relationship between the % of area reduction (AR) 
and time, and uniform gradual acceleration of 
biodegradation and moderate inflammation with 
nonobstructive neointima. 

[101] 
4 0.030 85 
6 0.019 85 
8 0.035 – 
10 0.016 – 
12 0.023 69 

Zn (wire) SD rat (aorta) 3 0.020 92 ♦♦♦ Zn wires exhibited steady corrosion without local 
toxicity for up to at least 20 months post 
implantation, despite a steady build-up of 
passivating corrosion products and intense fibrous 
encapsulation of the wire. 

[283] 
6 0.019 85 
9 0.019 79 
12 0.023 70 
14 0.019 70 
20 0.026 47 

ZnExt (rod) SD rat (femur) 2 0.137 95 ♦♦♦ Dark brown degradation products spread into the 
surrounding tissue with newly formed woven 
bone dispersed in it. 

[213] 

Zn Alloyed with nutrient elements (Ca, Mg and Sr) 
Zn-1CaHR (pin) Mice (femur) 2 0.190 – ♦♦ Promoted bone growth. [147] 
Zn-0.8CaHE (rod) SD rat (femur) 2 0.130 95 ♦♦ A greater amount of new bone tissues (NBTs) 

were observed surrounding the implants and the 
osteocytes in the new bone tissue arranged in an 
organized way. 

[213] 

Zn-0.002MgHE + DW (wire) SD rat (aorta) 1.5 0.029 95 ♦♦♦ Zn–Mg alloys displayed uniform degradation and 
the increase of degradation rates in later stages of 
implantation was detected. Slightly decrease in 
biocompatibility with increasing Mg content was 
observed. 

[151] 
3 0.020 92 
4.5 0.027 85 
6 0.033 77 
11 0.051 43 

Zn-0.005MgHE + DW (wire) SD rat (aorta) 1.5 0.021 96 ♦♦ 
3 0.020 93 
4.5 0.023 87 
6 0.030 78 
11 0.039 54 

Zn-0.08MgHE + DW (wire) SD rat (aorta) 1.5 0.012 98 ♦♦ 
3 0.013 95 
4.5 0.015 91 
6 0.027 80 
11 0.023 71 

Zn-0.8MgHE (rod) SD rat (femur) 2 0.146 95  A lot of NBTs were observed surrounding the 
implants with no signs of osteolysis, deformity or 
dislocation. 

[213] 

Zn-1MgHR (pin) Mice (femur) 2 0.170 – ♦♦♦ Promoted bone growth. [147] 
Zn–1Mg-0.1CaHE (rod) SD rat 

(subcutaneous) 
3 0.050 – ♦♦ Zn–Mg–Ca alloys could be safely used by adding 

Mg to adjust the degradation property. 
[180] 

Zn-0.02 Mg-0.02CuHE + DW 
(stent) 

New Zealand 
rabbits (artery) 

1 0.078 83 ♦♦♦ The stent corroded slowly, and no obvious intimal 
hyperplasia was observed till 6 months. After that 
corrosion accelerated. In addition, no obvious 
thrombosis and systemic toxicity during 
implantation period were observed. 

[165] 
3 0.027 83 
6 0.023 71 
12 0.040 42 

Zn-2.5Mg-2.5FeHE + DW (rod) Beagle dogs 
(dorsal) 

1 0.033 – ♦♦ Zinc-based alloy osteosynthesis system possessed 
uniform and slow corrosion leading to adequate 
degradation behavior in 6 months. 

[87] 
3 0.078 – 
6 0.094 – 

Zn-0.1SrHE (rod) SD rat (femur) 2 0.127 95.5 ♦♦ A great proportion of NBTs were observed 
surrounding the implants. 

[213] 

Zn-1SrHR (pin) Mice (femur) 2 0.220 – ♦♦ Promoted bone growth. [147] 
Zn-1.1SrHR (wire) SD rat (aorta) 1 – – ♦♦ New bone formation was observed around the 

implant. Also, some fibrotic and collagenous 
tissues between the implants and newly formed 
bones were also observed. 

[216] 

Zn Alloyed with crucial elements (Cu, Fe and Mn) 
Zn-0.4CuHE (rod) SD rat (femur) 2 0.250 92 ♦♦ Dark brown degradation products spread into the 

surrounding tissue with newly formed woven 
bone dispersed in it. 

[213] 

(continued on next page) 
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unreinforced Zn–Mg and the β-TCP/Zn–1Mg via immersion in SBD 
solution showed a steady corrosion rate of 0.05 mm/y; however, elec-
trochemical testing of these materials revealed slightly higher corrosion 
rates in the composites than in the unreinforced Zn–1Mg matrix. 

In another study by Pan et al. [293], the microstructures, mechan-
ical properties, and degradation behaviors of Zn–1Mg-xβ-TCP (x = 0, 1, 
3, 5 vol%) composites were investigated, and their microstructural and 
degradation properties are summarized, respectively, in Figs. 19 and 
20. The microstructures of the as-cast Zn–1Mg-xβ-TCP composites are 
shown in Fig. 19a and are primarily composed of a eutectic mixture of 

an α-Zn matrix and secondary phases such as Mg2Zn11, whereas the β- 
TCP particles were mainly distributed along the grain boundaries in the 
Zn–1Mg matrix, which contributed to dispersion strengthening in these 
composites. The EDS data (rectangular area pointed to by the yellow 
arrow) in the extruded micrographs indicated that less than 3 vol% β- 
TCP addition could not be detected (Fig. 19b and c). In contrast, ex-
cessive addition of β-TCP particles formed an agglomeration, indicated 
by the red ellipse in the extruded micrographs (Fig. 19b). The tensile 
test results for these composites revealed that their mechanical prop-
erties increased first and then reduced with increasing vol% of β-TCP 

Table 7 (continued)            

Materials Animal model 
(implanted site) 

Duration 
(months) 

Corrosion 
rate (mm/y) 

Residual area 
(vol%) 

Biocompatibility Key findings Refs.  

Zn-0.8CuCast (stent) White pigs (artery) 3 – 92 ♦♦ Stent provided sufficient structural support and 
exhibited an appropriate degradation rate during 
24 months of implantation without degradation 
product accumulation, thrombosis, or 
inflammation response. 

[285] 
6 – 79 
9 – 77 
12 – 74 
18 – 56 
24 – 28 

Zn-0.4FeHE (rod) SD rat (femur) 2 0.150 94.5 ♦♦ Dark brown degradation products spread into the 
surrounding tissue with newly formed woven 
bone dispersed in it. 

[213] 

Zn-1.3FeCast (disk) Wistar rat 
(subcutaneous) 

3.5 0.115 – ♦♦ The implantation of alloy did not increase the 
amount of zinc in blood beyond the acceptable 
level and there were no signs of infection. 

[230] 

Zn-2FeCast (disk) Wistar rat 
(subcutaneous) 

3.5 0.115 – ♦♦ No signs of anemia, inflammation or necrosis. [284] 
6.0 0.055 – 

Zn-0.1MnHE (rod) SD rat (femur) 2 0.127 96 ♦♦ New bone tissues were observed surrounding the 
implants. Osteocytes in the new bone tissue 
arranged in organized way. 

[213] 

Zn Alloyed with other elements 
Zn-1AlHR (strips) SD rat (aorta) 1.5 – 83 ♦♦ The alloys showed acceptable biocompatibility 

with surrounding arterial tissue. No necrotic 
tissue was detected, while some inflammation was 
observed. Biocorrosion rates were higher at initial 
stages than that of pure Zn. 

[288] 
3 – 81 
4.5 – 66 
6 – 50 

Zn-3AlHR (strips) 1.5 – 67 ♦♦ 
3 – 66 
4.5 – 62 
6 – 52 

Zn-5AlHR (strips) 1.5 – 89 ♦♦ 
3 – 75 
4.5 – 67 
6 – 57 

Zn-2AgHE (rod) SD rat (femur) 2 0.187 93.5 ♦♦ A localized degradation mode was observed with 
new bone formation and direct contact between 
new bone and implants at 8 weeks. 

[213] 

Zn-0.1LiHE + DW (wire) SD rat (aorta) 2 0.008 98 ♦♦ The alloy degraded ~ 30% of its original volume 
after 12 months and revealed almost linear 
relationship with the % of AR and time, indicating 
uniform gradual acceleration of biodegradation. 
Medium inflammation with non-obstructive 
neointima was observed. 

[101] 
4 0.016 92 
6.5 0.019 86 
9 0.038 79 
12 0.045 70 

Zn-0.4LiHE (rod) SD rat (femur) 2 0.156 93.5 ♦♦ Implant maintained its integrity at 8 weeks and 
degraded uniformly. Larger amounts of NBTs 
were observed surrounding the implants. 

[213] 

SD rat: Sprague–Dawley rat; biocompatibility rating: ♦♦♦- excellent, ♦♦- good, ♦- poor.  

Table 8 
Properties and biomedical applications of various ceramic reinforcement materials [40,295,296].     

Type Properties Applications  

Alumina (Al2O3) Excellent abrasion resistance and compressive strength. 
Bioinert. 

Femoral head, knee prosthesis, bone screws and plates, and 
permeable coatings for stems. 

Zirconia (ZrO2) High fracture toughness and flexural strength, but low Young's modulus. 
Bioinert and biocompatible. 

Artificial knees, bone screws and plates etc. 

Bioglass Biocompatible, bioactive and nontoxic. 
Poor ductility. 

Wound healing, cochlear implants, and peripheral nerve, spinal 
cord and ligament repair. 

Hydroxyapatite (HA) Bioresorbable, bioactive and biocompatible; Composition and properties 
closer to natural bone. 

Femoral knee, femoral hip, tibial components, acetabular cup. 

Tri-calcium phosphate (β-TCP) Bioresorbable, bioactive and biocompatible; Similar composition to 
natural bone and good osteoconductive. 

Femoral knee, hip prostheses, tibial components, bone plates and 
screws and cardiovascular stents. 
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(> 1 vol%). Among all the composites, the Zn–1Mg-1 vol% β-TCP 
composite exhibited the best mechanical properties, as its values for 
σTYS, σUTS, ε, and E were measured at approximately 251 MPa, 
331 MPa, 12%, and 125 GPa, respectively, which were reported to be 
suitable for orthopedic implant applications. The fracture morphology 
of the matrix contained cleavage fractures and a few dimples, while 
quasi-cleavage and microporous aggregate fractures were observed in 
the composite reinforced with 1 vol% β-TCP particles. Moreover, pore 
size gradually increased with increasing β-TCP particle content and 
adversely affected the mechanical properties (Fig. 19d). However, the 
in vitro C.R was increased by increasing the volume fraction of β-TCP 
particles in these composites (Fig. 20a), while the CRs of the four 
samples exhibited a similar nature with prolonged immersion time, as 
shown in Fig. 20b. The in vivo results obtained by micro-CT tomography 
showed that after 2 months' implantation, the surfaces of the implants 
slightly corroded but the implants still possessed their entire mor-
phology, indicating good mechanical integrity of the implant after 2 
months’ implantation (Fig. 20c). After 4 months, the edge of the im-
plant was observed to be rougher as compared to 2 months. The surface 
of the composites containing 1 vol% TCP was slightly more corroded 
than the unreinforced matrix. In contrast, 6 months later the roughness 
on the edge of the Zn–1Mg-1β-TCP implant was even more evident; 
however, the degradation of the unreinforced Zn matrix (0-TCP) was 
more stable. 

The potential of WC nanoparticles as a reinforcement material in Zn 

matrices for biodegradable implant applications were studied in Ref. 
[306,307]. The addition of WC nanoparticles (0–10 vol%) to Zn ma-
trices improved the hardness of the monolithic Zn without adversely 
affecting the CR. The evaluation of the biodegradation displayed that 
the WC nanoparticles did not impact the release rate of Zn ions, and no 
detectable levels of tungsten ions were released from any of the nano-
composites [306]. The microwires fabricated from Zn–10 vol% WC 
nanocomposite could be used for stent weaving application [307]. The 
same research group in another study reported the mechanical and 
corrosion properties of WC reinforced Zn–2Fe based nanocomposites. 
With addition of 8 vol% WC in as-cast Zn–2Fe had improved ductility 
from 1.4 to 8.6%, while maintaining high mechanical strength. Corro-
sion test results confirmed that the suitable CR of Zn–2Fe was not im-
pacted by the addition of WC nanoparticles [308]. Recently, Guan et al. 
[309] fabricated Zn–3TiB2 nanocomposite via ultrasound processing 
and hot rolling. With 3 vol% TiB2 nanoparticles, the mechanical 
strength of zinc has been significantly enhanced, e.g., H, σTYS and σUTS, 
by 85, 90 and 45%, respectively, while ε retained 23% indicating the it 
as promising candidate for biodegradable medical devices. 

6.2. Carbonaceous reinforcements in Zn-based composites 

In recent years, various carbonaceous materials such as carbon na-
notubes (CNTs) and graphene have also been utilized as reinforcing 
particulate materials in metallic biomaterials [317]. The mechanical 

Table 9 
Mechanical properties of various Zn-based composites.           

Composition 
& Fabrication 

Relative Density (%) Mechanical properties Ref. 

σTYS (MPa) σUTS (MPa) E (%) σCYS (MPa) σUCS (MPa) H (HV)  

ZnSPS 99.524 – – – 53  ±  18 171  ±  14 43.8  ±  1.3 [91] 
Zn-1HASPS 96.503 – – – 70  ±  11 158  ±  8 45.7  ±  1.5 
Zn-5HASPS 94.925 – – – 43  ±  11 109  ±  10 43.6  ±  1.0 
Zn-10HASPS 92.995 – – – 47  ±  10 74  ±  5 44.3  ±  1.5 
ZnHE 98.879 – – – 154  ±  11 244  ±  2 45.6  ±  2.0 [305] 
Zn-8HAHE 94.480 – – – 113  ±  5 169  ±  4 44.7  ±  4.5 
Zn-3HAPM –    110.56 – – [310] 
ZnSPS – – – – 92  ±  1 129  ±  2 36.8  ±  1.4 [311] 
Zn-8HASPS – – – – 68  ±  7 89  ±  7 34.3  ±  4.5 
ZnSPS – – – – 81  ±  5 – 33  ±  2 [312] 
Zn-16HASPS – – – – 46  ±  3 65  ±  5 24  ±  5 
ZnSPS 99.130 – – – 54  ±  17 – 42.9  ±  2.3 [292] 
Zn–1MgSPS 99.91 – – – 134  ±  16 – 75.7  ±  9.5 
Zn–2MgSPS 100.0 – – – 152  ±  11 – 69.5  ±  3.3 
Zn–5MgSPS 100.0 – – – 183  ±  27 – 80.8  ±  9.9 
ZnPM – 114  ±  5 156  ±  5 35  ±  4 170  ±  6 215  ±  4 – [291] 
Zn-5MgPM – 148  ±  6 183  ±  4 16  ±  2 209  ±  6 256  ±  6 – 
Zn-1MgHE – 226.2 300.5 5.8 – – – [294] 
Zn–1Mg-1β-TCPHE – 249.3 330.1 11.7 – – – 
Zn–1Mg-0 TCPHE – 236  ±  5 315  ±  8 6.7  ±  2 – – – [293] 
Zn–1Mg-1 TCPHE – 251  ±  7 331  ±  9 11.7  ±  3 – – – 
Zn–1Mg-3 TCPHE – 220  ±  8 308  ±  7 4.5  ±  2 – – – 
Zn–1Mg-5 TCPHE – 195  ±  8 299  ±  9 3.9  ±  3 – – – 
Zn–2Mg-6SiCPM 90.30 – – – – 225 96.79 [313] 
ZnCC+M – – – – 23.4  ±  2.1 51  ±  3.6 40.6 [307] 
Zn-10 vol% WCCC+M  – – – 116  ±  11 507  ±  65 60.1 
ZnHR – 36.6 98.9 71.9 – – 34.4 [309] 
Zn-3 vol% TiB2HR – 70.2 143.8 22.8 – – 63.9 
Zn-2FeCast – 66  ±  10 92  ±  12 1.4  ±  0.4 – – 47.9 [308] 
Zn–2Fe-8 vol% WCCast – 50  ±  2 121  ±  6 8.7  ±  2.8 – – 59.3 
Zn–2Fe-6 vol% WCHR – 92  ±  8 156  ±  6 15.2  ±  0.2 – – – 
ZnPM – – – – 79.29 83.45 27.0  ±  3.7 [314] 
Zn-1NDPM 97.872 – – – 59.69 73.56 12.1  ±  4.9 
Zn-2.5NDPM 91.040 – – – 43.39 58.81 8.4  ±  0.15 
Zn-0MWCNTsSPS+HR – – 123 – – – 65.7 [315] 
Zn-0.5MWCNTsSPS+HR – – 151 – – – 71.7 
Zn-1MWCNTsSPS+HR – – 174 – – – 73.0 
Zn-1.5MWCNTsSPS+HR – – 217 – – – 80.4 
Zn-2MWCNTsSPS+HR – – 267  – – 87.8 
Zn-3MWCNTsSPS+HR – – 281 4 – – 89.6 
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properties such as strength, ductility, and fracture mode of fabricated 
metal matrix composites (MMCs) strongly depend upon the size and 
dispersion of these reinforcing particulates in the metal matrices 
[318–320]. Studies have elucidated that the strength of MMCs can be 
enhanced by the addition of uniformly distributed nanoscale carbo-
naceous particulates to the metal matrices. Carbon nanomaterials, such 
as single-walled carbon nanotubes (SWCNTs), multi-walled carbon 
nanotubes (MWCNTs), and graphene nanoplatelets (GNPs), exhibit 
great potential as nano-reinforcing materials in MMCs because of their 
high surface areas, extraordinary mechanical strength, and chemical 
stability [321–323]. Table 11 summarizes the characteristics and me-
chanical properties of various carbonaceous reinforcement materials. 

CNTs are an allotropic form of C with a tubular morphology that is 
composed of a single layers of C atoms, and can be single-walled 
(SWCNT) with a diameter < 1 nm or multi-walled (MWCNT), con-
taining several concentrically interconnected nanotubes with diameters 
≥100 nm [329]. These nanoscale materials exhibit remarkable me-
chanical strength (117% stronger than steel) and chemical stability. 
These carbonaceous materials have not only found potential applica-
tions in various advanced engineering applications such as field emit-
ters, Li-ion batteries, and electrical contact materials, but have also 
gained the attention of the scientific community as they exhibit im-
mense potential for biomedical applications including hard-tissue im-
plants, scaffolds, and nanoscale biosensors [330–333]. Similar to CNTs, 
graphene (with single-layer sp2-hybridized C atoms) is another fasci-
nating and unique nanomaterial which demonstrates 2D properties 
such as superb mechanical, thermal, and electrical properties 
[334,335]. Extensive research has been carried out in recent years to 
exploit its unique mechanical and biological properties in a variety of 
applications since its discovery; however, research on its clinical ap-
plications is not still sufficiently reported [317,321,336–338]. At pre-
sent, low-content MWCNTs and GNPs are used as reinforcing agents in 
biodegradable MMCs for biomedical applications [322,337,339–344]. 
Yu et al. [314] studied PM-processed Zn–nanodiamond (ND) 

composites and reported that the grain size of the composites increased 
with higher ND content, causing reduced mechanical properties of the 
composites; however, compared to pure Zn, the composites displayed 
higher corrosion resistance in SBF solution. The mechanical and cor-
rosion properties of all Zn–ND composites are summarized in Tables 9 
and 10. Recently, Cu-coated MWCNTs that reinforced a Zn MMC 
(MWCNTs/Zn) were fabricated by Hongmei et al. [315] using a com-
bination of electroless deposition (ED), SPS, and HR techniques. They 
reported that the mechanical properties of the composites gradually 
increased as the content of the MWCNTs increased and the 3 vol% Cu- 
coated MWCNTs/Zn composite displayed the maximum UTS 
(281 MPa), but its elongation was only 4%. Two key strengthening 
mechanisms in the composites were load transfer and grain refining 
effects. However, to date, no report has been found on biodegradable 
Zn-based composites reinforced using GNPs. 

7. Summary and future directions 

Zn-based BMs have already gained significant attention and are 
considered the next generation of biodegradable metallic biomaterials 
for clinical applications including tissue regeneration, bone implants, 
wound closure devices and cardiovascular stents. Extensive research 
has been carried out in recent years to investigate the properties of 
various Zn-based alloys and composites for biomedical applications. 
This study critically reviewed the current progress and challenges in the 
development of biodegradable Zn-based materials. An ideal biode-
gradable metallic implant should exhibit a suitable combination of 
biocompatibility, biodegradability and mechanical properties (σTYS, 
σUTS, and ε) for bone-tissue engineering. Although pure Zn exhibits 
good corrosion resistance in the physiological environment, its in-
adequate mechanical properties do not fulfil the requirements 
(σTYS  >  200 MPa, σUTS  >  300 MPa, and ε  >  15–18%) for biode-
gradable implant applications. However, these widely accepted values 
were adapted from the specifications of permanent implant metal of 

Table 10 
Degradation and corrosion properties of various Zn-based composites.          

Composition &Fabrication Corrosion medium Immersion time (day) Corrosion properties Ref. 

Icorr (μA/cm2) Ecorr (V) C.R(elec) 

(mm/y) 
C.R(imm) 

(mm/y)  

ZnSPS HBSS 50 4.900  ±  2.810 −0.942  ±  0.075 0.073  ±  0.042 0.0048 [91] 
Zn-1HASPS 50 21.076  ±  3.251 −1.281  ±  0.037 0.327  ±  0.050 0.0026 
Zn-5HASPS 50 39.127  ±  0.661 −1.274  ±  0.005 0.630  ±  0.011 0.0101 
Zn-10HASPS 50 51.044  ±  1.803 −1.290  ±  0.010 0.856  ±  0.031 0.0250 
ZnHE SBF 14 – – – 0.15 [305] 
Zn-8HAHE 14 – – – 0.40 
Zn-3HAPM – 5.164 −1.070 0.084  ±  0.012 – [310] 
ZnSPS 14 – – 0.9 0.26 [312] 
Zn-16HASPS 14 – – 1.5 0.41 
ZnSPS HBSS 50 5.730  ±  2.777 −0.978  ±  0.026 0.085  ±  0.041 – [292] 
Zn–1MgSPS 50 7.550  ±  0.900 −1.066  ±  0.104 0.114  ±  0.012 – 
Zn–2MgSPS 50 13.891  ±  3.927 −1.101  ±  0.050 0.209  ±  0.059 – 
Zn–5MgSPS 50 27.638  ±  4.833 −1.312  ±  0.012 0.427  ±  0.077 – 
ZnPM SBF 14 – −0.98 – 0.0137 [291] 
Zn-5MgPM 14 – −1.42 – 0.0016 
Zn-1MgHE 14 – – – 0.045 [294] 
Zn–1Mg-1β-TCPHE 14 – – – 0.046 
Zn–1Mg-0 TCPHE 30 32.8 −1.177 0.491 – [293] 
Zn–1Mg-1 TCPHE 30 48.9 −1.225 0.732 – 
Zn–1Mg-3 TCPHE 30 59.6 −1.274 0.893 – 
Zn–1Mg-5 TCPHE 30 82.7 −1.335 1.239 – 
Zn–2Mg-6SiCPM 21 0.103 −0.581 0.025 – [316] 
ZnCast HBSS 28 0.81  ±  0.39 −0.966  ±  0.003 0.012  ±  0.007 – [308] 
Zn-2FeCast 28 0.82  ±  0.16 −0.959  ±  0.007 0.012  ±  0.002 – 
Zn–2Fe-8 vol% WCCast 28 1.34  ±  0.50 −0.977  ±  0.022 0.020  ±  0.007 – 
ZnPM 60 – – – 0.77 mg/d [314] 
Zn-1NDPM 60 – – – 0.45 mg/d 
Zn-2.5NDPM 60 – – – 0.26 mg/d 

H. Kabir, et al.   Bioactive Materials 6 (2021) 836–879

869



316L stainless steel (SS) stents. Typically, these values are applicable 
for permanent implants and may not be optimal for biodegradable 
metallic implants. Further, there are some commercially available 
temporary stents, which exhibit mechanical properties remarkably 
lower than those of 316L SS (e.g., poly-L-lactic acid (PLLA) with 
σUTS=~70 MPa and ε = ~6%), yet are effective. Currently, nearly 
equivalent mechanical properties are desired for both vascular stents 

and bone implant devices, despite these distinct applications. 
Consequently, these phenomena justify the demand of independent re- 
evaluation of the mechanical requirements for biodegradable metallic 
devices. 

Further, it is required to define standard application-driven speci-
fications. However, since the current set of mechanical benchmarks 
requires further research into Zn-based materials, recent studies have 

Fig. 17. Microstructure, mechanical, and corrosion properties of Zn-xHA (x = 0, 1, 5, 10 wt%) composites, (a) optical micrographs showing the distribution of HA 
phase in Zn, (b) XRD pattern of Zn-HA composites with an inset showing the XRD peaks in angular range of 25ᴼ-35ᴼ, (c) EDX analysis of area A in (a), (d) compressive 
behavior of Zn-HA composites, and (e) polarization curves showing an electrochemical corrosion behavior of Zn-HA composites in HBSS; Micro-CT analysis. (f) 
Radiographs and (g) in vivo 2D images of implants. (h) In vivo 3D images, and (i) remaining volume of implants. (Reproduced with permission from Ref. [91]). 
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suggested that these materials can fulfil the mechanical requirements 
by tailoring of their chemical compositions and special fabrication 
techniques followed by post thermomechanical processing. This review 
explained that the conventional metal forming processing of Zn-xMg 

alloys (x = 0.08–1.2 wt%) provides the best combination of mechanical 
properties, biocompatibility, and biodegradability for biodegradable 
implant applications. Recent developments on Zn–Li alloys demon-
strated combination of excellent mechanical properties, suitable 

Fig. 18. (a) Microstructure and (b) fracture surfaces after tensile test of Zn–1Mg alloy and β-TCP/Zn–1Mg composites. (Reproduced with permission from Ref. 
[294]). 

Fig. 19. SEM images of as cast and extruded Zn–1Mg-x β-TCP (x = 0, 1, 3, 5 vol %) composites: (a) as-cast; (b) extruded; (c) EDX spectra of the yellow rectangular 
and red elliptical areas indicated in the extruded composites samples in (b); and (d) fracture surfaces of the Zn-based composites after tensile tests (The red elliptical 
areas show the hole defect appearing in the fractured surfaces). (Reproduced with permission from Refs. [293]). 
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degradation behavior, and biocompatibility properties, indicating a 
suitability of these materials for biomedical applications. 

Compared to Zn alloys containing various alloying elements, Zn- 
based composites have not been studied extensively, as only a few 
studies have reported a suitable combination of mechanical and cor-
rosion properties for Zn-HA, Zn-MWCNTs and Zn–Mg–TCP composites. 
Zn-based implant materials have the potential to replace Mg-based and 
Fe-based alloys due to their good mechanical properties, biocompat-
ibility and suitable degradation rate. A number of in vitro and in vivo 

studies on binary Zn–Mg, Zn–Ca, Zn–Sr and Zn–Li alloys have reported 
promising results for bone implant and vascular stent applications 
which are summarized in this review. Nevertheless, there are still sev-
eral challenges and research gaps that need to be addressed before 
clinical trials of Zn-based materials. 

The key conclusions from this study are as follows: 

• The addition of new alloying elements should be assessed in Zn al-
loys in addition to the common elements of Mg, Ca, Sr, Mn, and Cu. 

Fig. 20. (a) Potentiodynamic polarization curves of Zn–1Mg-x β-TCP (x = 0, 1, 3, 5 vol %) composites soaked in SBF, (b) corrosion rates of Zn–1Mg-x β-TCP 
composites at different immersion durations in SBF, and (c) micro-CT 3D images of Zn–1Mg-x β-TCP composites after 2–6 months of implantation (The red ellipse 
areas show the horizontal and vertical position of the implant). (Reproduced with permission from Refs. [293]). 

Table 11 
Mechanical properties of various carbonaceous reinforcements.         

Materials Diameter (nm) Aspect ratio Tensile Strength (GPa) E (GPa) ε (%) Ref.  

SWCNT 1–2 100-10,000 – 1000 – [324] 
MWCNT 5–50 100-10,000 150 270–950 12 [325,326] 
Graphene – 1000–10000 130 1000 – [327,328] 
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Ti possesses good biocompatibility, and its alloys have been utilized 
in medical applications since the 1950s. A small amount of Ti ad-
dition can refine the grain size, thus can enhance the mechanical 
properties of Zn alloys.  

• It is reported that the properties of biodegradable Zn-based alloys 
and composites heavily rely on the choice of fabrication techniques. 
Therefore, most of the studies have focused on investigating the 
effect of processing parameters of conventional processes on the 
mechanical and corrosion properties of Zn alloys. However, further 
research is required to investigate the biomechanical properties of 
Zn alloys processed by other advanced manufacturing techniques 
such as additive manufacturing. The best combination of strength 
and ductility in Zn alloys was achieved using SPD techniques such as 
hydrostatic extrusion. The AM or PM techniques have gained sig-
nificant attention for fabrication of Mg-based alloys and composites, 
but they have not been fully explored for production of biodegrad-
able Zn-based alloys and composites. However, in some cases, PM 
techniques followed by conventional processes such as extrusion, 
forging, and rolling have shown promising mechanical properties. 
Other advanced fabrication techniques, such as electron beam 
melting and electroforming are also feasible and could offer some 
distinct advantages. Thus, it would be interesting to pursue future 
studies to assess the capabilities of non-traditional processes on Zn 
alloys and composites for satisfying the requirements of biode-
gradable metal implants. 

• Biodegradable implants are expected to maintain mechanical in-
tegrity during the healing process. Hence, time-dependent effects 
particularly age-hardening and strain-rate sensitivity should be 
evaluated in future investigations of absorbable Zn-based materials. 
Moreover, the data on dynamic properties such as corrosion-fatigue 
and creep, tribological properties, and natural aging for biode-
gradable Zn alloys and composites are currently insufficient. So, 
these properties should be investigated for better understanding of 
the loss of mechanical integrity during implant degradation and this 
is crucial for preventing implant's failure during service.  

• The addition of nano-reinforcements (nano-diamond, CNTs, and 
graphene) can significantly improve the mechanical properties of 
Mg-based biomaterials. Thus, the effects of addition of nano-re-
inforcements in pure Zn and Zn alloys should be studied in future. 

• Surface treatments, such as coating techniques can alter the prop-
erties of biodegradable metals. Biodegradable metal coatings, such 
as Zn-coated Mg or Fe on existing biodegradable metals can also be 
considered. Moreover, advanced surface treatments such as plasma 
surface engineering, magnetron sputtering, and electrochemical 
polymerisation could be used to alter the properties of monolithic 
Zn materials.  

• Zn-based scaffolds should be explored for biodegradable implant 
applications, where materials require an open-cell porous structure 
mimicking that of cancellous bone. A few studies reported the fab-
rication of porous Zn-based implant materials via AM, SPS, and 
foam replication techniques and indicated promising results. Thus, 
it would be interesting to see the properties of Zn-based materials 
with an open-cell porous structure.  

• It is important to understand the effect of physiological elements on 
corrosion of Zn-based materials. A thorough investigation of the 
impact of element (O), ions (Cl−, CO3

−, HPO4
−), and compounds 

(CO2) in the physiological environment on the degradation behavior 
of Zn-based materials could be beneficial to interpret the incon-
sistency between the in vitro and in vivo degradation rates. 

This study reviewed the latest development in the fabrication of 
biodegradable Zn-based alloys and composites for biomedical implant 
applications. The processing techniques, metallurgical characteristics, 
microstructures, textures, wear and friction behaviors, and biomecha-
nical and biodegradation properties have been described and discussed, 
along with their advantages and limitations. 
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