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A B S T R A C T

To satisfy the property requirements for biodegradable medical implants, Zn alloyed with low levels of Mg
(≤0.8 wt%) has attracted increased research interest. In the present study, deformation twinning was observed
in tensile tests and twinning appears to have an adverse impact on ductility. The profuse twinning in the as-cast
Zn-Mg alloys accelerated crack growth in tension due to twinning impingement which caused local stress
concentrations and initiates cracking. As-rolled Zn-Mg alloys have better ductility than their as-cast counterparts
due to the inhibition of twinning by the refined Mg2Zn11 intermetallic phase and the finer grain size.

1. Introduction

Metallic medical implants are implanted into the body in order to
improve human life by maintaining the function and/or healing da-
maged tissue [1]. Currently, most are permanent implants made from
metallic materials including stainless steels, Co-based alloys and Ti-
based alloys [2–5]. However, after healing the presence of the foreign
implant materials in the body can cause chronic deleterious and in-
flammatory responses, and secondary surgery to remove such materials
imparts additional risks to the patient and imposes significant further
cost [4]. To overcome the deficiencies of permanent implants, biode-
gradable implants, intended to degrade in vivo gradually, have received
considerable research attention. These biodegradable implants must
have good biocompatibility (i.e. do not activate inflammatory responses
and must be non-toxic) and the implant must fulfil its function for the
full duration of the recovery phase [3,6–8]. Biodegradable metals (BMs)
offer an innovative means to develop implants that are not permanent
for orthopaedic applications, cardiovascular stents and other medical
devices which have attracted increasing attention in recent decades
[3,4,6,8–11].

Alloyed Fe and Mg, have been extensively investigated as good
candidates for BMs because of their good biocompatibility [3,8,9,11].
However, their suitability for use in biodegradable medical implants is
limited in some cases due to their degradation behaviour and its impact

on the surrounding tissues. Iron-based metals exhibit low degradability,
often slower than required to treat the patient and complications in-
cluding mild inflammation and thrombogenicity have been reported as
a consequence of their breakdown in previous studies [3,4]. In turn,
rapid degradability impacts on the suitability of Mg-based BMs and the
large amounts of hydrogen gas released as a result of their corrosion can
adversely impact on healing, restricting the use of Mg based alloys in
biodegradable medical implants [9,10,12–14]. Recently, Zn based al-
loys have emerged as a new candidate for BMs because of (1) its
moderate degradability (i.e. 0.011–0.018mm year−1 in Hank's solu-
tion) [4,13,15]; (2) low melting point and low chemical reactivity
which make Zn-based materials easy to cast and alloy [11]; (3) it is an
essential trace element in the body which is critical to cell growth and
facilitates wound healing [4,15–18]. However, a significant limitation
for the application of Zn-based BMs is their inadequate mechanical
properties. The tensile strength of as-cast pure Zn is 30MPa, and the
plasticity is below 2% [4,5]. This is well below the mechanical per-
formance typically required for medical implants (ultimate tensile
strength (UTS)∼ 200–300MPa and elongation (ε)∼ 15%) [7].

To improve the suitability of Zn-based BMs for medical implants in
respect to their mechanical performance, various approaches including
alloying, different forming techniques and surface modification have
been investigated [2,15,19]. Amongst these, Zn alloyed with Mg has
been identified as a potential material for BMs. Yao et al. [14] reported
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that Zn alloyed with Mg contents below 10% offers significantly im-
proved corrosion properties, i.e. the rate of corrosion is significantly
lower compared with pure Zn, which allows the implanted Zn-Mg alloy
to maintain its mechanical integrity for an appropriate time to fix the
damaged tissue. The improvement in corrosion resistance was primarily
attributed to the influence of the intermetallic phases (Mg2Zn11 and
MgZn2) which promote formation of an electrochemically inert pro-
tective film, such as Mg2(OH)2CO3, on the surface of the Zn-Mg alloys
[15]. In particular, as-cast Zn-3wt%Mg alloys were reported to offer a
well-refined nanostructure and good corrosion resistance [4,20]. Fur-
thermore, other studies report that the Zn alloyed with 1 wt% Mg
provides the best combination of strength and ductility
(UTS∼ 250MPa and ε∼ 12%) for this alloy system [4]. The previous
research suggested that a more substantial content of Mg (≤3wt%)
increase the volume fractions of the eutectic phase, improving the
strength and hardness but undermining ductility [12,15]. The eutectic
concentration for Mg in Zn is around 3wt% while the maximum solu-
bility of Mg in Zn is 0.1% (Fig. 1). The intermetallic compound formed
in hypoeutectic Zn-Mg (≤3wt%) alloys is Mg2Zn11, a hard and brittle
eutectic phase, which is distributed within the softer α-Zn matrix. The

low levels of ductility exhibited for the Zn-Mg alloys is considered in-
sufficient for medical implant applications and this in conjunction with
non-uniform breakdown due to preferential corrosion of the Mg has so
far restricted the use of these alloys for BMs [6,8]. Hence, research
interest has increasingly turned to Zn alloys with low contents of Mg
(≤1wt% Mg) to reduce the proportions of intermetallic phase in con-
junction with appropriately designed processing to improve the me-
chanical and corrosion properties [21,22,23]. Gong et al. [12] reported
that hot extrusion can improve the uniformity of biodegradation and
mechanical properties (UTS∼ 250MPa and ε∼ 12%) of Zn-1wt%Mg
and the alloy's good biocompatibility was confirmed by in vitro cyto-
toxicity tests. Moreover, there are various studies reporting on the
mechanical properties, corrosion properties, cytotoxicity of the Zn-1wt
%Mg alone and with other elements such as Mn, Ca, and Sr fabricated
by a range of different techniques [4,12,15,17,18,20,24]. Recently,
Kubásek [17] reported that as-extruded Zn-0.8 wt%Mg has a suitable
balance of strength (UTS∼ 301MPa) and ductility (ε∼ 15%) while
Mostaed et al. [15] reported good mechanical properties in as-extruded
Zn-0.5 wt%Mg (UTS∼ 297MPa and ε∼ 13%) and Zn-0.15 wt%Mg
(UTS∼ 250MPa and ε∼ 22%) alloys. The enhanced ductility is pri-
marily attributed to the relatively low levels of Mg and associated re-
ductions in the proportion of the brittle eutectic phase present in
comparison to previously studied alloys [15,17].

Also, the inadequate mechanical properties of Zn and its alloys due
to their low formability in the deformation processing, which is at-
tributed to their hexagonal close-packed (HCP) crystal structure and
lack of sufficient slip modes in plastic deformation [26]. The natural
slip modes in HCP metals are slip on basal and prismatic planes, which
are not sufficient to satisfy Von Mises criterion [27]. In some HCP
metals, deformation may be accommodated through pyramidal slip
dislocations, but pyramidal slip dislocations in Zn demand high critical
resolved shear stress values due to the high c/a ratio of Zn [26,27].
Therefore, deformation twinning, another fundamental plastic de-
formation mode, plays an essential role in sustaining plastic strain in
the deformation processing of Zn. In order to research the role of de-
formation twinning on mechanical properties of Zn-Mg alloys, studies
on the nature of twinning in Zn-Mg alloys are essential. It is well known
that {101̄2}<101̄1̄ >twinning is the only active twinning system in
pure Zn due to its limited ductility and it is a contraction twinning
mode because of the high c/a ratio of Zn (Fig. 2) [24,26–28]. There is
little research on the twinning modes of Zn-Mg alloys currently, how-
ever, the twinning modes for dilute Zn-Mg alloys can be related to the
deformation mechanisms for pure Zn. Previous research has

Fig. 1. Zn-Mg phase diagram [25].

Fig. 2. Variation of twinning shear with the c/a ratio. Filled green circles indicate that this is an active twinning modes and red squares represent inactive twinning
modes for the materials [28].
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demonstrated that deformation twinning improves the microstructure
and consequently enhances mechanical properties of pure Zn by re-
fining coarse grain structures during low strain rate deformation pro-
cessing by subdivision of the grains and facilitating grain reorientation
[29,30]. Since smaller grains inhibit twinning, deformation twinning
ceases below a critical grain size [31]. The present study investigates
the factors that affect the propensity and formation of twinning in pure
Zn and Zn-Mg alloys in tension and their influence on the micro-
structure, and consequent the effects of twinning on mechanical prop-
erties of low Mg content Zn-Mg alloys.

2. Experimental

Pure Zn and Zn-Mg alloys were prepared by melting pure Zn
(99.99%) and a Zn-30 wt%Mg alloy in a clay graphite crucible (di-
mension: 35mm (bottom) x 65mm (top) x 85mm (height)) in a furnace
at 500 °C, and the liquid metal was removed from the furnace and
poured into moulds after 15min of melting. Subsequently, the hot
rolled Zn and Zn-(0.4, 0.8) wt% Mg (1mm in thickness) were fabricated
by multiple rolling passes at 250 °C.

Electrical discharge machining was used to prepare specimens for
tensile testing (Dimensions: gauge length∼ 25mm, width∼ 6mm and
thickness∼ 5mm (as-cast Zn) and gauge length∼ 25mm,
width∼ 6mm and thickness∼ 1mm (hot-rolled Zn)) and while spe-
cimens for compression testing were machined from the as-cast mate-
rials with an ASTM standard (diameter of 13 mm and length of 38mm)
[32]. Also, to observe deformation induced microstructural changes

during the tensile tests additional specimens with different dimensions
were prepared from flat sheet material with a polished gauge length
(Dimensions: gauge length∼ 25mm, width∼ 6mm and thick-
ness∼ 2mm). They were ground using SiC papers (P320-P4000), and
the gauge length prepared by electro-polishing using a Struers® Lec-
troPol-5 (Struers® D2 solution). The tensile tests were conducted in the
longitudinal direction, i.e. parallel to the rolling direction, using an
Instron single axis servo-hydraulic testing system. The crosshead speed
was 1mm/min for tensile testing and 10−3s−1 for the compression
tests. Microhardness was measured using a Struers® Duramin, with
0.05 Kg load.

A Struers® CitoPress-30 was employed to mount all metallographic
samples, and grinding and polishing was conducted using a Struers®

TegraPol-31. The samples were ground using SiC papers (P320-P4000)
and they were polished to 1 μm. Finally, the samples were etched with
Gennone-Kersey solution (1%HF, 15%H2SO4 and 84% distilled water)
to observe the grain boundaries and deformation twinning. The mi-
crostructures were observed by POLYVAR optical microscope (OM)
equipped with Spot 32 image analysis software. The linear intercept
technique was used to calculate the average grain size of as-received
materials [33]. A desktop SEM (Hitachi TM3030) was used to acquire
Fracture morphology.

Fig. 3. The microstructure of the as-cast Zn and Zn-Mg alloys: (a) pure Zn, (b) Zn-0.1 wt%Mg, (c) Zn-0.2 wt%Mg, (d) Zn-0.4 wt%Mg (e) Zn-0.8 wt%Mg, and (f) the
average grain size of Zn-Mg alloys. (The polarized micrographs are used to highlight grain structure and insets show the eutectic phase.)
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3. Results

3.1. Microstructure

Optical micrographs of as-cast samples are shown in Fig. 3. The pure
Zn had a very coarse-grained structure (3094 ± 84 μm) which is re-
fined appreciably as a result of alloying with 0.1 wt% Mg
(160 ± 22 μm). Consequently, further grain refinement with the ad-
dition of increased levels of Mg is comparatively minor. As shown in
Fig. 3, the grain size of the Zn-0.1 wt% is 160 ± 22 μm, which falls to
100 ± 25 μm, then 70 ± 11 μm and 65 ± 9 μm as the Mg content is
increased to 0.2 wt%, 0.4 wt% and 0.8 wt%, respectively. An inter-
dendritic eutectic phase is formed in the Zn-Mg alloys as shown on
Fig. 3b–e (see insets top right). There is only limited proportions of the
eutectic phase in the microstructure of the Zn-0.1 wt%Mg as the max-
imum solubility of Mg in Zn is around 0.1 wt%. Moreover, more

substantial Mg contents lead to the formation of larger volume fractions
of the eutectic phase and the dendritic structure of the η-Zn phase is
readily apparent in the Zn-0.8 wt% Mg alloy as shown in Fig. 3e.

The microstructure of the hot-rolled Zn-Mg alloys is shown in Fig. 4.
The grain structures were significantly refined by the hot rolling as
compared to their as-cast counterparts. The average grain size of the as-
rolled pure Zn is 121.6 μm (top-section) and 89.1 μm (cross-section),
respectively (Fig. 4b). Also, the reduction in grain size of Zn-Mg alloys
are significant up to 0.4 wt% Mg, but the further grain refinement with
additions of Mg from 0.4 wt% to 0.8 wt% is negligible. The eutectic
phase is shown in the inset images (Fig. 4c and d) but unlike the cast
alloys the eutectic phase no longer constitutes a continuous network
along the grain boundaries. The original network of eutectic phase
(Fig. 3b–e) is broken down as a result of the hot rolling and dynamic
recrystallization (DRX) at elevated temperature into fragmented parti-
cles which are elongated parallel to the rolling direction after several

Fig. 4. The microstructure of as-rolled pure Zn and Zn-Mg alloys: (a) schematic of hot-rolled tensile specimens (GL: gauge length; W: width; T: thickness) (b) pure Zn,
(c) Zn-0.4 wt%Mg and (d) Zn-0.8 wt%Mg. (The polarized micrographs are used to highlight grain structure and insets are used to show the eutectic phase).

Fig. 5. (a) The tensile properties of as-cast pure Zn and Zn-Mg alloys (b) the microhardness of as-cast and as-rolled pure Zn and Zn-Mg alloys.
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rolling passes.

3.2. Mechanical properties

The mechanical properties of the as-cast pure Zn and Zn-Mg alloys
are shown in Fig. 5. The mechanical properties of as-cast pure Zn are
relatively low (UTS∼ 29.7MPa, yield strength (YS)∼ 27.5, ε∼ 0.62%
and microhardness∼ 32.7 HV), while the strength and microhardness
increased markedly when alloyed with 0.1 wt% Mg (UTS∼ 81.5MPa,
YS∼ 72MPa and, microhardness∼ 45.2 HV). With greater additions
of Mg, the strength of the Zn-Mg alloys show further improvements
with values of UTS∼120MPa, YS∼112MPa and microhardness∼71.1
HV for the Zn-0.8 wt%Mg alloy. Meanwhile, the ductility is relatively
poor and shows only negligible variation with increased Mg contents.

The impacts of hot rolling on the properties of the pure Zn and Zn-
Mg alloys are revealed in Fig. 6. The strength and ductility of pure Zn
(UTS∼ 118MPa, YS∼ 85MPa and ε∼ 26.8%) are improved con-
siderably after hot rolling. Of particular note the ductility is increased
almost 50 fold in comparison to the as-cast material. With additions of
Mg, the strength is further increased for the Zn-0.4 wt%Mg
(UTS∼ 230MPa and YS∼ 225MPa) and Zn-0.8 wt%Mg
(UTS∼ 268MPa and YS∼ 260MPa) alloys, while the microhardness
of the as-rolled specimens is similar to the as-cast specimens which
indicates that the reduction of grain size has minor/no effects on mi-
crohardness (Fig. 5b). The hot rolled Zn-Mg alloys also show a sig-
nificant improvement in ductility over their as-cast counterparts with
an elongation up to necking of 16% and a total elongation around 23%
for the Zn-0.4 wt%Mg alloy and total elongation of 7.2% for the 0.8 wt
%Mg alloy.

3.3. Fractography

Fig. 7 shows the fracture surfaces of the as-rolled pure Zn and Zn-Mg
alloys as well as for the cast counterpart to the Zn-0.4 wt%Mg alloy. The
cast Zn-0.4 wt%Mg alloy displays features typical of a completely brittle
fracture including a completely transgranular fracture interface with
faceted, smooth surface textures and little evidence of plastic de-
formation associated with the failure (Fig. 7a), consistent with its poor
elongation performance. The fracture surface of the as-rolled pure Zn
show features typical of ductile fracture including dimpling across the
entire fracture interface in keeping with its excellent elongation per-
formance (Fig. 7b). In the case of the as-rolled Zn-0.4 wt%Mg alloy
shown in Fig. 7c, cleavage planes are visible with fewer dimples in
comparison to the pure Zn, indicative of a quasi-cleavage fracture
surface representative of a mixed brittle and ductile failure with con-
siderable elongation in the tensile testing. For the Zn-0.8 wt%Mg alloy,
the fracture surface reveals brittle fracture features with cleavage

planes dominating the fracture interface and negligible dimpling.

4. Discussion

Grain refinement observed in the cast samples with the addition of
Mg is attributed to the growth restriction imparted by the Mg solute and
to the promotion of heterogeneous nucleation on intermetallic particles
formed in the melt during cooling [34]. The maximum solubility of Mg
in Zn is 0.1 wt%, which is consistent with the microstructure of the Zn-
0.1 wt%Mg alloy shown in Fig. 3b in that there are no substantive re-
gions of the eutectic phase. As previously mentioned Mg2Zn11 is the
only intermetallic compound in the Zn-Mg (Mg≤ 3wt%) alloys, and
the eutectic point (6.3 wt%) for the MgZn2 eutectic phase is in excess of
3 wt% Mg (Fig. 1). It has been reported that MgZn2 particles form
during casting in the initial stages of solidification, before the η-Zn
phase forms at 466.1 °C. This is because the Zn-30 wt%Mg master alloy
dissolves in the Zn melt gradually, and thus the local composition can
be significantly higher than the nominal Mg content in the alloy which
enables the MgZn2 phase to form [34]. Consequently, the MgZn2 par-
ticles provide efficient heterogeneous nucleation sites to refine the
grain structure of the Zn-0.1%Mg alloy. Therefore, the significant im-
provement in mechanical properties of the Zn-0.1 wt%Mg alloy can be
attributed to the solid solution strengthening imparted by the Mg and
grain boundary (Hall–Petch) strengthening. Because the maximum so-
lubility of Mg in Zn is 0.1 wt%, further addition of Mg has no significant
influence on grain refinement. However, with the addition of further
Mg the volume fraction of eutectic phase is increased which in turn
leads to further reductions in the grain size [15]. As Fig. 3 shows, ad-
ditions of Mg above 0.1 wt% promote formation of the eutectic phase
along grain boundaries. Previous studies suggest that the eutectic phase
can contribute to grain refinement by blocking the growth of Zn crystals
[17]. Additionally, the microhardness of Zn-Mg alloys increases with
increasing additions of Mg as the Mg2Zn11 is 4.7 times harder than pure
Zn [35]. Meanwhile, the error range for the microhardness measure-
ments on the as-cast specimens increased with the addition of Mg due to
the inhomogeneous distribution of the eutectic phase. In contrast, the
error range for the microhardness of the as-rolled specimens is much
smaller because the eutectic phase is distributed more uniformly
throughout the microstructure by the rolling process. Moreover, the
microhardness of the as-rolled specimens is similar to the cast coun-
terparts, which indicates that the significant reduction of grain size has
minor effects on microhardness.

There was no significant changes in ductility with the addition of
Mg to the as-cast alloys. The brittle and hard intermetallic constituent
of the eutectic phase is reported to negatively impact on the ductility of
the Zn-Mg alloys [15]. However, despite the significant refinement of
the microstructure and only limited amounts of eutectic phase present
in the Zn-0.1 wt%Mg alloy, the ductility remains low. Also, the pro-
pensity for twinning of the Zn-Mg alloys is substantially reduced in
comparison to Zn due to restrictions on their formation resulting from
the much smaller grain size (Fig. 3b) [31]. Both of these factors have
been reported to have positive effects on the ductility of Zn based alloys
[26,31], though this is not consistent with the poor elongation obtained
for the Zn-0.1 wt%Mg in the tensile tests. Fig. 8 shows micrographs of
the as-cast Zn-Mg alloys after the tensile tests. Compared with Fig. 3,
there is profuse twinning evident which is concentrated around the
fracture interface and even dominates the microstructure in the Zn-
0.1 wt%Mg and Zn-0.2 wt%Mg alloys. The high propensity for twinning
is attributed to cooperative contributions related to Poisson's effect and
the twinning mode which is active in Zn-Mg alloys [26,36]. Poisson's
effect dictates that tension along the longitudinal direction will impart
compressive forces in the transverse direction [36]. Therefore, the
compression accompanying the longitudinal extension promotes con-
traction twinning around the fracture interface. This is supported by the
results shown in Fig. 9 which displays profuse twinning in the as-cast
Zn-Mg alloys after compression testing. The twins are deduced to be

Fig. 6. Tensile stress-strain curves for hot rolled pure Zn and Zn-Mg alloys.
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{101̄2}< 101̄1̄ > type twins. Yoo [26] has shown that for HCP metals
with poor ductility, such as in the present study (Fig. 5a), only have the
most general twinning mode, {101̄2}< 101̄1̄ > type twinning, is active.
In addition, the deformation twinning is concentrated near the fracture
because the brittle eutectic network is resistant to plastic deformation
and obstructs twinning. This is particularly evident for the Zn-0.4 wt%
Mg.

Fig. 10 shows the microstructures after deformation of the as-cast
Zn-0.2 wt%Mg alloy. The gauge length of the specimens was electro-
polished prior to conducting the tensile tests. The elongation of these
specimens was higher than the unpolished tensile specimens due to
removal of surface defects through the polishing. A few small twins can
be observed before the tensile tests which are attributed to surface
deformations which occurred during manual grinding and polishing

Fig. 7. SEM fracture surface for tensile specimens of (a) the as-cast Zn-0.4Mg alloy, the (b) as-rolled pure Zn, (c) as-rolled Zn-0.4 Mg alloy, and (d) as-rolled Zn-
0.8Mg alloy.
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(Fig. 10a). There are no significant differences in the microstructure
after straining to 0.8% (Fig. 10b) to that of the unstrained specimen.
With further strain up to 1% (Fig. 10c), the proportion of twinning
increased dramatically in the mid-section of the gauge length of the
specimen and numerous examples of the impingement of twins is

observed. Further straining up to 1.2%, resulted in the appearance of
cleavage cracks at the location of the impinged twins (Fig. 10d). Finally,
the specimen broke (strain to 1.6%) and profuse twinning is observed
concentrated around the fracture. Fig. 8 shows that there is no long-
itudinal cracks, which if present are generally attributed to the reaction

Fig. 8. Microstructures of the specimens near the fracture (in the mid-section of specimens) of as-cast Zn-Mg alloys after the tensile tests: (a) Zn-0.1 wt%Mg, (b) Zn-
0.2 wt%Mg and (c) Zn-0.4 wt%Mg. (Insets are used to highlight fracture interface).

Fig. 9. The microstructure of cross-section of as-cast Zn-Mg alloys reduced 15% in the compression testing (a) Zn-0.4 wt%Mg and (b) Zn-0.8 wt%Mg.

Fig. 10. The microstructural development during tensile deformation of Zn-0.2 wt%Mg (prepared by electro polishing before the the tensile tests): (a) before the
testing, (b) strain to 0.8%, (c) strain to 1.0%, (d) strain to 1.2% and (e) strain to break (1.6%).

Fig. 11. Microstructures of the cross-section of as-rolled Zn-Mg alloys after the tensile tests, (a) pure zinc, (b) Zn-0.4 wt%Mg and (c) Zn-0.8 wt%Mg.
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of basal slip and pyramidal slip [37]. Moreover, the impingements of
twinning in the brittle materials with only one active twinning mode
causes local stress concentration that facilitated the crack nucleation
and growth in the transverse direction [26]. Local stress concentrations
promote the nucleation of twins and further accelerate the crack pro-
pagation [38]. Hence, deformation twinning is considered an important
factor which limits ductility in Zn-Mg alloys.

The significant improvement in the strength of the as-rolled speci-
mens is primarily due to effective grain refinement and the elimination
of the casting defects [23]. The large primary Zn grains of the cast al-
loys are replaced by the uniform small equiaxed grains after rolling and
the crystallographic orientation is rearranged along the rolling direc-
tion (Fig. 11). Additionally, the comprehensive grain refinement is at-
tributed to the effects of dynamic recovery and dynamic recrystallisa-
tion (DRX) [17]. In the Zn-0.4 wt%Mg alloy, the eutectic phase
obstructs the grain movement and grain growth, and the Mg2Zn11 in-
termetallic particles stimulate grain nucleation in the high-stress zone,
which further accelerate DRX and results in more effective grain re-
finement [17,39]. There is no noticeable grain refinement with in-
creases in the Mg content to 0.8 wt% (Fig. 11b and c). This is consistent
with findings from Mostaed et al. [15] whom found that the effect of
the addition of Mg above 0.5 wt% on the grain size of extruded Zn-Mg
alloys was minor. As was discussed in section 3.1, after rolling a con-
tinuous eutectic network is no longer present along the grain bound-
aries. The continuous eutectic network in the as-cast Zn-Mg alloys is
broken down into smaller aggregates in the rolling and is aligned to the
rolling direction. The refined eutectic acts as a substantive barrier to
further twinning. Meanwhile, grain boundary strengthening is in-
creased substantially by the hot rolling. The grain boundaries also re-
strict further twinning, which otherwise causes high localised stress
concentrations around impinging twins and accelerates crack nuclea-
tion (Fig. 11), resulting in improved plastic deformation and elongation
such as observed for the Zn-0.4 wt%Mg alloy [39]. The significantly
lower ductility of the hot rolled Zn-0.8 wt%Mg is attributed to the
presence of the network of brittle and hard eutectic intermetallic phase
around the deformed and DRX Zn grains facilitating the initiation and
growth of cracks before significant plastic deformation can occur [17].

5. Conclusion

Investigations on the role of twinning in tensile deformation of Zn-
Mg alloys and consequent effects of twinning on mechanical properties
in the present study reveal the following findings:

1. In the as-cast Zn-Mg alloys, the propensity for twinning is reduced
significantly with increasing levels of Mg addition (≤0.8 wt%),
because of the smaller grain size and significant volume fraction of
eutectic phase which inhibits twinning.

2. Deformation twinning has adverse effects on the ductility of as-cast
Zn-Mg alloys. There is no twinning in the initial stages of tensile
deformation, and the propensity for twinning increases suddenly at
around 1% strain and twinning impingements are observed. With
further strain, the propensity for twinning and impingements in-
creases and profuse twinning and impingements are observed on
fracture (strain to 1.6%). The associated compressive strain in ten-
sion facilitates {101̄2}<101̄1̄ >contraction twinning leading to
twinning impingements, which in turn cause local stress con-
centrations which faciliate crack nucleation and growth.

3. As-rolled Zn-Mg alloys have much better strength and ductility
which is attributed to grain refinement, elimination of casting de-
fects and grain boundary sliding, respectively. Additionally, the
presence of a eutectic intermetallic network, strong grain bound-
aries and small grain size inhibit twinning in tensile deformation
which otherwise would initiate cracking. With the addition of Mg
contents> 0.4 wt%, the brittle and hard Mg2Zn11 intermetallic
phase has adverse impacts on ductility.
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