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ARTICLE INFO ABSTRACT

Keywords: A magnesium alloy containing essential, non-toxic, biodegradable elements such as Ca and Zn has been fabri-
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cated using a novel twin-roll casting process (TRC). Microstructure, mechanical properties, in vivo corrosion and
biocompatibility have been assessed and compared to the properties of the rare earth (RE) element containing
WE43 alloy. TRC Mg-0.5 wt% Zn- 0.5 wt% Ca exhibited fine grains with an average grain size ranging from 70 to
150 pm. Mechanical properties of a TRC Mg-0.5Zn-0.5Ca alloy showed an ultimate tensile strength of 220 MPa
and ductility of 9.3%. The TRC Mg-0.5Zn-0.5Ca alloy showed a degradation rate of 0.51 + 0.07 mm/y similar to
that of the WE43 alloy (0.47 £+ 0.09 mm/y) in the rat model after 1 week of implantation. By week 4 the
biodegradation rates of both alloys studied were lowered and stabilized with fewer gas pockets around the
implant. The histological analysis shows that both WE43 and TRC Mg-0.5Zn-0.5Ca alloy triggered comparable
tissue healing responses at respective times of implantation. The presence of more organized scarring tissue
around the TRC Mg-0.5Zn-0.5Ca alloys suggests that the biodegradation of the RE-free alloy may be more
conducive to the tissue proliferation and remodelling process.

1. Introduction

Injuries in the maxillofacial and cranial regions are significant clin-
ical problems [1]. Facial trauma has been found to account for
approximately 45% of all trauma [2] and road accidents are one of the
major causes for these injuries [3,4]. The predominant fracture sites are
mandible, nasal bone, alveolar processes and zygomatic bones [4,5].
The treatment of maxillofacial injuries remains one of the important
health problems in many countries [1,2,4-6]. Titanium alloys (Ti) are
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the most widely used implants to treat maxillofacial and cranial frac-
tures (miniplates and mesh) [7-9], and have many clinical level appli-
cations as these alloys are bio-inert and have excellent mechanical
strength, osseointegration [10] and bioactivity [8,11]. Reconstruction
after surgical removal of tumors is an important application for metals in
craniofacial implants [12].

However, complications may arise from permanent implants
requiring second surgery for the removal of implants due to infection,
loosening (stress shielding [13]), implant failure [2], increases in the
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serum metal levels (soft tissue and blood cells) in the surrounding con-
nective tissues [14], and local destruction of soft or hard tissues around
the implant [15]. The removal of Ti implants is debatable, however, in
certain cases the release of Ti particles causes fibrous encapsulation and
chronic inflammation that requires implant removal in up to 40% of the
cases [16,17]. These removals require complex surgeries, which also
incur additional expense [2,14]. The removal of the implant due to
failure (10-17%) mostly occurs within the first year [9].

Resorbable polymer-based implants are considered as an alternative
to Ti implants [17,18]. A comparative study of biodegradable polymers
and Ti implants has shown good biological responses for zygomatic
implants with the similar occurrence of paresthesia, infection and less
dehiscence [17]. The need for materials which (i) eliminate the need for
a secondary surgery, (ii) reduce pain or irritation, and (iii) do not
interference with the growth and development of oral maxillofacial
bones (for children), are the main motivations for degradable implants
development [19]. However, polymer implants have been associated
with several adverse effects [16,19-21]. For instance, rapid hydrolysis
causing inflammatory reactions [19] and pre-operative breakage/-
damage of the screws or plates [20]. Other issues with the polymers
include abscess formation during removal procedures [16], as well as
concerns regarding the size/shape of the implant, and insufficient me-
chanical strength [13,19]. These observations have been further
complicated by the lack of availability of adequate long-term data (>6
years) [20,21].

Opportunities for biodegradable metals in medical implant applica-
tions has resulted in intense research activity [22-26]. The use of
magnesium (Mg), in particular, in the manufacture of biodegradable
implants has attracted research interest for some years because mag-
nesium displays low toxicity, rapid excretion, and numerous bioactive
effects, including improved bone formation and protection against
oxidative stresses while exhibiting high rates of degradation and ab-
sorption by the body avoiding the need for a second surgery [27-29].
Historically rare earth (REs) elements have been of particular interest as
alloying elements in Mg alloys because of their role in improving the
elevated temperature strength of the material for automotive and
aerospace applications [30,31]. WE43 or alloys with similar composi-
tion have been the most widely investigated for medical implant ap-
plications [32-45] such as stents [46-49], orthopedic screw applications
[50,51] and wires [32]. Screws and plates (mandible plates) of Mg alloys
as cranial and maxillofacial implants have also been evaluated for
degradation and biocompatibility in unalloyed Mg and AZ31 alloy (3 wt
%Al-1wt.%Zn) [52] and WE43 alloys [53-55]. Despite their attrac-
tiveness from a high strength, availability and low impurity standpoint,
the physiological impacts of REs have raised many unanswered ques-
tions about their long-term impact [56,57]. For instance, Y, Ce and La
were found to have cytotoxic effects and reduced cell viability [57].
Although there were no direct observations reported for toxic effects
when the degradation is within the daily allowable limit (RE < 4.2 mg
day 1), it was suggested that heavier RE elements should be limited or
avoided whenever possible as they show a greater affinity for skeletal
tissue, and thus a longer biological half-life [57].

Thus, an alternative approach is to design alloys with only biologi-
cally compatible elements consisting of Mg, Zn and Ca that participate in
a broad range of metabolic processes [56] and have a higher maximum
daily dosage compared to RE elements [57]. Binary alloys of Mg—Zn and
Mg-Ca have been investigated primarily to understand the degradation
performance and mechanical properties of these alloys. Mg-Ca alloys
containing 0.5 to 10 wt% Ca [58] experienced rapid corrosion with an
increase in Ca content and this causes extensive hydrogen evolution for
alloys with calcium contents above 5 wt% Ca [59]. The corrosion rate
can be related to the amount of the Mg,Ca phase in the alloy [60,61],
and modifying the microstructure using heat treatment and secondary
processing methods improves their mechanical and degradation per-
formance [62,63]. Similarly, binary Mg-Zn alloys have been explored as
biodegradable alloys in the as-cast state [64,65], homogenized [65,66]
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wrought [67-70] and powder metallurgical routes [71], as Zn possesses
good solubility and enhances strength. In contrast to Mg-Ca, the MgyZny
intermetallic phases in Mg-Zn alloys acts as cathodic sites within the Mg
matrix, and they are responsible for accelerated degradation rates at
higher Zn concentrations [64,65]. Thus, tailoring the composition of Zn
and Ca to a lower level has led to the development of Mg-Zn-Ca alloys
(ZX series) with low alloying elements as High-Strength Low-Alloy
(HSLA) Mg alloys [72]. The ZX alloys containing <1 wt% of Zn and Ca
provides slower degradation rates than higher Zn containing alloy due to
the presence of ternary MggZnsCay phase that was found to accelerate
pitting corrosion [72]. Studies have also shown a slower degradation
rate [72], higher bone mineralization [73] and osteogenic properties for
bone repair [74]. One of the main challenges in ZX00 (Zn and Ca < 1.0
wt%) alloy is to achieve a combination of better mechanical strength
and ductility [75-77]. Generally, after casting, homogenization heat
treatment combined with extrusion (direct/indirect) [78,79], rolling
process [76,77] and severe plastic deformation such as equal channel
angular pressing [75] have been performed to refine the grain size and
intermetallic phases to improve the mechanical properties. On the other
hand, this series of processing stages can significantly increase the cost
of manufacturing Mg alloys and they are time-consuming [80,81].
Therefore, the current study is focussed on fabricating higher strength
materials using a twin rolling process (TRC) and investigating the po-
tential of these TRC Mg-Zn—Ca alloys [80]. Strip roll casting has been
proposed as a manufacturing process that can impart particular high
strengths and ductility through a combination of rapid solidification and
mechanical working [82-84]. Thin strips of 0.5-2.5 mm can be directly
produced from the liquid alloy that is fed into the rollers that provide
higher cooling rates for microstructure refinement and improved me-
chanical properties are reported for AZ31, AM60 and AZ91 alloys
similar to commercial wrought alloys [80,81].

Thus, the present work investigates the microstructure refinement,
mechanical properties, in vivo degradation and tissue response of
Mg-Zn—Ca alloy fabricated by the TRC process. Results have shown that
the TRC Mg-0.5Zn-0.5Ca alloys exhibited better mechanical properties,
slower in vivo degradation and comparable healing responses compared
to WE43.

2. Experimental procedure
2.1. Alloy preparation

The Mg-0.5 wt% Zn-0.5 wt% Ca alloy was melted in an electric
furnace under a mixture of protective cover gases. The melt was then
transferred to a horizontal twin-roll caster machine and fed into the gap
between its two rotating rolls. With the extraction of the heat by the two
rolls, the melt was solidified into near-net-shape Mg alloy sheet of 4.0
mm thickness at a near-rapid cooling rate when passing through the gap.
This as-cast Mg alloy strip was heated to a temperature in the range of
340 °C-350 °C before rolling to 1 mm thick [80,81]. A standard RE
containing Mg alloy WE43 (3.57%Y-2.16%Nd-0.42%Gd-0.48%Zr-Bal%
Mg, all the percentages are in wt.%) was cast, solution heat treated at
525 °C and age hardened at 250 °C for 16hr. This alloy was used as a
reference to evaluate the microstructure refinement, in vivo degrada-
tion, gas development and biocompatibility.

2.2. Microstructure and mechanical properties characterization

For microstructure analysis, the samples were cut then hot mounted
in a conductive resin for mechanical grinding and finish polishing using
Struers TegraPol 21 automatic polisher. Firstly, samples were ground in
SiC abrasive papers (grit sizes starting from 600, 1200 and 4000
respectively) and then using micro suspensions of diamond and colloidal
silica to obtain a scratch-free surface. The samples were then etched
using picric-acetic acid containing solution and examined under a
polarized light optical microscope (Leica-Polyvar microscope). Hitachi
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TM3030 tabletop scanning electron microscope (SEM) with energy
dispersive spectroscopy (EDS) detector was used for phase analysis at 15
keV. Electron backscatter diffraction (EBSD) mapping was performed at
20 keV using a step size of 0.15 ym on a JEOL-6610-SEM equipped with
Oxford/HKL EBSD detector. The data were then processed using HKL
Channel 5 acquisition software. Unetched samples were used for SEM-
EDS and EBSD analysis. Tensile tests were carried using Instron 5584
universal testing machine for the TRC Mg-Zn-Ca and WE43 alloy ac-
cording to ASTM standard E8 [26]. For each alloy, at least 3 to 4 samples
were tested to assure consistency and repeatability of results.

2.3. Sample preparation and animal model for in vivo testing

TRC Mg-Zn-Ca alloy plates (15 mm x 6 mm x 3 mm) and cylindrical
samples of WE43 alloy (@¥6 mm x 15 mm) were used for in vivo study.
The sharp corners or edges from the machined samples were ground to
prevent any undesired tissue responses due to physical irritation and
these samples were cleaned, weighed and then stored in a desiccator.

The in vivo test involved implantation in a small animal model
(Wistar rats). The rats were subjected to the standard ad libitum rodent
diet, and were allowed to inhale isoflurane (2% in O5) as anaesthesia
prior to the implantation surgery. The rat’s hair was shaved in the vi-
cinity of the insertion area, i.e. at the upper back just behind the
shoulder, and at the lower back just in front of the thigh. The exposed
skin was swabbed with antiseptic and incised. The implant was inserted
subcutaneously, with each rat receiving an implant at each of the
insertion location. Subsequently, the incision was secured using sutures,
and the rat given an injection of painkillers. For each alloy, twelve rats
were divided into two sub-groups of six for evaluation at 1 and 4 weeks.
All procedures conform to the requirements of the University of
Queensland (UQ) Animal Ethics Committee (approval number MME/
161/17), the Animal Care and Protection Act Qld, and the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes.

2.4. Gas development and corrosion evaluation

After 1 and 4 weeks of implantation time, the rats were anaesthetized
and examined under p-CT (Inveon multimodality PET/CT imaging
scanner) before euthanasia. The scan settings include an operating
voltage of 80 kV, current of 500 pA, exposure time of 230 ms and an
isotropic voxel size of 104.96 pm. The software Inveon Research
Workplace 4.2 was used for initial assessment of the pCT images and
conversion of raw scans to DICOM slices for further analysis. Quanti-
tative volume and surface area measurements of the gas pockets sur-
rounding the implants were obtained by manipulating DICOM slices
using ImageJ software. Each implant and gas pocket were visually
located within the subject, and the corresponding slices extracted. A
region of interest (ROI) was identified and cropped which encapsulates
the entire gas pocket on all slices. The cropped set of slices were then
duplicated, to isolate the implant and gas separately by adjusting the
image threshold to produce a binary image. The threshold was adjusted
individually for each implant to capture the maximum amount of gas as
observed visually; substantial image artifacts (bright and dark streaks)
were unavoidable in several images due to the metal implants, resulting
in the selection of a variance of thresholds for both the implant and the
gas. The raw STL files were visually assessed and cleaned using the
software Autodesk Meshmixer for the estimation of the volume of gas
pockets.

The implants were extracted after euthanasia after 1 and 4 weeks for
corrosion analysis. The corrosion rate of the explanted specimens was
calculated using weight loss analysis following ASTM G1-03 to convert
mass loss into a degradation rate in mm/year [56].

2.5. Histological analysis

Histopathology assessment of TRC Mg-Zn-Ca alloy and WE43 alloy
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was performed after 1 and 4 weeks of implantation by a board-certified
and experienced veterinary anatomic pathologist. Standardized histol-
ogy sections of the implant and sham surgical sites were assessed on
Haematoxylin and Eosin (H&E) stained 4-pm routine paraffin-embedded
formalin fixed tissue.

3. Results
3.1. Microstructure analysis

Fig. 1 shows the grain structure of the TRC Mg-Zn-Ca and heat
treated WE43 alloy [56]. To have a better understanding, TRC micro-
structures were examined in three different orientations along the roll-
ing direction as shown in Fig. 1(a—c). Variations in the grain size are
noted in parallel (Fig. 1 (a)), transverse (Fig. 1 (b)) and normal to the
rolling directions (Fig. 1 (c)). As seen from Fig. 1 (a), the majority of the
grains are elongated parallel to the rolling direction with an average
grain size of <150 pm. At the top surface where the rolling force was
highest, the grains are smaller (equiaxed) and sub-grains are formed due
to the plastic deformation. These grains are too small to be resolved by
the optical microscope, EBSD technique was used to further investigate
the deformed grains. Fig. 1(b) shows an equiaxed grain structure with an
average grain size of 115 £ 77 pm. This structure was expected due to
the orientation of the sample (transverse to the rolling direction) at
which constant force was applied along the whole plane during the
rolling process. Fig. 1 (c) shows the microstructure normal to the rolling
direction with predominantly equiaxed grains (grain size of 71 + 27
pm). Although there are differences noted in along within the sample
cross-section, the grain size ranges from 70 to 150 pm. Fig. 1 (d) shows
the grain structure of cast and heat treated WE43 alloy with an average
grain size of ~158 pum. A better refinement was obtained with TRC
process, as it possesses a significant advantage of combining casting and
rolling in a single step producing excellent refinement than the WE43
alloy.

Fig. 2 (a and b) shows the low and high magnification backscattered
electron (BSE) images of the TRC alloy observed in the parallel direction.
The severely etched (dark) regions are due to the presence of recrys-
tallized grains along the grain boundaries. Fig. 2 (b) displays the image
of dendritic grains with second phases as bright white particles present
within the interdendritic regions of a grain. Similar observations were
noted along with the transverse and normal directions. Unlike a com-
mercial as-cast alloy, the second phases are not seen as segregations,
which is one of the significant attributes of the TRC process that com-
bines the advantage of rapid solidification and deformation processing.
From the Mg-Ca-Zn ternary phase diagram [85], this intermetallic
phase have been identified as MgyCa and/or CagMggZng at 1 wt%
addition level of Ca and Zn. A recent study on Mg-1Ca-1Zn alloy re-
ported that the eutectic formed intermetallic consist of three lamellar
structured phases (a-Mg + MgaCa + CapMgeZng) and concentrated
along the grain boundaries [86]. Fig. 2 (c and d) shows the BSE images of
heat-treated WE43 alloy. Grain boundaries are clearly visible along with
the RE’s precipitates that are present within grains and along the grain
boundaries (bright white feature marked by arrows). These RE pre-
cipitates are well-known in the heat treated WE43 alloy that usually
contains Y, Nd and Zr (1.3-6.5 at. % Zr, 2.9-8.9 at. % Nd and 0.3-2.6 at.
% Y) [87].

Fig. 3 (a) shows an optical microscopy image of the severely
deformed region with fine, recrystallized grains present along the grain
boundaries of elongated grains. Fig. 3 (b and c) shows the EBSD grain
orientation maps and angle along the rolling direction to study the
recrystallization behaviour. The inverse pole figure (IPF) map in Fig. 3
(b and c) shows the grain structure of the severely deformed area. Two
main characteristics can be seen from the map, in which most of the
grains are preferentially oriented along the [1210] direction. Secondly,
the severe plastic deformation has led to the recrystallization of fine
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Cast and heat treated WE43
Grain size =158 + 27 um

X500 200 pm

(d)

RE-precipitates

Fig. 2. Backscattered electron (BSE) images of (a, b) TRC Mg-Zn-Ca alloy and (c, d) WE43 alloy at (a, ¢) low and (b, d) high magnifications respectively.

grains along the boundaries of long columnar grains. This might be a
result of the rolling process applying extensive force at the areas of close
contact of the sample with the rollers. In addition, as shown in Fig. 3 (by
and c;) rolling leads to strong texture in the metal that can be visualized
from the orientation density function (ODF). Generally, ODF gives the
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density of grains having a particular orientation [88]. The misorienta-
tion angle distribution in Fig. 3 (b2) shows that low energy boundaries
(>15°) dominate the distribution, suggesting exposure of the grains to
severe plastic deformation and dynamic recrystallization [89,90].
Another notable peak in the distribution is around 30°, which is
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Fig. 3. (a) Bright-field optical image of the deformed region with recrystallized grains along the parallel direction. (b, ¢) Inverse pole figures at two random locations
where (b, c;) are the ODFs and (b, c3) are the distribution of misorientation angles.

typically found for Mg sheets with strong texture [90]. The distribution double twinning behaviour [90,91], which are expected to appear as a
in Fig. 3 (cg) is different to that of the distribution shown in Fig. 3 (by). result of the rolling process. The distribution of fine grains observed
Not only that the low energy boundaries dominate the distribution, but from Fig. 3 (b and c) shows an average grain diameter less than 6 pm.
peaks are observed around 85-90° and minor peaks are seen at 55°-65°.

In the HCP system, these angles represent tensile, compression and
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Fig. 4. (a) Tensile load curves and (b) summary of the mechanical properties of TRC Mg-Zn-Ca alloy and WE43 alloy.
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3.2. Mechanical properties

Fig. 4 shows the tensile curves of TRC Mg-Zn-Ca alloy and WE43
alloy. For comparison, the derived tensile data is presented in Table 1.
The results table shows the yield strength (YS), ultimate tensile strength
(UTS) and elongation at failure (%). The TRC alloys showed an ultimate
tensile strength of 221.9 + 1.8 MPa and elongation of 9.3 + 2.1%. The
WEA43 alloy has a higher yield strength (x 1.4) and ultimate tensile
strength (x 1.9) compared to the TRC Mg-Zn-Ca alloy. However, the
elongation values observed for Mg-Zn-Ca and WE43 alloy are
comparable.

Table 2 shows the maximum tensile strength achieved for Mg-Zn-Ca
series alloys reported in the literature and the processing methods
adopted. Generally, the as-cast alloys show inferior strength and
ductility due to coarse or dendritic grains and fully divorced eutectic
structure. Commercial processing routes include homogenization heat
treatment, rolling and extrusion processes [76,78,92,93]. Repeated
annealing combined with deformation is a common approach to obtain
the desired strength and indeed, it is challenging to improve the ductility
and strength of the alloy simultaneously [92]. A relatively high Zn/Ca
ratio has been found to increase the strength of the alloy; however, such
compositions are associated with reduced ductility. Some alloys show
exception, for instance, Mg-6Zn-1.5Ca achieved a UTS of 250 MPa and
14.7% elongation [79]. On the other hand, similar strength and ductility
were reported for Mg-0.96Zn-0.29Ca with a UTS of 265 MPa and 31%
elongation after indirection extrusion at 300 °C [78]. Comparing the
results of the present work with the literature (Table 2), it is clear that
the TRC alloy (fabricated into thin strips in a single step) exhibited a
series of promising mechanical properties. This is reasonable for a RE
free alloy that contains a significantly lower number of alloying ele-
ments compared to a WE43 alloy. Although the exact mechanical
strength required of implants and devices used in maxillofacial surgery
is difficult to determine, it is expected that many spacer-type applica-
tions require relatively low strength values (Gareb et al., [13]). During
tissue healing processes, the load will be shared by the underlying bone
and osteosynthesis system. It should be noted that having a higher
strength is not always beneficial as it might cause stress shielding and
implant resorption [13]. A higher strength and stiffness of magnesium
alloys over biodegradable polymers is an advantage, however, control-
ling the degradation rate is the key to utilize the potential of lower
strength TRC Mg-Zn—Ca alloy compared to WE43 alloy.

3.3. In vivo corrosion behaviour

Fig. 5 shows the in vivo degradation of TRC Mg-Zn—-Ca and WE43
alloy after 1- and 4-week observation periods. In general, the degrada-
tion rate after 1 week in all these alloys is higher than that after 4 weeks
of testing. The slower degradation associated with the 4 weeks samples
is due to the formation of a protective layer (hydroxides, calcium
phosphates and MgO) and the growth of fibroblastic reaction in the
tissues in the region surrounding the implant [28,95,96]. A comparable
degradation performance is noted for the TRC Mg—Zn-Ca alloy similar to
that of the WE43 alloy, which is promising for the development of RE
free Mg alloys.

Fig. 6 (a - d) presents the representative 3D reconstructed images

Table 1
Mechanical properties of twin-roll strip cast Mg-Zn-Ca alloy and the WE43
alloy.

Alloys Yield strength Ultimate tensile strength  Elongation
(MPa) (MPa) (%)
TRC Mg-0.5Zn- 186.76 222.79 7.65
0.5Ca 185.45 223.63 12.31
178.88 219.32 8.05
WE43 254.35 403.11 8.54
261.66 416.22 10.05
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Table 2
Mechanical properties of Mg-Zn-Ca alloys by different processing methods.
Alloy Zn/ Processing routes Mechanical properties Ref
composition Ca -
(WE%) ratio Tensile Elongation
strength (%)
(MPa)
Mg-1.0Zn- 1.0 Cast (C) —» 250 + 4.0+ 0.8 [76]
1.0Ca Homogenized 6'R
(400 °C, 24h) — 222 + 149+ 1.6
hot rolled (HR, 61"
300 °C, 4.2 mm 201 + 6.1 +1.8
thickness) — heat 15HT
treated (HT)
Mg-0.94Zn- 6.26 Cast — 127 + 7.5+ 0.4 [92]
0.15Ca 0.59 Homogenized 2.1
Mg- 17 (400 °C, 12h) 65 + 1.1 1.5+ 1.1
0.92Zn- 1.68 141 + 7.6 + 0.4
1.54Ca 24.57 2.3
Mg- 2.85 76 +1.2 0.4 + 0.02
2.727n- 145 + 5.3+0.3
0.16Ca 2.4
Mg- 103 + 1.4 +£0.1
2.78Zn- 1.7
1.65Ca Cast — 226 + 4.1+0.2
Mg- Homogenized 3.7
4.67Zn- (400 °C, 12h) — 108 + 0.4 +0.002
0.19Ca hot rolled (400 °C) 1.8
Mg- 204 + 1.3+0.1
4.02Zn- 3.3
1.41Ca 96 + 1.6 0.2 +0.01
142 + 0.9 + 0.04
2.3
77 £1.3 0.2 +0.01
Mg-0.96Zn- 3.31 300°C-Indirect 265 31 [78]
0.29Ca extrusion
325°C-Indirect 240 32
extrusion
325°C-Direct 268 20
extrusion
400°C- Direct 226 25
extrusion Cast —
Homogenized
(350 °C, 12h) and
solutionized
(450 °C, 8h) —
Extruded using
direct and indirect
methods (325 °C,
375 °C, 400 °C)
Mg-6.0Zn- 4 Cast > 120°¢ 1.2 [79]
1.5Ca Homogenized 332F 8.6
(350 °C, 12h) — 25084 14.7
Extruded (E,
300 °C) and
annealed (EA,
350 °C, 1h)
Mg-0.6Zn- 3.0 Cast 120 6.0 [94]
0.2Ca
Mg-2.0Zn- 10.0 178 6.5
0.2Ca
Mg-2.5Zn- 12.5 130 3.8
0.2Ca
Mg-3.0Zn- 15.0 Cast — 2708 11.4 [93]
0.2Ca Homogenized 234" 17.85
(380 °C, 24h) —
Extruded (E,
300 °C, 1.0 mm
plates) and
annealed (300 °C,
2h)
Mg-0.5Zn- 1.0 Twin roll cast 2219 + 9.3+21 This
0.5Ca (TRC) and 1.8 work
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Fig. 5. In vivo corrosion rate of TRC Mg-Zn-Ca and WE43 alloys after 1 week
and 4 weeks of implantation (asterisk represent statistical significance: *p <
0.05 and NS represent no significance).

showing the gas development behaviour of the TRC Mg-Zn-Ca, WE43
alloy after 1 and 4 weeks of implantation. Both WE43 and TRC
Mg-Zn—Ca alloys produced clinically visible subcutaneous gas pockets
within 1 week of implantation. The gas pockets are primarily located
adjacent to the implant, as a result of the Mg degradation upon contact
with the physiological environment [97]. Fig. 6(e-h) presents the

(a) TRC Mg-Zn-Ca Week 1

o
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distribution of the gas pockets after 1 and 4 weeks of implantation of
TRC Mg-Zn-Ca and WE43 alloys. In general, the TRC Mg-Zn-Ca group
showed the highest value at 278.87 + 112.01 mm® compared to the
WE43 group (152.09 + 81.15 mm®). Larger values of standard deviation
in the histograms of Fig. 6 (e and g) suggest that the gas pocket sizes of
each implant group are scattered, likely due to the variables introduced
during the implantation and 3D reconstruction process. Intriguingly, the
distribution of the gas pocket size indicated a generally positive corre-
lation to the degradation rate of the implants.

After 4 weeks of implantation, the size of the gas pockets was
reduced to below 250 mm® in the majority of the implanted rats (Fig. 6
(f, h)) with an average size of 233.71 + 408.25 mm?® and 84.98 + 113.74
mm? for TRC Mg-Zn-Ca and WE43 group, respectively. This is due to a
reduction in the volume of gas generated as Mg corrosion slowed over
this period. As for the pre-existing hydrogen gas, it has been proposed
that the gas can escape via an exchange mechanism through the sur-
rounding tissue [98], subsequently reducing the overall size of the
pocket. This exchange mechanism would also be responsible for a
change in the composition of the gas in the pocket. The remaining
hydrogen gas saturates the surrounding tissues, and is continuously
exchanged with other dissolved gases present in the blood stream (e.g.,
Ny, Oy, COy). Eventually, the exchanged gases take up the gas cavity,
resulting in a mixture of Hy, N, O3, CO and CO5 [98-100] at 4 weeks,
which are considered biologically safe to the implanted animals.

Although the development of the gas pocket is a commonly reported
phenomenon during the in vivo degradation of Mg-based implant
[101-103], it is worth noting that some samples of the TRC Mg-Zn-Ca
alloy experienced an uncontrolled gas development. This is evident in

(d) WE43 Week 4

(e) TRC Mg-Zn-Ca Week 1 (f) TRC Mg-Zn-Ca Week 4
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Fig. 6. Representative 3D reconstructed p-CT images showing the presence of gas around (a, b) TRC Mg-Zn-Ca and (c, d) WE43 implant within rat model after 1
week and 4 weeks. (e, h) Histograms of the gas pocket size in (e, f) TRC Mg-Zn-Ca alloy and (g, h) WE43 alloy implant group after 1 week and 4 weeks of

implantation.

91



M.S. Dargusch et al.

Fig. 6 where some pocket sizes fell outside the first standard deviation
limit. Uncontrolled gas pocket build-up could lead to complications such
as wound dehiscence, bone defects, or reducing the implant’s radio-
pacity [104]. Although all animals survived and tolerated the implan-
tation period in the current study, the reasons for the excessive gas build
up in some implantation groups are worth investigating.

3.4. In vivo biocompatibility

Fig. 7 presents the H&E-stained histological appearance of the TRC
Mg-Zn-Ca and WE 43 implanted tissues after 1 and 4 weeks of im-
plantation. According to Fig. 7 (a and b), both implanted materials
triggered active fibroplasia and leukocytic responses after 1 week,
consistent with response to implantation of a foreign material. The tissue
around the TRC Mg-Zn—-Ca implant indicated severe fibroplasia reaction
with the evident build-up of loosely connected extracellular collagen;
the inner tissue layer adjacent to the implant location is infiltered with
1-3 cell layers of macrophages, suggesting moderate leukocytic
response to a foreign body (Fig. 7 (a)). The WE43 implanted tissue
showed a high level of tissue reactivity with macrophages and multi-
nucleated giant cells present at the lining of the tissue-implant interface,
indicating foreign body reaction. After 4 weeks, both scarring and in-
flammatory responses started to settle at the implantation sites (Fig. 7 (c
and d)). As shown in Fig. 7 (c), the dense, organized fibrous tissue is
formed around the TRC Mg-Zn-Ca implant, with the capsule wall
thickness of 100-250 pm. Occasional macrophages can be found at the
inner edge of the capsule, indicating mild residual leukocytic response.
The tissue around the WE43 implant indicated a similar inflammatory
response compared to that of the TRC Mg-Zn-Ca implant group, and
scar tissue starting to become more organized by 4 weeks.

Healthy animals exhibit acute inflammatory and fibroplasia re-
sponses upon the implantation of biomaterials, with leukocytic cells,
typically macrophages or multi-nucleate giant cells derived from mac-
rophages, infiltrating into the implanted tissue then attempting to coat
and ingest the foreign bodies [105]. Therefore, the increased level of
macrophage infiltration at the implantation sites in both groups is

(a) TRC Mg-0.5Zn-0.5Ca — week 1

- =/
Ca — week 4

-
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expected and consistent with the foreign body responses to biomaterials.
After 4 weeks, the leukocytic responses in both implant groups were
significantly reduced, and the fibroplasia reaction was progressing to an
organized capsule. Overall, both implanted materials are considered to
be bio-safe to the host tissue as they neither resulted in significant tissue
necrosis nor negatively interfered with the tissue healing and encapsu-
lation responses. It is particularly interesting to note that the fibrous
tissue around the TRC Mg-0.5Zn-0.5Ca implanted group became more
organized after 4 weeks compared to the WE43 implanted group. It is
likely that the RE-free alloy may promote the tissue proliferation and
remodelling process, although the exact mechanism is yet to be
determined.

4. Discussion

Twin roll casting of Mg alloys is an effective approach for the pro-
duction of high-performance Mg alloys [80,81], specifically to promote
refined microstructure for low alloying element containing Mg-Zn-Ca
alloys (Fig. 1(a—c)). In a typical RE containing WE43 alloy the presence
of Zr and RE elements promote grain refinement during solidification
(Fig. 1(d)) and precipitation strengthening effect when heat treated. For
the solute-lean Mg-0.5Zn-0.5Ca alloy (only 1 wt% of total alloying
element), conventional slow cooling conditions would result in large
and dendritic grains [56]. One of the key issues of having higher Zn or Ca
contents is that these elements, on one hand, promote refinement and
strength, while, on the other hand, the corrosion rate can be accelerated
by undissolved Ca-rich binary or ternary secondary intermetallic phases
[86]. The thermally stable Ca-rich intermetallic phases can be expected
to act as galvanic sites for localized corrosion even after rolling or
extrusion processes [92]. With the total alloying concentration is below
1 wt%, no segregation was identified in TRC Mg-Zn—Ca alloys (Fig. 2 (a
and b)). Several recrystallized grains were found on the rolled surface
that exhibit a strong texture along the rolling direction, however, the
remaining regions with equiaxed grains exhibit superior mechanical
properties and elongation (Fig. 4).

Cranial/Maxillofacial fixation devices are used in a complex

(b) WE43 — week 1

> -,
2 ;2"

Fig. 7. Histological appearance of the H&E stained tissue after (a, b) 1 week and (c, d) 4 weeks of in vivo testing. The inserted images in (a) and (b) show mac-
rophages lining the pocket wall for TRC Mg-0.5Zn-0.5Ca alloy and multinucleate giant cells and macrophages for WE43 alloy respectively (indicated by *). Dashed

lines indicate the tissue in direct contact with the implant.
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physiological environment, where the screws penetrate through bones
(hard tissue), and the plates are placed at the bone-tissue interface (soft
tissue) [53]. While the responses to the hard tissue environment have
been widely studied for Mg alloys [52-55], the soft tissue responses and
the early stages of degradation or the gas development are less studied.
In a maxillofacial/oral environment, the gas development and soft tissue
responses including inflammatory and fibroplasia responses could affect
both short term and long-term cosmetic appearance of the surgical site
of the patient. For instance, it is worth noting that that few studies have
shown the potential of using Mg-Zn-Ca alloys as vascular clips [106,
107] and these clips are in oral/maxillofacial surgery to get a better
access to the surgical site in some cases. Currently, many fixtures used in
maxillofacial and mandibular applications uses plates (or miniplates)
with a locking screw arrangement that are made from bioinert Ti alloys.
Recently, several Mg alloys including unalloyed Mg, AZ31 [52], WE43
[53-55] and Mg-Zn-Ca alloys [73] have been tested in vivo as cranio-
facial screws and plates. In general, all these alloys exhibit new bone
formation, no sign of inflammation or adverse effects to the soft tissue
adjacent to the implant or the degradation product and these alloys also
promote bone healing. Among these Mg based alloys, Mg-Zn—Ca alloy
shown particularly attractive characteristics as bone implant materials
for the promotion osteogenesis [108] and antimicrobial properties
[109]. As the degrading implant generate Mg?* as corrosion product,
Mg?*t could up-regulate the osteoblastic activity of osteoblasts by acti-
vating the signal pathways to promote the proliferation and osteogenic
differentiation [110,111]. One of the limitations of Mg-Zn-Ca alloys is
the relatively low strength compared to the main alternative, WE43
alloy. This study has shown that Mg-Zn-Ca samples produced using
Twin Roll Casting have much higher strengths than similar alloys pro-
duced using more conventional methods due to the uniform and fine
grain structure characteristics of the process. The development of gas
around the implant has been reported to occur at the initial stages of
implantation for Mg-Zn-Ca alloys [73], which is similar to the obser-
vations reported in the current work. However, a significant reduction in
gas pocket size was noted after a 4-week implantation period. The cur-
rent study has the limitation of being a short duration study in the
subcutaneous region of a rat model, primarily focussed on understand-
ing the initial degradation behaviour and tissue response of the
Mg-Zn-Ca alloy fabricated through TRC process. Further studies are
required to examine the degradation and biocompatibility of actual
components fabricated using TRC Mg-Zn—Ca alloys such as miniplates
inserted within appropriate animal models.

5. Conclusions

Magnesium alloys containing minor addition of Ca and Zn (0.5 wt%)
have been fabricated using a twin roll casting process (TRC, a single step
casting and rolling process) and tested in vivo for degradation, gas
development and biocompatibility. The important observations of this
study can be summarized as follows.

(1) The TRC Mg-0.5Zn-0.5Ca alloy showed excellent refinement with
grain sizes less than 150 pm and exhibited an ultimate tensile
strength and elongation of 221.9 + 1.8 MPa and 9.3 + 2.1%
respectively.

(2) A comparable in vivo degradation rate was observed for the TRC

Mg-0.5Zn-0.5Ca and WE43 alloy after 1 and 4 weeks of in vivo

testing. Initially, a rapid degradation was noted after one week

(0.51 £ 0.07 mm/y for TRC Mg-Zn—Ca alloy vs 0.47 £+ 0.09 mm/

y for WE43 alloy) and the rate of degradation was lowered after 4

weeks (0.27 £ 0.07 for TRC Mg-Zn-Ca alloy vs 0.29 £+ 0.09 mm/

y for WE43 alloy).

Large gas pockets surrounding the implants were noted after 1

week of implantation and the size distribution of gas pockets was

relatively larger for Mg-Zn-Ca alloy than WE43 alloy. After 4

weeks of implantation, a significant reduction was observed in

(3)
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the gas pockets. However, it should be noted that large deviations
exist in the size distribution even after 4 weeks in both the alloys,
suggesting the influence of additional factors and this requires
further study.

Histological analysis indicated that both WE43 and TRC Mg-
0.5Zn-0.5Ca alloy triggered tissue leukocytic and fibroblastic
responses. TRC Mg-Zn-Ca alloys showed a promising healing
response due to the presence of organized scar tissue, which is
beneficial for tissue remodelling process. Results from this pre-
liminary study show that Mg-Zn—Ca alloys could be promising
implants for RE free, maxillofacial fixation devices.

(4
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