Biomaterials

Science

PAPER

7 ROYAL SOCIETY
PP OF CHEMISTRY

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2020, 8,

5071

Received 15th May 2020,
Accepted 28th July 2020

DOI: 10.1039/d0bm00805b

rsc.li/biomaterials-science

Introduction

Biodegradable

magnesium

In vitro and in vivo studies on ultrafine-grained
biodegradable pure Mg, Mg—-Ca alloy and Mg—-Sr
alloy processed by high-pressure torsion

Wenting Li,? Xiao Liu,? Yufeng Zheng, € ** Wenhao Wang,” Wei Qiao,”
Kelvin W. K. Yeung,*® Kenneth M. C. Cheung,® Shaokang Guan,** Olga B. Kulyasova®
and R. Z. Valiev*?

High-pressure torsion (HPT) can refine the microstructure and consequently modify the properties, such
as mechanical and corrosion properties, of Mg and its alloys. Biodegradable magnesium materials alloyed
with the essential elements of life, such as Ca and Sr, are a current research frontier. In this study, bio-
degradable ultrafine-grained pure Mg, Mg—Ca alloy, and Mg-Sr alloy were prepared using HPT proces-
sing. The microstructure, mechanical properties, biodegradable behaviors, and biocompatibility in vitro
and in vivo of these materials were systematically investigated. Our results revealed that HPT pure Mg with
a bimodal and ultrafine-grained microstructure showed higher mechanical strength, ductility, and degra-
dation rate compared with the as-received materials. The good biocompatibility of HPT pure Mg was
confirmed both in vitro and in vivo. The HPT Mg—-Ca alloy and Mg-Sr alloy with homogeneous ultrafine-
grained microstructures showed higher mechanical strength and lower degradation rate than their as-cast
counterparts. The good biocompatibility of the HPT Mg—Ca alloy and Mg-Sr alloy was also revealed. All
these findings indicate that HPT is an alternative avenue to fabricate biodegradable Mg-based materials.

nesium materials." One of the approaches is alloying Mg with
different elements. However, the traditional industrial mag-

alloys have been recently nesium alloys alloyed with Al, Mn, Zn, RE, Zr, Ag, and Y

developed as desirable materials for orthopedic implants.'™
Biodegradable Mg and its alloys can degrade gradually in the
physiological environment, evading second surgery for
implant removal and alleviating the physical and financial
burden for patients. Also, the elastic modulus of bio-
degradable magnesium is close to natural bone, avoiding the
‘stress shielding’ effects of traditional metallic implants and
the corresponding bone loss.” Besides, Mg is an essential
element that plays a critical role in bone tissue.® It was
revealed that Mg implants were able to promote osteogenic
differentiation and improve bone-fracture healing.”

There has been a large number of investigations focused on
optimizing the comprehensive properties, including the
mechanical and degradation properties of biodegradable mag-
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should be carefully considered when used in the orthopedic
field. There is a possibility of excessive release of these alloying
elements, which are permitted at a very low limit in our
body."® Choosing the essential elements of life that can help
bone healing as alloying elements is a desirable way to develop
new biodegradable Mg alloys.* Based on this developing strat-
egy, our research team previously developed Mg-Ca alloy and
Mg-Sr alloy for orthopedic applications.”' Ca, as the main
constituent of bone apatite, is involved in bone metabolism,
activating Ca-sensing receptors of osteoblast cells and promot-
ing osteoblast proliferation, differentiation and extracellular
matrix mineralization."" Sr is of importance in the formation
of bone matrix mineralization and is utilized as a promising
agent to treat osteoporosis.'*'* The implantation of Mg-Ca
alloy in rabbit femoral shafts improved the activity of the sur-
rounding osteoblasts and osteocytes.’ Significantly increased
cortical bone thickness and bone mineral density, as well as
newly formed endosteal bone were observed around the Mg-
2Sr alloy implanted in mice femur compared with the
control.'®

Although Mg-Ca alloy and Mg-Sr alloy were promising as
orthopedic materials, one of the challenges is how to improve
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their mechanical properties and degradation behaviors simul-
taneously. HPT is a process during which high pressure and
concurrent high shear strain are imposed on a disk." It can
extremely refine the microstructure and consequently modify
the properties, such as mechanical and corrosion properties,
of Mg and its alloys."® Although traditional plastic defor-
mation, such as rolling and extrusion, also can modify the
microstructure of Mg and its alloys, resulting in the improve-
ment of the properties,”"” the limited number of dislocation
slip systems of magnesium materials resulting from their hex-
agonal close-packed (HCP) structure impedes the improve-
ment,'® and high temperature is needed during the proces-
sing, which restricts the effectiveness of strain hardening
mechanisms. Severe plastic deformation processing during
which high plastic strains and hydrostatic pressure were
imposed on the specimens can help to overcome this limit-
ation and to obtain bulk nanostructured materials with excel-
lent properties.'®?® HPT and equal channel angular pressing
(ECAP) are two kinds of attractive severe plastic deformations.
According to previous studies, using HPT to obtain ultrafine-
grained or nanograined microstructure of Mg alloys is more
feasible than using ECAP,>" for the reason that the higher
temperature during ECAP causes less effective grain refine-
ment. HPT was reported to effectively decrease the grain size
of the as-cast pure Mg to a few micrometers or several hundred
nanometers and improve the strength.”>** The influence of
HPT processing on corrosion resistance of pure Mg is contro-
versial. Some investigators found that HPT enhanced corrosion
resistance of pure Mg,**** while others believed that HPT had
no evident influence on the corrosion resistance of pure Mg.>>
Claudio L. P. Silva et al.>® observed that HPT pure Mg exhibited
similar corrosion potential but higher polarization resistance
in comparison with the as-received pure Mg. Besides, the bio-
compatibility of HPT pure Mg was acceptable according to
cytotoxicity tests using human osteosarcoma cell line.***®
Magnesium alloys, such as AZ31,>%%*® A791,>*® WE43,%"%
Mg-Zn alloy,>® Mg-Zn-Ca alloy,*>*' Mg-Li alloy** and Mg-rare
earth alloys***° were processed by HPT and obtained signifi-
cant grain refinement as well as excellent mechanical pro-
perties. There is also no explicit agreement on the change of
corrosion tendency of these alloys caused by HPT. HPT Mg-
Zn-Ca alloy showed lower corrosion rate in comparison with
its extruded counterpart, and uniform corrosion of this HPT
material was revealed.’” Debora R. Lopes et al.>* reported that
HPT could decrease the degradation rate of AZ31 and AZ91
alloys in Hank’s solution while increasing that of ZK60
alloy. E. A. Lukyanova et al.*® observed that the corrosion resis-
tance of WE43 after HPT was increased. Besides, the cyto-
toxicity of magnesium and its alloys processed by HPT was
only evaluated in a few studies.”**® Such a broad diversity of
the results regarding the effects of HPT on properties of mag-
nesium materials indicated the need for researchers to com-
prehensively investigate the properties of HPT pure Mg and
Mg-Ca and Mg-Sr alloys.

This is the first study that evaluates the in vivo degradation
behavior and biological performance of HPT Mg and its alloys,
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to the best of our knowledge. The influence of HPT on the
overall performance of pure Mg, Mg—-Ca alloy, and Mg-Sr alloy
was investigated for the first time. The goal of this research is
to reveal the effect of HPT on the microstructure, mechanical
properties, biodegradation behavior, cytocompatibility, and
bone formation ability of pure Mg, Mg-Ca alloy and Mg-Sr
alloy.

Experimental materials and
procedures
HPT specimen preparation

The as-cast commercial pure Mg (99.98%) disk, as-cast Mg-
1Ca alloy (which was detailed in our previous paper’) disk
and as-cast Mg-2Sr alloy (which was described in our earlier
article'®) disk with a diameter of 20 mm and thickness of
1.0 mm were processed by HPT. The as-cast Mg-1Ca alloy was
prepared from pure Mg (99.98%) and Ca (99.9%) metal
powders in a graphite crucible under the protection of SFg
and CO,. The as-cast Mg-2Sr alloy was prepared using pure
Mg (99.98%) and Mg-10Sr master alloy in the graphite cruci-
ble under the protection of SFs and CO,. Nominal and actual
compositions of the materials are listed in Table 1. To avoid
incipient melting and to equalize the chemical composition,
the samples were homogenized before HPT at a temperature
of 450 °C for 24 hours, followed by cooling in water. Then
they were put between two anvils under a compressive
pressure (P) of 6 GPa at room temperature to 5 turns (N) with
a rotation speed of 1 rpm. Besides, the three as-cast materials
before and after hot extrusion (The extruded materials were
obtained at 210 °C with an extrusion rate of 2 mm s™' and
extrusion ratio of 1/17.) were also used in this study for
comparison.

Nanoindentation test

The nanoindentation test was conducted with Tribo Indenter
(Hysitron, USA) on the polished surfaces of the three HPT
materials. The experiments were performed along two perpen-
dicular diameters (shown in Fig. 1(b)) on the disk’s surface
(ground up to 7000 grit). The Berkovich diamond pyramid tip
was used in load-controlled mode with a loading rate of 40 pN
s™' to a maximum loading of 400 pN. The indenter was held at
the maximum load for 2 s before unloading at the rate of
40 pN s*. The Oliver-Pharr method*® was utilized for deter-
mining elastic modulus and hardness.

Table 1 Compositions of the experimental materials

Composition (wt%)

Material Ca/Sr Fe Ni Cu Mg
Pure Mg — 0.0057 0.00072 0.00083 99.98
Mg-1Ca Cal.06 0.0052 0.00061 0.00079 Bal.
Mg-2Sr Sr0.98 0.0049 0.00059 0.00062 Bal.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The homogeneity evaluation of pure Mg, Mg—-1Ca alloy, and Mg-2Sr alloy after HPT processing. (a) The Young's modulus and hardness
obtained by nanoindentation tests along two diameters perpendicular to each other (b) of the three HPT materials. The x-axis from left to right rep-
resents the position along the diameter from left to right (X) or from bottom to top (Y). (c) The change of Vickers hardness of the three HPT materials
with the increase of the distance from the central point of the disk. (d) The average Vickers hardness of the three HPT materials after different pro-

cessing procedures.

Microhardness evaluation

The Vickers hardness across two perpendicular diameters of
the three HPT materials was evaluated with a micro-hardness
tester (SHIMADZUHMV-2t) using a Vickers indenter. The dis-
tance of 0.5 mm between two indentations was kept during
the tests. The indentation load was 980.7 mN and maintained
for 10 s. The average hardness of the as-cast and as-extruded
samples was also tested.

Microstructure evaluation

The specimens were ground to 5000 grit and then electroche-
mically polished in a solution containing phosphoric acid
(250 mL), glycerol (10 mL), alcohol (750 mL), and citric acid
(0.5 g). Microstructure analysis was performed using an optical
microscope (Olympus BX51M) and environmental scanning

This journal is © The Royal Society of Chemistry 2020

electron microscope (ESEM, FEI Quanta 200F, Holland). Cu Ka
radiation was utilized to characterize the phase composition
and texture of the samples through X-ray diffraction (XRD,
Rigaku DMAX 2400, Japan) at a step size of 0.02° from 10° to
90°. The materials processed by HPT were also characterized
by transmission electron microscopy (TEM, Tecnai G2 F20,
USA) at 200 kV. TEM samples were obtained using ion milling
(Gatan Model 691PIPS, USA). The grain size of the samples
before and after extrusion was analyzed according to the mean
linear intercept method, and the average value of individual
grains of HPT samples was calculated.

Micro-tensile test

The micro-tensile specimens (gauge length 4 mm, width
2 mm, thickness 1 mm (Fig. 4(a)) were cut from the disks.

Biomater. Sci, 2020, 8, 5071-5087 | 5073
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Micro-tensile tests were performed at an initial strain rate of
1.0 x 10~% s on a mechanical test machine (Instron Micro
Tester 5843) at room temperature. The yield strength (YS) was
calculated according to the stress at which 0.2% plastic defor-
mation occurs. At least three tests were conducted for each
material. Then the fracture morphology was observed by
ESEM.

In vitro degradation behavior test

In vitro degradation behaviors were investigated by immersing
the samples in Hank’s solution. The specimens were cut into
small disks with a diameter of 8 mm and a height of 1 mm,
and they were ground up to 2000 grit. The ratio of surface area
to solution volume ratio was kept 20 ml ecm™> during the tests
according to ASTM-G31-72. The pH value of the solution and
the hydrogen release volume was recorded after 4, 8, 12, 24,
72, 120, 168, and 336 h. The corrosion products were removed
using a solution composed of CrO; (200 g L") and AgNO; (2 g
L") after 12, 24, 168, and 336 h. Then the samples were
weighed after being rinsed with DI water and dried. The
weight loss ratio was determined using the following equation:

weight loss ratio =
initial weight — weight at the respective time point
initial weight

x 100%

ESEM was utilized to observe the material surface.

Cytotoxicity

The indirect cell culture method was used to assess the cyto-
toxicity of these three HPT materials in comparison with their
as-extruded counterparts. MC3T3-E1 cells and human
mesenchymal stem cells (hMSCs) were seeded at a density of 3
x 10% cells per well on a 96-well tissue culture plate. They were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (PS). After overnight incubation for cell attachment, the
culture medium was replaced with extracts which were pre-
pared by immersing samples into culture medium with a
surface area to solution volume ratio of 1.25 mL cm™> under
standard cell culture conditions for 24 h. After 1, 3, and 5 days
of incubation, the medium was removed and rinsed slightly
with phosphate-buffered saline (PBS) three times. DMEM con-
taining 10% Cell Counting Kit-8 (CCKS8, Dojindo Molecular
Technologies, Japan) was then added into the well. After 1 h,
the spectrophotometric absorbance (OD) was recorded at
450 nm using a multimode detector (Bio-Rad 680, USA). The
cells cultured in normal culture medium with 10% FBS and
1% PS for 1, 3, and 5 days were used as the negative control.
The cell viability value was determined by dividing the OD
value of the experimental group by the value of negative
control.

Surgical procedure

The animal experiments were authorized by the Licensing
Office of the Department of Health of the Hong Kong
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Government and University Ethics Committee of the University
of Hong Kong. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Laboratory Animal Unit of the University of Hong
Kong and approved by the Animal Ethics Committee of the
University of Hong Kong. Investigations were carried out on
3-month old female Sprague-Dawley (SD) rats that were pro-
vided by the Laboratory Animal Unit of the University of Hong
Kong. Before the operation, xylazine (6 mg ke™') and ketamine
(67 mg kg™') were injected into the rats’ enterocoelia to
anesthetize the rats. Cylindrical rods (diameter 1.0 mm, height
6.0 mm) were machined from these three HPT materials’
disks, and were polished and sterilized before implantation
surgery. The axial direction of the cylinder is parallel to the
surface of the disc. In total, 18 rats were randomly assigned
to three groups of 6 animals each. A tunnel defect with a
diameter of 1 mm was created at the femur lateral epicondyle
followed by the insertion of these three HPT implants.
Muscle and skin incisions were sutured layer-by-layer. To mini-
mize the suffering of rats, oxytetracycline (60 mg kg ') was
injected into rats in a 72-hour interval for the initial 6 days
postoperation. Besides, flunixin (2.5 mg kg™') was also given
as an analgesic in 12 h intervals for the initial 3 days
postoperation.

Micro-computed tomography and histological analysis

The gradual change of implant and bone in the vicinity of the
implant was monitored using a micro-computed tomography
(micro-CT) scanning device (SkyScan 1076, Belgium) when the
animals were under anesthesia at the indicated time points.
The voxel size is 17.33 pm. All the rats were monitored by
micro-CT. The raw data were reconstructed by NRecon
(Skyscan Company). CTVol was utilized to generate 3D models
of bone and implant, and CTAn was used to analyze the
change of implant and the surrounding bone. The in vivo
degradation rate was determined using micro-CT results based
on the following equation:*’

C= (Vt - VO)/At7

where C is the degradation rate, V; is the implant volume at
defined time points during the implantation period, V, is the
implant volume when the operation was just completed, A is
the original surface area of the implant, and ¢ is time after
surgery.

Rats were euthanized at 24 weeks postoperation, and then
the femurs were isolated. The femurs were fixed in 10%
buffered formalin, and then some of them were processed in
gradient ethanol for the preparation of non-decalcified sec-
tions after 48 h. After immersion in xylene for 3 days, femurs
were transferred to methyl-methacrylate (MMA). Finally, the
femurs after embedding were machined into thin slices and
then were polished from a thickness of ~250 pm to
~40-60 pm. Giemsa staining was conducted on these slices.
For decalcified sections, after fixation with 10% buffered for-
malin, the femurs were decalcification in 10% ethylenediami-
netetraacetic acid for 4-6 weeks. The implants were carefully

This journal is © The Royal Society of Chemistry 2020
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pulled out from the harvested femur. The femurs were then de-
hydrated in 70%, 95%, and 100% ethanol, and finally, paraffin
was used to embed the femurs. The slices with a thickness of
5 pm were obtained using a microtome (RM215, Leica
Microsystems, Germany). Hematoxylin staining was conducted
in the represented slices. Sections were then observed using
microscopy (Nikon, Tokyo, Japan).

Statistical analysis

All data were expressed as means + standard deviation. The
difference between groups was analyzed using one-way analysis
of variance (ANOVA) followed by the Tukey test. The level of sig-
nificant difference among groups was defined and noted as *p
<0.05, **p < 0.01.

Results
Hardness and modulus along the diameter of the disk

Different strains were imposed on the samples from the
center to the edge during HPT processing, so the microstruc-
ture might be inhomogeneous.'® It is reported that there is
also a potential for materials to achieve homogeneous micro-
structures and properties when the appropriate parameters
were used during this processing, such as a high enough
number of revolutions.*®*' The grains either at the center
area or the edge area of the disk could be refined completely,
and the microstructures could become homogeneous once
the shear strain reached a particular value.”> The measure-

a

as-cast pure Mg as-cast Mg-1Ca

as-cast Mg-2Sr

Paper

ments of local hardness across the diameter from one edge of
the disk to another edge along the diameter had been widely
used to detect whether the material is homogeneous or
not.">** The results of nanoindentation tests along two dia-
meters perpendicular to each other (Fig. 1(b)) are shown in
Fig. 1(a), and the data indicated no significant distinction of
elastic modulus or hardness values in the center of the disk
and peripheral regions for all these three materials. The
shape of indentation after nanoindentation tests is 3-sided
pyramid, and the projected area (residual indentation area) is
10-20 pm? for nanoindentation tests. The data of Vickers
hardness with increasing distance from the center of the disk
are shown in Fig. 1(c), indicating the uniformity with no sig-
nificant difference of the hardness with the increment of
the distance from the central point for each material. The
shape of indentation after microhardness tests is 4-sided
pyramid, and the impression diagonal of its projected
image is 40-70 pm. These results indicated that the three
HPT materials might have uniform microstructures and
properties.

Microstructure

Fig. 2(a) and 3 show the representative microstructures of
these three materials after different processing. Both hot
extrusion and HPT processing refined the microstructure of
the as-cast pure Mg. The grain size of the as-cast pure Mg was
1.0 + 0.8 mm and decreased to 88 + 18 pm after hot extrusion.
A bimodal microstructure of HPT pure Mg is shown in the
TEM bright-field images (Fig. 3(a), (d) and (e)) and was com-

Fig. 2 Microstructures and phase composition of pure Mg, Mg—1Ca and Mg-2Sr alloys. (a) Microstructures observed using an optical microscope

HPT pure M R

HPT Mg-1Ca

and ESEM images at the lower left. (b) XRD patterns of these materials.
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posed of larger grains with the size of 1.8 + 0.5 pm and finer
grains with the size of 590 + 120 nm. The selected area elec-
tron diffraction (SAED) pattern (Fig. 3(a)) presented diffrac-
tion rings indicating high misorientation between the
grains.'® The microstructures of Mg-Ca alloy and Mg-Sr alloy
were also significantly refined by HPT. The grain size of the
as-cast Mg-Ca was 183 + 10 pm (Fig. 2(a)). The grain was
refined by extrusion and HPT to the size of 57 + 7 pum
(Fig. 2(a)) and 171 + 52 nm (Fig. 3(b)), respectively. HPT Mg-
Ca alloy in the TEM bright-field image exhibited homo-
geneous distribution of ultrafine grains. The SAED pattern of
HPT Mg-Ca alloy showed clustered diffraction spots and
rings (Fig. 3(b)). The as-cast Mg-Sr alloy had coarse grains
with the size of 170 + 20 pm and the as-extruded Mg-Sr alloy
had finer grains of 53 + 10 pm. HPT Mg-Sr alloy presented an
ultrafine-grained structure with a grain size of 720 + 180 nm
(Fig. 3(c)). The diffraction rings comprised of continuous
spots are also shown in Fig. 3(c), which revealed high angle
misorientations of neighboring grains. Besides, the bend
contours related to the internal stress were present both in
HPT Mg-Ca and Mg-Sr alloys (Fig. 3(b) and (c)). The second-
ary phase was broken up and distributed more uniformly by
HPT processing. Most of the Mg,Ca phases in the as-cast Mg—
Ca alloy existed along the grain boundaries, and the average
length is 134 + 31 pm. Some of the Mg,Ca particles were
located within the grains, and the average diameter is 13 +
4 pm (Fig. 2(a)). Similarly, most of the Mg,,Sr, phase of the
as-cast Mg-Sr alloy existed within the grain boundaries, and
the average length of it is 161 + 16 um. The average size of
Mg,,Sr, located within the grains is 11 + 2 pm (Fig. 2(a)).
After HPT processing, the Mg,Ca phase was segmented into
fine particles with a size of 6 + 2 pm (Fig. 2(a) and 3(g)) and
distributed more uniformly compared with that of the as-cast
counterpart. The Mg,,Sr2 phase of the HPT Mg-Sr alloy had
two kinds of forms with the sizes of 35 + 6 pm and 10 + 3 pm
(Fig. 2(a) and 3(i)), respectively. The size of Mg,Ca in the as-

HPT pure Mg HPT Mg-1Ca
=3

HPT Mg-2Sr

Fig. 3 (a), (b), (c) The representative TEM images of HPT pure Mg, Mg—
1Ca and Mg-2Sr alloys, and electron diffraction pattern at the upper
right. (d) and (e) The representative higher magnification images of HPT
pure Mg. (f) The representative higher magnification images of HPT
Mg-1Ca alloy. (g) TEM image of the Mg,Ca phase of HPT Mg—-1Ca alloy.
(h) The representative higher magnification images of HPT Mg—2Sr alloy.
(i) TEM image of the Mgy5Sr, phase of HPT Mg—2Sr alloy.
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extruded Mg-Ca alloy is 13 + 4 pm and the size of Mg,,Sr2 in
the as-extruded Mg-Sr alloy is 17 + 7 pm.

XRD spectra of these materials are shown in Fig. 2(b).
The stronger diffraction peak of (1010) was detected on the
surface perpendicular to the extrusion direction for pure
Mg and Mg-Ca alloy after hot extrusion compared with
their as-cast counterparts due to texture effects caused by
hot extrusion. The intensity of the (0001) reflection was sig-
nificantly enhanced after these three materials were pro-
cessed by HPT, indicating that a (0001) (1010) basal fiber
texture was formed, which is also reported by previous
studies.?>***?

Mechanical properties

The average Vickers hardness of these three materials under
different conditions was compared (Fig. 1(d)). The hardness of
HPT pure Mg had no significant difference with that of the as-
extruded pure Mg, both observably higher than that of their
as-received counterpart. HPT Mg-Ca alloy had the highest
hardness value, which reached 0.91 + 0.02 GPa, among all the
Mg-Ca alloys. The Mg-Sr alloys processed by hot extrusion
and HPT became harder than the as-cast Mg-Sr alloy. Fig. 4
displays the tensile mechanical behaviors of three HPT
materials by micro-tensile tests using micro-tensile samples
(Fig. 4(a)). Fig. 4(c) shows the corresponding micro-tensile frac-
ture morphology. The stress—strain curves (Fig. 4(a)) show that
HPT pure Mg had increased yield stress (YS), ultimate tensile
strength (UTS) and elongation, while no typical strain-harden-
ing stage was observed and it was contrary to the situation in
which the strain increased accompanying decreased stress.
The YS, UTS and elongation of HPT pure Mg were 116.9 + 5.6
MPa, 166.9 + 6.7 MPa and 29.2 + 3.2%, respectively (Fig. 4(b)).
The ductile fracture of HPT pure Mg was observed as dimples
occurred across the fracture morphology (Fig. 4(c)). The plastic
deformation stage was not apparent for HPT Mg—-Ca alloy and
Mg-Sr alloy, which was attributed to the very high internal

. s
. uts
B Elongation|

— HPT pure Mg
— HPT Mg-1Ca
™™ HPT Mg-25r

Strength/MPa
»n
S
%/uonebuolz

[] 0.1 0.2 0.3
& 2 7Y
Strain N 2O g

Fig. 4 The tensile mechanical properties of these three HPT materials.
(@) Representative stress—strain curves of the materials. (b) Ultimate
tensile strength (UTS), yield strength (YS) and elongation of the materials.
(c) The representative fracture morphology of these three materials
observed by ESEM.
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stresses in these samples leading to brittle failure.*® The YS,
UTS and elongation of HPT Mg-Ca alloy were 229.4 + 7.6 MPa,
315.6 + 20.7 MPa and 1.6 + 0.3%, respectively (Fig. 4(b)). The
fracture morphology of HPT processed Mg-Ca showed both
dimples and brittle rupture features (Fig. 4(c)). The YS, UTS
and elongation of HPT Mg-Sr alloy were 166.4 + 8.1 MPa,
253.3 + 23.0 MPa and 2.6 + 0.6%, respectively (Fig. 4(b)). The
brittle rupture feature of HPT Mg-Sr alloy is also shown in
Fig. 4(c).

Biodegradation behavior in vitro

In vitro results of degradation behavior evaluated by immer-
sion tests and hydrogen evolution experiments are shown in
Fig. 5. At the initial period of immersion, hydrogen evolution
and weight loss ratio of the three types of pure Mg showed no
significant difference (Fig. 5(a) and (c)). However, the immer-
sion solution containing HPT pure Mg had a higher pH value
compared with that containing the as-cast or as-extruded
pure Mg (Fig. 5(b)), indicating the relatively higher degra-
dation rate of HPT pure Mg. After that, a marked increase of
hydrogen volume, pH value, and weight loss ratio were
observed for HPT pure Mg (Fig. 5(a)-(c)), while these values
increased relatively slow for the other two kinds of pure Mg.

Paper

According to these results, HPT pure Mg kept degrading at
the highest rate compared with its as-cast and as-extruded
counterparts. In contrast, the as-cast Mg-Ca alloy and Mg-Sr
alloy showed the highest degradation rate among different
types of Mg-Ca alloy and Mg-Sr alloy, respectively. No signifi-
cant difference between the degradation rates of Mg-Ca
alloys processed by hot extrusion and HPT was observed
during the initial period of immersion. Then the degradation
rate of HPT Mg-Ca alloy became lower than that of the as-
extruded Mg-Ca alloy according to the lower volume of hydro-
gen and lower pH value of the solution (Fig. 5(d) and (e)).
Extrusion and HPT significantly slowed down the degradation
rate of the as-received Mg-Sr alloy (Fig. 5(g)-(i)). No signifi-
cant difference in the degradation rate of these two types of
Mg-Sr alloys was observed during the initial period of immer-
sion test. The pH value and the released hydrogen volume of
the solution containing HPT Mg-Sr alloy became lower than
that containing its as-extruded counterparts in the later
period.

The macroscopic appearance of samples after being moved
out of Hank’s solution is shown in Fig. 6(a), and the surface
morphology observed by ESEM is presented in Fig. 6(b). After
24 hours, severe localized corrosion was observed on the sur-
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Fig. 6 (a) Macroscopic appearance of samples of the as-cast, as-
extruded, and HPT pure Mg, Mg-1Ca alloy and Mg-2Sr alloy after
immersion in Hank’s solution. (b) Surface morphologies at lower mag-
nification (scale bar = 500 pm) and higher magnification images (placed
at the top-right corner of lower magnification image, scale bar = 20 pm)
of these materials after immersion in Hank's solution for 24 and
168 hours (the corrosion products were removed).

faces of the as-cast Mg-Ca alloy and Mg-Sr alloy, which prefer-
entially occurred near the grain boundaries. Tiny holes result-
ing from pitting corrosion were detected on the surface of the
as-extruded and HPT samples. After 168 hours of immersion,
severe localized corrosion occurred on the surface of HPT pure
Mg with the occurrence of corrosion pits. The as-cast Mg-Ca
and Mg-Sr alloy were degraded completely, while there was no
obvious localized corrosion on the surface of HPT Mg-Ca alloy
and Mg-Sr alloy (Fig. 6(b)). After 336 hours of immersion, HPT
pure Mg was severely corroded while relatively uniform cor-
rosion was observed on the surface of pure Mg before and
after hot extrusion. Localized corrosion began to occur on the
surface of Mg-Ca alloy and Mg-Sr alloy processed by hot extru-
sion and HPT.
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Cytotoxicity

Because of the rapid degradation of the as-cast Mg-Ca alloy
and Mg-Sr alloy, cell viability can be significantly reduced by
the ions in their
extracts.

high concentration of the released
1047 Besides, no significant difference in the degra-
dation rate of pure Mg before and after hot extrusion was
observed. The cell viability of HPT samples was compared with
that of their as-extruded counterparts rather than their as-cast
counterparts. The MC3T3 cell viability of all these samples
approached or exceeded 80%, indicating good cytocompatibil-
ity according to ISO 10993-5 (Fig. 7(a)). No significant differ-
ence in MC3T3-E1 cell viability was observed for the HPT
samples and their as-extruded counterparts. The extracts of
these three materials processed by hot extrusion or HPT had
no toxicity to hMSCs and even increased their proliferation
(Fig. 7(b)). No significant difference of hMSCs viability of the
HPT samples and their as-extruded counterparts was detected
after 1 and 3 days of culture. The cell proliferation was excel-
lent for HPT Mg-Ca alloy and Mg-Sr alloy after 5 days of incu-
bation in comparison with that of their as-extruded counter-
parts, respectively.

In vivo biodegradability

The representative 3D reconstruction models of the implants
(Fig. 8(a)) showed that the surfaces of all the three types of
implants became rough at week 2 after surgery, and all the
implants degraded gradually in vivo (Fig. 8(b)). Localized cor-
rosion occurred on the surface of HPT pure Mg after 2 weeks
post-operation. Severe localized corrosion was observed for
HPT Mg-Ca alloy and Mg-Sr alloy at week 12 post-operation.
After 24 weeks of implantation, the HPT pure Mg implant was
close to degrading completely, while for the HPT Mg-Ca alloy
and Mg-Sr alloy 25% of the volume remained, which was con-
sistent with the sequence of the degradation rate of these
three materials in vitro (Fig. 5). The calculated corrosion rates
of HPT pure Mg, Mg-Ca alloy, and Mg-Sr alloy after 24 weeks’
implantation were 0.41 + 0.02 mm per year, 0.29 + 0.06 mm
per year and 0.28 + 0.06 mm per year, respectively (Fig. 11(b)).

In vivo biocompatibility

The representative 3D reconstruction models of the bone
(green) in the vicinity of the implant (grey) are shown in
Fig. 9(a). It was shown that the new bone occurred gradually
around the surface of the three materials from week 2 post-
operation. At week 24 postimplantation, Giemsa staining
(Fig. 9(b)) and HE staining (Fig. 9(c)) of tissue sections showed
that all the three types of HPT materials were covered by new-
formed bone, which suggested the good biocompatibility of
these HPT materials. The representative CT images (Fig. 9d)
also confirmed this and revealed that although the degrading
process was accompanied by the occurrence of a gas cavity
around the implant especially during the early period of
implantation, the new bone formed gradually in the vicinity of
the implant and covered the cavities during the entire healing
period.
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Discussion

In our study, ultrafine-grained pure Mg, Mg-Ca alloy, and Mg-
Sr alloy were obtained by HPT processing. The bimodal micro-
structure of HPT pure Mg was revealed in this study and also
reported by previous studies.?>***¥°° Even ten turns of HPT
processing did not significantly change the bimodal micro-
structure character of HPT pure Mg while only a decrease in
the area fraction of coarser grains was observed.’>*® The
refinement of grains is attributed to static and dynamic recrys-
tallization.** During the HPT process, the number of dis-
locations in the grains gradually increased and dislocations
gathered, then the subgrains were formed. This process was
confirmed by the gathering of dislocations near the grain
boundary in Fig. 3(d). Further deformation leaded to the for-
mation of high-angle grain boundaries (Fig. 3a). At the same
time, dynamic crystallization occurred due to the ultra-high
strain®" and elevated temperature of the samples during the
process. For HPT Mg-Ca alloy and Mg-Sr alloy, the broken and
evenly distributed second phases can hinder dislocation
motion, make dislocation pile-up easy, slow down the recovery
and retard the migration of recrystallization grain boundaries
during the HPT process. The second phases might also be able
to provide the nucleation site during the process. Besides, the
original grain size of pure Mg is larger than that of Mg-Ca
alloy and Mg-Sr alloy. Based on these reasons, the grains in
HPT Mg-Ca and Mg-Sr alloys are finer than that in HPT pure
Mg. The detailed mechanisms of nanostructure formation
during HPT are still not clear®® and need further investigation.
This study focused on the influence of HPT on the properties
of pure Mg, Mg-Ca alloy, and Mg-Sr alloy, and we will discuss
these changes in the following sections.

The change of mechanical properties of pure Mg, Mg-Ca and
Mg-Sr alloys by HPT

The mechanical properties of HPT processed materials have
attracted a lot of interest among materials science researchers
due to their expected increased strength and ductility. In this
study, a significant increase in the yield strength of pure Mg
was achieved after HPT from ~20 MPa® to ~117 MPa. HPT
increased the ultimate tensile strength from ~80 MPa of the
as-cast pure Mg® to ~160 MPa, and this value was also signifi-
cantly higher than that of hot-extruded magnesium (90-105
MPa'). The ductility of pure Mg (29.2 + 3.2%) after HPT proces-
sing increased remarkably compared with that of as-cast Mg
(~13%°) and as-extruded Mg (~8.1%°). HPT significantly
enhanced the mechanical properties of pure Mg, which was
related to grain refinement, dislocation density and texture
strengthen."®** Besides, the dimples in the fracture surface
morphology of HPT pure Mg (Fig. 4) were not smooth but with
a convex contour, and the dimensions of these dimples were
comparable to the grain size in HPT Mg, indicating grain
boundary sliding or rotation also as a deformation
mechanism.>®>® HPT pure Mg was also reported to process
very high elongation, which was attributed to the dominant
deformation of grain boundary sliding.*® Besides, the bimodal
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microstructure of HPT pure Mg contributed to the enhanced
ductility.>**> If the cracks first occurred in the area where fine
grains existed and then propagated onto the interface between
the finer grains and larger ones, it can be impeded by the
larger grain.>*

The yield strength of Mg-Ca alloy increased from ~40 MPa
to 229.4 MPa by HPT, higher than that of the as-extruded Mg-
Ca alloy (~130 MPa’), and the ultimate tensile strength
exceeds 300 MPa, which is significantly higher than its as-cast
counterpart (71.38 MPa®) and hot extruded material (239.63 +
7.21 MPa’®). For Mg-Sr alloy, the yield strength increased to
116.4 MPa by HPT. Compared with the ultimate tensile
strength of the as-cast (~115 MPa') and as-rolled (~210 MPa'?)
Mg-Sr alloy, the significant improvement of ultimate tensile
strength was achieved by HPT processing to over 250 MPa. The
grain refinement and increased dislocation after HPT, as well
as the powerful dispersion strengthening related to uniformly
distributed second phases contributed to the improvement in
the strength of HPT Mg-Ca alloy and Mg-Sr alloy.>® However,
the ductility of HPT processed Mg—-Ca alloy and Mg-Sr alloy is
notably low due to the loss of strain-hardening ability,>” which
is also observed for other HPT Mg alloys without subsequent
annealing.’®*® This is due to the high internal stresses in
these materials. Additional annealing can lower the internal
stresses and enhance the ductility,*®**>° but the processing
parameters should be carefully investigated in order to obtain
the optimal combination of strength, ductility and even
biodegradability.

We have listed the elongation and ultimate tensile strength
of HPT magnesium or its alloys that were developed as bioma-
terials or whose as-received counterparts were previously inves-
tigated for biomedical use (Fig. 10). The data of tensile tests of
such HPT Mg or its alloys were not very abundant owing to the
need for a micro-tensile specimen and an appropriate test
machine. This should be considered carefully for the sensi-
tivity of the mechanical properties for HPT processed mag-
nesium to the strain rate,”” which is shown by the data points
marked with red color in Fig. 10. The higher strain rate used
in our study during the tensile test may partially cause the
high strength and low ductility of HPT materials. This strain
rate sensitivity results from the contributions of grain bound-
ary sliding to the overall deformation mechanism.*® A pro-
nounced increase of elongation could be achieved when the
strain rate decreased, because the grain sliding plays a crucial
part in the deformation.*®*?*%®! It can be speculated that the
elongation of the ultrafine-grained pure Mg, Mg-Ca alloy and
Mg-Sr alloy in our study could be improved at a lower strain
rate. It can be noticed that the HPT Mg-Ca alloy in this study
had high tensile strength among the HPT magnesium
materials (Fig. 10). The yield strength and tensile strength are
also higher than those of the commercial extruded AZ31 alloy
and WE43 alloy.*>®® The ultimate tensile strength of HPT Mg-
Ca alloy is comparable to that of the commercially used
MAGNEZIX-MgYREZr alloy which is applied in hallux valgus
surgery.®»®® However, the yield strength (Rp ) of HPT Mg-Ca
alloy (230 MPa) is lower than that of MAGNEZIX-MgYREZr

This journal is © The Royal Society of Chemistry 2020



Biomaterials Science

3504 ® pure Mg (10° s ) (before: as-cast)(N=10) [48]

:gg 1 ® bure Mg (10 s7")(before: as-cast)(N=10) [48]
135
1304 @
125 Pure Mg(10°°s™")(before: as-cast)(N=10) [48]

Pure Mg (10°°s™")(before: as-cast) (N=10) [22]
°

@ Pure Mg(10%s™")(before: as-cast)(N=10) [48]
Pure Mg (2X10°s™")(before: as-cast) (N=10) [26]
Pure Mg (2X10°s)(before: as-cast) (N=0.5) [26]
Pure Mg (10° s™")(before: as-cast) (N=5) [22]
1.0X10"s
Pure Mg (10 s”")(before: 7—cast) (N=1) [22]

truded )(N=5)[58]

Elongation / %
°

40 [ ]

- — — — —g—8— — — -MgZ ings(8.234 074 (bofore: &) (N=4)[59

Pure Mg (1.0X10"%s")(before: as-cast)(N=5) °
20 | Mg-12n-0.13Ca (10°° s™")(before: as-cast)(N=5) [30]
| o o.'

P — % .
0 200 300
b Ultimate tensile strength / MPa

30

@ pure Mg(10" s oefore: as-cast(N=10)[48]

of
I
I
g
I
I
I
I
Al - o  J

Pure Mg (107 s™')(before: as-cast) (N=1) [22]
Pure Mg (1.0X10° ")(before: as-cast)(N=5) Mg-Zn-Zr-Ca+annealing (8.3X10"*s ") (before: as-cast )(N=1)[59]

Mg-Zn-Zr-Ca+annealing (8.3X10s™")(before: as-cast )(N=1)[59]

2z ing(1.0X10°")

truded )(N=5)[58]
[ (]

20 @ Pure Mg(10”" s™")(before: as-cast)(N=10)[43]

Mg-12n-0.13Ca (10° s™")(before: as-cast)(N=5) [30]
.

Elongation / %

EZ33A (2.0X10° s (before: as-cast)(N=3) [55]

Mg-1Zn-0.13Ca+annealing (10° s”)(before: as-cast)(N=5) [30] o
@ EZ33A (2.0X10° s”)(before: as-cast)(N=1) [55]

EZ33A (2.0X10°s™" )(before: as-cast)(N=10) [55]

o Mg-2Sr (1.0X10°%s ")(before: as-cast)(N=5)
WE43 (5.0X107s ") (before: as-extruded)(N=10)[27] Mg-1Ca (1.0X10° ") (before: as-cast)(N=5)
wca (8.3X10"*s ")(before: as-cast JIN=1)[59] °®
) @ WE43 (5.0X10 "5 ") (before: as-extruded)(N=5)[27]
100 200 300 400

Ultimate tensile strength / MPa
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results of previous tensile tests at room temperature. The strain rate of
tensile tests, the original state of the materials and the turns (N) during
HPT processing are listed in brackets.

alloy (250 MPa). Moreover, the low ductility of HPT Mg-Ca
alloy is not desirable. The significant improvement of the
strength of Mg-Ca alloy by HPT will have the potential to
broaden its applications if its low ductility is modified.

To sum up, HPT processing is an effective way to improve
the strength and ductility of pure Mg simultaneously, while
HPT processing leads to an increase in strength but a brittle
behavior of Mg-Ca and Mg-Sr alloys, which needs to be modi-
fied by additional annealing.

The change of degradation rate and behavior of pure Mg,
Mg-Ca and Mg-Sr alloys after HPT

The effect of HPT processing on the corrosion behavior of
magnesium and its alloys in simulated body fluid is controver-
sial according to the previous reports, as shown in Fig. 11(a).
Fig. 11(a) shows the change of corrosion rate of Mg and its
alloys in simulated body fluid after HPT according to the
results of electrochemical tests and immersion tests. Some
reports showed that HPT had no significant influence on the
corrosion resistance of pure Mg or Mg alloys.>* For example,
Donya Ahmadkhaniha et al.** reported that there is no signifi-
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cant improvement of the corrosion resistance of HPT pure Mg
compared with the as-cast pure Mg. Claudio L. P. Silva et al.*®
also showed that HPT had no discernible influence on the cor-
rosion performance of AZ31, AZ91 and ZK60 in a 3.5% NaCl
solution (Fig. 11(a)). There are also many pieces of evidence
which indicated that HPT could significantly improve the cor-
rosion resistance of pure Mg,”***> Mg-Zn-Ca alloy®® and WE43
alloy*® in 3.5% NaCl solution, SBF, and 0.9% NaCl solution,
respectively. One of the reasons for the improvement is
believed to be the uniform distribution of the second phase of
Mg alloys or the impurities of pure Mg, avoiding severe loca-
lized corrosion and causing homogeneous corrosion.?”%®
Besides, it was thought that the increase of grain boundary
density of pure Mg and its alloys could reduce the mismatch
and disorder between the material surface and oxide layer,
which can further protect the matrix.®” Besides, the surface
with (0001) basal texture was confirmed to have improved cor-
rosion resistance.®®®® However, HPT was reported to decrease
the corrosion resistance of pure titanium.”® AZ31 alloy with a
significantly refined microstructure was more susceptible to
corrosion in 3.5% NaCl electrolyte compared with coarse-
grained materials, which resulted from increased dislocation
densities.”" All of these discrepancies may come from the
different final microstructures, dislocation density, residual
stress, testing methods and the corrosion mechanism of the
material.”>”® The effect of HPT on the corrosion behavior of
Mg or its alloys needs to be specifically analyzed.

The immersion test results in this study (Fig. 5 and 6) con-
firmed the different effects of HPT on the degradation behav-
ior of magnesium materials, showing that HPT enhanced the
corrosion resistance of Mg-Ca alloy and Mg-Sr alloy, and
accelerated the degradation of pure Mg in vitro. For HPT pure
Mg, a higher degradation rate and pitting corrosion were
observed, although the ultrafine-grained microstructure and
basal texture were confirmed. It can be speculated that the
bimodal microstructure might be the reason for this decreased
corrosion resistance.”* The larger grains nearly without dis-
locations and finer grains with dislocations may have different
potential and can form galvanic corrosion, leading to the
pitting corrosion. For Mg-Ca alloy and Mg-Sr alloy, the size
and distribution of the second phase can significantly influ-
ence the degradation behavior according to this study and the
previous report.”> There was no obvious difference between
HPT Mg-Ca or Mg-Sr alloy and their corresponding as-
extruded counterparts, which resulted from significant modifi-
cation of the size and distribution of Mg,Ca and Mg;,Sr,
phases by HPT and hot extrusion. The second phase and the
a-Mg matrix formed a galvanic cell with a significant potential
difference.”® The Mg,Ca phase was observed to act as an
anode in the Mg-Mg,Ca galvanic pattern,”>’” while the
Mg;-Sr, phases acted as a cathode in the Mg-Mg;,Sr, galvanic
pattern.'®”® Before HPT processing, Mg,Ca and Mg;,Sr,
phases were coarse and distributed mainly along the grain
boundaries, resulting in severe intergranular corrosion. The
size of the Mg,Ca and Mg,,Sr, of HPT Mg-Ca alloy and Mg-Sr
alloy was decreased (Fig. 3) and the distribution became more
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Fig. 11 The effect of HPT on the corrosion resistance of Mg and its alloys (a) in vitro according to previous results of electrochemical tests and
immersion tests, and (b) in vivo. P is the pressure, and N is the number of turns during HPT.

uniform (Fig. 2), so micro galvanic corrosion could occur
across the whole materials’ surface resulting in uniform cor-
rosion. Besides, the ultrafine-grained microstructure of HPT
Mg-Ca alloy and Mg-Sr alloy promoted the formation of a
more uniform surface corrosion layer, providing efficient pro-
tection of the matrix.”®

Fig. 11(b) shows the comparison of in vivo corrosion resis-
tance of pure Mg, Mg—Ca alloy and Mg-Sr alloy after HPT and
other conventional plastic deformation. Although HPT
increased the degradation rate of pure Mg in vitro, the degra-
dation rate is still a little lower than that of hot extruded high
pure Mg in vivo.>> Compared with the in vivo degradation be-
havior of the as-cast Mg-Ca alloy,” which remained lower than
4% volume after 3 months, the in vivo degradation rate of the
HPT Mg-Ca alloy is relatively lower. Rolled Mg-Sr alloy had
lower than 50% volume after 4 weeks,'® indicating that the
in vivo degradation rate of HPT Mg-Sr alloy is relatively lower.
The comparison of the calculated in vivo corrosion rate also
confirms this (Fig. 11(b)). Besides, the degradation rates of
these three HPT materials were lower than that of the RE-con-
taining magnesium alloys within the bone environment.”® The
relatively lower degradation rate is beneficial for keeping the
biocompatibility and bioactivity, as well as maintaining the
mechanical integrity of the materials in the physiological
environment. However, it is worth noting that the animal
model and implantation sites in these studies are not entirely
consistent, so further investigations are needed. The lower
degradation of these HPT materials might also be attributed to
the ultrafine-grained microstructure, which can regulate the
degree of cell attachment and rate of growth by interacting
with proteins.®® The exact underlying mechanism also requires
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further investigation. In conclusion, HPT is shown to be a
powerful way to slow down the degradation rate of pure Mg,
Mg-Ca alloy and Mg-Sr alloy in vivo.

The good biocompatibility of HPT pure Mg, Mg-Ca and Mg-Sr
alloys

It is believed that materials with fine-grained microstructures
can enhance cell adhesion and activities.**®* For example,
Maryam Tabrizian et al.®”®* showed that osteoblast adhesion
and proliferation rate were notably improved on the surface of
HPT titanium compared with those on titanium with coarse
grain due to the regulation of the activity of proteins existing
in the extracellular matrix by the nanostructured features of
the materials. However, biodegradable magnesium has a dyna-
mically changing surface in the physiological environment
which is different from titanium or its alloys, and the influ-
ence factors which can change the cell behaviors become more
complicated. There are only several studies focusing on the
biocompatibility of HPT Mg and its alloys in vitro. Good cyto-
compatibility of HPT pure Mg, AZ31, AZ91, and ZK60 alloys
was reported previously.”®®> The cell viability tests in this
study were conducted using the extracts containing the
released ions of the materials. It was shown that the extracts of
these three HPT magnesium materials after HPT had good cell
compatibility for MC3T3 cells and hMSCs, which even could
promote the proliferation of these cells.

Commercial pure Mg screws were implanted as craniofa-
cial bone screws in a rabbit mandible and bone remodeling
occurred around the screws.®® Other investigations also con-
firmed the good biocompatibility of pure Mg and its active
effect on bone formation.””*> HPT pure Mg in our research

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of properties of ECAP and HPT Mg materials

Paper

In vivo degradation

Materials Grain size (pm) YS (MPa) UTS (MPa) Elongation (%) rate (mm per year)
HPT pure Mg 1.8 +0.5/0.59 £ 0.12 116.9 £ 5.6 166.9 £ 6.7 29.2% + 3.2% 0.41 + 0.02

ECAP pure Mg ~2/~0.8 ~30 ~100 ~12% ~0.55

HPT Mg-1Ca 0.17 + 0.52 229.4+7.6 315.6 + 20.7 1.6% + 0.3% 0.29 + 0.06

ECAP Mg-1Ca ~1 ~125 ~200 ~7% ~0.24

HPT Mg-2Sr 0.72 +0.18 166.4 = 8.1 253.3 +23.0 2.6% * 0.6% 0.28 + 0.06

ECAP Mg-2Sr ~2 ~110 ~170 ~8% ~0.30

also showed good in vivo biocompatibility with the new bone
formed around it. Mg-Ca alloy pins were implanted into
rabbit femoral shafts’® and the results showed that Mg-Ca
alloy had good biocompatibility by the high activity of osteo-
blast and osteocytes around the alloy pins. As expected, the
ultrafine-grained Mg-Ca alloy in this study also showed good
biocompatibility in vivo, with gradual new bone formation
around the implant (Fig. 9(a)-(c)). It was shown that the
destroyed bone (gravities in Fig. 9(d)) was replaced by new
bone within the implantation period around the Mg-Ca alloy
implant. Mg-Sr alloy was previously implanted into a pre-
drilled bone tunnel in the femur along the axis of the shaft
from the distal femur of C57BL/6 mice.'® Enhanced bone
mineral density and thicker cortical bone were observed
around the experimental implants. Also, the good biocompat-
ibility of the Mg-Sr alloy after HPT was revealed in this study.
The ions released from the materials processed by conven-
tional procedures and from their HPT counterparts are same
due to the same composition of these materials, and the
degradation rates of these materials in vivo are all well toler-
ated by the physiological environment. Besides, the ultrafine-
grained surface did not compromise the good compatibility
of magnesium materials.

HPT processing as an alternative avenue for improving the
comprehensive performance of biodegradable magnesium

The challenges for biodegradable Mg materials are to obtain
appropriate biodegradable behavior, to maintain mechanical
integrity during the early implantation period and to maintain
biosafety during their degradation processing.' Thus far, the
major two methods for enhancing the properties of bio-
degradable Mg and its alloys are surface modification®"*> and
alloying."®® In this study, we used HPT to refine the micro-
structure of biodegradable Mg and its alloys and to enhance
their properties. In comparison with alloying and surface
modification, HPT avoids the issues of the potentially toxic
effects of alloying elements and the uncontrollable degra-
dation when the surface-modified layer breaks down. Once
defects arise within the coatings, the solution will rapidly
permeate, resulting in the rapid corrosion of Mg alloys by
pitting corrosion.

Another severe plastic deformation process, equal channel
angular pressing (ECAP), was also used to refine the micro-
structure of pure Mg, Mg-Ca alloy and Mg-Sr alloy.®” We com-
pared the properties of the three HPT materials with their

This journal is © The Royal Society of Chemistry 2020

ECAP counterparts (Table 2). As shown in Table 2, HPT is con-
firmed to be a more effective way to reduce the grain size of
pure Mg, Mg-Ca alloy and Mg-Sr alloy compared with ECAP.
The mechanical strength of the three HPT materials is higher
than that of their ECAP counterparts, but the ductility of HPT
Mg-Ca alloy and Mg-Sr alloy is lower. The in vivo degradation
rate of HPT samples had no distinct difference from that of
their ECAP samples. HPT and ECAP, as two kinds of severe
plastic deformation processes, may become alternative ways of
development of biodegradable materials.

The most significant limitation of HPT is its restricted
sample size, which needs to be solved by the further develop-
ment of HPT technology. HPT samples on such a small scale
are not suitable for the fabrication of screw and plate in
humans. Another limitation is the low ductility of HPT Mg-Ca
and Mg-Sr alloys in this study, and this needs to be enhanced
by subsequent annealing. HPT Mg-Ca and Mg-Sr alloys with
additional annealing have the possibility to be fabricated into
barrier membranes with the thickness of tens of micrometers
for guided bone regeneration (GBR). The membranes were
used to prevent in-growth of soft tissue on the bone defect and
promote the bone tissue regeneration.®® Besides, the degrad-
able membranes can avoid second surgery for their removal.
This is intriguing for further investigations.

Conclusions

HPT can significantly modify the microstructure of bio-
degradable pure Mg, Mg-Ca alloy and Mg-Sr alloy. The
bimodal ultrafine-grained microstructures were produced in
pure Mg after HPT. HPT simultaneously improved the
mechanical strength and ductility of pure Mg compared with
its as-cast and extruded counterparts. Although HPT
increased the in vitro degradation rate of HPT pure Mg, the
cell viability tests and the animal tests confirmed the good
biocompatibility of HPT pure Mg. HPT Mg-Ca alloy and Mg-
Sr alloy obtained a homogeneous ultrafine-grained micro-
structure and had significantly higher mechanical strength
than the conventional procedure processed counterparts.
Relatively low degradation rate, good biocompatibility and
the ability to promote the bone formation of HPT Mg-Ca
alloy and Mg-Sr alloy were revealed. The results of our study
showed that HPT is an alternative way to develop bio-
degradable Mg and its alloys.
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