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ARTICLE INFO ABSTRACT

Keywords: Recent studies have shown great potential of Mg matrix composites for biodegradable orthopedic devices.
Magnesium However, the poor structural integrity of these composites, which results in excessive localized corrosion and
Composite premature mechanical failure, has hindered their widespread applications. In this research, an in-situ Powder

Chemical interlocking
Mechanical property
Degradation
Biocompatibility

Metallurgy (PM) method was used to fabricate a novel biodegradable Mg-bredigite composite and to achieve
enhanced chemical interfacial locking between the constituents by triggering a solid-state thermochemical re-
action between Mg and bredigite particles. The reaction resulted in a highly densified and integrated micro-
structure, which prevented corrosion pits from propagating when the composite was immersed in a physiological
solution. In addition, chemical interlocking between the constituents prohibited interparticle fracture and
subsequent surface delamination during compression testing, enabling the composite to withstand larger plastic
deformation before mechanical failure. Furthermore, the composite was proven to be biocompatible and capable
of maintaining its ultimate compressive strength in the strength range of cortical bone after 25-day immersion in
DMEM. The research provided the necessary information to guide further research towards the development of a

next generation of biodegradable Mg matrix composites with enhanced chemical interlocking.

1. Introduction

Magnesium, being among the lightest structural materials, is con-
sidered one of the biggest investment opportunities of this century (Luo,
2013). Magnesium is 75% lighter than steel, 50% lighter than titanium,
and 33% lighter than aluminum (Kulekci, 2008; NaddafDezfuli et al.,
2012). In the biomedical field, particularly in orthopedics, Mg stands
out of the rest of the metals in the periodic table due to its biode-
gradable nature, high strength-to-density ratio and mechanical prop-
erties comparable to those of human bone (Witte, 2010).

However, Mg actively dissolves in physiological solutions at an
undesirably high rate (NaddafDezfuli et al., 2014), leading to pre-
mature structure disintegration and subsequent loss of mechanical
properties before the damaged bone is fully recovered. Lowering the
degradation rate of Mg has been one of the most studied subjects in
pursuit of clinically applicable Mg-based materials (Staiger et al.,
2006).

Most of the previous attempts to slow down the biodegradation of
Mg were focused on adding alloying elements such as aluminum and
zirconium to Mg (Alvarez-Lopez et al., 2010; Hong et al., 2013; Liu
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etal., 2007), and quite a few, on developing Mg-matrix composites with
bioactive particles embedded throughout the Mg matrix (Gu et al.,
2010; Witte et al., 2007a; Zheng et al., 2010). Mg matrix composites use
monolithic Mg as the metallic matrix so as to avoid possible toxic
complications caused by alloying elements (Song, 2007). In addition,
the chemical and mechanical properties of Mg matrix composites are
adjustable by controlling material parameters such as bioceramic type,
particle shape, sizes and distribution as well as processing conditions
(NaddafDezfuli et al., 2017b).

In the previous research, Powder Metallurgy (PM) Mg matrix
composites containing up to 40 vol% of bredigite were developed and
these composites had integrated and homogenous microstructures and
mechanical properties similar to those of human bone (NaddafDezfuli
et al., 2017a, 2017b). However, the Mg matrix composites still suffered
from premature inter-particle fracture and surface delamination under
compressive loading (NaddafDezfuli et al., 2017b), causing the outer
layer of specimen to be disintegrated from its core, which would be
fatal in clinical cases. Inter-particle fracture and surface delamination
were identified to be the two dominating failure mechanisms of the Mg
matrix composites under mechanical loading, indicating that
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Fig. 1. Schematic illustration of the processing steps for the Mg-bredigite composite.

mechanical interlocking between Mg and bioceramic powder particles
was not sufficiently strong to resist inter-particle fracture
(NaddafDezfuli et al., 2017b). Inter-particle fracture became even more
intense after the composites had been immersed in a physiological so-
lution and suffered from localized corrosion at the edges of specimens.
These localized corrosion sites in the Mg-matrix composites would
provide nucleation sites for mechanical cracking, thereby reducing
their durability if they were used for implants (Witte et al., 2005).

With the recognition of the weak spots in the composites developed
earlier, there was a strong desire to improve the composites in terms of
structural integrity, degradation behavior and mechanical properties.
Improving the integrity of the Mg-bioceramic interface is a challenge
because metals generally do not bond strongly with ceramics due to the
differences in the nature of atomic bonding in metals and in ceramics
(Askeland and Phulé, 2003). Nevertheless, there is a possibility to
strengthen the metal-ceramic interface in Mg matrix composites, if an
interlayer is formed, which allows chemical interlocking between the
constituents. One way to achieve this is to trigger a thermochemical
reaction at the Mg-bioceramic interface, causing atoms from both sides
to swap by diffusion and forming an intermediate layer as a product of
the reaction. The first criterion to achieve this would be the ability of
magnesium to reduce oxide phases in bioceramic (e.g., SiO,) into their
elemental constituents (e.g., Si) through a solid state reaction. The
second criterion would be the diffusivity of bioceramic elemental con-
stituents into Mg crystal to establish a chemically integrated interface.

With these two criteria in mind, in this research, micro-sized bre-
digite powder particles was used (bredigite being a biodegradable
ceramic in the CaO-MgO-SiO,, family and known as a bioactive material
with mechanical properties close to those of cortical bone and a sti-
mulatory effect on osteoclast proliferation (Wu and Chang, 2007; Yi
et al., 2014)), considering the fact that Mg is able to react with bredigite
through a solid state oxidation reaction (NaddafDezfuli et al., 2017b),
and the possible elemental products of the reaction (such as Si and Ca)
are able to diffuse into Mg crystal (Kondoh et al., 2003; Zheng et al.,
2010).

The goal of this study was to fabricate biodegradable Mg-bredigite
composites with chemical bonding between powder particles, as an
additional bonding mechanism to mechanical interlocking to prolong
their service life by avoiding premature inter-particle fracture and
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delamination. Microstructure, mechanical and degradation behavior,
in-vitro cytotoxicity and bioactivity of the newly developed composite
were evaluated.

2. Materials and methods
2.1. In-situ synthesis of Mg matrix composite

A magnesium powder (containing 320 ppm Fe and 160 ppm Ni
impurities — Shanghai Institute of Ceramics) with spherical particles
and a mean particle size of 90 um was mixed with a bredigite
(Ca;MgSi 016 - Shanghai Institute of Ceramics) powder with a mean
particle size of 10 pm and an irregular morphology by 20 vol%. Mixing
lasted 12 h using a rotary mixer to obtain a homogenous mixture.

70 mg of the powder mixture was heated from ambient temperature
to 620°C at 2, 5, 10, 15 and 20 °Cmin~ ! in a Simultaneous Thermal
Analyzer (STA - Setaram SetsysEvo) to pinpoint the critical tempera-
ture, at which the thermochemical reaction between Mg and bredigite
took place at its highest intensity (T},), and possible mass change as a
result of the exothermic reaction. The STA furnace was flushed with
high purity argon gas for 4000s. The STA tests were repeated three
times for each heating rate.

Composite specimens were fabricated using a powder metallurgy
method known as Pressure Assisted Sintering (PAS) (NaddafDezfuli
et al., 2017b). In this method, the powder mixture was first heated to
350 °C in a 13 mm diameter die made from hot-work tool steel and then
uniaxially compacted at 500 MPa. To ensure optimum densification of
the PAS composite, the mixture was kept at 350 °C for 2h under the
compaction pressure. The PAS composite was then heated to 600 °C,
which was close to the reaction peak temperature measured in the
thermoanalytical tests. The thermal treatment was conducted in a tube
furnace by heating the PAS composite to 500 °C at a heating rate of
5°Cmin~ " and then from 500 to 600 °C at 1 °Cmin~"! to exercise more
precise control over the heating process. An isothermal step of 1 h was
followed, after the composite reached 600 °C, to allow diffusion to take
place within and across Mg powder particles. The Thermally Treated
(TT) composite was then cooled at 5°C min~! to room temperature.
The thermal treatment was conducted under a protective atmosphere
(high-purity argon). An illustration of the processing steps is given in
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Fig. 1. The exposing surfaces of PAS and TT composite samples were
ground by using 2400 grit SiC sandpaper, washed in an ultrasonic
acetone bath for 3 min and then dried by an air blower.

2.2. Microstructure and chemical composition

The value of bulk density was determined using Archimedes’ prin-
ciple according to (ASTM B962 — 15, 2015). Microstructures and sur-
face morphologies of the composite before and after the thermal
treatment were characterized by using a high-resolution Digital Stereo
Microscope (DSM, KEYENCE VHX-5000) and a Scanning Electron
Microscope (SEM, JEOL-JSM-6500F) working at an accelerating voltage
of 15.0kV, which was equipped with an Energy Dispersive X-ray
Spectroscope (EDS).

Phase identification of the composite before and after the thermal
treatment was carried out by using a Bruker D8 Advance X-ray dif-
fractometer with monochromatic Cu radiation (Kal A = 0.154056 nm)
over a 26-angle range between 10° and 130° and a step size of 0.020°.
Semi-quantitative analysis was performed by scaling the intensities of
the diffraction peaks from the sample to one diffraction peak intensity
value of corundum (a-alumina). A Reference Intensity Ratio (RIR or I/
Icor) was applied to each phase and the relative intensities compared to
the I/Icor values were obtained from the ICDD-PDF4 database.

The chemical compositions of the surfaces of composite samples
were determined by using a Fourier Transform Infrared Spectroscope
(FTIR, Nicolet 6700 spectrometer, scan range 600-1300, three scans
per sample) and an Energy Dispersive X-ray Spectroscope attached to
the SEM microscope. Multiple point scanning and elemental mapping
were carried out to determine the concentrations and distributions of
elements in the surface layer.

2.3. Mechanical tests

The bulk mechanical properties of the composite were determined
by performing compression tests at a crosshead speed of 0.5 mm/min in
an INSTRON universal testing machine using a 50 kN load cell. The
height-to-diameter ratio of specimens was one, according to (ASTM E9-
09, 2009). The tests were stopped when the compressive load dropped
by 20%.

The microhardness values of the composite before and after the
thermal treatment were obtained from Vickers hardness test (Leica
VMHT), using a square based pyramidal-shaped diamond indenter
having an angle of 136° and at a dwelling time of 12 s, according to the
standard test method (ASTM E384-99, 1999). Composite samples were
indented at loads of 0.49, 1.96 and 9.8 N to evaluate the effect of in-
dentation load on the mean value of microhardness. Indentation was
repeated at least 15 times to ensure a reliable mean value. After in-
dentation, the affected area was observed by using DSM.

2.4. In vitro degradation tests

2.4.1. Degradation in DMEM

Composite samples (13 mm diameter and height-to-diameter ratio
of 1) were immersed in a HEPES buffered (25 mM) Dulbecco's modified
Eagle's medium (DMEM - D1145, Sigma-Aldrich) at 37 °C for 1, 3, 6, 12,
24 and 30 days. An anti-bacterial and anti-fungus agent (A5955, Sigma-
Aldrich) was added to DMEM by 1% to prevent bacterial and fungi from
growth. The ratio of solution volume to surface area (SV/SA) was
30 mL/cm? according to ASTM G31-72. Degradation profiles of the
composite before and after the thermal treatment were constructed by
measuring the mass loss (%) of composite samples as a function of
immersion time (day) in DMEM.

The composite specimens were washed in an ultrasonic acetone
bath and then dried in air for 24 h after each immersion period. The
chemical compositions of the surfaces of composite samples were de-
termined using FTIR and EDAX according to Section 2.2. The
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mechanical properties of the dried specimens were evaluated by sub-
jecting the specimens to compression tests, as described in subsection
2.3.

2.4.2. Electrochemical degradation

To evaluate the electrochemical behavior of composite samples, a
three-electrode configuration was adopted to perform potentiodynamic
polarization tests. A Saturated Calomel Electrode (SCE) was used as the
reference electrode and a platinum mesh as the counter electrode. Prior
to the potentiodynamic tests, Open Circuit Potential (OCP) measure-
ments were performed during immersion up to 20 h using a Solartron
1250/1255 potentiostat. Cathodic polarization tests were carried out at
an initial potential of - 0.2 V versus OCP increasing to 0.0 V versus OCP.
Anodic polarization tests were carried out separately at an initial po-
tential of 0.0 V versus OCP increasing to +0.5 V versus OCP. Both
cathodic and anodic polarization tests were conducted at a scan rate of
1 mV/s in HEPES-buffered DMEM at 37 °C.

2.5. Biocompatibility and bioactivity assessments

2.5.1. Preparation of biomaterial extracts

For extraction, monolithic Mg and TT Mg-20 vol% bredigite samples
with a diameter of 13 mm were cut into disks with a thickness of 2 mm
and then the exposing surfaces were ground by 2400 grit SiC sand-
paper. Subsequently, monolithic and composite disks were immersed in
DMEM containing 10% fetal bovine serum with a surface area to vo-
lume ratio of 1.25 cm?/mL and incubated in a humidified incubator at
37 °C and with 5% CO, for 24 and 72 h. The extracts were withdrawn
and centrifuged at 1200 x g for 5 min at room temperature. The extracts
were diluted with DMEM + 10% FBS + 1% penicillin/streptomycin at
ratios of 1/4 and 1/16, and stored at 4 °C according to ISO 10993-12.

2.5.2. Indirect cell proliferation assay

MG-63 cells were adopted to evaluate the cytotoxicity of the com-
posite (Zheng et al., 2010). The cell cytotoxicity of each extract sample
was evaluated using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium-bromide (MTT) assay. MG-63 cells were incubated in 96-well
cell culture plates at a density 1 x 10* cells per well and incubated for
24 h. After incubation, the medium was replaced by the extracted
medium and incubated for further 1, 6 and 12 days. The proliferation
rate of cultured cells on each sample was compared with the tissue
culture polystyrene plate (TCPS) as a control. After incubation with the
extracts, the culture medium of each well was removed and 0.1 mL MTT
solution (0.5 mg/mL, Sigma) added, followed by incubation for 4 h at
37 °C. The purple formazan crystals were dissolved by adding 0.1 mL
Isopropanol (Sigma) per well on a shaking incubator for 15 min prior to
absorbance measurement. The solutions of each well were transferred
to 96-well plate and the optical density (OD) was recorded on a mi-
croplate reader (STAT FAX 2100, USA) at 545 nm. This assay was re-
peated five times and the final ODs normalized to the control OD.

2.5.3. Indirect cell differentiation assay

The differentiation behavior of MG-63 cells was evaluated by
measuring ALP activity. Cells were cultured at a density of 1 x 10*
cells/well in a 24-well plate for 24 h. Then the medium was replaced
with the 24 and 72 h extracted media and incubated for further 3, 6 and
12 days. Subsequently, the cells in each well were lysed in 0.1% Triton
X-100 (Sigma) and the lysates were incubated with p-nitrophenyl
phosphate (pNPP) (Sigma) for 60 min at 37 °C. The quantity of p-ni-
trophenol produced was measured at 405nm and the total protein
content was acquired with the aid of a BCA Protein Assay Kit (Sigma).
The results were expressed as nanomoles of p-nitrophenol produced per
minute per microgram of protein. ALP activity of cells cultured in the
medium supplemented with 10% FBS without any addition of extracts
served as the control. At least five samples per each test were taken for
statistical analysis. The statistical significance was defined as a p-value



S. NaddafDezfuli et al.

(a)

==Heat Flow ==TG

==Heat flow ==TG

Journal of the Mechanical Behavior of Biomedical Materials 80 (2018) 209-221

==Heat Flow ==TG

70 422 70 422 70 T L 22
7 117 7
50 3 50 4 4 50 + d
12 1102 Peak = 606 °C L 12
s 30 +07 s 301 — 107 S 07
Z Peak=617"C 2 Peak =613 'C B}
+ 02 + 02 + 0.2
3o E o e T%E 3§ E
% 1032 % +032 % 039
o o e
T .10 1 .08 .10 4 1 08 I. 08
T-13 T 13 13
-30 -30
-18 1-18 18
-50 . + + : 23 -50 b 4 b - 23 -50 . + + + b 23
4000 8000 12000 16000 20000 24000 4000 6000 8000 10000 12000 14000 4000 5000 6000 7000 8000 9000 10000
Time (s) Time () Time (s)
(d) ==Heat Flow ==TG (e) ~=Heat Flow ==TG (f) «Enthalpy «gsMass loss
70 22 70 L 22 80 12
Peak =598 °C 17 =591" + 1 0¥
50 ea 8 0 Peak =591 °C 17 1
F12 12 Eso
30 07 <= 30 0.7 > 08 ~
z i 37 ;
3 02 + 02 = Y
8 10 1 E _510- E 240 + 06 8
% 032 % L 032 3 2
2 o €30 s
T.10 08 T-10 L .08 % 04
o
I -
13 t 13 o
-30 -30 02
18 L8 10
-50 + + + + 223 -50 + + + + 23 0 + + + + 0
4000 5000 6000 7000 8000 9000 4000 5000 6000 7000 8000 9000 0 5 10 15 20 25
Time (s) Time (s) Heating rate (*C/min)

Fig. 2. Thermo-gravimetric profiles of Mg-20% bredigite samples heated to 620 °C at 2 (a), 5 (b), 10 (c), 15 (d) and 20 °Cmin ™" (e). Exothermic heat flow and mass loss as a function of

heating rate (f).

of less than 0.05.

3. Results
3.1. Processing details and microstructure

Fig. 2 shows the thermal and gravimetric profiles of the Mg-20 vol%
bredigite composite from room temperature to 620 °C, plotted by the
data acquisition system of STA at 2, 5, 10, 15 and 20 °Cmin~*. The heat
flow curves of the composite revealed an exothermic event at all the
heating rates (Fig. 2a-e). Surprisingly, the peak temperature of the

KEYENCE 100 M m—
x .
0
°
e Mg
Mg o
Mg - E

SEM-BSE 20 PN m—

reaction decreased with increasing heating rate. The amount of the
generated heat increased by almost seven times when the heating rate
was increased from 2 to 20 °Cmin ! (Fig. 2f). Significant mass losses
were observed in the TG curves when the composite was heated at
relatively high heating rates (10, 15 and 20 °C).

Fig. 3 shows the optical microscopic images taken from the PAS
composite after the thermal treatment (a-d), including SEM back-scat-
tered micrographs and EDS elemental maps (e-h). The TT composite
appeared to have a homogenous microstructure (Fig. 3a) with almost
no pores or cracks throughout the material (Fig. 3b). A closer look at
the microstructure of the etched TT composite (Fig. 3¢ with red arrows)
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Fig. 3. Macroscopic and microscopic illustrations of the Mg-20% bredigite composite after the thermal treatment at 600 °C at different magnifications (a-d). Optical images of grain
boundaries after etching (¢ — red arrows) and CaMgSi compound at the Mg-bredigite interface (d - blue arrows). SEM-BSE image of the TT composite (e) associated with EDS elemental
distribution maps of oxygen (f), calcium (g) and silicon (h). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 4. XRD spectra of the Mg-20% bredigite composite before (a) and after (b) the thermal treatment at 600 °C.

revealed the grain structure of the Mg matrix with a mean grain size of
approximately 10 pm.

After the thermal treatment, a newly formed interlayer at the Mg-
bredigite interface was observed, appearing as a blue polygonal phase
in the optical micrograph (Fig. 3d). This blue phase was also visible in
the SEM-BSE image (Fig. 3e, indicated by blue arrows) having a strong
contrast with the neighboring bredigite particles. EDS elemental map-
ping of the interface (Fig. 3f-h) showed the presence of Si and Ca in the
interlayer between Mg and bredigite particles, indicating the diffusion
of atoms from bredigite to this interlayer.

Fig. 4a and b shows the XRD spectra of composite samples before
and after the thermal treatment. The X-ray reflections of the Mg matrix
(red dots in Fig. 4) were assigned according to PDF 04-015-2580 and
those of bredigite (blue dots in Fig. 4) were assigned according to PDF
00-036-0399. The crystal lattice of Mg was Hexagonal Close-Packed
(HCP) and that of bredigite orthorhombic.

The XRD spectrum of the TT composite (Fig. 4b) contained the
diffraction patterns of crystalline CaMgSi and MgO with relative
amounts of 92 and 8 wt%, respectively. It confirmed that the blue-co-
lored polygonal phase in light microscopy was in fact a CaMgSi inter-
metallic phase, present at the Mg-bredigite particle interface. The
density of the PAS composite was increased by 2.1% (from 96.6% to
98.7%) as a result of the thermal treatment (Table 1).

3.2. Mechanical behavior

Fig. 5a illustrates the stress-strain curves of PAS and TT composite
specimens in comparison with the curve of monolithic Mg. Superior
mechanical behavior of the TT composite as compared to that of PAS
and monolithic specimens was apparent. The Compressive Yield
Strength (0cys) of PAS specimens after the thermal treatment increased
from 135.0 to 170.1 MPa, which represents a 26% improvement. The
Ultimate Compressive Strength (oycs) of the TT composite improved by
18% and 97%, relative to the values of PAS and monolithic specimens,
respectively. The values of strain to fracture (€, which represents bulk
ductility, were 17.1%, 13.9% and 6.1% for TT, PAS and monolithic
specimens, respectively.

The morphologies of specimens before the compression tests and

Table 1
Bulk densities of monolithic Mg and Mg-20% bredigite composite before (PAS)
and after the thermal treatment (TT) at 600 °C.

Material Bulk density (vol%)
Mg 99.8% + 0.2
Mg-20%Bredigite (PAS) 96.6% + 0.7
Mg-20%Bredigite (TT) 98.7% + 0.4
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Fig. 5. Stress-strain curves of monolithic Mg, PAS and TT composite specimens (a). Bulk
overview of Mg-20% bredigite composite specimen before the compression tests (b). Bulk
overview of PAS (c) composite specimen after the compression tests, revealing long-
itudinal cracks (red arrows) and surface delamination (black arrows). Bulk overview of
TT composite specimen after the compression test (d), revealing a 45° diagonal crack
(yellow arrows). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

after the failure are shown in Fig. 5b-d. Longitudinal cracks (Fig. 5c -
red arrows) and surface delamination (Fig. 5¢c — black arrows) were the
main characteristics of the PAS composite (NaddafDezfuli et al.,
2017b). On TT specimens, however, no surface delamination was ob-
served and longitudinal cracks were replaced by a 45° diagonal crack
(Fig. 5d - yellow arrows).

Fig. 6a illustrates an overview of a representative crack on the cross
section. Higher magnification images of the crack are given in Fig. 6b
and d. Owing to the stronger Mg-bredigite interface, cracks (Fig. 6b, d -
black arrows) propagated through the original Mg powder particles
(yellow circle) rather than through the Mg-bredigite interface. Hence,
the interface remained intact and inter-particle fracture was prohibited
(Fig. 6d — green arrows). The second column of Fig. 6 shows relatively
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Fig. 6. Crack propagation pattern in a TT composite specimen (a) through Mg (first column) and bredigite (second column) original powder particles. Transparticle fracture through Mg
(b, d - black arrows) and bredigite particles (c, e — black arrows) at different magnifications.

smaller cracks propagating through bredigite particles (Fig. 6c, e - black
arrows) and being arrested when these cracks reached the metal-
ceramic interface.

Fig. 7 shows the microstructure of the TT composite before and after
indentation at different indentation loads. Increasing the indentation
load from 0.49 to 9.80 N resulted in a larger value of microhardness,
from 43.2 to 65.2 HV (Fig. 9a-d) and affected an increasing surface area
of composite specimen (Fig. 7e-h), giving a better estimation of hard-
ness on a larger scale. This is necessary since indenting specimens at
different locations at the same load resulted in different values of mi-
crohardness (Fig. 7, second and third row). When the TT composite was
indented at the Mg-bredigite interface, it resulted in a higher micro-
hardness value (62.2 HV) as compared to the value when the composite
was indented on an Mg particle surrounded by bredigite particles (54.7
HV).

Upon a closer look at the microstructure, large twinning bands were
observed in the affected plastic deformation region, and their number
appeared to be directly related to the applied load (black arrows in
Fig. 7e-h).

The mechanical properties of the specimens and comparison to
those of human bone are summarized in Table 2.

The microhardness values of the composite specimens were close to
those of Mg-hydroxyapatite composites reported in (Witte et al.,
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2007b). On the other hand, the yield and ultimate compressive
strengths of the TT composite were significantly higher than AZ91, Mg-
hydroxyapatite, =~ Mg-BTCP and  Mg-fluorapatite =~ composites
(Haghshenas, 2017)

3.3. In vitro biodegradation

Fig. 8a shows the mass loss profiles of PAS and TT Mg-20% bredigite
composite samples as compared to the profile of monolithic Mg sample
as a function of immersion time in DMEM. Fig. 8b shows the ultimate
compressive strengths of specimens as a function of immersion time.
The monolithic Mg specimens did not pass the test period of one month
and were totally dissolved after 12 days of immersion. The average
degradation rate of monolithic magnesium, i.e., 31.41 mgcm ™2 day ~?,
was in good agreement with that determined in previous studies on cast
magnesium specimens (19-44 mg cm ~2 day ~ ') (Song, 2007). However,
the PAS and thermally treated (TT) Mg-20% bredigite composites sur-
vived the test period of one month by dissolving at much slower rates
than monolithic Mg. The thermal treatment considerably improved the
degradation rate of the PAS composite (almost by 117%). The calcu-
lated amounts of mass loss, after one month immersion in DMEM, were
100%, 6.1% and 2.8%, equivalent to 31.41, 0.87, and 0.40 mg/cm?/day
for Mg, PAS and TT Mg-20% bredigite, respectively. The average
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Fig. 7. Microstructures of the TT composite before (a-d) and after (e-h) indentation at HV s (a, €), HV 5 (b-c, f-g) and HV; o (d, h), revealing large twin bands after the indentation (black

arrows).

Table 2

Mechanical properties of monolithic, PAS and TT specimens as compared to those of cortical and cancellous bone.

Material ocys (MPa) Oycs (MPa) Microhardness (HV; o) & (%)

Mg 90.5 + 13.8 114.2 = 21.4 38.2+0.1 6.1 =09
PAS composite 135.0 £ 7.8 190.3 + 12.2 64.0 = 5.8 139+1.8
TT composite 170.1 = 6.4 225.5+5.3 65.2 + 6.8 17.1 1.7

Cancellous bone  2-12 (Hench, 1991; Hench and Wilson,

1993)
Cortical bone

115.1 = 16.4 (Mirzaali et al., 2016)

1.7-12.0 (Hench, 1991; Hench and Wilson,
1993; Hvid et al., 1983)
153.6 + 21.6 (Mirzaali et al., 2016)

32.9 + 6.6 (Dall’Ara et al., 2007)

28-59 (Zwierzak et al., 2009)

1.1 £ 0.6 (Rghl et al., 1991)

1.1-2.1 (Witte et al., 2008)
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Yield strength vs. immersion time

-w-Monolithic Mg  -®-PAS composite
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Fig. 8. Mass loss (a) and ultimate compressive strength (b) profiles of monolithic Mg and Mg-20% bredigite composite before (PAS) and after (TT) the thermal treatment as a function of
immersion time. Optical micrographs of the TT composite subsequent to degradation tests and mechanical tests (c) with a magnified view (d, e) of localized corrosion (black arrows) and
mechanical cracks (yellow arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

degradation rate of TT composite was slightly higher than that of WE43
in 3.5% NaCl solution (0.26 mgcm ™~ 2 day~ '), and much lower than
that of cast ZE41 and AZ91 alloys at average dissolution rates of 7.71
and 6.95mgcem ™2 day ! in buffered Hank’s solution, respectively
(Song, 2007; Taltavull et al., 2014).

As a result of a lower degradation rate, the compressive yield
strength of the TT composite remained within the strength range of
cortical bone up to one month of immersion in DMEM (Fig. 8). On the
other hand, the compressive yield strengths of monolithic and the PAS
composite fell below the strength range of cortical bone within 12 days
of immersion.

Localized corrosion was still the dominating degradation me-
chanism of the TT composite, initiating mostly from the bottom edges
of the specimens (Fig. 8c-e yellow insets and black arrows). These lo-
calized corrosion features resulted in stress concentrations, facilitating
the initiation of cracks when the material was under compressive
loading, as shown in Fig. 8d and e (indicated by yellow arrows).

Fig. 9a shows the open circuit corrosion potentials (OCP) of
monolithic Mg and Mg-20% bredigite composite before and after the
heat treatment. The OCP potentials of samples first increased to more
positive values and then gradually reached a steady state where the
OCP potentials remained relatively constant. The TT composite showed

(a)

-+Monolithic Mg -+PAS composite -+TT composite

(b)

Open Circuit Potential

Cathodic polarization

-+-Monolithic Mg --PAS composite -+TT composite

a higher OCP value after 20h immersion. In the PDP curves, the TT
composite showed a mild shift towards higher cathodic activities with
respect to the PAS specimen (Fig. 9b). It was difficult to judge the
general anodic activity of the TT composite with respect to that of the
PAS composite, because it was marginally shifting below and above
that of the PAS composite during the polarization test (Fig. 9C).

3.4. Morphology and chemistry of the corrosion product layer

Fig. 10 shows the SEM micrographs taken from the TT composite
after 1, 3, 6, 12, 24, and 30 days of immersion in DMEM. The surface
layer after 1-day immersion revealed an integrated network of large
cracks surrounding original Mg powder particles (Fig. 10a - black ar-
rows). After three days, a second layer started to form on top of the first
layer and the former contained smaller cracks, which posed a slightly
lighter contrast with respect to the first layer under backscattered
electron imaging (Fig. 10b-f — yellow arrows). Localized corrosion in-
itiated during the first day of immersion, mostly at the bottom edges of
specimens where the material was in direct contact with the die during
processing, and further expanded over the edges as immersion time
increased from 3 to 30 days (Fig. 10 — insets).

The SEM back-scattered micrographs at higher magnifications
(c) Anodic polarization

-+Monolitic Mg +PAS composite -+TT composite
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Fig. 9. OCP (a), cathodic (b) and anodic polarization (c) curves of the Mg-20% bredigite composite before (PAS composite) and after the heat treatment (TT composite).
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Fig. 10. SEM micrographs of the thermally treated Mg-20% bredigite composite after immersion in DMEM solution for 1 (a), 3 (b), 6 (c), 12 (d), 24 (e) and 30 (f) days, showing large
cracks within the initial layer (black arrows) and relatively smaller cracks within the second layer (yellow arrows). The insets represent the bottom, front and top view of corroded
samples, from left to right, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 12. Concentrations of Mg (a) and Si (b) ions in the original Mg and TT composite extracts after 1 and 3 days of extraction. MTT (a and c) and ALP assays (b and d) of MG-63 cells in 1-
day (first row) and 3-day (second row) monolithic and TT composite extracts at different dilution ratios.

(Fig. 11a-d) showed that after one-day immersion, the surface layer was
composed of submicron spherical agglomerates, being tightly bonded
with each other and protecting the substrate from extensive dissolution.
This initial compact layer also acted as a substrate for further hetero-
geneous nucleation of agglomerates. The sizes of spheres were about
500 nm and they precipitated on top of each other, forming larger ag-
glomerates (Fig. 11b-d). The second layer of agglomerates was more
porous and had less magnesium incorporated into its structure, which
caused the Ca/P ratio of the surface layer to increase from 1.18 to 1.51
at day 12 (Fig. 11e-h).

Our results show that after one-day immersion, the protective sur-
face layer on the TT composite was mainly composed of O, C, Mg, Ca,
and P (Fig. 11e-h). The Ca/P ratio of the surface layer (1.18) was lower
than the stoichiometric value of hydroxyapatite (HA, 1.67), indicating
that the surface layer was deficient in calcium. The FTIR spectra of the
same surface (Fig. 11i-1) showed absorption bands of carbonate, phos-
phate and a low intensity band of HA hydroxyl ions (Sl6sarczyk et al.,
2005), indicating the early formation of magnesium-containing hy-
droxyl-carbonate apatite precipitates. The absorption bands of silica
appeared at day 6 and became more distinguishable from those of
carbonate at day 12.

3.5. Cytotoxicity and bioactivity

Fig. 12a and b shows the elemental concentrations of Mg and Si in
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the original 1- and 3-day extracts of monolithic Mg and TT composite
samples. The concentration of Mg in the original Mg extracts increased
by 441 mg/L in 3-day extraction while that of Mg in the original TT
composite extracts increased only by 40 mg/L. On the other hand, the
amount of Si in the original TT extracts remained below 2 mg/L after 3-
day extraction, revealing limited participation of Si in the original TT
composite extracts.

The results of the MTT assay (Fig. 12c) revealed similar optical
densities for the extracts of Mg and Mg-20% Bredigite TT composite
after one day of immersion. After 6 and 12 days of incubation, the
density of the MG-63 cells in the Mg original extract (concentration of
Mg = 45mg/L) was still slightly higher than that of cells in the TT
composite extract (concentration of Mg = 14 mg/L), indicating that
cells in the original 1-day Mg extracts were more viable. When the
original 1-day extracts were diluted by 1/4 and 1/16, the cell viability
values of the control, monolithic Mg and the TT composite were almost
the same with no statically significant differences, which means that the
viability was dominated by the concentration of Mg ions in the extracts.
The 3-day extraction period gave enough time to Mg and bredigite
particles at the exposing surface to react with the solution, which re-
sulted in higher concentrations of Mg and Si ions in DMEM. As a result,
the 3-day Mg original extracts (concentration of Mg i 486 mg/L)
were cytotoxic from the beginning throughout the testing period
(Fig. 12). At day 3, the viability of MG-63 cells and their density in the
original extracts of the TT composite were higher than those in the Mg
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Fig. 13. Mechanical properties, degradation and biocompatibility of the PAS and TT Mg-
bredigite composite compared to the minimum requirements for meaningful long-term in-
vivo tests.

group and also the control group, indicating the stimulatory effect of
the composite extracts on the proliferation of MG-63 cells (Fig. 12). The
same as the 1-day extracts, 1/16 dilution of the original extracts re-
sulted in similar viability levels for all the samples, showing once again
that the viability of cells in contact with the extracts was closely related
to the concentrations of ionic products, particularly Mg and Si ions in
the DMEM solution.

The alkaline phosphatase activity of MG-63 cells in response to 1-
day and 3-day extracts resembled the trend of viability assays (Fig. 12d,
f). MG-63 cell differentiation in the 1-day original Mg extracts was
higher than the control, although cell differentiation was obviously
limited in 3-day Mg original extracts. On the other hand, the TT com-
posite showed no sign of limited differentiation in its extracts. Similar
to the MTT tests, diluting the extract by 1/16 overshadowed the effect
of corrosion products on cell proliferation, resulting in a similar extent
of cell proliferation for monolithic and TT composite samples.

Fig. 13 illustrates the mechanical properties, mechanical function-
ality period and biocompatibility of the PAS and TT composite as
compared to the minimum requirements for meaningful long-term in-
vivo tests. It shows that to prepare the TT composite for meaningful
long-term in-vivo tests, the period of the mechanical functionality in
DMEM should be further extended to at least 3 months in order to allow
full recovery of damaged bone before the composite loses its role as a
mechanical support.

4. Discussion

The exothermic reaction between bredigite and Mg resembles the
reaction between Mg and SiO, particles, because the atomic config-
uration of Si-O in bredigite is identical to that of the monolithic SiO,
(Umeda et al., 2009). Both form tetrahedrons with Si atoms in the
center, and oxygen atoms at the corner of the tetrahedrons. The only
difference is that in SiO,, bridging oxygen atoms at the corner of a
tetrahedron are connected to another Si atom in the adjacent tetra-
hedron, while in the bioceramics the bridging O atoms could be con-
nected to Mg and Ca atoms (Carbonneau et al., 1998; Eisenmann et al.,
1972). The Mg-O bonds in the bioceramic form an octahedron structure
with Mg atoms at the center and six bridging oxygen atoms at the
corners of tetrahedrons (Lee et al., 2012). Each chain of tetrahedrons is
connected to an adjacent octahedral layer (Mg octahedrons) by a
bridging oxygen, producing a structure of alternating tetrahedral-oc-
tahedral-tetrahedral (T-O-T) layers. Calcium atoms connect the alter-
nate T-O-T layers together with a coordination number of 8. Thus, three
types of atomic bonding, namely Si-O-Si, Si-O-Mg and Si-O-Ca, co-
exist in the crystal structure of bredigite. Practically, there are only two
types of atomic bonds, namely Si-O-Si and Si-O-Ca that can be broken
by Mg because magnesium cannot reduce its own oxide. Since dis-
sociation of Si-O bonds during the solid-state exothermic reaction
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would release a larger amount of energy due to the higher bond dis-
sociation energy of Si-O bonds, compared to that of Ca—O bonds
(Christian, 1973; Sanderson, 2012), its bonding energy will dominate
the amount of energy that is released during the exothermic reaction
(Fig. 2). The thermal dissociation of bredigite could be initiated through
a reaction between Mg and Si-O-Si and Si-O-Ca bonds, in which Mg
removes the bridging oxygen and oxidizes into MgO, exposing ele-
mental Si and Ca to the interface and producing CaMgSi and MgO at the
interface, which could be simplified as:

16Mg + Ca;MgSi4sO16— 16MgO + 4Si + 7Ca + Mg Reduction of
bredigite (reaction 1)

Mg + Si + Ca — CaMgSi Product formation (reaction 2)

Some intermediate products could also form during the thermal
dissociation of bredigite, which would make reaction 1 and 2 more
complex. This could be clarified by means of in-situ high temperature X-
day diffraction. According to the ternary phase diagram of Ca-Mg-Si
(Grobner et al., 2003), if diffusion is allowed to take place, then the
formation of CaMgSi above 400 °C would be possible when Ca atoms
are added at the expense of Mg atoms in the structure of Mg,Si to an
equal atomic fraction of 33.33%. The structural similarity of bredigite
to CaMgSi may also assist in the formation of the CaMgSi compound at
the interface, because both have an orthorhombic crystal structure
(Carbonneau et al., 1998).

This CaMgSi layer allows diffusion through the Mg-bredigite inter-
face (Fig. 3f-h), developing a much stronger and more integrated Mg-
bredigite particle interface compared to that in the PAS composite
(Fig. 5). The thermal treatment has a second benefit, i.e., the
strengthening of Mg-Mg particle bonds through inter-particle diffusion.
The PAS composite has a better chance to be sintered than original
powder particles because the oxide layer on Mg powder particles is
disrupted by large plastic deformation of Mg particles during PAS
(NaddafDezfuli et al., 2017b).

The in-situ fabrication of TT composites is a delicate process and
thus requires careful control over the heating process. It was shown that
when the composite was heated at a relatively fast heating rate (10, 15
and 20 °Cmin~1), the exothermic reaction between Mg and bredigite
particles took place at a much higher intensity, which generated a
larger amount of heat at a short time (Fig. 2), resulting in significant
mass loss which could cause the evaporation of Mg particles
(NaddafDezfuli et al., 2017b). On the other hand, the TG curves at
lower heating rates (< 5°C min~1) revealed no evidence of possible
mass loss during the exothermic reaction. In this research, the solid-
state reaction between Mg and bredigite was successfully triggered
while overcoming the issue of local evaporation of the Mg matrix
(NaddafDezfuli et al., 2017b) by heating the composites at 1 °Cmin~".
The reasons for the strong influence of heating rate on the reaction peak
temperature and on the amount of heat released from the exothermic
reaction are not clear and it requires a thorough thermoanalytical study
which is out of the scope of this research.

A stronger particle interface in the TT composite resolved the issue
of a lack of load transfer from the matrix to ceramic particles and cracks
deviated from powder particle interfaces to the interior of Mg and
bredigite particles, shifting the failure mode from inter-particle fracture
to trans-particle fracture (Fig. 6) during compression testing. As a result,
pre-mature inter-particle fracture and surface delamination, which are
often associated with metal matrix composites (Luo, 1995;
NaddafDezfuli et al., 2017b), were prohibited, resulting in 26% and
18% improvements in yield and ultimate compressive strengths, re-
spectively (Table 2).

The difficulty of cross slip in HCP magnesium and the higher critical
resolved shear stress (CRSS) required for the < c+a > slip (40 MPa)
than for twining (2-3 MPa) (Mahdavian et al., 2013; Reed-Hill and
Robertson, 1957) reduce the ability of the material to deform by dis-
location slip, and thus deformation twinning occurs (Fig. 7). However,



S. NaddafDezfuli et al.

the presence of micro-sized bredigite particles in the composite may
activate non-basal dislocations necessary for the ductile behavior of the
Mg matrix (NaddafDezfuli et al., 2017b; Reihanian et al., 2014). This
explains the enhanced strains of the composite obtained from the
compression tests, in comparison with monolithic magnesium.

When TT composite specimens were immersed in the DMEM solu-
tion, surface cracks developed (Fig. 10) as a consequence of grain/
powder particle boundary dissolution caused by high energy domains of
dislocations at grain boundaries (Andrei et al., 2002), which activated
the anodic dissolution of the adjacent Mg matrix (NaddafDezfuli et al.,
2014). They provided pathways for fresh DMEM to reach the unreacted
part of the substrate and thereby encouraging further dissolution of the
matrix, leading to the accumulation of magnesium cations close to the
corroding surface. Accumulation of Mg®* cations close to the corroding
surface encouraged the formation of a Mg(OH), layer, with in-
corporation of Ca and P into this layer later (Fig. 11). The early sub-
micron magnesium-containing hydroxyl-carbonate apatite precipitates,
shown in Fig. 11a-d, were deficient in calcium, resembling the biolo-
gical HA, which is also deficient in calcium (Lu et al., 2012). The hy-
droxyl-carbonate apatite phase is chemically and structurally equiva-
lent to the mineral phase in bone, which is responsible for the bonding
of bone tissue with the implant (Hench, 1991; Kannan, 2015). After 1-
day immersion, more incorporation of Ca into HA crystals took place at
the expense of Mg (Fig. 11e-h), owing to the better protection of the
surface after one-day immersion and thus a smaller amount of Mg?*
became available around the corroding surface. Silicon from bredigite
or CaMgSi was detected in the chemistry of the surface layer only after
day 6 (Fig. 11k and 1). One reason for relatively low silicon involvement
is that calcium ions from bredigite were released preferentially to si-
licon ions by ion exchange with H™ (Liu et al., 2004). Thus, most of
silicone in bredigite would stay within the unreacted part (Hu et al.,
2011), forming a negatively charged surface with the functional group
(=Si - 0) (Liu et al., 2004).

Localized corrosion of the Mg matrix eventually resulted in the
accumulation of magnesium cations in the vicinity of the corroding
surface, which could be hydrolyzed by water, producing H* and
acidifying the microenvironment (NaddafDezfuli et al., 2014). High
concentration of H* discouraged the formation of a protective layer
over the Mg matrix, which resulted in progressive local corrosion
(NaddafDezfuli et al., 2014; Song and Atrens, 1999). The role of bre-
digite particles in blocking the progressive local corrosion sites in the
Mg matrix was due to a relatively lower degradation rate of bredigite
particles with respect to Mg (NaddafDezfuli et al., 2017b) and more
importantly, due to the consumption of an excess amount of H* ion
inside a corrosion pit (Dixit and Carroll, 2007) through ion exchange by
either magnesium or calcium (Dixit and Carroll, 2007; Hench, 1991).
The CaMgSi interlayer could also assist bredigite in blocking the cor-
rosion pathways by consuming H™ ions, similar to bredigite (Hagihara
et al., 2013), although its role in balancing the pH might be negligible,
considering its limited surface area with respect to bredigite particles.
As a result of slower degradation, the mechanical properties of the TT
composite remained within the strength range of cortical bone for
nearly a month after immersion, which outperformed monolithic and
PAS specimens (Fig. 8). The original extracts were proven to be sti-
mulatory to the proliferation and differentiation of MG-63 cells
(Fig. 12).

However, as Illustrated in Fig. 13, the period of the mechanical
functionality in DMEM should be further extended to at least 3 months
in order to prepare the TT composite for a meaningful long-term in-vivo
test.

One effective way to gain more control over the localized corrosion
at the edges of specimens would be to limit, or in an ideal case, totally
prevent the development of friction between the outer layer of com-
posite specimen and the die during compaction. In this way, the ma-
terial close to the edges of the specimen could move freely during
compaction, enhancing the integrity of the microstructure particularly
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around the edges. Examples of possible useful fabrication methods
would be Acoustic Levitation (AL) and Hot Isostatic Pressing (HIP)
(Carreno-Morelli et al., 2004; Scholz et al., 2014).

5. Conclusions

The in-situ fabrication of the Mg-20%bredigite composite was
proven to be a feasible method to achieve homogeneity and integration
in microstructure, mechanical compatibility to human bone, controlled
degradation rate, cytocompatibility and bioactivity at the same time. It
was found that the mechanical properties of the Mg-20%bredigite
composite were significantly affected by the bonding strength of the
composite constituents. The bonding strength of the Mg-bredigite in-
terface was improved by triggering a solid-state exothermic reaction
between Mg and bredigite particles, developing a CaMgSi intermetallic
compound at the interface and enabling chemical interlocking at par-
ticle interfaces through diffusion across the CaMgSi interlayer.

The mechanical properties of the composite after the thermal
treatment were comparable with those of human bone, outperforming
monolithic and PAS specimens in strength and ductility. It shows that
further improving the mechanical properties of the TT composite for
orthopedic applications would not be necessary, although it is still
possible if needed.

On the other hand, the degradation rate of the TT composite, par-
ticularly due to the localized corrosion, should be limited further to
preserve the mechanical functionality of the composite for a longer
period of time. Further research should be directed towards improving
the degradation behavior of the TT composite by either removing sus-
ceptible areas for degradation in the microstructure, or by protecting
the surface with a compact biodegradable surface layer to delay the
degradation of the substrate.
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