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A novel interpenetrating b-TCP/Mg–Zn–Mn composite was fabricated by infiltrating Mg–Zn–Mn alloy
into porous b-TCP using suction casting technique. The microstructure, mechanical property and corro-
sion behaviors of the composite have been evaluated by means of scanning electron microscopy
(SEM), X-ray diffraction (XRD), mechanical testing, electrochemical and immersion test. It was shown
that the composite had a compact structure and the interfacial bonding between Mg–Zn–Mn alloy and
b-TCP scaffold was very well. The composite had an ultimate compressive strength of 140 ± 20 MPa,
which is near with the natural bone (2–180 MPa) and about 1000-fold higher than that of the original
porous b-TCP scaffold, and it still retained about two fifths of the strength of the bulk Mg–Zn–Mn alloy.
The electrochemical and immersion tests indicated that the corrosion resistance of the composite was
better than that of the Mg–Zn–Mn matrix alloy, and the corrosion products on the composite surface
were mainly Mg(OH)2, Ca3(PO4)2 and HA.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction [15–17]. HA and b-TCP are most widely used as reinforcement of
Mg alloys have attracted great attention in respect of degrad-
able hard tissue implant materials due to their good biocompatibil-
ity and mechanical properties, in comparison with biodegradable
polymeric implant materials currently in use [1–3]. Meanwhile,
Mg alloys have the advantage that they do not show the undesir-
able effect of stress shielding, which occurs normally in conven-
tional metallic implants made of stainless steel or titanium alloy
which are widely used for bone implants [4–6]. Various Mg alloys
have been investigated as biodegradable materials and some of
them have shown good biocompatibility, such as Mg–Ca [7], Mg–
Zn [5,8], Mg–Mn [9], Mg–Y [10], AZ91 and AZ31alloy [2]. In the
present study, Mg–Zn–Mn alloy system exhibited appropriate
mechanical properties and good biocompatibility [5,11]. Re-
searches on Mg–Zn–Mn alloys indicated that Mg–Zn–Mn alloy
with about 3 wt.% Zn and 1 wt.% Mn had optimal mechanical and
corrosion properties [12]. However, the rapid degradation rate of
Mg alloys in human bio-environment limits their clinical applica-
tions [13,14]. Therefore, it is important to improve the corrosion
resistance of Mg alloys in order to enlarge their application field.
A promising approach is to form the Mg alloy matrix composite
reinforced by bioceramic of natural human bone compositions
such as hydroxylapatite (HA) and b-tricalcium phosphate (b-TCP)
Mg composite due to their excellent biocompatibility, bioactivity
and osteoconduction characteristics, as well as their chemical
and crystallographic structure approaching to that of the natural
bone mineral [18–20]. Recent investigations have shown that some
Mg composites reinforced by HA or b-TCP exhibited the adjustable
mechanical properties (Young’s modulus, tensile strength) and bio-
logical properties [15,21]. Comparing with HA, b-TCP exhibited a
relative better wettability with the Mg alloy [15,16,22]. Liu et al.
[22] prepared the Mg–2Zn–0.5Ca–1b-TCP composites by the com-
bined high shear solidification and equal channel angular extrusion
(ECAE) processing. They noted that the b-TCP particles improved
mechanical properties and corrosion performance of the
Mg–2Zn–0.5Ca alloy. He et al. [23] also studied the effects of nano
b-TCP particles on the microstructure and properties of Mg–3Zn–0.8Zr
alloy. The results indicated that the ultimate tensile strength and
the elongation of the composites were improved with the addition
of b-TCP, and the corrosion resistance of the composites in simula-
tion body fluid was strongly enhanced comparing with that of the
matrix alloy. In our previous study, the corrosion resistance of the
MgCa-HA/TCP composite fabricated by liquid metal infiltration
was better than that of the bulk MgCa alloy alone [24].

Among the techniques currently available for the processing of
metal matrix composites, the properties of the composites fabri-
cated by liquid metal infiltration technique (a technique of infiltra-
tion of a molten metal into a porous ceramic preform) can be
adjusted by free selection of different porous scaffolds as well as
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the molten metals [25,26]. Miao et al. [27] had fabricated the bio-
medical composites consisting of three interpenetrating networks:
tricalcium phosphate (TCP), hydroxyapatite (HA), and poly(dl-lac-
tide-co-glycolide) (PLGA). The advantage of this composite lay in
the improved mechanical properties and the possibility of tailored
biodegradation rates for bone tissue ingrowth. The three sets of
spatially continuous networks had different biodegradation rates
and thus bone tissue would grow towards the fastest biodegrading
network while the remaining networks still maintaining their geo-
metrical shape and carrying the physiological load for the tissue in-
growth. In our previous study, MgCa-HA/TCP [24] and C/Mg–Zn–
Mn [28] interpenetrating biomedical composites had also been
fabricated successfully by using suction casting technique. When
the alloy was infiltrated into the porous scaffold, its mechanical
properties were much improved due to the reduced porosity and
the enhanced interfacial bonding. The immersion test also indi-
cated that carbon or HA/TCP scaffold was left behind due to the
much slower degradation rate of the ceramic scaffold.

This paper aims to prepare the b-TCP/Mg–Zn–Mn composite
that has interpenetrating phases with different biodegradable
rates. The fabrication of the composite involved two steps. Firstly,
a thermoplastic polyurethane foam was used as a template to pre-
pare interconnected porous b-TCP, and then biphase continuation
interpenetrating b-TCP/Mg–Zn–Mn composite were fabricated by
infiltrating the molten Mg–Zn–Mn alloy into the porous scaffold
using self-made suction casting equipment. The microstructure,
mechanical property and corrosion behaviors in simulated body
fluid were investigated to evaluate the feasibility of the resultant
composite as bone tissue implant materials.
2. Materials and methods

2.1. Materials preparation

A commercial thermoplastic polyurethane foam (PU, 40 ppi)
was used as a template to prepare interconnected porous b-TCP.
PU foams with desired shapes and sizes were dipped into the tetra-
chloroethylene solution for 30 min and then washed with distilled
water before drying at 40 �C for at least 24 h. The cleaned PU foams
were then dipped into the ceramic slurry and gently squeezed sev-
eral times to allow the slurry to be stuck to the scaffold before the
excess slurry was squeezed out. Compressed air from an airgun was
used to blow the coated foams in order to avoid the blockage of
pores. The ceramic slurry was prepared by mixing 50 g b-TCP pow-
der (average particle size 2.5 lm), 10 g dispersant (polyethylene
glycol) and 12.5 g surfactant (polyvinyl alcohol) with 200 mL dis-
tilled water in thermostatic waterbath at 90 �C. The ceramic slur-
ry-coated PU foams were left to dry at 60 �C in drying oven for at
least 24 h. Then they were sintered in a furnace using a four-stage
schedule, as described in Ref. [29], comprising (1) heating from
room temperature to 600 �C at a heating rate of 0.6 �C min�1 to burn
out the PU foam; (2) raising the temperature from 600 to 1100 �C at
a heating rate of 5 �C min�1; (3) holding the temperature at 1100 �C
for 4 h to sinter the ceramic; and (4) cooling the furnace down to
room temperature at a cooling rate of 5 �C min�1. The b-TCP scaf-
folds were removed from the furnace after it had cooled down. Each
sample was weighed and kept in a desiccator.

The Mg–3wt.%Zn–1wt.%Mn (expressed as Mg–Zn–Mn alloy in
the following) were melted by using commercial pure Mg
(P99.99%), pure Zn (P99.99%), and Mg–10Mn master alloy in a
high-purity graphite crucible by resistance furnace under a mixed
gas atmosphere of SF6 and CO2. The b-TCP/Mg–Zn–Mn composite
was fabricated by infiltrating the molten Mg–Zn–Mn alloy into
the porous scaffold using self-made vacuum suction casting equip-
ment, and the specific fabrication equipment was described in our
previous work [28]. During the fabrication process, the porous b-
TCP was preheated at 150 �C and positioned in the vacuum suction
casting equipment, which was pre-pumped to �0.07 � �0.05 MPa.
The Mg–Zn–Mn matrix alloy was melted in the furnace under a
mixed gas atmosphere of SF6 and CO2 and the temperature was
kept at 700–720 �C. Then the infiltration of the molten Mg–Zn–
Mn alloy was driven by the vacuum and held for 2 min while the
melt was solidified. Finally, the b-TCP/Mg–Zn–Mn composite was
removed from the suction casting equipment after it had cooled
down to ambient temperature.

For the compression and immersion tests, the rectangular com-
posite samples (with the size of 5 mm � 5 mm � 8 mm) were
ground and mechanically polished up to 2000 grit, then ultrasoni-
cally cleaned in acetone, absolute ethanol and distilled water and
then dried in air.

2.2. Microstructure characterization

Scanning electron microscopy (SEM) equipped with energy dis-
perse spectrometer (EDS) was employed for the microstructure
identification of the porous b-TCP and the surface of the b-TCP/
Mg–Zn–Mn composite samples before and after immersion. The
phases of Mg–Zn–Mn alloy, b-TCP/Mg–Zn–Mn composite samples
and their corrosion products were identified by the X-ray diffrac-
tometer (XRD) using the Cu Ka radiation at the step size of 0.02�
with a scanning speed of 2� min�1.

2.3. Porosity measurement

The porosity of porous b-TCP scaffold was measured using
Archimedes Principle. At first, the scaffold was submerged in
deionized water, degassed under vacuum, and suspended from
an analytical balance to obtain scaffold wet weight (mwet). Then
the scaffold was dried in the oven with air blower at room temper-
ature overnight. The dimensions of the specimen were further
measured using a Vernier callipers to produce a total volume (V)
of the scaffold, and the porous scaffold dry weight (mdry) was also
determined with an analytical balance. All weights were in grams.
Thus, the porosity (h) was calculated using the formula [30]:

h ¼ 100 1�mdry �mwet

q � V

� �
ð1Þ

where q is the density of deionized water (�1 g/cm3). Five parallel
specimens were taken for every scaffold and the mean value of the
porosity was achieved.

2.4. Compression testing

Uniaxial compression testing was conducted on an Instron 3365
testing machine at a constant nominal strain rate of 7 � 10�4 s�1 at
room temperature. The test samples with the size of
3 mm � 3 mm � 6 mm were prepared according to the ASTM:
E9-09 standard. Five identical samples were used for the compres-
sive tests.

2.5. Electrochemical test

A conventional three electrode cell was used: the composite
sample (exposed area of 1 cm2) was the working electrode, a satu-
rated calomel electrode (SCE) was used as reference and a plati-
num foil was used as counter electrode. The electrochemical
tests were carried out at 37 ± 0.5 �C in simulated body fluid (SBF)
using an electrochemical workstation (SI1287). SBF solution was
prepared by dissolving the reagents NaCl, NaHCO3, KCl, K2HPO4-

�3H2O, MgCl2�6H2O, CaCl2�2H2O and Na2SO4 into distilled water.
The solution was buffered to pH 7.4 at 37 ± 0.5 �C with HCl and Tris
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(hydroxy-methyl) aminomethane. Concentration (in mmol/L) of
various ions in the SBF was: 142 Na+, 5 K+, 1.0 Mg2+, 2.5 Ca2+,
109 Cl�, 27 HCO�3 , 1.0 HPO2�

4 , 1.0 SO2�
4 . The open circuit potential

(OCP) was measured as a function of time and the polarization
curve was measured at a scanning rate of 1 mV s�1 in the potentio-
dynamic polarization tests. The volume of the SBF used in the elec-
trochemical test was approximately 150 mL.

2.6. Immersion test

The immersion test was carried out in SBF solution at 37 ± 0.5 �C.
The test samples with the size of 5 mm � 5 mm � 8 mm were pre-
pared according to the ASTM: G31-12a standard. After 1, 3, 7 and
15 days’ immersion, the samples were removed out of the solution,
gently rinsed with distilled water, and dried in air. Microstructure
and composition characterizations of the corroded composite sam-
ples surface after removing the corrosion products by CrO3 (Chro-
mic Acid) solution were examined by SEM and XRD. The pH
meter (E-900, luosu, Shanghai) was used to record the change of
pH value of the SBF solution during the soaking experiment. The
inductively coupled plasma atomic emission spectrometry (5300
DV, profile ICP-AES) was employed to examine the concentration
of Mg ion which had dissolved from the composite samples. An
average of three measurements was taken for each group.

3. Results and discussion

3.1. Microstructures of porous b-TCP and composite

The microstructure of porous b-TCP scaffold prior to infiltration,
with the average porosity 92%, was shown in Fig. 1(a). It revealed
that the porous b-TCP prepared by PU sponge template had open
pores with size about 400–600 lm and fully interconnected geom-
etry. It was evident that no micro and mesopore structure were
found in the surface of porous b-TCP except hollow structure (inset
in Fig. 1(a)) formed due to the burn out of PU struts during the pyro-
lysis process. The complete infiltration of the molten Mg–Zn–Mn al-
loy into the porous b-TCP scaffold was successfully achieved and
the typical SEM image of the resulting composite was shown in
Fig. 1(b) and (c), the darker phase is Mg–Zn–Mn and the brighter
is b-TCP. Compared with the microstructure of porous b-TCP, it
can be found that the composite had a closed-cell and compact
structure as well as the interconnected network structures were
evident. Meanwhile, the interfacial bonding between Mg–Zn–Mn
alloy and b-TCP scaffold was very well without discernible debond-
ing or micro-crack (as shown in Fig. 1(c)). It should be noted that
Mg–Zn–Mn alloy has also penetrated into the hollow location of
porous scaffold. It is indicated that the molten Mg–Zn–Mn alloy
infiltrated not only into the pore but also into the struts of 3-D net-
work scaffold. This compact structure also demonstrated the full
infiltration of the Mg–Zn–Mn alloy throughout the porous scaffold.
There were two reasons responsible for this infiltration effect: (a) b-
TCP exhibited a relative good wettability with the Mg alloy [22],
which reduced infiltration resistance and (b) the external pressure
Fig. 1. SEM images of (a) porous b-TCP, (b) b-TCP/Mg–Zn–Mn composite a
of �0.07 � �0.05 MPa was operative during infiltration and solidi-
fication, which effectively increased infiltration. Meanwhile, we can
see from the Fig. 1(b) and (c) that it was also a typical casting micro-
structure containing small grains, and the grain boundary could be
seen in the Mg–Zn–Mn alloy. When Chang et al. [31] studied the
microstructures of Al(Mg)/Al2O3 interpenetrating composites pro-
duced by a pressureless infiltration technique, they also found that
grain boundaries could be seen in the Al(Mg) alloy, and suggested
that there was an upper size limit for the alloy grain when in partic-
ularly large ceramic foam cells. They also found that the infiltrated
metal within these large cells consisted of grains that nucleated
preferentially near the strut of the foam and grew into the center
of cell, with grain growth being reduced by contact with other
grains and cell walls.

Fig. 2 showed the XRD analysis results of the Mg–Zn–Mn alloy
and b-TCP/Mg–Zn–Mn composite. Compared with the Mg–Zn–
Mn matrix alloy, in addition to a-Mg and Mg7Zn3 phase, b-TCP
phase was also identified in the b-TCP/Mg–Zn–Mn composite sam-
ple. Meanwhile, the result of the XRD analysis also demonstrated
that no other phases were detected from the reaction between
the Mg–Zn–Mn and b-TCP in the composite. According to the bin-
ary Mg–Zn alloy phase diagram [32], it can be observed that up to
2wt.%Zn completely dissolve in a-Mg matrix. Thus, with the
increasing of Zn content, the second Mg7Zn3 phase was found in
Mg–3Zn–1Mn alloy [4].

3.2. Mechanical property of composite

Fig. 3 showed the representative compression stress strain
curves of the b-TCP/Mg–Zn–Mn composite. The average compres-
sive strength for the resultant composite was 140 ± 20 MPa, which
was in the range of the natural bone (2–180 MPa) and about 1000-
fold higher than that of the original porous b-TCP scaffold (inset in
Fig. 3), but retained approximately two fifths of the strength of the
bulk Mg–Zn–Mn alloy (around 370 MPa). That is, the b-TCP/Mg–
Zn–Mn composite shows a great improvement in the strength in
comparison with the original porous b-TCP scaffold. The infiltra-
tion process always reduces both the porosity and the pore size,
and yield a prevalent closed type porosity. So the improved
mechanical strength of the co-continuous metal-ceramic compos-
ites is probably due to their lower residual porosity [33]. The
mechanical properties of these composites depend on the metal
content. The fracture toughness of the composites increases with
increasing metal content [34]. The interpenetration of the metal
stabilizes the porous struts and partially prevents strut bending,
resulting in a major improvement of the mechanical properties of
the porous scaffold [35]. Many factors influence the compressive
strength of the composite, such as compactness, the interfacial
bonding of matrix alloy and inforcement, volume fraction and dis-
tribution uniformity of inforcement. Research of Chang et al. [31]
indicated that the strength of the composites increased with
decreasing foam density-a preference for higher metal content.
Whilst good metal-ceramic interfacial bonding, metal bridging
through plastic deformation and the crack deflection are the main
nd (c) the interface between the b-TCP scaffold and Mg–Zn–Mn alloy.



Fig. 2. XRD patterns of (a) Mg–Zn–Mn alloy and (b) b-TCP/Mg–Zn–Mn composite.

Fig. 3. Compressive behaviors of three replicate b-TCP/Mg–Zn–Mn composite
samples, with Mg–Zn–Mn matrix alloy and b-TCP scaffold as controls.

998 X. Wang et al. / Materials and Design 54 (2014) 995–1001
reasons for the high strength. For the resultant b-TCP/Mg–Zn–Mn
composite, the interfacial bonding is well (as shown in Fig. 1(b)
and (c)), and the hollow structure of b-TCP scaffold (inset in
Fig. 1(a)) has also been filled with Mg–Zn–Mn alloy (as shown in
Fig. 1(c)), but the intercontinuous brittle b-TCP would reduce
mechanical properties of the composite compared to the Mg–Zn–
Mn matrix alloy. C/Mg–Zn–Mn composite was also investigated
in our previous study, that the ultimate compressive strength
(about 195 ± 15 MPa) of the composite retained half of the strength
of the bulk Mg–Zn–Mn alloy [28]. Zeschky et al. [35] thought when
load transferred from the infiltrated alloy to ceramic skeleton,
crack would occur between the infiltrated metal and the ceramic
skeleton during the compression process, so AZ91 infiltrated Si–
O–C ceramic foams presented reduced mechanical property com-
pared to the AZ91 bulk alloy. For this kind of metal-ceramic inter-
penetrating composite, another study showed crack propagated
preferentially through the brittle ceramic phase, when it encoun-
tered the ductile metal, the metal deformed and the crack was
bridged by the metal [31]. Additionally, the component phases of
the composite forming an excellent interlocking structure stiffen
the interface between matrix and reinforcement, which will lead
to the well-improved mechanical behavior of the composite [36].

3.3. In vitro immersion tests

3.3.1. Electrochemical measurement
The representative open circuit potential-time curve during

3600 s immersion in SBF at 37 ± 0.5 �C and the subsequent
potentiodynamic polarization curve of b-TCP/Mg–Zn–Mn compos-
ite were shown in Fig. 4, with Mg–Zn–Mn alloy as the control. The
open circuit potential (OCP) curve of Mg–Zn–Mn matrix alloy
exhibited small change with time and kept potential about
�1.68 V. But the OCP value of the experimental composite in-
creased rapidly in the initial 1000 s and remained nearly constant
afterward. The final OCP value of the b-TCP/Mg–Zn–Mn composite
was �1.52 V. It could be seen that the OCP value of the composite
was higher than that of the Mg–Zn–Mn matrix alloy.

It can be seen from Fig. 4(b) that the experimental composite
clearly indicated less negative corrosion potential value (�1.60 V)
than the bulk Mg–Zn–Mn matrix alloy (�1.67 V). Meanwhile, the
corrosion current density of the composite (19.95 lA/cm2) was
lower than that of the Mg–Zn–Mn alloy (25.12 lA/cm2). The
changing trend of the corrosion potential and the corrosion current
density indicated that the corrosion resistance of the b-TCP/Mg–
Zn–Mn composite was better than that of the matrix alloy. The
electrochemical measurement of AZ91-FA nanocomposites indi-
cated that the composites presented increased corrosion resistance
compared to the AZ91 alloy and the corrosion resistance of the
AZ91-FA nanocomposites increased with an increase in the FA
nano-particles content [37]. Liu et al. [22] also found that the addi-
tion of b-TCP particles could result in the formation of a passive
surface film, which enhanced the corrosion resistance of Mg–
1Ca–2Zn alloy.

3.3.2. Surface morphology and phase composition of composite
Fig. 5 illustrated the morphologies of the Mg–Zn–Mn alloy and

the b-TCP/Mg–Zn–Mn composite after 1 and 7 days0 immersion in
SBF solution at 37 ± 0.5 �C, respectively. A thin film of corrosion
product layer was clearly observed on the surface of the Mg–Zn–
Mn alloy after 1 and 7 days0 immersion and some shallow corro-
sion pits could be seen. After 1 days0 immersion, the b-TCP/Mg–
Zn–Mn composite exhibited rugged surface revealing the dissolu-
tion of Mg–Zn–Mn alloy, with the scaffold structure still maintain-
ing their geometrical shape, which indicated that the corrosion
rate of Mg–Zn–Mn was quicker than that of the porous scaffolds
(Fig. 5(b)). After 7 days0 immersion, the corrosion of the matrix al-
loy and scaffolds were aggravated, pitting corrosion of matrix alloy
and the crevice corrosion along the interface of scaffold and matrix
alloy became more obvious (Fig. 5(d)), and some deep corrosion
pits were observed with any sign of the scaffold structure. Fig. 6
showed the XRD patterns of the composite samples after immers-
ing in SBF solution for different immersion periods. Results re-
vealed that the corrosion products were mainly magnesium
hydroxide (Mg(OH)2), Ca3(PO4)2 and hydroxyapatite (HA). The
in vitro testing solution was SBF, containing inorganic ions such
as Cl�, H2PO�4 and Ca2+. Thus, the corrosion products were min-
eral-like and the corrosion layer included HA, Mg(OH)2 and other
amorphous magnesium-substituted calcium phosphates [8]. The
corrosion layer including Mg(OH)2 and other phosphates had a
protective effect and hence retarded further degradation [38]. Liu
et al. [22] also found that the addition of b-TCP particles enhanced
the corrosion resistance of Mg–Ca–Zn alloy, and thought that the
nano b-TCP particles were a main part of the corrosion products
among Mg(OH)2 and other calcium–phosphorus compounds,
which formed passive film on the surface exposed to the SBF.

The greatest distinction of the morphologies between the com-
posite and the Mg–Zn–Mn alloy after different immersion times
might be ascribed to the existence of b-TCP scaffold in the Mg–
Zn–Mn alloy. It can be seen from the Fig. 5(b), crevice corrosion ex-
isted along the interface between Mg–Zn–Mn alloy and the b-TCP
scaffolds. The corrosion reactions proceed rapidly along the inter-
face between the Mg matrix and scaffold, swelling the composite
and allowing the electrolyte to penetrate deeper, till the composite
completely breaks down [39]. Kannan et al. [40] also found that the



Fig. 4. (a) Open circuit potential and (b) Potentiodynamic polarization curves of the b-TCP/Mg–Zn–Mn composite in SBF, with the Mg–Zn–Mn alloy as a control.

Fig. 5. The morphologies of (a and c) Mg–Zn–Mn alloy, (b and d) b-TCP/Mg–Zn–Mn composite after (a and b) 1 day and (c and d) 7 days of immersion in SBF solution.

Fig. 6. XRD patterns of b-TCP/Mg–Zn–Mn composite after 3, 7 and 15 days0

immersion in SBF solution.
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crevice corrosion might proceeded along the interface between Mg
alloy and HA. In addition, the existence of the Cl� ions in the SBF
solution accelerated this reaction. The infiltrated Mg alloy inside
and outside the crevice consisted of the corrosion cell. The Mg alloy
inside the crevice was regarded as micro anode sites and that out-
side the crevice as macro cathode sites, giving rise to the crevice
corrosion [8]. The serious crannies resulted in scaffold collapse in
the crevice corrosion process so that the scaffold could not be ob-
served obviously in the SEM images (Fig. 5(d)).

For the infiltrated Mg–Zn–Mn alloy, the second phase Mg7Zn3

had higher corrosion potentials than a-Mg matrix, therefore, a-
Mg matrix could be regarded as the micro anode sites and the sec-
ond phase Mg7Zn3 as the micro cathode sites, resulting in micro-
galvanic corrosion [4]. On the other hand, it is well known that
Mg is a relatively reactive alloy, when it is exposed to the SBF solu-
tion, Mg in aqueous solution dissolves according to the following
equations [8]:

Anodic reaction : MgðsÞ !Mg2þ
ðaqÞ þ 2e ð2Þ

Cathodic reaction : 2H2OðlÞ þ 2e! H2ðgÞ þ 2OH�ðaqÞ ð3Þ



Fig. 7. pH values of the SBF solution incubating b-TCP/Mg–Zn–Mn composite and
Mg–Zn–Mn alloy at different immersion time.

Fig. 8. Mg2+ concentration of the SBF solution incubating b-TCP/Mg–Zn–Mn
composite and Mg–Zn–Mn alloy for 3, 7 and 15 days.
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Product formation : Mg2þ
ðaqÞ þ 2OH�ðaqÞ !MgðOHÞ2ðsÞ ð4Þ

Thus, during the immersion period, Mg(OH)2 formed on the surface
of the b-TCP/Mg–Zn–Mn composite. Nevertheless, the chloride ions
(Cl�) of the solution would react with Mg(OH)2 and formed a more
resoluble MgCl2 so that the protective film was destroyed, which
made the deep fresh Mg–Zn–Mn alloy substrate expose to the solu-
tion. Then the chemical reactions (2)-(4) would cycle until the ma-
trix alloy was completely exhausted [41]. Meanwhile, the
dissolution of Mg(OH)2 made the OH� be sufficient and the pH va-
lue of the solution increase rapidly to a relatively high value, such as
8.65 after 1 day immersion (just as shown in Fig. 7). So it is possible
for the phosphate ion and calcium ion in the SBF to react with OH�

to form HA. On the other hand, the protective corrosion layer (HA)
was more easily generated on the surface of the b-TCP/Mg–Zn–Mn
composite because of the b-TCP scaffold in the composite, which
would act as the HA nuclei leading to the growth of the HA sponta-
neously [24,42]. As a consequence, corrosion products containing
HA, Mg(OH)2 and other magnesium-substituted apatite fill the cor-
rosion pits and form a layer covering the surface of Mg alloy that
can reduce the degradation rate [5]. This might explain why the
corrosion resistance of the composite was better than that of the
Mg–Zn–Mn alloy. But during the early stage of immersion in SBF
Mg alloy degraded quickly, accompanied by the rapid formation
of an insoluble protective corrosion layer, which retarded degrada-
tion [8]. Witte et al. [15] also reported that occasionally localized
corrosion of AZ91D-HA composite was interpreted as a breakdown
and reformation of the protective surface layer. The breakdown of
the protective layer was responsible for the observed localized cor-
rosion and occurred randomly during the whole test period.

3.3.3. pH value and Mg2+ concentration of immersion solution
Fig. 7 showed the pH values change of the SBF solution incubat-

ing the Mg–Zn–Mn alloy and b-TCP/Mg–Zn–Mn composite versus
immersion time. It revealed a similar changing trend for the matrix
alloy and composite sample. When the immersion time was not
longer than 5 days, the pH value increased quickly, i.e. from origi-
nal 7.4 jumped rapidly to 10.1 at 5 days, and then the pH value sta-
bilized at around 10.0 and increased no more.

Fig. 8 presented the released Mg2+ concentration from the Mg–
Zn–Mn alloy and the composite in SBF solution after 3, 7 and
15 days0 immersion. It can be seen that with the increasing of
immersion time, the released ion concentration increased for the
Mg–Zn–Mn alloy and the composite. But at the same immersion
time, the released ion concentration of Mg–Zn–Mn alloy was high-
er than that of the composite. After different immersion time, Mg2+

concentration in the SBF solution is determined by the two
conversion as follows: (1) with the increasing of immersion time,
Mg of the matrix alloy and the composite can dissolve continu-
ously into SBF solution leading to an increase in the concentration
of Mg2+; (2) with the increasing of immersion time, the amount of
corrosion products Mg(OH)2 continue to increase resulting to the
concentration of Mg2+ in the SBF solution continue to decrease.

The reason why the pH value of SBF solution incubating the
composite raised rapidly in the early immersion period is that
the significant cathodic reaction occurred near the surface (Eq.
(3)). When the reactions among all the ions get equilibrium, the
pH values of the SBF solution kept at a relative stable level. Accord-
ing to the Eq. (4), the Mg(OH)2 film was expected to form in the fol-
lowing reaction. The insoluble protective corrosion layer (i.e.
Mg(OH)2 and calcium phosphate) formed during the stage of
immersion in SBF can retard the degradation. In addition, during
the corrosion process, the HA would be formed (Fig. 6). On one
hand, the dissolved Mg(OH)2 film could provide favorable sites
for HA [42]. On the other hand, the increasing pH value promoted
the HA nucleation by increasing the supersaturation of the SBF
solution with respect to HA. Consequently, a number of HA nuclei
were formed on the surface film and then HA would grow sponta-
neously by consuming the calcium and phosphate ions from the
surrounding fluid [43].

Compared with the Mg–Zn–Mn alloy and porous b-TCP and
other biomedical Mg composite [4,15,16,44–46], the mechanical
property and corrosion behaviors of the b-TCP/Mg–Zn–Mn com-
posite can satisfy the requirement of implant materials. When
the Mg–Zn–Mn alloy was infiltrated into the porous b-TCP, its
mechanical properties would be much improved due to the re-
duced porosity and the enhanced interfacial bonding. Meanwhile,
Mg–Zn–Mn alloy and b-TCP have different biodegradation rates,
thus the b-TCP/Mg–Zn–Mn composite is supposed to have a reli-
able ability to tailor biodegradation and osteoconduction through
changing the ratio of the b-TCP and Mg–Zn–Mn. So this composite
is a very promising candidate for bone substitute.
4. Conclusions

The interpenetrating b-TCP/Mg–Zn–Mn composite for biode-
gradable bone implant material was fabricated by the suction cast-
ing method. The resultant composite had topologically uniform
microstructure and the interconnected network structure was evi-
dent. The ultimate compressive strength of the b-TCP/Mg–Zn–Mn
composite was about 140 ± 20 MPa, which was about 1000-fold
higher than that of the original porous b-TCP scaffold, and it still
retained about two fifths of the strength of the bulk Mg–Zn–Mn al-
loy. The open circuit potential (OCP) value and corrosion potential
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of the composite were higher than that of the Mg–Zn–Mn matrix
alloy. The electrochemical and immersion test both indicated the
corrosion resistance of the b-TCP/Mg–Zn–Mn composite was better
than that of the matrix alloy. Additionally, the immersion test also
indicated that b-TCP scaffold was left behind due to its much
slower degradation rate. The corrosion products of the composite
surface were mainly Mg(OH)2, Ca3(PO4)2 and HA. Good mechanical
and corrosion properties of the b-TCP/Mg–Zn–Mn composite indi-
cated the possibility for new biomaterials.
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