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a b s t r a c t
A kind of Ti–Mg composite was prepared by inﬁltrating the biodegradable magnesium melt into the porous titanium (p-Ti) with entangled structure. The microstructure and the mechanical properties of the composites were
investigated by using the metallographic technique and the compressive testing method. The novelty in the elastic property was discussed based on the experimental results and the referenced data. It was found that as the Ti
volume fractions increased from 37.1% to 53.6%, the compressive plateau stress of the p-Ti/Mg composites
increased from 175 MPa to 246 MPa, but the Young's modulus decreased from 47 GPa to 22 GPa. When the
magnesium matrix was strengthened by adding 0.5 wt.% Zr, the plateau stress and the Young's modulus of the
p-Ti/Mg(Zr) composites were reasonably enhanced. The stiffness of the p-Ti/Mg composites is comparable to
that of the cortical bone, suggesting their considerable potentials for the load-bearing orthopedic applications.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Porous titanium (p-Ti) with entangled structure has been developed
and suggested for potential load-bearing biomedical applications because of its favorable mechanical properties (e.g., good toughness and
high reliability in service) and the interconnected porous structure
that can provide adequate space for ingrowth of the living tissue [1,2].
However, the elastic modulus of this material is relatively low due to
the ﬂexible feature of the entangled titanium wire structure [1]. If the
structural ﬂexibility was inhibited (for example, the free wire cross
points were ﬁxed by sintering [2] or metallurgically bonding with solder
[3]), the elastic modulus and the yield strength would be greatly enhanced. The former method could roughly maintain the interconnected
porous morphology and the porosity, but the enhancement was limited
because the Ti wire cross joints formed by sintering were relatively
weak. The latter method seemed very effective because the strong
bonding between cross wires by using appropriate hard-solder could
be expected. The crux lies in how to make the solder wet and target
the wires-cross-nodes only, but ﬁll the pores as less as possible. Moreover, the biocompatibility of the solder must be considered when it is
introduced into the p-Ti material.
In order to avoid those problems, a ‘semi-degradable’ metallic biomaterial, porous titanium with entangled structure ﬁlled with biodegradable magnesium, was developed in our lab. In this case, it is
possible to construct a smart implant in which the magnesium in the
⁎ Corresponding author.
E-mail address: ghe@sjtu.edu.cn (G. He).

http://dx.doi.org/10.1016/j.msec.2014.11.014
0928-4931/© 2014 Elsevier B.V. All rights reserved.

pores inside the p-Ti can be gradually replaced by the new ingrown
bone or living tissue. This is expected to be achieved by establishing a
dynamic balance between the magnesium biodegradation and the
new bone ingrowth. The advantage of such smart implant is that the
mechanical properties, especially the elastic modulus and strength,
can keep in very close to the natural bone throughout the healing period. The strength and stiffness of the implant come from the p-Ti/Mg
composite microstructure at the early stage, but come from the combined structure between the p-Ti and the new ingrown bone at the
late stage. As a result, the mechanical properties of the implant can always maintain at an adequate level even though the magnesium is
gradually biodegraded. Furthermore, the ﬁxture of the implant will
also be improved due to the magnesium biodegradation and the new
bone ingrowth.
As a ﬁrst step for such a smart implant, the fabrication of the p-Ti/Mg
composite was conducted by following the metallurgical processes involving the preparation of the p-Ti preform and the inﬁltration casting.
The method developed in this study is completely different from either
the conventional powder metallurgy [4–6] or the disintegrated melt deposition [7,8] that have been successfully used for synthesizing the Mg–
Ti composites. It is also different from the ‘rotary hot swaging’ of the Ti–
Mg powder mixtures [9] and the ‘accumulative roll-bonding’ of the Mg
and Ti ribbons [10]. The key microstructural feature of the p-Ti/Mg composite fabricated in this study is that the 3D networks constructed with
the continuous Ti wire are embedded in the Mg matrix. All the Ti phases
in the composite are continuous, and all the Mg phases are also interconnected no matter what their volume fractions are. These features lead
to its novel mechanical behaviors and properties. In this paper, the
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fabrication procedure of the p-Ti/Mg composite was described step by
step. The microstructure and the mechanical properties of the composite
were characterized by using the metallographic technique and the
standard compressive testing method. The novelty in the elastic property
was discussed based on the experimental results and the referenced data.
2. Materials and methods
2.1. Fabrication of the p-Ti with entangled structure (preform)
A commercial pure titanium wire (99.9% purity, 0.27 mm in diameter,
from Shanghai ZuLi Company, Shanghai, China) was used as raw materials in this study. The Young's modulus, yield strength, and ultimate
strength of the titanium wire are 116 GPa, 300 MPa, and 370 MPa, respectively. The fabrication of the p-Ti could be summarized as follows: ﬁrstly
the titanium wire was curved into spiral shape, and then these spiral
lines were arranged alternately in both warps and wefts to form a 2D
mesh. After that, the mesh was rolled to form a cylinder, and then was
compacted into a cylindrical sample in the mold. The porosity of the pTi could be controlled by adjusting the compacting pressure. By the
above procedures, the cylindrical p-Ti preform with 10 mm diameter
and 20 mm length could be prepared as shown in Fig. 1a. In their typical
entangled structure, the pores surrounded by the spiral titanium wires
were interconnected and irregular as shown in Fig. 1b. The porosity of
the p-Ti preform could be measured by gravimetry [11–13]:
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the p-Ti preforms prepared were determined to be 46.4%, 53.3% and
62.9% in porosity, respectively.
In order to reveal the pore feature, the pore size in the p-Ti preform
was statistically evaluated by using the image analysis software. The distribution of the pore size was shown in Fig. 2. Due to the fabrication route,
the pore size on both transverse and longitudinal sections differed. For the
p-Ti preform with 53.3% porosity, about 80% pores were between 100 and
500 μm on the transverse section; but about 90% pores were in this range
on the longitudinal section. The average pore sizes were 352 μm and
297 μm on both sections, respectively. It was reported that the pore size
in the range of 100–500 μm was favorable for the ingrowth of new
bones or living tissues [14–18], so that the as-prepared p-Ti preform in
this study would be suitable for the orthopedic application.

2.2. Filling the p-Ti with biodegradable magnesium

where ρP indicates the density of the p-Ti preform, which was calculated
by dividing the weight of the preform by its volume. ρTi indicates the density of solid Ti (ρTi = 4.503 g/cm3). By using Eq. (1), the three groups of

A commercial pure magnesium ingot (99.9% purity) was used in this
study, which was melted and kept at 700 °C under the protective atmosphere of SF6 and CO2 mixture. The as-prepared p-Ti preform was held
with a clamping mold (as shown in Fig. 3a), and was soaked in the magnesium melt. In order to ensure that all the pores in the p-Ti preform
could be ﬁlled completely with the magnesium melt, a vibration was
applied on the clamping mold. The vibration device provided 40 kHZ frequency and 80 W output. At this condition, 1 min vibration led to the
complete ﬁlling. After that, the p-Ti preform ﬁlled with magnesium melt
was taken out of the melt pool, and quickly cooled down to room temperature under the SF6 and CO2 mixed atmosphere. The magnesium melt in
the pores in the p-Ti solidiﬁed during the cooling, forming p-Ti/Mg composite. After the extra magnesium surrounded on the composite sample
was removed by machining, the cylindrical p-Ti/Mg composite sample
was obtained as illustrated in Fig. 3.

Fig. 1. The photographs of the p-Ti preform with different porosities (a); and the optical
micrograph of the p-Ti with the porosity of 62.9%, showing the entangled structure of
the p-Ti preform (b).

Fig. 2. The pore size distributions of the p-Ti preform with 53.3% porosity. (a) On the transverse section; and (b) on the longitudinal section.

P ¼ 1−

ρP
ρTi

ð1Þ
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Fig. 3. Schematic illustration of the fabrication of the p-Ti/Mg composite. (a) Inﬁltration casting: the p-Ti preform mounted in the ﬁxture was soaked in the pure Mg melts under SF6 and
CO2 mixed gas; (b) the Mg melts ﬁlled in the p-Ti solidiﬁed and formed the p-Ti/Mg composite; and (c) after removal of the surrounding excess Mg by machining, the cylindrical sample of
the p-Ti/Mg composite was obtained.

To ﬁnd the possible unﬁlled cavities or shrinkage in the composite,
the sample was cut along the longitudinal axis and the transverse section, respectively. The cutting sections were then ground and wetpolished with emery papers of up to #1000 grit and etched by 5%
nital. The microstructures on the sections were analyzed by using an optical microscopy, a scanning electron microscopy (SEM), and an x-ray
diffraction (XRD) technique. The area fraction of the Ti phase in the pTi/Mg composite microstructure was statistically evaluated by using
the image analysis software ‘Image-Pro Plus’.
For comparison, a Mg-0.5 wt.% Zr alloy was also used as the ﬁlling
metal to fabricate the p-Ti/Mg(Zr) composites. The Zr addition was
expected to improve the mechanical property and corrosion resistance
of the magnesium matrix [19].
2.3. Evaluation of the mechanical properties of the as-prepared p-Ti/Mg
composites
The mechanical properties of the p-Ti, p-Ti/Mg, and p-Ti/Mg(Zr)
were evaluated by compression testing that was performed by using
ZWICK AG-100KN testing machine at room temperature. The tests
were conducted under displacement control with a cross-head speed
of 1 mm/min. Considering the test machine compliance under loading
which signiﬁcantly inﬂuenced the accuracy of the tested mechanical
properties, the compliance corrections were conducted by using the
known pure magnesium (its Young's modulus is 45 GPa). This method
was suggested by Kalidindi [20] based on the assumption that the loading system is linear elastic in the loading range during testing. The true
displacement could be obtained by deducting the loading system displacement from the tested displacement:
δtrue ¼ δrecord −δsystem

at the loading range of 0–3 kN were useful. By using this δsystem–load
relationship, all the elastic moduli of the p-Ti and the p-Ti/Mg and
p-Ti/Mg(Zr) composites investigated were calibrated.
2.4. Immersion tests
For verifying the corrosion resistance, the pure Mg and the p-Ti/Mg
composites were immersed in the simulated body ﬂuid (SBF) for different times at 37 °C. Prior to the experiment, the cylindrical specimens
(about 10 mm in diameter and 20 mm in height) were ground up to
1200 grit by using emery paper, and then washed with distilled water
and acetone. The initial weight of the Ti–Mg composite specimen was
0.61 g (including 0.29 g Mg and 0.32 g Ti). The total 300 ml of solution
(SBF) was prepared for the immersion test. Ion concentrations in the
SBF were Na+: 142.0 mmol/l, K+: 5.0 mmol/l, Ca2 +: 2.5 mmol/l,
−
2−
Mg2 +: 1.5 mmol/l, HCO−
:
3 : 4.2 mmol/l, Cl : 148.5 mmol/l, HPO4
2−
1.0 mmol/l, and SO4 : 0.5 mmol/l. The pH of the SBF solution was
7.4. At the end of each time points, the corroded specimens were removed from the solution, and then immersed in chromate acid
(200 g/l CrO3 + 10 g/l AgNO3) for 5–10 min to remove the corrosion
products. Afterwards, the specimens were washed with distilled water

ð2Þ

where δtrue is the true deformation of the sample, δrecord is the recorded
displacement, and δsystem is the displacement in the loading system
(machine compliance), which was determined by compressively testing
the known pure magnesium sample as shown in Fig. 4. The compliance
information in the testing system was extracted from the plot by
subtracting the true displacement of the pure magnesium at any load
level from the measured displacement at that load level. Since the elastic strain sustained from zero to less than about 3 kN compressive loading for the pure magnesium sample (see Fig. 4), only the values of δsystem

Fig. 4. Illustration of the technique for characterizing the machine compliance using elastic
deformations in pure Mg with the known elastic modulus of 45 GPa.
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and dried. The dried specimen was weighed, and the degradation rate
was calculated as follows:
DR ¼

W
At

ð3Þ

where DR indicates the degradation rate, W is the weight loss from the
specimen, A and t represent the exposure area and exposure time in SBF,
respectively. All immersion tests were repeated three times to obtain
reproducible results. Under the condition of this investigation, the Mg
in the Ti–Mg composite specimen could be completely corroded in
about 25 h, as the specimens were relatively small.
3. Results
3.1. Microstructure of the p-Ti/Mg composites
The appearance of the as-prepared p-Ti/Mg was shown in Fig. 5. Both
the Ti wire and the Mg matrix could be clearly distinguished from the micrographs. The longitudinal section view conﬁrmed that the p-Ti preform
was completely ﬁlled with the Mg, because there were no any macroscopic visible holes or porosities (Fig. 5). As expected, the 3D structure
of the p-Ti preform was well maintained after inﬁltration casting, so
that the distribution of the Ti phase in the p-Ti/Mg composite was already
deﬁnite. The volume fraction of the Ti phase must be the complement of
the porosity (P) of the p-Ti preform: 1 − P. Since the Ti/Mg composite was
composed of only two phases (i.e., the p-Ti preform and the Mg matrix)
according to the observations (Fig. 5), it could be determined that the volume fraction of the Mg phase in the composite should be equivalent to
the porosity of the p-Ti preform. The XRD analysis again conﬁrmed that
only two phases, α-Ti and α-Mg, existed in the composite as indicated
in Fig. 6. The volume fractions of the two phases thus could be directly determined to be fTi = 53.6% and fMg = 46.4% for the p-Ti preform with
46.4% porosity; fTi = 46.7% and fMg = 53.3% for that with 53.3% porosity;
and fTi = 37.1% and fMg = 62.9% for that with 62.9% porosity.
When compared the microstructures on both transverse and longitudinal sections, one could ﬁnd signiﬁcant anisotropy in the Ti morphology as shown in Fig. 7a–f. The Ti wires mostly tended to distribute
transversely rather than along the axis. Hence the Ti morphology on
the transverse sections (Fig. 7a,c and e) was very different to that on
the longitudinal sections (Fig. 7b,d and f). Obviously, the 3D structure
of the p-Ti preform depended on the fabrication process which signiﬁcantly affected the structural anisotropy of the p-Ti preform. In order
to quantitatively evaluate such anisotropy, the area fractions of
the Ti phase on both the transverse and longitudinal sections were
measured by using the image analysis software. It was found that the
Ti area fractions on the both sections were very similar for the
53.6%Ti + 46.4%Mg composite (Fig. 7a and b), but revealed apparent

Fig. 5. Appearance of the as-prepared p-Ti/Mg composite. The upper: longitudinal section
view; the lower: cylindrical surface.

Fig. 6. XRD patterns taken from the section of the as-prepared p-Ti/Mg composite.

divergence for the 46.7%Ti + 53.3%Mg and 37.1%Ti + 62.9%Mg composites (Fig. 7c–f). It seemed that the structural anisotropy became
signiﬁcant as the Ti volume fractions decreased as shown in Fig. 8.
In addition, an important concern for such Ti–Mg composite is the
interface morphology between the Ti wire and the pure Mg. The observation on the section of the p-Ti/Mg composite conﬁrmed that the cohesion between the Ti wire and the Mg matrix was very good as shown in
Fig. 7g. Further examination under magniﬁer microscope revealed no
evidence of other precipitates on the interface as shown in Fig. 7h. Generally, there was no possibility to form intermetallics between the two
metals in the processing temperature range according to the Mg–Ti binary phase diagram. Furthermore, the Ti wire could be well wetted by
the Mg melt at the inﬁltration casting temperature [21]. All these characteristics were helpful to fabricate the p-Ti/Mg composites.
3.2. Compressive behaviors of the p-Ti/Mg composites
The p-Ti/Mg composites exhibited a typical three-stage stress–strain
behavior, i.e., the initial approximate linear elastic strain followed by a
plateau stress stage, and then failure with stress dropping, as shown
in Fig. 9a. The stress–strain curves did not show obvious yielding points
due to the composite microstructure. By comparing the three composites with different Ti volume fractions, one could ﬁnd that the plateau
stress increased signiﬁcantly as the Ti wire increased from 37.1% to
53.6%, indicating the enhancement effect of the p-Ti preform. Unlike
the p-Ti/Al composites [22] which exhibited a strong densiﬁcation
behavior with obvious radial bulging under compressive loading, the
p-Ti/Mg composites failed via cracking at certain shear plane in the cylindrical sample, but with relatively small radial deformation, as shown
in Fig. 10, suggesting that the p-Ti/Mg composites behaved in a brittle
manner at the failure stage. It was carefully measured that the cracking
occurred along the maximum shear stress plane at about 45 deg to the
compressive loading axis (Fig. 10).
The p-Ti/Mg(Zr) composites exhibited a very similar stress–strain behavior as shown in Fig. 9b. Since the 0.5 wt.% Zr addition could signiﬁcantly strengthen the Mg matrix, the plateau stresses were evidently higher
than that of the p-Ti/Mg composites, which also increased reasonably as
the Ti wire increased from 37.1% to 53.6% (Fig. 9b). But, the nominal
strains of the two group composites were in the same level (Fig. 9a and
b), and the failure modes were also very similar with each other.
For the sake of revealing the composite effect, the nominal stress–
strain curves of the two composites with 46.4% Mg, the pure Mg, as
well as the p-Ti preform with 46.4% porosity were plotted together on
one graph as shown in Fig. 9c. It was clear that the elastic strain, the plateau stress, and the plastic strain of the composites were far beyond that
of the pure Mg; and the stiffness and the strength were also far beyond
that of the p-Ti preform.
Moreover, one also could ﬁnd that the failure stage of the composites
was almost the same with that of the pure Mg from the curves (Fig. 9c),
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Fig. 7. Micrographs of the transverse and longitudinal sections of the as-prepared p-Ti/Mg composite samples. The porosity of the p-Ti preform is: (a,b) 46.4%; (c,d) 53.3%; and (e,f) 62.9%. (a,c,e):
transverse section views; (b,d,f): longitudinal section views; and (g,h): the magniﬁed images of (c) and (d), showing the microstructure of the p-Ti/Mg composite and the interface between Ti
wires and Mg matrix.

suggesting the similar failure mode. The observation further conﬁrmed
the shear fracture mode of the composites and the pure Mg (Fig. 10). As
is well known, Mg has limited ability to deform plastically under
constrained unidirectional stress due to its hcp crystal structure
with few slip systems. In this case, the casted Mg with coarse microstructure (used for comparison in this study) was hard to deform uniformly,
but exhibited shear fracture mode. It was evident that the Mg matrix in
the p-Ti/Mg composites with similar coarse microstructure dominated
the plastic deformation ability, and thus leading to the shear failure mode.
3.3. Compressive mechanical properties of the p-Ti/Mg composites
Although the yielding points were difﬁcult to identify on the
stress–strain curves, the plateau stresses evidently revealed the differences in the strength among the pure Mg and the composites.

Fig. 8. Area fraction of the Ti phase on the transverse and longitudinal sections of the asprepared p-Ti/Mg composites.

Fig. 11 showed the compressive plateau stresses of the p-Ti preform
and the p-Ti/Mg and p-Ti/Mg(Zr) composites. The p-Ti/Mg composite with 53.6%Ti + 46.4%Mg exhibited 246 MPa compressive plateau
stress, which was reasonably higher than that of the composites with
46.7%Ti + 53.3%Mg and 37.1%Ti + 62.9%Mg. The latter two composites
exhibited 209 MPa and 175 MPa compressive plateau stresses, respectively. A phenomenon that needs special attention is that both the
compressive plateau stresses of the 46.7%Ti + 53.3%Mg and the
37.1%Ti + 62.9%Mg composites are signiﬁcantly lower than the theoretical predictions made via the volume-weighted mixing law (σTi =
300 MPa, σMg = 180 MPa). Particularly, the 175 MPa compressive plateau stress of the 37.1%Ti + 62.9%Mg composite is lower than that of
the pure Mg (Fig. 11a). This suggested the signiﬁcant architecturedependence of the strength of the p-Ti/Mg composites. As the Ti volume
fraction decreased from 53.6% to 37.1%, the plateau stresses of the p-Ti/
Mg composites deviated from the Voigt bound to the Reuss bound as
shown in Fig. 11b. It seems that the 53.6%Ti + 46.4%Mg composite is
a Voigt two-phase composite, but the 37.1%Ti + 62.9%Mg composite
is more like a Reuss composite.
When the Mg matrix was strengthened by adding 0.5 wt.% Zr alloy,
the 53.6%Ti + 46.4%Mg(Zr) composite exhibited 264 MPa compressive
plateau stress which was reasonably lied above the Voigt bound (calculated from the data of the pure Mg and the Ti wire) as shown in Fig. 11b.
The 46.7%Ti + 53.3%Mg(Zr) and 37.1%Ti + 62.9%Mg(Zr) composites
exhibited 238 MPa and 228 MPa, respectively. They all were stronger
than their counterparts without the Zr addition as shown in Fig. 11a.
The p-Ti/Mg composites exhibited 22.1–47.2 GPa Young's moduli as
the Mg matrix increased in volume fraction from 46.4% to 62.9%, while
the p-Ti/Mg(Zr) composites exhibited 24.3–50.5 GPa Young's moduli
as the Mg(Zr) matrix increased in the same percentage range as
shown in Fig. 12a. The fact was that all the p-Ti/Mg(Zr) composites exhibited reasonably higher Young's moduli than their counterparts of the
p-Ti/Mg composites with the same Ti volume fractions (Fig. 12a); and
either p-Ti/Mg(Zr) or p-Ti/Mg composites with either 46.4% or 53.3%
Mg matrix were far less stiff than the pure Mg as shown in Fig. 12a. Furthermore, the Young's moduli of either p-Ti/Mg or p-Ti/Mg(Zr)
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Fig. 10. Macroscopic appearance of the p-Ti preform and the p-Ti/Mg and p-Ti/Mg(Zr)
composites after compressive test.

after biodegradation of the Mg matrix when in service. Only in recent
years, the Mg–Ti composites with high Ti fraction have been fabricated
by either the ‘rotary hot swaging’ of the Ti–Mg powder mixtures [9] or
the ‘accumulative roll-bonding’ of the Mg and Ti ribbons [10]. The Ti
particles could almost link up when its faction was large enough [9].
In spite of this, either the particle Ti [9] or the ribbon Ti [10] could not
form a framework like that in the p-Ti/Mg composite. Therefore, the

Fig. 9. The nominal compressive stress–strain curves of the p-Ti/Mg composites (a), the pTi/Mg(Zr) composites (b), and the comparison among the composites, the pure Mg and
the p-Ti preform. Inserts: the magniﬁed elastic stage of the curves.

composites were far below the theoretical predictions made by using
the volume-weighted mixing law (ETi = 116 GPa, EMg = 45 GPa [23])
as shown in Fig. 12b. The low stiffness is favorable for the orthopedic applications [24]. For easy reference, all the compressive mechanical properties of the composites were summarized in Table 1.
4. Discussion
In the catalog of the Mg–Ti composites, the Ti volume fraction was
usually less than 10% for most of the composites fabricated by conventional metallurgical methods [5–8]. The Ti phase in the composites
was generally in particle form and could not constitute a continuous Ti
framework (Ti particles might be isolated by the Mg matrix). Such composite would lose its macroscopic shape and mechanical properties

Fig. 11. Comparison of the compressive strength between the composites and the p-Ti
preform.
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Fig. 12. Relationship between the Young's modulus of the composites and the Mg volume
fraction.

Mg–Ti composites reported in refs. [9,10] were not proper for the application as a ‘semi-degradable’ implant.
Since the microstructures are different between the Mg–Ti composite [9] and the p-Ti/Mg composite, it is possible to explore the architecture effect of the Ti phase on the mechanical behavior and properties by
comparing this research with the literature data. Both exhibited the
comparable strengths, but very different stiffness. The p-Ti/Mg composites demonstrated 22–47 GPa Young's moduli when the Ti volume fractions were in the range of 53.6% to 37.1%, while the Mg–Ti composites
revealed 6.2–12.8 GPa Young's moduli when the Ti volume fractions
were in the range of 20% to 50% [9]. Such signiﬁcant difference should
be attributed to not only the architecture effect of the Ti phase but
also the testing errors that have been specially emphasized and experimentally corrected in this study as stated in Section 2.3.

Unexpectedly, the Young's moduli of the p-Ti/Mg and p-Ti/Mg(Zr)
composites decreased as the Ti volume fraction increased (i.e., as the
Mg volume fraction decreased) as shown in Fig. 12. Such unusual phenomenon seems to imply some ‘entangled-architecture effect’ in the
p-Ti/Mg composites. In present study, it was insufﬁcient to clarify such
unusual phenomenon. But several aspects must be considered: (1) Possible voids or unﬁlled caves might exist in the composites, which could
reduce the Young's modulus. The unﬁlled spaces should increase as the
Ti volume fraction increases, because the Mg-ﬁlling became difﬁcult in
the p-Ti with low porosity. Although the possible caves were not
found on the sections observed, they might still exist in other places
or be too small to be observed in the micrometer scale. (2) The anisotropic architecture of the p-Ti/Mg composites should affect the elastic
property, with which all the p-Ti/Mg and p-Ti/Mg(Zr) were more like
the Reuss composites. The contradiction was that the Young's moduli
and the plateau stresses were not consistent when they were viewed
as Voigt–Reuss composites (compared Figs. 11b and 12b). This left a
suspense needed to be unraveled. (3) The testing system error might
underestimate the real Young's modulus. This was considered in this
study, and all the tested Young's moduli were calibrated by the method
described in Section 2.3. Even so, the other possible testing errors related to the compressive test method and/or the size-effect of the tested
samples are still needed to be justiﬁed in the future study.
It is meaningful to compare the mechanical properties of the p-Ti/Mg
composites to that of the natural bone when they are considered for the
orthopedic applications. Since the p-Ti has a relatively lower strength
and elastic modulus [1,2], it is only suitable for the implants to replace
or repair the damaged cancellous bone. When the p-Ti was ﬁlled
with pure Mg to form the p-Ti/Mg composite, both the strength and
the elastic modulus were signiﬁcantly strengthened and became comparable to that of the cortical bone as shown in Fig. 13. Therefore, the
p-Ti/Mg composites are very proper for the load-bearing orthopedic
applications.
The remaining issue is how to establish the balance between the biodegradation of the Mg matrix and the natural bone ingrowth, which includes the in vivo biodegradation speed of the Mg in the composites
and its regulation, the degradation rate of mechanical properties of the
p-Ti/Mg composites as the Mg matrix biodegradation, the new bone ingrowth rate and its strength-restoring effect on the composite implant.
It should be emphasized that the degradation of the p-Ti/Mg composite
in the SBF is very fast due to galvanic corrosion [9,25]. Observations on
the corroded specimens conﬁrmed that the corrosion occurred ﬁrstly at
the interface between Ti wire and Mg matrix. As the corrosion proceeded,
the interface zone revealed more serious traces of corrosion as shown in
Fig. 14, suggesting galvanic corrosion [9,25]. To quantitatively reveal its
degradation rate, the immersion test was carried out. It indicated that
the Mg in the p-Ti/Mg composite was deeply corroded in hours. Its degradation rate was much faster than that of the pure Mg as shown in Fig. 15.
Since the new bone ingrowth rate will be far below the degradation rate,
the dynamic balance cannot be established. This must result in a sharp decline of the mechanical properties of the p-Ti/Mg composite in the physiological environment. Future work should aim at decreasing the
degradation rate of the p-Ti/Mg. This can be achieved by adding alloy

Table 1
Summary of the compressive mechanical properties of the p-Ti preforms and p-Ti/Mg composites.
Volume fraction of
Mg matrix
(%)

46.4
53.3
62.9
a

p-Ti preforma

Theoretical value of the
p-Ti/Mg

p-Ti/Mg

Strength
(MPa)

Young's modulus
(GPa)

Plateau stress
(MPa)

Young's modulus
(GPa)

Plateau stress
(MPa)

Young's modulus
(GPa)

Yielding stress
(MPa)

Young's modulus
(GPa)

244
236
224

83
78
71

246
209
175

22.1
28.6
47.2

264
238
228

24.3
32.2
50.5

58.4
29.8
11.5

2.15
0.99
0.26

p-Ti/Mg(Zr)

The porosity of the p-Ti preform = the volume fraction of the Mg matrix of the p-Ti/Mg composites.
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Fig. 13. Comparison of the compressive strengths and the Young's moduli among the p-Ti
preform, the p-Ti/Mg and p-Ti/Mg(Zr) composites, and the natural bone.

elements into the Mg matrix and/or applying the surface treatment
(e.g., surface modiﬁcation and insulating coating) on the composite surface. All those issues are in progress and will be reported in the coming
papers.

5. Conclusions
The Mg-based composites with the higher fraction of Ti were fabricated by Mg melt inﬁltration into the porous Ti preform with the
entangled wire structure. The Ti phase distribution in the composite
completely depended on the 3D structure of the p-Ti preform and revealed some local anisotropic nature due to the entangled structure.
Under the compressive loading the as-prepared p-Ti/Mg composites
exhibited a typical three-stage stress–strain behavior, i.e., the initial
elastic strain followed by a plateau stress stage, and then failure with
stress dropping. The failure of the composites proceeded via the shear
fracture along the maximum shear stress plane.
As the Ti volume fractions increased from 37.1% to 53.6%, the compressive plateau stress of the p-Ti/Mg composites increased from
175 MPa to 246 MPa, while that of the p-Ti/Mg(Zr) composites increased from 228 MPa to 264 MPa. The addition of the 0.5 wt.% Zr
alloy signiﬁcantly strengthened the Mg matrix and reasonably improved the plateau stress of the p-Ti/Mg(Zr) composites. When the Ti
volume fractions were in the range of 37.1–53.6%, the p-Ti/Mg composites exhibited 22–47 GPa Young's moduli, while the p-Ti/Mg(Zr) composites exhibited 24.3–50.5 GPa Young's moduli.
The stiffness of the p-Ti/Mg composites is much higher than that of
the other Mg–Ti composites with the similar Ti fractions fabricated by

Fig. 15. The degradation rate of the p-Ti/Mg composites (30%Ti + 70%Mg) and pure Mg in
the SBF.

the ‘rotary hot swaging’ method, but are comparable to that of the cortical bone, suggesting considerable potential for the load-bearing orthopedic applications.
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