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Abstract: To improve the bioactivity of Ti—Nb—Zr alloy, Ti-35Nb—7Zr—xHA (hydroxyapatite, x=5, 10, 15 and 20, mass fraction, %)
composites were fabricated by spark plasma sintering. The effects of the HA content on microstructure, mechanical and corrosion
properties of the composites were investigated utilizing X-ray diffraction (XRD), scanning electron microscope (SEM), mechanical
tests and electrochemical tests. Results show that all sintered composites are mainly composed of f-Ti matrix, a-Ti and
metal—ceramic phases (CaO, CaTiO;, CaZrO;, Ti,P,, etc). Besides, some residual hydroxyapatites emerge in the composites (15%
and 20% HA). The compressive strengths of the composites are over 1400 MPa and the elastic moduli of composites ((5%—15%) HA)
present appropriate values (46—52 GPa) close to that of human bones. The composite with 15% HA exhibits low corrosion current
density and passive current density in Hank’s solution by electrochemical test, indicating good corrosion properties. Therefore,
Ti—35Nb—7Zr—15HA composite might be an alternative material for orthopedic implant applications.
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1 Introduction

Pure Ti and Ti—6Al—4V alloy are the most common
biomaterials for implants due to their outstanding
characteristics such as high specific strength, excellent
corrosion resistance, good biocompatibility, complete
inertness to the body environment, low modulus and
wonderful capacity to join with bones and tissues [1-3].
Low modulus and high corrosion resistance are prime
requirements for the longevity of implant materials.
However, the elastic moduli of pure Ti and Ti—6Al-4V
alloy (110 GPa) are much higher than that of human
bones (10—30 GPa) [4]. The elastic modulus mismatch
would cause bone loss, implant loosening and premature
failure of artificial hip [5]. Therefore, it is very important
to choose biomaterials whose moduli are close to that of
human bones. S type Ti—-Nb—Zr alloys with low elastic

modulus and excellent corrosion resistance are regarded
as one of the most promising alloys in biomedical
applications [6—9]. Recently, Ti—35Nb—7Zr alloy with
the elastic modulus of about 54 GPa possesses favorable
mechanical properties [10]. However, almost all metallic
biomaterials, including Ti—35Nb—7Zr alloy, are bio-inert.
These biomaterials cannot effectively interact with
surrounding bone tissues while they are used as implants.
Hydroxyapatite (HA) has similar composition and
structure to human bones so that it has excellent
biocompatibility with human bones [11,12]. The
bio-ceramic has been used clinically for both dental and
orthopedic implants. Nevertheless, its application in
load-bearing implants is limited owing to its poor
mechanical properties [13]. Ti-based/bio-ceramic
composites have attracted considerable attention for
biomedical implant application because of the superior
properties of pure Ti or Ti alloy and the wonderful
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chemical bonding ability of bio-ceramic (e.g., as
HA-hydroxyapatite) to bones [14,15]. Traditionally, the
ceramic is coated on Ti-based alloys to improve the
biocompatibility of the alloys by surface modification
methods [16—18]. But the differences in physical
properties between Ti-based alloys and bio-ceramic
would cause many problems, such as the coating layer
peeled off, the surface crack, low interface strength
between matrix and surface layer. Spark plasma sintering
(SPS) technique is a good way of metallurgic and
sintering method. Therefore, for sake of overcoming the
above mentioned problems, SPS technique is
implemented to  fabricate  Ti-based/bio-ceramic
composite [19,20]. Current studies report that some
excellent Ti-Nb—Zr—HA composites could be fabricated
by SPS technique [21]. The results show that the sintered
Ti—35%Nb—7%Zr—10%HA composite has high hardness
and high bioactivity with increased milling time, but at
the cost of the sintering ability. However, the influence
of HA contents on mechanical properties (strength and
elastic modulus) and electrochemical characterization of
Ti—35Nb—7Zr—HA composites is not mentioned.

In this work, Ti—-35Nb—7Zr—xHA (x=5, 10, 15, 20,
mass fraction, %) composites were successfully
fabricated by SPS at 1050 °C. The aim of this work was
to investigate the effects of HA content on relative
density, microstructure, mechanical and corrosion
properties of sintered composites. It was expected to
obtain a implant material with low modulus, high
strength and enhanced bioactivity by combining
Ti—35Nb—7Zr alloy with HA bio-ceramic.

2 Experimental

The characteristics of the pure initial Ti, Nb, Zr and
HA powders were presented in Table 1. The raw powders
were prepared according to the nominal composition of
Ti—35Nb—7Zr alloy and Ti—35Nb—7Zr-xHA composites
(x=5, 10, 15, 20). The milling process was conducted in a
mill/mixer machine (XQM—4) with sealed stainless steel
container and balls under vacuum atmosphere, and the
mass ratio of balls to powder was 3:1. At first, the
Ti—Nb—Zr powders were milled for 10 h, and then HA
powders were added into Ti—Nb—Zr powers for further
mixing for 2 h. During the 10 h milling and 2 h mixing
process, anhydrous alcohol was used to aviod cold
welding and polluting among powders. The blended
powders were dried and loaded into the cylindrical
graphite die (outside diameter: 30 mm, inside diameter:
20 mm and height: 40 mm). The sintering process was
carried on SPS—5158S at 1050 °C in a vacuum chamber of
5-10 Pa, under a uniaxial pressure of 40 MPa. The
heating rate and holding time were 100 °C/min and
5 min, respectively. Sintering temperature was measured

using a pyrometer focused on the surface of the graphite
die. The sintered samples were then cooled to room
temperature inside the furnace. When the temperature
was lower than 100 °C, the sintered samples were taken
out of the die. Then, the sintered samples were
subsequently ground and polished to obtain fine and
graphite-free surfaces.

Table 1 Characteristics of Ti, Nb, Zr and HA powders

Powder Purity/% Powder size/um
Ti 99.50 25
Nb 99.95 10.5
Zr 99.50 25
HA 99.99 0.1
The phases of the sintered samples were

investigated using X-ray diffraction (XRD) (Bruker, D8
Advance, Germany) with Cu K, radiation within the
range of 20°-80°. The morphology of Ti—35Nb—7Zr—
xHA composites was observed by scanning electron
microscope (FEI, QUAN 600, Netherlands). The density
of samples was calculated by Archimedes’ method. The
mechanical properties of the sintered samples were tested
by universal testing machine (Shimadzu, AG-X 100 KN,
Japan). The samples were processed into d4 mm X
10 mm and d 2 mm X 10 mm for measuring compressive
strength and compressive elastic modulus, respectively.
The compression rate in the test was | mm/min.
Electrochemical tests were investigated by Tafel and
anodic polarization techniques in Hank’s solution at
37°C. The corrosion tests were conducted using
electrochemical workstation (Bio-Logic, SAS SP300,
France). The chemical composition of Hank’s solution
contained NaCl 8 g/L, glucose 1 g/L, NaHCOj; 0.35 g/L,
KCl 0.4 g/L, CaCl, 0.14 g/L, MgCl,-6H,0 0.1 g/L,
KH,PO, 0.06 g/L, Na,HPO42H,0 0.06 g/L, and
MgSO4 7H,0O 0.06 g/L [22], and the pH value of the
simulated body fluid solution was maintained at 7.4. The
reference system was saturated calomel electrode (SCE).
A platinum electrode was used as counter electrode and
the tested sample with 1 cm® was used as working
electrode. Anodic polarization curves were measured
from —1.5 to 1.5 V (SCE) with a scanning rate of 5 mV/s.

3 Results and discussion

3.1 Relative density

Figure 1 shows the relative density of sintered
samples. It was notable that the relative density of
composites was lower than that of Ti—35Nb—7Zr alloy
(99.5%). With increasing HA content from 5% to 20%,
the relative density decreased from 99.0% to 96.2%. This
phenomenon could be related to the HA addition.
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Nevertheless, the relative density was higher than that of
counterparts with 10% HA [21], because increasing
milling time (e.g., 10 h) led to finer particles, thus
affecting densification and sintering ability. With
increasing HA content, the porosity of composites
enhanced because the HA ceramic decreased the SPS
sintering ability, which led to lower relative density in
the composites. However, it was harmful to their
mechanical properties if the densification in composites
was decreased. Therefore, it was very necessary to
control the HA content within an optimum range.

100
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Relative density/%
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95 . . . . .
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Content of HA/%
Fig. 1 Relative density of sintered Ti—35Nb—7Zr alloy and
Ti—35Nb—7Zr-xHA composites (x=5, 10, 15, 20) at 1050 °C

3.2 Microstructure

To elucidate the effect of sintering process on phase
formation, the XRD analysis was conducted on sintered
Ti—35Nb—7Zr alloy and Ti—35Nb—7Zr-xHA composites,
and the results are shown in Fig. 2. It could be seen that
the Ti—35Nb—7Zr alloy mainly consisited of f-Ti matrix
and the Ti—35Nb—7Zr—xHA composites (x=5 and 10)
consisited of f matrix, a little a-Ti phases, and some
reaction products (i.e., CaTiOs;, CaO, CaZrO;, Ti.P)).
Nevertheless, some residual HAs emerged in the

+— BTi +—TiP,
v—aTi o—Nb"’
¢— Ca0 4+ — CaZrO,
¢— HA  *— CaTiOy+Ti,0
0 N N
20 30 40 50 60 70 80
200(%)

Fig. 2 XRD patterns of sintered Ti—-35Nb—7Zr alloy and
Ti—35Nb—7Zr—-xHA composites (x=5, 10, 15, 20) at 1050 °C

composites with 15% and 20% HA. It was notable that
a-Ti phase still remained in all sintered samples, except
for Ti—35Nb—7Zr alloy.

When the addition of HA varied from 5% to 20%,
the a-Ti peaks became stronger, espcially in composite
with 20% HA. This was because more HA powders
presented around the Ti powders and S-Ti stabilization
elements (e.g., Nb and Zr), the intensity of diffusion
among Ti, Nb and Zr elements during sintering was
decreased. Thus, the transformation from a to S phase
could be hindered. In other words, the amount of a-Ti
phase increased due to the hindering effects of HA
during the process of diffusion for f-Ti stabilisation
elements. In fact, the interstitial a-stabilizer (e.g., O)
decomposed from HA might hindered the transformation
from o to f phase. Therefore, the fraction of a-Ti phase
in Ti—35Nb—7Zr-xHA composites increased with
increasing HA content, which could lead to the increase
of elastic propeties because o-Ti had high -elastic
modulus.

In addition, the XRD patterns showed reaction
products (metal—ceramic phases) such as: Ti,O, CaO,
CaTiO3, CaZrOs, and Ti,P,, which formed in composites
during sintering. The metal-ceramic phases could be
formed through the following possible reactions as
expressed in Egs. (1) — (3) [21,23,24]:

Ti+Ca1O(PO4)6(OH)2—>TizO+CaO+CaTiO3+TixPy (1)
Zr+0—> 710, )
Zr0,+Ca0—>CaZrO; 3)

The results above suggested that the phase
composition of sintered Ti—35Nb—7Zr—xHA composites
was affected by HA content. Too much HA could not
only increase the population of metal—ceramic phases but
also result in some redusial HA in the composites with
15% and 20% HA due to incomplete reaction between
the metal elements and the ceramic. These metal—
ceramic phases might be strengthening phases which
raised the strength and elastic modulus of sintered
composites.

Figure 3 shows SEM images of sintered
Ti—35Nb—7Zr alloy and Ti—35Nb—7Zr—xHA composites.
One could see that the Ti—35Nb—7Zr alloy was mainly
composed of Ti-rich regions and Nb-rich regions. The
Ti-rich regions and Nb-rich regions appeared to be
dark-grey or grey and white, respectively (Fig. 3(a)).
When 5% HA was added, the grain sizes of Ti-rich
regions and Nb-rich regions decreased, and the small
holes appeared. The sintering reaction products could be
observed around the grain boundary, marked as the arrow
in Fig. 3(b). More HA additions introduced more holes
and smaller grains, as shown in Fig. 3(c). When the HA
content was more than 10%, continuous net-like
structures could be observed in the Ti matrix, as shown
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Fig. 3 SEM images of Ti— 35Nb 7Zr alloy (a) Ti— 35Nb 7Zr— SHA compos1te (b) Ti— 35Nb 7Zr—10HA composite (c), Ti—35Nb—

7Zr—15HA composite (d), Ti-35Nb—7Zr—20HA composite (e, f)

in Figs. 3(d) and (e), and a local magnification view
(Fig. 3(f)), which gave rise to much finer grains. The
net-like structures consisted of Ti, Ca, P and O elements
identified by EDS, as shown in Fig. 3(f). Therefore, it
could be inferred that metal-ceramic phases exhibited
net-like distribution with HA content exceeding 10%.
Tiny holes in the composites increased due to the
difference of thermal expansion coefficient between the
ceramic and the metal. Thus, the porosity increased with
the increase of HA content, causing lower relative
density, as descripted in Fig. 1. However, the finer grains
were in favor of compressive strength of the composites.
Furthermore, the X-ray mapping images of sintered

composites, taking Ti—35Nb—7Zr—10HA and Ti—35Nb—
7Zr—15HA at 1050 °C as examples, illustrated that
partial Ca and P would gather in the holes, because the
compounds with partial Ca and P were precipitated
around Ti matrix during cooling process, marked as the
arrows in Fig. 4(a). However, there were a large amount
of P elements diffused into the Ti matrix, marked as the
circles in Fig. 4(b). Hence, when the HA content
exceeded 10%, the metal—ceramic phases presented
homogeneous and continuous distribution around or
upon the matrix. As we know that Ca and P are the main
elements of HA. A certain Ca and P would improve the
bioactivity of Ti alloys.
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Fig. 4 X-ray mapping images of Ti—35Nb—7Zr—xHA composites: (a) x = 10, (b) x = 15

According to the sintering reaction mentioned
above, these elements, like Ca and P, would exist as
metal—ceramic phases, which could have a significant
influence on the performance of composites. Meanwhile,
the holes existing on the surface of composites would be
beneficial to the induction of osteocyte growth, but
would be harmful to mechanical propertites.

3.3 Mechanical properties

Compressive strain—stress curves of Ti—35Nb—7Zr
alloy and Ti—35Nb—7Zr-xHA composites are shown in
Fig. 5. When the HA addition was more than 5%, there
was no obvious yielding band stage in the strain—stress
curves and only elastic fracture behavior appeared in all
composites. The main reason for early failure behaviors
of the composites was the change of microstructure when

2.0
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1.6t Ti-35Nb-7Zr
1.4}
£
& 127
2 107 Ti-35Nb-7Zr-SHA
& 08} Ti-35Nb-7Zr-10HA
0.67 Ti-35Nb-7Zr-15HA
| | Ti-35Nb-7Zr-20HA
02+
A, ; ; ;
0 5 10 15 20 25
Strain/%

Fig. 5 Compressive strain—stress curves of Ti—35Nb—7Zr alloy
and Ti—35Nb—7Zr—xHA composites (x =5, 10, 15, 20)
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the HA was added. Lots of holes and metal—ceramic
phases in composite were engendered by HA addition.
Figure 6 shows the compressive elastic modulus and
compressive strength of Ti—35Nb—7Zr alloy and
Ti—35Nb—7Zr-xHA composites. It could be seen from
Fig. 6 that the HA addition had a significant effect on
mechanical behaviors of the composites. The
Ti—35Nb—7Zr alloy had an average compressive strength
of about 1990 MPa. With increasing HA content, the
average compressive strength of Ti—35Nb—7Zr-xHA
composites decreased and then slightly increased, which
was lower than that of Ti—35Nb—7Zr alloy (1990 MPa).
The average compressive strength decreased from 1850
to 1405 MPa when the HA content varied from 5% to
10%. However, when the HA content was 15% and 20%,
the average compressive strength of the sintered
composites increased to 1600 and 1630 MPa,
respectively. The most important reason for the foresaid
phenomenon could be attributed to the numerous net-like
phases, which continuously distributed in Ti matrix,
which could play an more important role than holes
when HA content exceeded 10%. The net-like phases (as
shown in Fig. 3) could improve the whole quality and
thus increase the compressive strength. Therefore, the
composites with 15% and 20% HA exhibited higher
compressive strength compared with Ti—35Nb—7Zr—
10HA. Furthermore, it should be mentioned that the
compressive strength of Ti—35Nb—7Zr—15HA and
Ti—35Nb—7Zr—20HA composites were slightly lower
than that of ultrafine-grained TC4 alloy (1663 MPa)
fabricated by sparking plasma sintering [25] and
significantly higher than that of ultrafine-grained Ti
(1100 MPa) [26], thus meeting the requirements of
biomedical implant design. Contrary to the tendency of
the strength, the average compressive elastic moduli of
the sintered samples consistently increased from 43 to
65 GPa with increasing HA content from 0 to 20%. It
was noteworthy that the average elastic moduli of the
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Fig. 6 Compressive elastic modulus and compressive strength
of Ti—35Nb—7Zr alloy and Ti—35Nb—7Zr—xHA composites
(x=5, 10, 15, 20)

composites increased significantly from 49 GPa (for 10%
HA) and 52 GPa (for 15% HA) to 65 GPa when HA
content exceeded 15% due to the increase of the
metal—ceramic phases and residual HA phase. The
sintered HA had a high elastic modulus of about
111 GPa [27], so the metal—ceramic phases could also be
hard phases. These could cause high elastic modulus of
the composite, which could result in “stress shielding” as
an implant material. Therefore, the elastic modulus of
composites with 5% , 10% and 15% HA varied from 46
to 52 GPa, which was slightly higher than that of the
Ti—35Nb—7Zr alloy (43 GPa) and some Ti—Nb—Zr based
biomedical alloys (e.g., TiNbZrTaSi alloy [28],
TigssNbyy 372146 Tay gFeg alloy [29]) fabricated by SPS,
indicating a favorable mechanical compatibility.

3.4 Corrosion properties

The anodic polarization curves of Ti—35Nb—7Zr
alloy and Ti—35Nb—7Zr—xHA composites in Hank’s
solution (pH=7.4) at 37 °C are shown in Fig. 7. The inset
in the figure highlighted the anodic polarization curves in
the range from 0.3 to 1.5 V (vs SCE). The corrosion
current densities (J.or) and corrosion potential (@cor)
were obtained from the polarization curves by Tafe plots
using both cathodic and anodic branches of the
polarization on curves. Table 2 summarized the corrosion
parameters for samples in Hank’s solution at 37 °C. With
the increase of HA content, the ¢, values of bulk
composites in the Hank’s solution decreased, but the J.q.
values of bulk composites increased and then decreased.
The J.or of the composites was higher than that of
Ti—35Nb—7Zr alloy. When the HA content varied from
5% to 10%, the J.or changed from 1.370 to 2.368 pA.
With HA content exceeding 10%, the J.,, of composites
decreased drastically from 2.368 pA to 1.482 pA (for
15% HA) and 1.463 pA (for 20% HA). However, the J.q;
of all composites was lower than that of the cold sprayed
20% HA/Ti composite (Joor=3.67 pA/cm?) [30]. It was

102

Ti-35Nb-7Zr
{_Ti-35Nb-7Zr-5HA

AN\ Ti-35Nb-7Zr-10HA
,Ti-35Nb-7Zr-15HA
Ti~35Nb-7Zr-20HA

“

10" E

10°

107 F
107

Current density/(A+-cm?)
=

Current density/
(Ascm™)

10°
03050709 1.1 1.3 1.5
Potential (vs SCEYV
s L

-14 -10 -06 -02 02 06 1.0 14
Potential (vs SCE)/V

105
1076

Fig. 7 Anodic polarization curves of Ti—35Nb—7Zr alloy and
Ti—35Nb—7Zr—xHA composites (x=5, 10, 15, 20) in Hank’s
solution (pH = 7.4) at 37 °C
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Table 2 Corrosion parameter values of Ti—35Nb—7Zr alloy and
Ti—35Nb—7Zr—xHA composites (x=5, 10, 15, 20) in Hank’s
solutions (pH =7.4) at 37 °C

@corr (Vs SCE)/V

Sintered composite Jcm/(uA-cmfz)

Ti—35Nb—7Zr —0.135 1.106
Ti—35Nb—7Zr-5HA —-0.723 1.370
Ti—35Nb—-7Zr-10HA —0.756 2.368
Ti—35Nb-7Zr-15HA —0.840 1.482
Ti—35Nb—-7Zr-20HA —1.047 1.463

notable that the Ji,, of Ti—35Nb—7Zr—15HA composite
was quite approximate to those of Ti—35Nb—7Zr—5HA
composite and Ti—35Nb—7Zr alloy, exhibiting similar
corrosion resistance.

The composites presented different active—passive
features. The current density of Ti—35Nb—7Zr—-10HA
composite increased with the increase of potential,
indicating no obvious active—passive transition. The
current oscillations observed in the Ti—35Nb—7Zr-10HA
composite were generally attributed to the instability of
discontinuous metal—ceramic phases and a large amounts
of holes. While the anodic polarization curves of the
composites, except for Ti-35Nb—7Zr—10HA, showed an
obvious active—passive transition. The passive regions of
these samples were different owning to different HA
contents. The Ti—35Nb—7Zr—15HA and Ti—35Nb—7Zr—
20HA composites without significant current oscillations
presented passivation between 0.3 V and 1.5 V with the
evidence of an active—passive transition, due to
coalescence between metal—oxide films and continuously
distributed metal—ceramic phases. Nevertheless, the
current density of Ti—35Nb—7Zr—5SHA composite
increased with the increase of potential until
approximately 0.88 V, and then the sample was
passivated until the end of the test at 1.5 V. This was
attributed to more metal—oxides and less holes than that
of Ti—35Nb—7Zr—10HA composite. The primary passive
current densities in the passive region of Ti—35Nb—
7Zr—5HA, Ti—35Nb—7Zr—15HA and Ti—35Nb—7Zr—
20HA composites were about 17.2, 18.6 and 34 pA,
respectively, which were higher than that of
Ti—35Nb—7Zr alloy. Metal would spontancously be
passivated if the critical current density of the metal was
less than 100 pA/cm?®[31]. So, it could be seen that the
polarization behavior might be regarded as stable
passivity.

Analyses on the reason, it was interesting that both
corrosion and passive behaviors were attributed to HA
addition. In the case of Ti—Nb—Zr alloy, Ti solid solution
alloying with Nb, Zr could provide some passivity even
under conditions where the metal—oxides (such as TiO,
and Nb,Os) have been dissolved [32]. But the corrosion

behavior of Ti—35Nb—7Zr—HA composite was strongly
dependent on surface appearances, metal—oxides and
metal-ceramic phases. The J.. increased with HA
content varied from 5% to 10% because a lot of holes on
the composite surface were engendered by HA addition
and the metal—ceramic phases were discontinuous. The
amount of holes increased the corrosion area, and the
surface of composites was easily corroded along flaw in
the holes during corrosion process. However, when the
HA content exceeded 10%, the numerous net-like phases
(metal—ceramic phases), continuously distributing in Ti
matrix, could play an more important role than holes.
The net-like phases combining with Ti or Nb solid
solution resisted the corrosion in Hank’s solution.
Therefore, the composites with 15% and 20% HA
addition exhibited depressed J.,, and stable passivation
regions. Furthermore, the variation for the J, of
composites could be attributed to the potential difference
between the matrix and the metal—ceramic phases [33].

In a word, it was clear that moderate HA addition
(15%) in Ti-Nb—Zr alloy was helpful to obtain good
corrosion resistance. The composite with 15% HA had
lower passive current density than Ti—35Nb—7Zr-20HA
composite and similar corrosion current density to that of
Ti—35Nb—7Zr-5HA  composite, which exhibited
excellent electrochemical properties in human body
environment. Therefore, more bio-ceramic with good
corrosion property, better modulus property and
moderate strength suggested that the Ti—35Nb—7Zr—
I5SHA composite could be an alternative material in
orthopedic implant applications.

4 Conclusions

1) Ti-35Nb—7Zr-xHA composites (x=5, 10, 15 and
20) mainly consisted of f-Ti matrix, a little o-Ti and
metal-ceramic phases such as CaO, CaTiO;, CaZrOs,
Ti,P, and so on. Besides, some residual HA emerged in
the composites with 15% and 20% HA.

2) The addition of HA would lead to finer grains of
composites. When the HA content exceeded 10%, the
metal-ceramic phases presented homogeneous and
continuous distribution around or upon the matrix.

3) The elastic modulus of composites varied from
5% to 15% HA presented a smaller variation between
43 GPa and 52 GPa, and the compressive strength could
reach 1400 MPa.

4) With the increase of HA content, J.,, of
composites increased first and then decreased. The
Ti—35Nb—7Zr—15HA composite exhibited significantly
lower passive current density than Ti—35Nb—7Zr—20HA
and similar corrosion current density to that of
Ti—35Nb—7Zr—5HA composite.
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