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a b s t r a c t

This study has investigated the structure and mechanical properties of pure Zr and a series of binary
Zr–Ti alloys in order to determine their potential application as dental implant materials. The titanium
contents of these alloys range from 10 to 40 wt.% and were prepared by arc melting in inert gas. This
study evaluated the phase and structure of these Zr–Ti alloys using an X-ray diffraction (XRD) for phase
analysis, and an optical microscope for microstructure analysis of the etched alloys. Three-point bending
tests were performed to evaluate the mechanical properties of all specimens. The experimental results
indicated that the pure Zr and Zr–10Ti comprised entirely of an acicular hexagonal structure of �′ phase.
When the Ti content increased to 20 wt.%, a significant amount of � phase was retained. However, when
the Ti content increased to 40 wt.%, only the equi-axed, retained � phase was observed in the cast alloy.
Moreover, the hardness values and bending strengths of the Zr–Ti alloys decreased with an increasing Ti
content. Among pure Zr and Zr–Ti alloys, the �′-phase Zr–10Ti alloy has the greatest hardness and bending
strength. The pure Zr and Zr–Ti alloys exhibit a similar elastic modulus ranging from 68 GPa (Zr–30Ti) to

78 GPa (Zr–40Ti). Based on the results of elastic moduli, pure Zr and Zr–Ti alloys are found to be suitable
for implant materials due to lower modulus. Like bending strength, the elastically recoverable angle of
Zr–Ti alloys decreased as the concentration of Ti increased. In the current search for a better implant
material, the Zr–10Ti alloy exhibited the highest bending strength/modulus ratios as large as 25.3, which
are higher than that of pure Zr (14.9) by 70%, and commercially pure Ti (8.7) by 191%. Thus, Zr–Ti alloy’s
low modulus, ductile property, excellent elastic recovery capability and impressive strength confirm that

e for
it is a promising candidat

. Introduction

Ti and some of its alloys are preferred load-bearing implant
aterials due to their relatively low modulus, excellent strength-

o-weight ratio, good fracture toughness, and superior biocompati-
ility and corrosion resistance [1]. The use of titanium and its alloys

n orthopedic applications has mainly been limited to the alloy
i–6Al–4 V and to commercially pure titanium (c.p. Ti). Although
hese materials were initially used for military and aircraft con-
truction, the medical application of both c.p. Ti and Ti–6Al–4 V
ave also been used since the 1960s. Ti–6Al–4 V gradually replaced

.p. Ti because comparably, the former has a greater mechanical
trength in application to plates, nails, screws and endo-prostheses
2]. However, speculation that the release of Al and V ions from
he alloy might cause some long-term health problems [3–5] has

∗ Corresponding author. Tel.: +886 4 8511888x4108; fax: +886 4 8511224.
E-mail address: fujii@mail.dyu.edu.tw (W.-F. Ho).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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dental implant materials.
© 2009 Elsevier B.V. All rights reserved.

prompted additional studies that explore the potential for alterna-
tive implant materials.

Zr alloys have been used as structural materials in nuclear
and chemical engineering applications for many years. There are
recent publications addressing the use of Zr and other refrac-
tory metals systems for bio-implants [6–9]. Zr offers superior
corrosion resistance over most other alloy systems across a
wide range of environments [10]. Additionally, Zr metal shows
acceptable mechanical strength and satisfactory biocompatibil-
ity [11–13]; thereby it is a material of interest for surgical
implants [14–18]. In vivo evidence has indicated that zirconium
implants exhibit good osseointegration [19,20] and studies com-
paring zirconium and titanium implants showed that the degree
of bone-implant contact is actually higher in the case of zirconium
[21].
Both zirconium and titanium belong to the same group in the
periodic table of elements, and are known to have similar chem-
ical properties. In addition, they are also reported to have good
corrosion resistance and biocompatibility [12,13,22,23]. Since the
Ti–Zr system shows as a complete solid solution for both the high

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fujii@mail.dyu.edu.tw
dx.doi.org/10.1016/j.jallcom.2009.08.105
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emperature beta phase and the low temperature alpha phase [24],
wide variation of alloy design is available. In our previous stud-

es, the structure and mechanical properties of a series of binary
i–Zr alloys with Zr contents up to 40 wt.% had been investigated
25]. In addition to these studies, the mechanical properties and
rindability of a binary Ti–Zr alloy when added to a series of alloy-
ng elements (Nb, Mo, Cr and Fe) was also evaluated [26]. In our
resent study, we investigate the structure and mechanical prop-
rties by conducting bending tests for a series of binary Zr–Ti alloys
ith Ti contents up to 40 wt.%. There is a particular emphasis on fur-

her improvement in the strength/modulus ratio as this may be an
ndication of feasibility for use as implant material [27].

. Materials and methods

The materials used for this study include pure Zr, Zr–10Ti, Zr–20Ti, Zr–30Ti
nd Zr–40Ti alloys (in wt.%). All the materials have been prepared from raw tita-
ium (99.8% in purity), and Zr (99.95% in purity) using a commercial arc-melting
acuum-pressure-type casting system (Castmatic, Iwatani Corp., Japan). The melt-
ng chamber was first evacuated and purged with argon, then maintained using a
ressure of 1.5 kg f/cm2 during the melting process. Appropriate amounts of metals
ere melted in a U-shaped copper hearth with a tungsten electrode. The ingots were

e-melted five times prior to casting to improve chemical homogeneity. Prior to cast-
ng, the ingots were melted once again in an open-based copper hearth under an
rgon pressure of 1.5 kg f/cm2. The difference in pressure between the two chambers
llowed the molten alloys to instantly drop into the graphite mold.

The cast alloys were sectioned using a Buehler Isomet low-speed diamond saw
o obtain specimens for various purposes. Surfaces of the alloys for microstructural
tudy were mechanically polished via a standard metallographic procedure to a
nal level of 0.3 �m alumina powder and then etched in a solution of water, nitric
cid, and hydrofluoric acid (80:15:5 in volume). Microstructure of the etched alloys
as examined using an optical microscope (BH2, Olympus, Japan). X-ray diffraction

XRD) for phase analysis was conducted using a diffractometer (XRD-6000, Shi-
adzu, Japan) operated at 30 kV and 30 mA. Ni-filtered CuK� radiation was used for

his study. Phase was identified by matching each characteristic peak with the JCPDS
les. The microhardness of polished alloys was measured using a microhardness
ester (MVK-E3, Mitutoyo, Japan) at 100 g for 15 s.

Three-point bending tests were performed using a desk-top mechanical tester
AG-IS, Shimadzu, Japan). The bending strengths were determined using the equa-
ion, � = 3PL/2bh2 [28], where � is the bending strength (MPa), P the load (N), L
he span length (mm), b the specimen width (mm), and h the specimen thick-
ess (mm). The span length was L = 30 mm, and the dimensions of the specimens
ere b = 5.0 mm and h = 1.0 mm. The modulus of elasticity in bending is calcu-

ated from the load increment and the corresponding deflection increment between
he two points on the straight line as far apart as possible using the equation
= L3�P/4bh3�ı. In this representation, E is the modulus of elasticity in bending

Pa), �P the load increment as measured from the preload (N), and �ı the deflec-
ion increment at mid-span as measured from the preload. The average bending
trength and modulus of elasticity in bending were taken from at least five tests
nder each condition. The elastic recovery (spring-back) capability for each mate-
ial was evaluated from the change in deflection angle when loading was removed.
etails can be found in Ho et al. [29].

. Results and discussion

.1. X-ray diffraction

The XRD patterns of cast pure Zr and the series of binary Zr–Ti
lloys are shown in Fig. 1. The XRD results indicated that crystal
tructure of the as-cast Zr–Ti alloy is sensitive to the composition
Ti content) of the alloy. As shown in Fig. 1, the pure Zr and Zr–10Ti
omprised entirely of a hexagonal �′ phase. When the Ti content
ncreased to 20 wt.%, a significant amount of � phase was retained.

hen the Ti content increased to 40 wt.%, only the retained � phase
as observed in the cast alloy.

Zirconium and titanium belong to the IVB group in the periodic
able and are known to have similar structure and chemical prop-
rties. A martensitic allotropic transformation exists between the

ow temperature � phase (hexagonal close packed) and the high
emperature � phase (body centered cubic), which is stable until
he melting occurs. The binary phase diagram presents a continu-
us solid solution between � and � phases [24]. By comparison, due
o the smaller atomic radius of Ti (1.47 Å) than Zr (1.62 Å), the addi-
Fig. 1. X-ray diffraction patterns of pure Zr and Zr–Ti alloys.

tion of Ti caused the �′ and � phase lattice parameters to decrease,
which in turn caused the XRD peaks to shift toward high angle side.
The higher the Ti content, the more obvious the shift, as shown in
the XRD patterns.

3.2. Light microscopy

The microstructure of pure Zr and the series of Zr–Ti alloys, as
shown in Fig. 2, were in agreement with the XRD results. The pure
Zr exhibited a fine, acicular martensite microstructure, and the
Zr–10Ti alloy also exhibited acicular structure of �′ phase. When
the Ti content increased to 20 wt.%, a significant amount of equi-
axed, retained � phase was observed and co-existed with �′ phase.
When the alloy contained 40 wt.% Ti, � phase became the only dom-
inant phase. Apparently, when Ti was added, the martensitic start
(Ms) temperature became lower than room temperature and the
martensitic transformation was suppressed [30]. In other words,
in the Zr–Ti alloy system, � phase could be entirely retained upon
fast cooling when the Zr content was higher than approximately
40 wt.%, proving its consistency with the XRD results.

3.3. Mechanical properties

The microhardness values of pure Ze and Zr–Ti alloys are shown
in Fig. 3. The hardness of pure Zr was 175 HV, whereas the hardness
of the Zr–Ti alloys became slightly lower as the Ti was added, and
ranged from 275 HV (Zr–30Ti) to 291 HV (Zr–10Ti). All the Zr–Ti
alloys had significantly higher (p < 0.05) hardness than the pure Zr

tested. The hardness of Zr–10Ti alloy with �′ phase were signifi-
cantly higher (p < 0.05) than that of Zr–40Ti alloy containing only
� phase. Additionally, Lee et al. [31] also reported that the � phase
alloy has the lowest hardness level in Ti–Nb system.
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Fig. 2. Light micrograph
Consistent with the microhardness values, the bending
trengths of all the Zr–Ti alloys (1258–1738 MPa) were signifi-
antly higher (p < 0.05) than that of pure Zr (1142 MPa), as shown
n Fig. 4. The bending strengths of the Zr–Ti alloys decreased with

Fig. 3. Micro-hardness of pure Zr and Zr–Ti alloys.
ure Zr and Zr–Ti alloys.
an increasing Ti content. The bending strength of Zr–40Ti alloy was
slightly higher than that of Zr–30Ti probably due to a solid solution-
strengthening effect, although there were no significant differences
(p > 0.05) between Zr–30Ti and Zr–40Ti. It is worth noting that �′-

Fig. 4. Bending strengths of pure Zr and Zr–Ti alloys.
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Fig. 5. Bending moduli of pure Zr and Zr–Ti alloys.

hase Zr–10Ti alloy had the greatest bending strength among pure
r and Zr–Ti alloys. A similar result was observed in the Ti–Nb sys-
em by Lee et al. [31], who proposed that the �′ phase-dominated
lloy had a higher bending strength, while the � phase alloy had a
ower strength.

The elastic modulus results are shown in Fig. 5. The pure Zr and
r–Ti alloys exhibit similar elastic modulus ranging from 68 GPa
Zr–30Ti) to 78 GPa (Zr–40Ti). Of the Zr–Ti alloys, the alloy with
0 wt.% Ti content shows the lowest bending modulus, and it had
significantly lower (p < 0.05) bending modulus than Zr–20Ti and
r–40Ti alloys. However, amongst the Zr–Ti alloys, there were no
ignificant differences from the pure Zr with regard to bending
odulus (p > 0.05). Moreover, it is worth noting that the bending
oduli of pure Zr and Zr–Ti alloys are significantly lower (p < 0.05)

han that of c.p. Ti (99 GPa) [29]. Using implant materials with
ower moduli (closer to that of human bone) could reduce the stress
hielding effect [32,33] (i.e., insufficient loading of bone due to the
arge difference in modulus between the implant device and its sur-
ounding bone). As a result, the relatively low moduli of pure Zr and
r–Ti alloys seem to be promising candidates for implant materials.

The typical bending stress-deflection profiles of the series of

lloys and pure Zr are shown in Fig. 6. All the Zr–Ti alloys and pure
r did not fail, even after being deflected by 8 mm (the pre-set max-
mum). In addition, all the Zr–Ti alloys and pure Zr exhibited ductile
roperties. Fig. 7 shows the means of the elastic recovery capabil-

Fig. 6. Bending stress-deflection profiles of pure Zr and Zr–Ti alloys.
Fig. 7. Elastic recovery angles of pure Zr and Zr–Ti alloys.

ity of Zr–Ti alloys decreased as the concentration of Zr increased.
This trend is similar to that in bending strength, and a similar result
was also observed in the Ti–Zr system [25]. It is worth noting that
the advantage in mechanical properties of the Zr–10Ti alloy is also
demonstrated in their high elastic recovery capability. High elastic
recovery (spring-back) capability of a metal is an indication of high
strength and low modulus and is essential for many load-bearing
implant and dental applications. The elastic recovery capability of
the Zr–10Ti alloy was significantly greater (p < 0.05) than pure Zr
and all the other Zr–Ti alloys fabricated in this study. For example,
the elastically recoverable angle of the Zr–10Ti alloy (26.2◦) was
higher than that of pure Zr (9.5◦) by as much as 176%. Moreover,
it was even greater than that of c.p. Ti (2.7◦) [25] by as much as
870%.

In the current search for a better implant material, the Zr–10Ti
alloy proves to serve as a promising candidate. This study has deter-
mined that the alloy not only exhibits a low modulus, but also
displays ductile property, excellent elastic recovery capability and
impressive strength (or high strength/modulus ratio). This particu-
lar composition results in a bending strength/modulus ratio as large
as 25.3, which is higher than that of pure Zr (14.9) and c.p. Ti (8.7)
[34] by 70% and 191%, respectively.

4. Conclusions

The following conclusions can be drawn from this study:

(1) Based on the results of XRD and optical microscopy, the Zr–10Ti
alloy showed hcp �’ structures. With 20 wt.% Ti, metastable �
phase starts to be retained. When the Ti content is increased to
40 wt.%, retained � phase became the only dominant phase.

(2) All the Zr–Ti alloys had significantly higher hardness than pure
Zr tested. The hardness of Zr–10Ti alloy with �’ phase was
higher than that of Zr–40Ti alloy containing only � phase.

(3) The bending strengths of all the Zr–Ti alloys (1258–1738 MPa)
were higher than that of pure Zr (1142 MPa). The bending
strength of the Zr–10Ti alloy was greater than that of pure Zr
by 52%.

(4) The pure Zr and Zr–Ti alloys exhibit similar elastic modulus

ranging from 68 GPa (Zr–30Ti) to 78 GPa (Zr–40Ti). Those are
significantly lower than that of c.p. Ti (99 GPa).

(5) The elastic recovery capability of Zr–10Ti alloy was significantly
greater than pure Zr and all the other Zr–Ti alloys fabricated in
this study. Furthermore, the Zr–10Ti alloy exhibited the highest
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bending strength/modulus ratios as large as 25.3, higher than
that of pure Zr (14.9) by 70%, and of c.p. Ti (8.7) by 191%.
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