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ate the structure, mechanical properties and grindability of a binary Ti–Zr alloy
added to a series of alloying elements (Nb, Mo, Cr and Fe). The phase and structure of Ti–10Zr–X alloys were
evaluated using an X-ray diffraction (XRD) for phase analysis and optical microscope for microstructure of
the etched alloys. Three-point bending tests were performed using a desk-top mechanical tester. Grindability
was evaluated by measuring the amount of metal volume removed after grinding for 1 min at each of the
four rotational speeds of the wheel (500, 750, 1000 or 1200 m/min). Results were compared with c.p. Ti,
which was chosen as a control. Results indicated that the phase/crystal structure, microstructure, mechanical
properties and grindability of the Ti–10Zr alloy can be significantly changed by adding small amounts of
alloying elements. The alloying elements Nb, Mo, Cr and Fe contributed significantly to increasing the
grinding ratio under all grinding conditions, although the grinding rate of all the metals was found to be
largely dependent on grinding speed. The Ti–10Zr–1Mo alloy showed increases in microhardness (63%),
bending strength (40%), bending modulus (30%) and elastic recovery angle (180%) over those of c.p. Ti, and
was also found to have better grindability. The Ti–10Zr–1Mo alloy could therefore be used for prosthetic
dental applications if other conditions necessary for dental casting are met.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Due to their light weight, excellent corrosion resistance, biocompat-
ibility and mechanical properties, pure titanium and its alloys have been
widely used for many biomedical applications. For example, pure
titanium isused forhip cup shells, dental crownsandbridges, endosseous
dental implants and plates for oral maxillofacial surgery [1–3]. However,
the fact that pure titanium has a high melting temperature and high
reactivity with oxygen and impurities at elevated temperatures makes
it difficult to cast [4]. Moreover, reducing the melting temperature of
titanium could decrease the risk of inadequate mold filling and porosity
which results from the considerable temperature difference between the
molten alloy and the much cooler investment [5]. One method of
achieving this is to use titanium alloys, which exhibit solid solution
hardening and have lower fusion temperatures and better ductility than
c.p. Ti [6,7]. In fact, many titanium alloys have been developed for dental
use, and their properties havebeen extensively studied [1,6,8–10],mainly
to improve the strength and castibility of titanium.
boratory Technology, Central
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The recent development of the CAD/CAM method represents a
great advancement over casting technology [11]. However, the poor
machinability of titanium is an obstacle to practical dental applica-
tions. If titanium prostheses are fabricated by CAD/CAM, the tool life is
short and the processing time is long [6,12]. Consequently, there is a
need for further development of new dental materials especially
suited for machining. Although there may be several ways to improve
grindability, one well documented method is through alloying [13–
17]. In fact, a great deal of effort has been devoted to the study of new
dental materials suited for machining, such as Ti–Cu [13,14], Ti–Ag
[14], Ti–Nb [15], Ti–Hf [16], Ti–Au [17] and Ti–Cr–Cu [18].

Of all the various titanium alloys, the Ti–6Al–4V alloy has been put
forward as a possible replacement for commercially pure titanium (c.p.
Ti) due to its higher strength and adequate corrosion resistance [1].
However, there has been speculation that the release of Al and V ions
from the alloy might cause some long-term health problems [19–21].
Therefore, the development of new Ti alloys with good mechanical
properties, but without Al or V content is important for biomedical
applications.

It is well known that the properties of Ti alloys are sensitive to their
phases/crystal structure, and certain phases may be stabilized by the
addition of alloying elements. Thus, the mechanical properties of
titanium might be enhanced through alloying [22]. A good candidate
for alloying is Zr, which is a neutral element when dissolved in Ti and
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has high solubility in both α Ti and β Ti. Zr can enhance strength and
improve the plasticity of alloys, guaranteeing fine processing proper-
ties [23]. In our previous research [24], we developed a Ti–10Zr alloy,
with higher hardness and better grindability than unalloyed titanium.
However, its strength and elastic recovery capability (springback)
were not sufficient for clinical dental applications.

Two types of β stabilizer were added to the Ti–10Zr alloy in the
present study. The β-isomorphous elements, Nb andMowere included,
while β-eutectoid elements, Cr and Fe were chosen [25]. In every case
the added elements comprised 1 wt.% of the alloy. As Ho et al. [26]
argued, the phase/crystal structure, microstructure and mechanical
properties of Ti–7.5Mo alloy can be significantly changed by small
amounts (1 wt.%) of alloying additions. Furthermore, these Ti–10Zr–X
alloys are considered to be suitable as biomaterials since they do not
contain elements such as Al or V. Therefore, the major goal of this
research was to improve the mechanical properties and grindability by
adding1wt.% of avariety of alloyingelements to the Ti–10Zr alloy, and to
judge the potential of new alloys for practical dental applications.

2. Experimental procedures

Alloying elements selected for the study include Zr, Nb, Mo, Cr and
Fe, which were all 99.9% pure. For the sake of simplicity, throughout
the text “Ti–10Zr” refers to “Ti–10 wt.% Zr” and “Ti–10Zr–1X” refers to
Fig. 1. Light micrographs of Ti–1
“Ti–10 wt.% Zr–1 wt.% X”, where X is a given alloying element. The
series of Ti alloys, including Ti–10Zr, Ti–10Zr–1Nb, Ti–10Zr–1Mo, Ti–
10Zr–1Cr and Ti–10Zr–1Fe, were prepared from 99.9% pure titanium,
using a commercial arc-melting vacuum-pressure-type casting sys-
tem (Castmatic, Iwatani Corp., Japan). The melting chamber was first
evacuated and purged with argon. An argon pressure of 1.5 kgf/cm2

was maintained during melting. Appropriate amounts of each metal
were melted in a U-shaped copper hearth with a tungsten electrode.
The ingots were re-melted five times prior to casting to improve
chemical homogeneity. Prior to casting, the ingots were melted once
again in an open-based copper hearth under an argon pressure of
1.5 kgf/cm2. The difference in pressure between the two chambers
allowed the molten alloys to instantly drop into the graphite mold.

The cast alloys were sectioned using a Buehler Isomet low-speed
diamond saw to obtain specimens for experimental purposes. Surfaces
of the alloys for microstructural study were mechanically polished
using a standard metallographic procedure to a final level of 0.3 μm
with alumina powder and then etched in a solution of water, nitric
acid, and hydrofluoric acid (80:15:5 in volume). Microstructure of the
etched alloys was examined using an optical microscope (BH2,
Olympus, Japan). X-ray diffraction (XRD) for phase analysis was
conducted using a diffractometer (XRD-6000, Shimadzu, Japan)
operated at 30 kV and 30 mA. Ni-filtered CuKα radiation was used
for this study. Phase was identified by matching each characteristic
0Zr and Ti–10Zr–1X alloys.



Fig. 2. X-ray diffraction patterns of Ti–10Zr and Ti–10Zr–1X alloys.

38 W.-F. Ho et al. / Materials Science and Engineering C 29 (2009) 36–43
peak with the JCPDS files. The microhardness of polished alloys was
measured using a microhardness tester (MVK-E3, Mitutoyo, Japan) at
100 gm for 15 s.

Three-point bending tests were performed using a desk-top
mechanical tester (AG-IS, Shimadzu, Japan) at a crosshead speed of
0.5 mm/min. The bending strengths were determined using the
equation, σ=3PL/2bh2 [27], where σ is the bending strength (MPa), P is
the load (kg), L is the span length (mm), b is the specimenwidth (mm),
and h is the specimen thickness (mm). The dimensions of all specimens
were: L=30 mm, b=5.0 mm and h=1.0 mm. The modulus of elasticity
was calculated from a load increment and the corresponding deflection
increment between the two points on the straight line as far apart as
possible, using the equation: E=L3ΔP/4bh3Δδ, where E is themodulus of
elasticity in bending (Pa), ΔP is the load increment as measured from
preload (N), andΔδ is the deflection increment atmid-span asmeasured
from preload. The average bending strength and modulus of elasticity
were taken from at least 5 tests under each condition. The elastic
recovery (springback) capability for each material was calculated from
the change in deflection angle corresponding to the removal of loading.
The specimenwas unloaded at the pre-set bending deflection of 8 mm.
Details can be found in Ho et al. [28].

The method used in previous studies by several other researchers
[13–17,29–31] was adopted to evaluate grindability. A silicon carbide
(SiC) wheel (G11, Shofu, Kyoto, Japan) (diameter 13.1 mm, thickness
1.75 mm) on an electric dental hand-piece (Ultimate 500, NSK
Nakanishi Inc., Japan) was used to grind the specimens. Each specimen
was placed on the test apparatus, as referred to in a previous study by
Ohkubo et al. [31], so that the edge of thewheelmade contact with the
specimen at 90°. By applying a force of 100 gf, the specimens were
ground at one of the four rotational speeds of the wheel (500, 750,
1000 or 1200 m/min). The specimen and grinding wheel were housed
in a closed compartment during grinding so that any metal chips
generated could be collected.

The amount of metal removed (mm3) in 1 minwas calculated from
the density, previously measured using Archimedes' principle [31],
and the weight loss of the specimen. The grinding test was performed
six times for each kind of metal at every grinding speed and a new
wheel was applied for every test. The diameter and weight of each
wheel were measured before and after grinding. Grindability was
evaluated from the volume of metal removed per minute (grinding
rate), and the volume ratio of metal removed compared to the wheel
material lost, which was calculated from the diameter loss of the
wheel (grinding ratio). Thus, the grinding rate represents ease of
metal removal, whereas the grinding ratio is a measure of wheel life
[16]. At each of the four grinding speeds, three specimenswere used to
evaluate the grindability of each kind of metal. The test was repeated
three times for each specimen at each grinding speed. After testing,
the ground surfaces of the metals were examined using optical
microscopy (BH2, Olympus, Japan). The surface of the chips resulting
from the metal grinding was examined using a scanning electron
microscopy (SEM; S-3000N, Hitachi, Japan).

In this study, the experimental alloys were fabricated using a
graphite mold instead of a dental investment mold, which meant that
the alloys did not exhibit α-case. However, according to the results of
Ohkubo et al. [31], there is no appreciable difference in the grindability
between c.p. Ti with α-case and without α-case when a silicon carbide
(SiC)wheel is used. All the results in this studywere analyzedusing two-
way ANOVA and Duncan's multiple comparison test at pb0.05 level.

3. Results and discussion

3.1. Phase and microstructure

Typical etchedmicrostructures of Ti–10Zr and the Ti–10Zr–1X alloys
under opticalmicroscopy are shown in Fig.1. As shown in Fig.1a, the Ti–
10Zr alloy displayed hexagonal α phase with coarse lath structures.
When 1 wt.% Nb was added, the microstructure was similar to the Ti–
10Zr alloy with coarse lath type structures (Fig.1b).With the addition of
1 wt.%Mo, Cr or Fe, the alloys showed large amounts of finemartensitic
laths (Fig. 1c–e), as was shown by Kobayashi et al. [32] and Kobayashi
et al. [33]. This effectwasespecially apparent in theTi–10Zr–1Moalloy. A
similar result was also observed by Collings [34], who proposed that,
when small amounts ofβ-stabilizingelementswere added to titanium, a
martensitic structurewith a distorted hexagonal crystal latticewould be
obtained. This structure was referred to as α′ phase.

The XRD patterns of Ti–10Zr and the series of ternary Ti–10Zr–1X
alloys are shown in Fig. 2. The Ti–10Zr alloy was comprised entirely of
a hexagonal α phase. The alloying elements Nb, Mo, Cr and Fe used in
this study are all known to act as β stabilizers [25]. However, the
addition of small amounts of Nb or Mo did not cause a noticeable
phase change. When 1 wt.% Nb or Mowas introduced into the Ti–10Zr
alloy, the XRD patterns remained essentially unchanged. However,
when 1 wt.% β-stabilizer Cr or Fe was added, a small amount of β
phase was retained, indicating that Cr or Fe has a stronger effect than
Nb or Mo on the stabilization of β phase. Although traces of β phase in
the Ti–10Zr–1Cr and Ti–10Zr–1Fe alloys can be seen on the X-ray
diffraction patterns, the small amounts of retained β structure were
not easily observed under an optical microscope andwere not deemed
to be significant.

3.2. Mechanical properties

Microhardness values of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys are
shown in Fig. 3. ANOVAtest results showed significant overall differences
among themicrohardness values of c.p. Ti, Ti–10ZrandTi–10Zr–1Xalloys
(pb0.05). All the Ti alloys had significantly higher microhardness values
than thatof c.p. Ti (186HV) (pb0.05). Themicrohardnessvalueof Ti–10Zr
alloy was 266 HV, and those of the Ti–10Zr–1X alloys ranged from 264



Fig. 5. Bending moduli of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys.Fig. 3. Microhardness of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys.
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HV (Ti–10Zr–1Nb) to 304HV (Ti–10Zr–1Mo). Ti–10Zr–1Mo, Ti–10Zr–1Cr
and Ti–10Zr–1Fe had the highest microhardness values of all the metals
tested, significantly higher than c.p. Ti, Ti–10Zr and Ti–10Zr–1Nb
(pb0.05). The microhardness value of Ti–10Zr–1Mo exceeded that of
Ti–10Zr by 14% and c.p. Ti by 63%.

As with microhardness, the bending strengths of all the Ti alloys
were significantly higher than that of c.p. Ti (844 MPa) (pb0.05) (Fig. 4).
Variations in the alloys' bending strength showed a similar trend to that
of microhardness. With the exception of Ti–10Zr–1Nb, all the ternary
alloys had higher strengths than that of the binary Ti–10Zr alloy
(pb0.05). With the addition of 1 wt.% Nb, bending strength decreased
from 989 MPa for Ti–10Zr to 943MPa for Ti–10Zr–1Nb. By contrast, the
addition of 1 wt.% Cr or Fe caused increased bending strengths of 1080
and 1076 MPa, respectively. It is worth noting that the Ti–10Zr–1Mo
alloy had the highest strength (pb0.05), and its bending strength
(1177MPa)was higher than that of Ti–10Zr by 20% and c.p. Ti by 40%. As
indicated in an early report of Davis et al. [35], molybdenum is very
effective in producing the acicular-type martensite structure. In this
case, the acicular structure probably increased as a result of a solute-
induced decrease in Martensite transformation start (Ms) temperature
[36]. As seen here, the fine acicularmartensitic structure of the Ti–10Zr–
Fig. 4. Bending strengths of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys.
1Mo alloy resulted in a greater hardness and strength than those of c.p.
Ti and Ti–10Zr.

The bending moduli of Ti–10Zr and all Ti–10Zr–1X alloys were
higher than that of c.p Ti (pb0.05) (Fig. 5). When 1 wt.% Mo or Fe was
added, the bending modulus increased to some 130 GPa higher than
that of c.p. Ti by 30%. This is important because a higher elastic
modulus is required to minimize the elastic deformation when using
titanium for dental prostheses that are subject to comparatively high
stress, such as bridges and partial denture frameworks. A higher
elastic modulus is also favorable for machining titanium [37]. By
contrast, a low elastic modulus results in large deflection even if a
material has high yield strength.

Fig. 6 shows themeans of the elastic recovery capability of c.p. Ti, Ti–
10Zr and Ti–10Zr–1X alloys. With the exception Ti–10Zr–1Nb, the
superior mechanical properties of Ti–10Zr–1X alloys are also demon-
strated in their high elastic recoverycapability, That is, Ti–10Zr–1Mo, Ti–
10Zr–1Cr and Ti–10Zr–1Fe alloys exhibited significantly higher (pb0.05)
elastic recovery capability than Ti–10Zr–1Nb, Ti–10Zr and c.p. Ti, as well
as higher bendingmodulus. High elastic recovery capability of ametal is
essential for many load-bearing implant and dental applications. It is
worth noting that the elastic recovery capability of Ti–10Zr–1Mo alloy
was significantly higher (pb0.05) than all other Ti alloys and c.p. Ti. In
Fig. 6. Elastic recovery angles of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys.
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particular, the elastic recovery angle of Ti–10Zr–1Mo was higher than
that of Ti–10Zr by 87% and that of c.p. Ti by as much as 180%.
Significantly, the bendingmodulus of the Ti–15Mo alloywas lower than
all the other β-phase Ti–Mo alloys, whereas it demonstrated the lowest
elastic recovery capability. Although, in general, high modulus seems to
lead to low elastic recovery, the trend in this study is not the case.
Although the reason is not immediately apparent, a similar result was
also observed by Ho et al. [26] and raises the need for further study.

3.3. Grindability

The grinding rates of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys at four
different grinding speeds are shown in Fig. 7(a). The grinding rate of all
the Ti alloys and c.p. Ti showed a tendency to increase at higher grinding
speed, but decrease at 1200 m/min. For all the alloys, a test of multiple
comparison was also conducted using Duncan's multiple range test.
Results show that grinding rates at 1200m/minwere significantly lower
(pb0.05) than those at 1000m/min.At thegrinding speedof 500m/min,
the grinding rates for the Ti–10Zr–1Cr and Ti–10Zr–1Fe alloys were
notably higher than those of c.p. Ti and Ti–10Zr (pb0.05). For example,
the grinding rate of the Ti–10Zr–1Fe alloy at 500 m/min was
approximately 1.59 times higher than that of c.p. Ti and 1.57 times
higher than that of Ti–10Zr. In addition, the grinding rates of all the Ti–
10Zr–1X alloys were significantly higher (pb0.05) than that of c.p. Ti at
Fig. 7. Grindability of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys. (a) Grinding rate, (b)
grinding ratio.
the grinding speeds of 750 and 1000m/min. It is notable that the ease of
grinding these alloys appeared to be dependent on grinding speed. The
grinding rates of all the metals in this study tended to increase as the
grinding speed increased from 500 m/min, which is reasonable, given
that the grinding speed determines the distance the wheel edge travels
on the surface of the specimen per unit of time. However, grinding rates
at 1000 m/min were significantly higher than those for the highest
speed of 1200 m/min. This resembles a similar result seen in another
titanium alloy system [16]. Although further study is needed, it is
possible that the condition of the grinding wheel deteriorates at the
speed of 1200 m/min.

The grinding ratios of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys are
shown in Fig. 7(b). The grinding ratios of all the Ti–10Zr–1X alloys
were significantly higher (pb0.05) than those of c.p. Ti and Ti–10Zr at
all grinding speeds. However, there were no significant differences in
the grinding ratios of the Ti–10Zr–1X alloys. This is important because
tool life can be predicted based on an evaluation of the grinding ratio.
A higher grinding ratio signifies lower tool wear for the same volume
of metal removed [16]. Ratios varied widely for all the metals tested,
probably because both the volumes of the metal ground and wheel
material lost were very small. It is worth noting that, the alloying
elements Nb, Mo, Cr and Fe contributed significantly to improving the
grinding ratio under all grinding conditions.

Takeyama [38] showed that higher strength and hardness of a
material generally make machining of the material more difficult.
However, in this study, Ti–10Zr–1Cr and Ti–10Zr–1Fe alloys both had
higherhardnessvalues andbending strength than that of c.p. Ti, but they
also had higher grinding rates, especially at the speed of 500m/min. On
theother hand, Ti–10Zr–1Nbhad the lowest hardness and strengthof all
the Ti–10Zr–1X alloys, but its grinding rates were similar to those of the
other Ti–10Zr–1X alloys. In early studies, researchers [39–41] discussed
grindability in terms of the hardness of metals. Nevertheless, in the
present study there appeared to be no correlation between the volume
loss and the hardness of the metals. This result was also in agreement
with that reported byOhkubo et al. [31]who tested c.p. Ti and Ti–6Al–
4V alloy. In fact, it seems that hardness and strength are not the
principal reasons for better grindability. According to Kikuchi et al.
[14], elastic modulus appeared to have no relation to grindability.
Nevertheless, the relatively low elastic modulus of titanium causes
chatter vibration or deformation of the workpiece during machining
[42]. Therefore, Kikuchi et al. suggested that titanium alloys with
higher elastic modulus are more suitable for machining [14]. In this
study, all the Ti–10Zr–1X alloys had higher elastic moduli than that of
c.p. Ti. Thus, from the view point of modulus, the Ti–10Zr–1X alloys
are more suitable for dental machining. This study showed that the
exact mechanisms which affect the grindability of various alloys are
complex and would merit further study.

3.4. Observation of metal chips and ground surfaces

Typical metal chips that resulted from grinding at 500 m/min and
1000m/min are shown in Fig. 8. Although no quantitative analysiswas
performed, the size of the metal chips produced at the grinding speed
of 500 m/min generally appeared somewhat larger than those at
1000 m/min. However, there were no clear differences in the
appearance of the metal chips of the Ti–10Zr and Ti–10Zr–1X alloys.
In general, finer metal chips indicate that materials are more suitable
for grinding than those which produce larger metal chips [17].

Fig. 9 shows optical micrographs of the ground surfaces of the
metals at 500 and 1000 m/min. Grinding marks were observed for all
the metals and speeds. There were no pronounced differences in the
appearance of the ground surfaces of c.p. Ti and Ti alloys at 500m/min.
Grinding adhesion was observed to a greater degree for c.p. Ti and Ti–
10Zr alloy ground at 1000 m/min. In addition, grinding burns could
also be found for c.p Ti and Ti–10Zr. As can be seen in other research
[14,15,17], the grinding burn typically found on titanium and titanium



Fig. 8. SEM micrographs of metal chips resulting from grinding at 500 and 1000 m/min.
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Fig. 9. Grinding surfaces of c.p. Ti, Ti–10Zr and Ti–10Zr–1X alloys at (a) 500 m/min, and (b) 1000 m/min.
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alloys results from high-speed grinding. In addition, appreciable
sparking was occasionally observed during the grinding test,
especially at a high grinding speed.

4. Conclusions

The microstructure of Ti–10Zr–1Nb was similar to that of Ti–10Zr
but with coarse lath type formations. Ti–10Zr–1Mo, Ti–10Zr–1Cr and
Ti–10Zr–1Fe all showed fine martensitic lath morphology, and which
was most apparent for Ti–10Zr–1Mo. The Ti–10Zr–1Mo alloy
exhibited the highest microhardness and strength of all the metals
in this study. Ti–10Zr–1Mo, Ti–10Zr–1Cr and Ti–10Zr–1Fe exhibited
significantly higher elastic recovery capability and bending modulus
than Ti–10Zr–1Nb, Ti–10Zr and c.p. Ti. At the higher grinding speeds of
750 and 1000 m/min, all the Ti–10Zr–1X alloys showed better
grindability than c.p. Ti. The grinding ratios of all the Ti–10Zr–1X
alloys were far higher than those of c.p. Ti and Ti–10Zr.

In conclusion, the authors found that the addition of small
quantities of alloying metals significantly improved the mechanical
properties of Ti–10Zr alloys, and of all the alloys tested in this study,
Ti–10Zr–1Mo showed the most potential for clinical dental applica-
tions such as dental prostheses as it possesses the best balance of
superior mechanical properties and machinability.
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