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Abstract In this study, the structure, microhardness, and
grindability of a series of binary Ti—Sn alloys with tin
contents ranging from 1 to 30 wt% were investigated.
Commercially pure titanium (c.p. Ti) was used as a control.
The experimental results indicated that all the Ti—Sn alloys
showed hcp o structure, and the hardness values of the
Ti—Sn alloys increased with greater Sn contents, ranging
from 246 HV (Ti-1Sn) to 357 HV (Ti-30Sn). Among
these Ti—-Sn alloys, the alloy with 30 wt% Sn content
showed the highest hardness value. The grindability of
each metal was found to be largely dependent on the
grinding conditions. The addition of Sn to c.p. Ti did
contribute to improving the grindability of c.p. Ti. The Ti—
Sn alloys with a higher Sn concentration could be ground
more readily. The grinding rate of the Ti—20Sn alloy at
1200 m/min was about 2.8 times higher than that of c.p. Ti.
Additionally, the grinding ratios of the Ti—10Sn, Ti—20Sn,
and Ti-30Sn alloys at 1200 m/min were about 2.8, 2.7, and
3.4 times that of c.p. Ti, respectively. Our research
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suggests that the Ti—Sn alloys with Sn contents of 10 wt%
and greater developed here are good candidates for
machining by the CAD/CAM method.

Introduction

Recently, commercially pure titanium (c.p. Ti) and its
alloys have been increasingly used as implants and pros-
theses due to their excellent biocompatibility, high strength
to weight ratio, corrosion-resistance, and low cost [1].
However, the strength of c.p. Ti is inadequate for dental
prostheses requiring comparatively high strength, such as
partial dentures, bridges, and implants [2]. Alloying tita-
nium is one method for improving its properties.

Many titanium alloys have been developed for dental
use, and their properties have been widely studied [3-5], to
improve the strength and castability of pure titanium.
Casting metals is not the only way to fabricate dental
prostheses. Recently, the CAD/CAM (computer-aided
design and manufacturing) method has demonstrated
notable advancement over casting technology [6]. CAD/
CAM technology produces restorations in one office visit.
After the tooth is prepared, the preparation is optically
scanned and the image is computerized. The restoration is
then machined by a computer-controlled machine [7].
CAD/CAM systems provide an alternative method to pro-
duce metal, ceramic, or composite restorations, without the
need for any procedures that require two or more patient
appointments. However, the poor machinability (ease of
cutting or grinding) of titanium is an obstacle to practical
dental applications. If current titanium prostheses are fab-
ricated by CAD/CAM, the tool life is short and the pro-
cessing time is long [3]. Therefore, further development of
new dental materials suitable for efficient machining is
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required. Much effort continues to be devoted to the study
of new machining-appropriate dental materials, such as
Ti—-Au [2], Ti—Cu [8], Ti-Nb [9], Ti-Hf [10], Ti—-Cr [11],
Ti-5Cr—Fe [12], Ti—Zr [13], and Ti-10Zr-X (X = Nb, Mo,
Cror Fe) [14]. Additionally, grinding is essentially the same
process as cutting on a microscopic scale, and evaluating
the grindability of a metal can be a guide to evaluating the
ease of cutting. Moreover, cutting and grinding are not only
the most commonly employed operations in rapidly
advancing dental CAD/CAM systems but also essential
processes in dental laboratories. As a result, the ease of the
CAD/CAM process by using the grindability (grinding rate
and grinding ratio) was evaluated in this study.

Among various titanium alloys, Ti-6Al-4V is the most
commonly used because of its superior physical and
mechanical properties in comparison to c.p. Ti [4]. How-
ever, there has been speculation that the release of Al and
V ions from the alloy might cause certain long-term health
problems [15, 16]. For a metal to be used in a dental res-
toration, it should be biocompatible so that it does not
cause toxicological or allergic reactions. Therefore, caution
should be exercised when alloying elements are added. For
example, vanadium exhibits high cytotoxicity [17], alu-
minum may induce senile dementia [17], and nickel has
been shown to possess some bio-toxicity [18]. However, tin
(Sn) is known to be safe for use as an alloying element with
titanium because it is nontoxic and nonallergic [19]. Sn can
also be used to strengthen Ti alloys [20]. In our previous
research [21], a series of binary Ti—Sn alloys was devel-
oped which showed favorable mechanical properties.
These alloys can also be used as a metal for dental casting.
In this study, the microhardness and grindability of a series
of binary Ti—Sn alloys with Sn contents ranging from 1 to
30 wt% were investigated, with the aim of developing a
dental titanium alloy with better machinability than unal-
loyed titanium.

Materials and methods

The materials used in this study included c.p. Ti, Ti—1Sn,
Ti—5Sn, Ti—10Sn, Ti—20Sn, and Ti-30Sn alloys (in wt%).
All the materials were prepared from raw titanium (99.8%
pure; Ultimate Materials Technology, Taiwan), Sn (99.95%
pure; Ultimate Materials Technology, Taiwan) by using a
commercial arc-melting vacuum-pressure-type casting sys-
tem (Castmatic, Iwatani Corp., Japan). The processing
details of the alloys were reported in our previous work [21].

The cast alloys were sectioned by using a Buehler Isomet
low-speed diamond saw to obtain specimens (10.0 x
10.0 x 1.0 mm) for analysis of X-ray diffraction (XRD),
microstructural examination, and measuring microhard-
ness. The surfaces of the alloys for microstructural study

were mechanically polished by a standard metallographic
procedure to a final level of 0.3 pm alumina powder and
subsequently etched in a solution of water, nitric acid, and
hydrofluoric acid (80:15:5 in volume). The microstructure
of the etched alloys was examined by using an optical
microscope (BH2, Olympus, Japan). X-ray diffraction for
phase analysis was conducted by using a diffractometer
(XRD-6000, Shimadzu, Japan) operating at 30 kV and
30 mA. This study also used Ni-filtered CuKa radiation.
The respective phases were identified by matching each
characteristic peak with the Joint Committee on Powder
Diffraction Standards files. The microhardness of the pol-
ished alloys was measured by using a microhardness tester
(MVK-E3, Mitutoyo, Japan) at 100 gm for 15s. The
microhardness values were obtained from three castings on
which at least 15 randomly chosen indentations were
measured and averaged.

The method used by several researchers [2, 8-10, 22,
23] in previous studies was adopted to evaluate grindability
in this study. A silicon carbide (SiC) wheel (G11, Shofu,
Kyoto, Japan), 13.1 mm in diameter and 1.75 mm in
thickness, on an electric dental handpiece (Ultimate 500,
NSK Nakanishi Inc., Japan) was used to grind the speci-
mens (3.0 x 8.0 x 30.0 mm). By applying a force of
100 gf, the 8.0-mm cross section of the specimens was
ground for 1 min at one of the four circumferential speeds
(500, 750, 1000, or 1200 m/min). Each specimen was
placed on the testing apparatus referred to in a previous
study by Ohkubo et al. [23] so that the edge of the wheel
contacted one of the sidewalls of the rectangular specimen
at 90°. The specimens and wheels were kept in a closed
compartment during grinding so that the majority of the
metal chips generated could be collected.

The amount of metal removed (mm?®) per minute was
calculated from the density, previously measured by using
Archimedes’ principle [23], and the weight loss of the
specimen. A new wheel was applied for every test. The
diameter and weight of each wheel were measured before
and after grinding. The grindability was evaluated by the
grinding rate and grinding ratio. The grinding rate was
determined by the volume of metal removed per minute of
grinding, and the grinding ratio was determined by the
volume ratio of metal removed compared to the wheel
material lost [grinding ratio = (amount of metal removed)/
(amount of wheel lost)]. The wheel volume loss was cal-
culated by measuring the diameter of each wheel before
and after testing. The grinding rate represents ease of metal
removal; whereas, the grinding ratio is a measure of wheel
life [10]. Three specimens were used to evaluate the
grindability of each alloy, for which the test was performed
twice per specimen at each grinding speed. All the results
in this study were analyzed with ANOVA and Duncan’s
multiple comparison test at a p < 0.05 level.
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After testing, the ground surfaces of the metals were
observed by using optical microscopy (BH2, Olympus,
Japan). The appearance of the chips resulting from the
metal grinding was examined by using scanning electron
microscopy (SEM; S-3000 N, Hitachi, Japan). In this
study, the experimental alloys were fabricated by using a
graphite mold instead of a dental investment mold, a detail
which should not affect the outcome. According to the
results obtained by Ohkubo et al. [23], there was no
appreciable difference in the grindability between c.p. Ti
with and without a-cases when a SiC wheel was used.
Moreover, most studies were performed for specimens
whose a-case layer was totally removed [2, 8-10]. The
thickness of the x-case depends on experimental factors
such as cooling rate, casting geometry, amount of oxygen
at the mold/casting interface, extent of the reaction with the
mold material, etc. Koike et al. [24] evaluated the

Fig. 1 Optical micrographs of
the etched Ti—Sn alloys showing
martensitic structures of the o
phase a Ti—1Sn, b Ti—5Sn,

¢ Ti—10Sn, d Ti—20Sn and

e Ti-30Sn

(2) Ti-1Sn £

L

(¢) Ti-10Sn %

(€) Ti-30Sn §
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grindability of a-case formed on cast titanium. They pro-
posed that the ease of grindability of the a-case on c.p. Ti
and Ti—6A1-4V was very similar. However, the grinding of
the interior of c.p. Ti, as compared to that of Ti-6A1-4V,
was more difficult because of its higher ductility. On the
other hand, if current titanium prostheses are fabricated by
CAD/CAM, the alloys can be fabricated by using a
graphite or copper mold instead of a dental investment
mold.

Results and discussion

Characterization of microstructures

The microstructures of the etched Ti—Sn alloys are shown
in Fig. 1. The microstructures of Ti—1Sn and Ti-5Sn were
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different from the other Ti—Sn alloys containing greater Sn
content. The Ti—1Sn and Ti-5Sn exhibited a feather-like
microstructure similar to the typical morphology of c.p. Ti.
When the Sn content was 10 wt% and greater, the fine,
acicular martensitic structure of the o/ phase was observed.
A similar phenomenon was also seen in the Ti—Zr alloy
system [13]. The XRD results indicated that the diffraction
peaks of all the Ti—Sn alloys matched in the o/ phase [21].
There was no indication that  phase peaks or any inter-
mediate phases were included in any of the diffraction
patterns obtained, which is different from the phases
expected from the equilibrium phase diagram. In general,
the phases of as-cast alloys related closely to the cooling
rate [25, 26]. If the cooling rate from the S-region is suf-
ficiently rapid, martensitic structure o phase is formed, or
the f phase is retained. Accordingly, no peaks corre-
sponding to intermetallic compound were detected in any
of our specimens. Moreover, the cooling rates in the
commercial casting systems are generally sufficient to
cause these transformations of Ti alloys. The similar results
can be found in our previous reports in Ti—Cr alloys
[11]. In addition, Sato et al. [27] measured the martensitic
transformation (ff — o) start temperature (Ms) and
showed that in the range 2-9 at.% Sn, Ms is 740-760°C.
This could partially explain why all the Ti—Sn alloys
exhibit o/ phase. As a result, the as-cast Ti—Sn alloys with
Sn contents ranging from 1 to 30% consisted of o' phase
due to nonequilibrium cooling.

Microhardness
Figure 2 shows the microhardness values of the Ti-Sn

alloys. The hardness of c.p. Ti was 186 HV. The hardness
of the Ti—Sn alloys increased as the Sn content increased in
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Fig. 2 Microhardness of as-cast Ti—Sn alloys compared with that of
c.p. Ti. The microhardness of Ti—Sn alloys are greater than that of c.p.
Ti, and increased as the Sn content increased

a range between 246 HV (Ti-1Sn) and 357 HV (Ti-30Sn).
Except for Ti-1Sn and Ti-5Sn, the ANOVA results
showed significant differences among the microhardness
values for c.p. Ti and Ti-Sn alloys (p < 0.05). All the
Ti—Sn alloys had significantly greater (p < 0.05) hardness
than the c.p. Ti tested. Since the Ti—Sn alloys exhibited a
single o phase in this study, their hardness values showed
continuous change throughout the system due to solid-
solution hardening in the o phase. Of the Ti—Sn alloys, the
alloy with 30 wt% Sn content exhibited the highest hard-
ness value.

Grindability

The grinding rates of the Ti—Sn alloys at four different
speeds are shown in Fig. 3. Up to 1200 m/min, the grinding
rates of Ti—10Sn, Ti—20Sn, and Ti—30Sn tended to increase
with the speed. However, the grinding rates of Ti—1Sn,
Ti—5Sn, and c.p. Ti tended to increase at higher speed but
decreased at 1200 m/min. At 500 m/min, the grinding rates
for the Ti—20Sn alloy were significantly higher than those of
the other metals tested (p < 0.05); moreover, the rate for
Ti—20Sn was about twice that of c.p. Ti. Furthermore, at
1200 m/min, the rates for Ti-20Sn were also higher than
those for the other Ti—Sn alloys tested. It is noteworthy that
the grinding rate of Ti-20Sn at 1200 m/min was about
4 times that of c.p. Ti. The results of Duncan’s multiple
comparison test revealed that the grinding rate of Ti—20Sn
was significantly (p < 0.05) higher than those for Ti—1Sn,
Ti—5Sn, and c.p. Ti at 1200 m/min; however, there were no
significant differences among the rates for Ti—10Sn,
Ti—20Sn, and Ti—-30Sn.

The grinding ratios of the Ti—Sn alloys are shown in
Fig. 4. Except for c.p. Ti, the ratios of all the Ti—Sn alloys
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Fig. 3 Grinding rates of c.p. Ti and Ti-Sn alloys at four different
speeds. The Ti—Sn alloys had greater grinding rates than that of c.p.
Ti, especially for Ti—10Sn, Ti—20Sn, and Ti-30Sn at higher grinding
speeds
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Fig. 4 Grinding ratios of c.p. Ti and Ti-Sn alloys at four different
speeds. The grinding ratios of Ti—10Sn, Ti-20Sn, and Ti-30Sn are
greater at higher grinding speeds, which signify lower tool wear for
the same volume of metal removed

tended to increase as the speed increased to 1200 m/min.
At 1200 m/min, all the alloys exhibited a significantly
higher ratio than did the c.p. Ti (p < 0.05). It is noteworthy
that the ratios for Ti—10Sn, Ti—20Sn, and Ti-30Sn at
1200 m/min were about 2.8, 2.7, and 3.4 times that for the
c.p. Ti, respectively. Moreover, at 1000 m/min, Ti—20Sn
and Ti-30Sn had a significantly higher ratio than did the
c.p. Ti (p < 0.05). The ratios of Ti—-20Sn and Ti—30Sn at
1000 m/min were about 1.4 and 1.6 times that of the c.p.
Ti, respectively. Tool life can be predicted on the basis of
an evaluation of the grinding ratio. Thus, a higher ratio
signifies lower tool wear for the same volume of metal
removed [10]. The ratios varied widely for the metals
tested, probably because the losses in the volumes of both
the ground metal and the wheel material were very small.

Although the measurements were straightforward, the
interpretation of the mechanism for the measured grinda-
bility values could be quite complex. Such effects as
composition, hardness, strength, modulus, ductility, and
crystal structure/phase could all affect the grindability of
the alloy. Takeyama [28] demonstrated that greater
strength and hardness of a material generally render the
machining thereof more difficult. However, in our study,
the Ti-Sn alloys had greater hardness values than that of
c.p. Ti, but they also had higher grinding rates, especially
for Ti—10Sn, Ti—20Sn, and Ti—30Sn. In earlier studies [29—
31], the respective researchers discussed grindability in
terms of the hardness of the metals. Nevertheless, in this
study there appeared to be no correlation between the loss
in volume and the hardness of the metals. This result also
agrees with that reported by Ohkubo et al. [23], who tested
c.p. Ti and the Ti—-6Al-4V alloy. In fact, it appears that
hardness is not among the principal reasons for better
grindability. Therefore, the exact mechanisms affecting the

@ Springer

grindability of various alloys are complex and thus merit
further study.

It is known that lower ductility is generally beneficial to
the grindability of metals [32]. In our previous study [21],
three-point bending tests were performed to evaluate the

Fig. 5 SEM micrographs of metal chips of c.p. Ti and Ti-Sn alloys
from grinding at 500 (left side) and 1200 (right side) m/min. The size
of the metal chips at 500 m/min generally appeared somewhat larger
than those at 1200 m/min
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mechanical properties of Ti—Sn alloys. The results indi-
cated that when the Sn content was 20% or greater, the
alloys showed decreasing ductility. In this study, the
magnitudes of grinding rate and ratio for Ti-10Sn,
Ti—20Sn, and Ti-30Sn were much higher than those for
c.p. Ti and the other Ti—Sn alloys. The reduced ductility
(lower bending deflection) was considered to be a primary
contributing factor to the increased grindability.

Observation of metal chips and ground surfaces

Typical metal chips resulting from grinding at 500 and
1200 m/min are shown in Fig. 5. Although no quantitative
analysis was performed, the size of the metal chips of c.p.
Ti and Ti-Sn alloys at 500 m/min generally appeared
somewhat larger than those at 1200 m/min. It seems that
the display of finer metal chips is one property that exhibits
better grindability. This result can also be found in many
as-cast Ti alloy systems [2, 8, 11, 12]. Furthermore, several
long chips were observed, particularly at 500 m/min.
Moreover, there were no clear differences in the appear-
ance of the metal chips among the c.p. Ti and the Ti—-Sn
alloys.

Figure 6 shows optical micrographs of the ground
surfaces of the metals at 500 and 1200 m/min. Grinding

Fig. 6 Grinding surfaces of c.p.
Ti and Ti-Sn alloys after
grinding test at a 500 and

b 1200 m/min. Grinding burn
(arrow symbol) refers to
discoloration of the specimen
surface caused by the heat of
grinding

marks were observed on all the metals at all speeds.
There were no pronounced differences in the appear-
ance of the ground surfaces among the Ti-Sn alloys at
500 m/min, except for a few adhesion marks on the
ground surface of the c.p. Ti. Grinding adhesion of metal
was observed to a greater degree for the c.p. Ti, Ti—1Sn
and Ti-5Sn alloys ground at 1200 m/min. Additionally,
grinding burns were found on the c.p. Ti, Ti—1Sn and
Ti—5Sn alloys at 1200 m/min. As mentioned in the lit-
erature [2, 9], the grinding burns typically found on
titanium and its alloys result from high-speed grinding.
Moreover, appreciable sparking was occasionally
observed during the grinding test, especially at high
speeds, a phenomenon attributable to the grinding heat
and metal powder. The grinding temperature increased
with the speed. Additionally, changes in the grinding
state, likely caused by the clogging of the wheel from
ground metal, were observed. The occurrence of adhesion
of metal on the wheel surface could result in a decrease
in grinding rate. Moreover, the adhesion caused filling of
the pores of the grinding wheel and obstructed self-
dressing of the wheel. The changes could be easily
assessed by the decrease in the grinding sound or the
interruption of grinding sparks. Similar results were also
found for Ti—Au and Ti—Zr alloys [2, 13, 33].

@ Springer
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