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a b s t r a c t

The machinability of a series of binary Ti–Sn alloys with Sn contents ranging from 1 to 30 mass% was
investigated, using commercially pure titanium (c.p. Ti) as a control. The specimens were slotted using
an electric dental handpiece and end mills. Machinability was evaluated by the cutting length, which
traveled by the end mill from one edge of the specimen to the other edge. For each metal specimen, a
permitted cutting time of 3 min was used to determine its average cut length. The experimental results
indicated that alloying with Sn significantly improved the machinability of c.p. Ti in terms of cutting
length under the present cutting conditions. The Ti–Sn alloys with a higher Sn concentration could be
echanical properties
canning electron microscopy (SEM)

cut more readily. At 120 m/min, the lengths for Ti–20Sn were about 1.3 and 1.4 times higher than that of
c.p. Ti at 200 and 300 gf, respectively. Additionally, the lengths for Ti–30Sn were about 1.7 and 1.8 times
higher than that of c.p. Ti at 200 and 300 gf, respectively. For Ti–20Sn and Ti–30Sn, there was no adhesion
of metal chips observed in the appearance of the cut surfaces at 120 m/min. Furthermore, they had the
lowest surface roughness (Ra) values at 120 m/min. Our research suggests that the Ti–Sn alloys with Sn
contents of 20 or 30 mass% developed here are viable candidates for machining at the rotation speed of

M m
120 m/min by the CAD/CA

. Introduction

Cast pure titanium has been increasingly used to make fixed and
emovable prostheses. When compared with conventional den-
al alloys, it exhibits good biocompatibility, corrosion resistance
nd superior light weight [1–5]. However, the strength of titanium
s inadequate for dental prostheses requiring comparatively high
trength, such as partial dentures, bridges, and implants. Addition-
lly, it is considered as one of the most difficult metals to machine
cut or grind) [6]. The poor machinability of titanium leads to a
ong processing time and short tool life [7,8]. Because of these
nefficiencies, alloying titanium is one of the ways to improve its

achinability properties.
The majority of the present dental alloys was developed with

ental casting in mind. However, casting metals is not the only

ay to fabricate dental prostheses. The CAD/CAM (computer-aided
esign/computer-aided manufacture) method represents a great
dvancement over casting technology. Milling is the most impor-
ant machining operation employed in many dental CAD/CAM
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systems [9,10]. Consequently, further development of new den-
tal materials suited for machining is desired. This study, therefore,
examined the machinability or the relative ease of machining these
dental alloys. Over the past years, only a few studies have evaluated
the machinability of dental alloys with the objective of developing
new materials for dental CAD/CAM applications [11–14]. Machin-
ability is defined as the relative ease of machining a metal. Kikuchi
et al. [11–13] have examined the machinability of dental titanium
alloys through the cutting force.

Among various titanium alloys, Ti–6Al–4V is one of the most
studied, and has been used for the fabrication of denture bases
and multiple unit bridges because its strength is superior to that
of pure titanium [15]. In general, the grindability of Ti–6Al–4V is
much better than that of pure titanium [16,17]. However, it has
been speculated that the release of Al and V ions from the alloy
might cause some long-term health problems [18–20]. For a metal
to be used in a dental restoration, its biocompatibility is impor-
tant so that it does not cause toxicological or allergic reactions.
Therefore, caution should be exercised when alloying elements are
added. In our previous research [21], a series of binary Ti–Sn alloys

was developed which showed favorable mechanical properties. Tin
(Sn) is known to be safe for use as an alloying element to titanium
and is considered to be non-toxic and non-allergic [22]. Sn can also
be used to strengthen Ti alloys [23]. In the present study, a new
approach for evaluating machinability was applied to Ti–Sn alloys
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Fig. 1. Schematic illustration of the machinability test.
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Table 1
Cutting conditions.

Condition Rotation speed (m/min) Load (gf) Cutting depth (mm)

A 120 100 0.5
B 120 200 0.5
C 120 300 0.5
D 240 100 0.5
E 240 200 0.5
F 240 300 0.5
Fig. 2. Microhardness of c.p. Ti and Ti–Sn alloys.

p to 30 mass% Sn. This series of alloys was evaluated with the hope
f developing a new titanium alloy suitable for dental CAD/CAM
pplications.

. Materials and methods

The materials used in this study included commercially pure titanium (c.p. Ti)
nd a series of Ti–Sn alloys [1, 5, 10, 20 and 30 mass% Sn (hereafter, ‘mass%’ will
e referred to as ‘%’)]. All the materials were prepared from raw titanium (99.8% in
urity), Sn (99.95% in purity) by using a commercial arc-melting vacuum-pressure-
ype casting system (Castmatic, Iwatani Corp., Japan). The melting chamber was first
vacuated and purged with argon at a pressure of 1.5 kgf/cm2 maintained during
he melting process. Appropriate quantities of Ti and Sn were melted in a U-shaped
opper hearth with a tungsten electrode. The ingots were re-melted five times prior
o casting to improve their chemical homogeneity. Prior to casting, the ingots were
gain melted in an open-based copper hearth under an argon pressure of 1.5 kgf/cm2.
he difference in pressure between the two chambers allowed the molten alloys
o instantly drop into the graphite mold when melted. The cast alloys were sec-
ioned by using a Buehler Isomet low-speed diamond saw to obtain specimens. The

icrohardness of the polished alloys was measured by using a microhardness tester
MVK-E3, Mitutoyo, Japan) at 100 g for 15 s.

The specimens were slotted using an electric dental handpiece (Ultimate 500,
SK Nakanishi Inc., Japan) and end mills (DB-7, Dedeco International Inc., USA). A

chematic diagram of the machinability test is illustrated in Fig. 1. Each specimen
as fixed on a table that was moved by an applied load. A cutting test was performed
nder six cutting conditions, as shown in Table 1, for each specimen. By applying
force of 100, 200 or 300 gf, the specimens were milled at one of the two cutting
peeds of the end mill (120 or 240 m/min). The cutting depth was 0.5 mm. Machin-
bility was evaluated by the cutting length, which traveled by the end mill from one
dge of the specimen for 3 min permitted calculation of the average cutting length
or different metals. No cutting fluid or coolant was used. Three specimens were
sed to evaluate the machinability of each alloy and the test was performed twice Fig. 3. Cutting length of c.p. Ti and Ti–Sn alloys.
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Fig. 4. Cut surfaces

or each kind of specimen at each cutting condition. All the surfaces subjected to
utting were abraded to the final level of a 2000-grit paper prior to testing.

After testing, the cut surfaces and metal chips were observed using a scanning
lectron microscope (SEM; S-3000N, Hitachi, Japan). The surface roughness (Ra)
f the cut surfaces (bottom of the slots) was evaluated by using a surface texture
easuring instrument (Surfcorder SE1700, Kosaka Corp., Japan).

. Results and discussion

.1. Microhardness

In our previous study [21], the phases of a series of Ti–Sn alloys
ere identified by using X-ray diffraction (XRD). The results indi-

ated that the diffraction peaks of all the Ti–Sn alloys matched in
phase. There was no indication that � phase peaks or any inter-
ediate phases were included in any of the diffraction patterns

btained. Fig. 2 shows the microhardness values of the c.p. Ti and
i–Sn alloys. The hardness of the Ti–Sn alloys increased as the con-
ent of the Sn increased in a range between 246 HV (Ti–1Sn) and

57 HV (Ti–30Sn), and it was significantly higher (p < 0.05) than
hat of c.p. Ti (186 HV). Since the Ti–Sn alloys exhibited a com-
lete solid solution (� phase) in the present study, their hardness
alues showed continuous change throughout the system. Of the
i–Sn alloys, the alloy with 30% Sn content exhibited the highest
Ti and Ti–Sn alloys.

hardness value, which was likely caused by the solid-solution hard-
ening in the � phase. These results are similar to those obtained in
the Ti–Zr alloy system reported by Ho et al. [24].

3.2. Machinability

The cutting lengths of the Ti–Sn alloys were determined for each
load (100, 200 or 300 gf) at a rotation speed of 120 m/min and cut-
ting depth of 0.5 mm, as shown in Fig. 3(a). The cutting lengths for
Ti–20Sn and Ti–30Sn alloys were significantly higher (p < 0.05) than
that for c.p. Ti. Up to 300 gf, the cutting lengths of all the Ti–Sn alloys
and c.p. Ti tended to increase with the loads. The cutting lengths for
the Ti–30Sn alloy were significantly higher (p < 0.05) than those of
the other metals tested at any work loads. It is noteworthy that the
lengths for Ti–30Sn were about 1.7 and 1.8 times higher than that
of c.p. Ti at 200 and 300 gf, respectively. Additionally, the lengths
for Ti–20Sn were about 1.3 and 1.4 times higher than that of c.p.
Ti at 200 and 300 gf, respectively. On the other hand, the machin-
ability of the Ti–Sn alloys with lower Sn concentrations (Sn ≤ 10%)

was similar to that of c.p. Ti. There were no significant differences
(p > 0.05) among the lengths for c.p. Ti, Ti–1Sn, Ti–5Sn and Ti–10Sn
at the lower work loads of 100 and 200 gf.

The cutting lengths of the Ti–Sn alloys at a rotation speed of
240 m/min under three different loads (100, 200 or 300 gf) and
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Fig. 5. Metal chips cut

utting depth of 0.5 mm are shown in Fig. 3(b). Similar to the
esults at 120 m/min, the cutting lengths of all the Ti–Sn alloys
nd c.p. Ti tended to increase with the loads. The lengths for the
i–20Sn and Ti–30Sn alloys were significantly higher (p < 0.05)
han those of the other metals tested at any loads, especially at
igher loads. At 200 gf, the lengths for Ti–20Sn and Ti–30Sn were
bout 1.6 and 1.7 times higher than that of c.p. Ti, respectively. At
00 gf, the lengths for Ti–20Sn and Ti–30Sn were about 1.5 and
.6 times higher than that of c.p. Ti, respectively. It is noteworthy
hat, at 300 gf, the cutting lengths for the Ti–30Sn alloy were signif-
cantly higher (p < 0.05) than those of the Ti–20Sn alloy at 120 and
40 m/min.

The machinability of a metal is affected by its microstructure.
ased on the Ti–Sn equilibrium phase diagram [25], the alloy phases
f Ti–20Sn and Ti–30Sn alloys should be � phase and the inter-
etallic compound Ti3Sn at room temperature. In general, the

hases of as-cast alloys related closely to the cooling rate. If the
ooling rate from the �-region is sufficiently rapid, martensitic
tructure � phase is formed, or the � phase is retained. Therefore,
hen using XRD to examine structural analysis, no peaks corre-
ponding to intermetallic compound were detected in any of our
pecimens. Results similar to these can be found in our previous
eports on Ti–Cr alloys [26]. As a result, the as-cast Ti–Sn alloys
ith Sn contents ranging from 1 to 30% consisted of � phases
ue to non-equilibrium cooling. Consequently, the machinability
.p. Ti and Ti–Sn alloys.

of the Ti–Sn alloys cannot be determined only by its microstruc-
ture.

It is known that lower ductility is generally beneficial to the
machinability of metals [27,28]. In the steel industry, it is com-
mon to improve machinability by using sulfur [29] or various heat
treatments [30] to decrease ductility. In our previous study [21],
three-point bending tests were performed to evaluate the mechan-
ical properties of Ti–Sn alloys. The results indicated that when
the Sn content was 20% or greater, the alloys showed decreasing
ductility. The Ti–20Sn alloy failed due to a combination of brittle-
ness and ductility at an average deflection of about 6.3 mm, and
Ti–30Sn failed entirely due to brittleness at an average deflec-
tion of only about 3.2 mm. In contrast, the other alloys (Ti–1Sn,
Ti–5Sn and Ti–10Sn) did not fail, even after being deflected by
8 mm (the pre-set maximum). The ductility of Ti–Sn alloys became
lower than that of c.p. Ti as the concentration of Sn increased
[21]. In the present study, the cutting lengths (machinability) of
the Ti–Sn alloys increased as the concentration of Sn increased.
These results were similar to those found in other alloy systems
by some researchers [12,13,31]. The magnitudes of cutting length

for Ti–20Sn and Ti–30Sn were much higher than those for c.p. Ti
and the other Ti–Sn alloys in the present study. The reduced duc-
tility (lower bending deflection) was considered to be a primary
contributing factor to the increased cutting lengths, as shown in
Table 2.
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Table 2
Bending deflections and cutting lengths of c.p. Ti and Ti–Sn alloys.

Alloy Bending deflection
(mm) [21]

Cutting length (mm)

A B C D E F

c.p. Ti >8.0 0.37 0.63 0.81 0.40 0.66 0.93
Ti–1Sn >8.0 0.39 0.63 0.87 0.41 0.67 0.98
Ti–5Sn >8.0 0.41 0.62 0.89 0.42 0.72 1.04
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Ti–10Sn >8.0 0.42 0.64 0.92 0.43 0.73 1.05
Ti–20Sn 6.3 0.48 0.82 1.12 0.52 1.05 1.40
Ti–30Sn 3.2 0.59 1.09 1.45 0.64 1.11 1.52

The fracture toughness (KIC) values were computed from tensile
roperties on the basis of a fracture mechanics model that relates
IC to tensile properties such as yield strength, tensile ductility
nd strain hardening exponent [28]. Chan et al. [28] indicated that
racture toughness increases with increasing ductility. Addition-
lly, machinability increases with decreasing fracture toughness.
lthough the KIC values of the cast Ti–Sn alloys intended for den-

al applications have not been measured in the present study.
he greater cutting lengths of the Ti–20Sn and Ti–30Sn alloys are
elated to their lower ductility or lower KIC.

Although many attempts have been made to explain and predict
he machinability of a material by its strength or hardness, no gen-
ral consensus has been reached regarding an explanation [12]. The
ardness of the Ti–Sn alloys became higher than that of c.p. Ti as
he contents of Sn increased. The increase in hardness was probably
ue to the solid-solution hardening of the � phase. Takeyama et al.
32] demonstrated that greater strength and hardness of a material
enerally render the machining thereof more difficult. However,
n our study, the Ti–Sn alloys had greater hardness values than
hat of c.p. Ti, but they also had higher machinability, especially
or Ti–20Sn and Ti–30Sn. In earlier studies [33–35], the respective
esearchers discussed grindability in terms of the hardness of the
etals. Nevertheless, in the present study a high degree of hard-

ess of a material does not necessarily result in low machinability.
his result also agrees with that reported by Ohkubo et al. [16],
ho tested c.p. Ti and the Ti–6Al–4V alloy. In fact, it appears that
ardness is not among the principal reasons for better machinabil-

ty.

.3. Observation of cut surfaces and metal chips

Fig. 4 shows the cut surfaces of the Ti–Sn alloys from rotation
peeds of 120 and 240 m/min under a 200 gf load. The feed direc-
ion was from the bottom to the top, and the rotational direction
as from the left to the right of each image. Cutting marks were

bserved on all the cut surfaces. However, cutting marks were
bserved to a greater degree for the c.p. Ti, Ti–1Sn, Ti–5Sn and
i–10Sn alloys machined at 120 or 240 m/min. On the other hand,
dhesion of metal chips to the cut surface was observed in some
laces for the c.p. Ti, Ti–1Sn, Ti–5Sn and Ti–10Sn alloys. Compared
o 120 m/min, it was particularly obvious when the higher rotation
peed (240 m/min) was employed. It is worth noting that there was
o adhesion of metal chips in the appearance of the cut surfaces for
i–20Sn and Ti–30Sn at 120 m/min.

Typical metal chips resulting from cutting at rotation speeds
f 120 or 240 m/min and under a 300 gf load are illustrated in
ig. 5. For each metal, there were no pronounced differences
n the appearance of metal chips among the c.p. Ti and Ti–Sn
lloys. It should also be noted that in general, lower ductility pro-

otes smaller chips. As shown in Fig. 6, the average size of the
etal chips of Ti–Sn alloys decreased as the concentration of Sn

ncreased between 52 and 62 �m at 120 m/min and between 34
nd 61 �m at 240 m/min, and they were smaller than that of c.p.
Fig. 6. Average size of metal chips of c.p. Ti and Ti–Sn alloys.

Ti (63 �m). Additionally, the chips appeared larger as the working
load increased. From the viewpoint of chip control, the chips of all
the metals were easily broken under the present condition. In the
present study, it seems that finer metal chips are more suitable
for machining than larger ones. This result was similar to those
found in evaluating the grindability of Ti–Zr, Ti–Cr, Ti–Nb, Ti–Ag
and Ti–Cu alloys [24,36–38]. Grindability is essentially the same
process as cutting on a microscopic scale, and evaluating the grind-
ability of a metal can be a guide to evaluating the ease of cutting
[11].

3.4. Surface roughness

Fig. 7 shows the surface roughness values (Ra) of the cut surfaces
of Ti–20Sn and Ti–30Sn in the feed directions at 120 and 240 m/min
under the loads of 200 and 300 gf, respectively. It is evident that
the specimens had better surface finish at 120 m/min when com-
pared to a higher rotation speed of 240 m/min. Both Ti–20Sn and
Ti–30Sn alloys had the lowest Ra values at the rotation speed of
120 m/min. The Ra values were increased when rotation speed was
increased to 240 m/min for both alloys. The Ra values obtained at

120 m/min was about 1.1 �m, while at 240 m/min the range was
between 1.4 and 1.7 �m. Results also showed that work loads do
not seem to affect the surface finish of the metals under the same
rotation speeds.
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Fig. 7. Surface roughness values (Ra) of cut surfaces of Ti–20Sn and Ti–30Sn.

. Conclusions

1) The cutting lengths (machinability) of the Ti–Sn alloys
increased as the concentration of Sn increased. Furthermore,
the lengths of all the Ti–Sn alloys and c.p. Ti tended to increase
with the loads. At 120 m/min, the lengths for Ti–20Sn were
about 1.3 and 1.4 times higher than that of c.p. Ti at 200 and
300 gf, respectively. Additionally, the lengths for Ti–30Sn were
about 1.7 and 1.8 times higher than that of c.p. Ti at 200 and
300 gf, respectively.

2) At 240 m/min, the lengths for Ti–20Sn and Ti–30Sn were about
1.6 and 1.7 times higher than that of c.p. Ti at 200 gf, respec-
tively. Moreover, the lengths for Ti–20Sn and Ti–30Sn were
about 1.5 and 1.6 times higher than that of c.p. Ti at 300 gf,
respectively.

3) The adhesion of metal chips to the cut surface was observed in
some places for the c.p. Ti, Ti–1Sn, Ti–5Sn and Ti–10Sn alloys.
However, there was no adhesion of metal chips in the appear-
ance of the cut surfaces for Ti–20Sn and Ti–30Sn at 120 m/min.

4) Under the load of 300 gf, the average size of the metal chips
of Ti–Sn alloys decreased as the concentration of Sn increased
between 52 and 62 �m at 120 m/min and between 34 and

61 �m at 240 m/min, and they were smaller than that of c.p.
Ti (63 �m).

5) Both Ti–20Sn and Ti–30Sn alloys had the lowest surface
roughness (Ra) values, about 1.1 �m, at the rotation speed of
120 m/min.

[
[
[
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