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a b s t r a c t

In this study, the high-temperature microstructural characteristics of the Ti–5Al–1Sn–1Fe–1Cr
(Ti-5111) alloy were determined by optical microscopy, scanning electron microscopy, transmis-
sion electron microscopy, and energy-dispersive X-ray spectrometry. During solution treatment
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between 800 and 1000 ◦C, the phase transformation sequence of the alloy was found to be
(� + �) → (� + �′ + �) → (� + �′ + �′′ + residual �) → (�′ + �). The residual � phase subsequently transforms
to the �′′ phase during quenching. The driving force for this transformation is the cooling rate. The
martensite starting point (Ms) and � transus temperature of the Ti-5111 alloy are nearly 860 and 960 ◦C,
respectively. These values are lower than those of the Ti–6Al–4V alloy. Moreover, it is believed that the

marte
ransmission electron microscopey
hase transformation

concentration of Al in �′

. Introduction

Titanium (Ti) and its alloys possess a unique combination of
hysical and biological properties such as high strength and stiff-
ess, low density, good corrosion and oxidation resistance, and
xcellent biocompatibility [1–9]. Hence, they are extensively used
n a variety of aerospace, chemical, and biomedical applications.
uplex (� + �)-phase Ti–6Al–4V has been the main alloy used in
iomedical applications for a long period, because it combines high
trength with workability, and duplex alloys are usually thermome-
hanically processed or heat treated to refine the microstructure
nd tailor the mechanical properties to the desired application.

owever, recent studies have shown that the Ti–6Al–4V alloy has

ow wear resistance [10] and a relatively high elasticity modu-
us than bone [11]. Thus, novel Ti-based alloys such as Ti–15Mo
1], Ti–13Nb–13Zr [2], Ti–35Nb–2Ta–3Zr [12], Ti–Mo–Nb [13],

∗ Corresponding author at: Research Center for Biomedical Devices, Taipei Medi-
al University, Taipei 110, Taiwan. Tel.: +886 2 27361661x5400;
ax: +886 2 27395524.
∗∗ Co-corresponding author.
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1 Co-first author.

925-8388/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.03.052
nsite plays a crucial role in the formation of the twin-type martensite.
© 2010 Published by Elsevier B.V.

and Ti–50Ta [14] have been developed as potential materials for
biomedical uses such as dental implants, bone plates, crowns, arti-
ficial vascular stents, and screws for fracture fixation [15–18].

From a financial point of view, it would be desirable if expensive
alloying elements such as V, Zr, Nb, Ta, and Mo could be replaced
with cheaper elements without sacrificing desirable mechani-
cal and biological properties. Accordingly, new alloys with high
strength and low cost are being developed, e.g., Ti–Si [19], Ti–Fe–Si
[20], Ti–Al–Fe [21], and Ti–Fe–Sn [3]. Recently, we have focused on
the duplex Ti-5111 alloy because of its price advantage and attrac-
tive properties. In the Ti-5111 alloy system, Al stabilizes the � phase
and improves the corrosion and oxidation resistance behavior. Fe
is known to be a low-cost � phase stabilizer [20,21]. Cr addition
can promote the plasticity of duplex alloys and increases the ten-
dency of Ti to passivate [22]. The addition of Sn increases solution
strengthening and enhances biocompatibility. In addition, Hsu et al.
[23] pointed out that Ti with (1 wt.%) Sn alloy had the most favorable
mechanical properties, making it the best candidate for prosthetic

dental applications. It is generally concluded that the Ti-5111 alloy
possesses excellent properties such as high specific strength, good
corrosion and oxidation resistance, superior workability, and good
biocompatibility. Thus, it is a potential material for implants and
dental orthodontic devices.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:g4808@tmu.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.03.052
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It is well known that the microstructures and mechanical prop-
rties of Ti alloy are closely related to the hot working history of the
lloy. Understanding the high-temperature microstructure transi-
ion behavior is of great importance in the isothermal forging and
uperplasticity formation of a new duplex Ti alloy. Therefore, the
urpose of the present study is to investigate the high-temperature
icrostructural characteristics of the Ti-5111 alloy and thus pro-

ide information that would be valuable in biomedical applications.

. Experimental procedures

The alloy of interest was prepared in a vacuum arc remelting furnace with
non-consumable W electrode and a water-cooled copper hearth under a

rotective N2 atmosphere using high-purity sponge titanium, 99.7%-pure elec-
rolytic Al, AISI 1008 low-carbon steel, pure Sn, and pure Cr. The ingot was
emelted three times to ensure compositional homogeneity. The button ingot
as nearly 1.5 kg in mass. The chemical composition of the investigated alloy
etermined by inductively coupled plasma-atomic emission spectrometry was
i–5.07Al–0.95Sn–0.92Fe–1.13Cr–0.006C–0.004N–0.006O (wt.%). After homoge-
ization at 1000 ◦C for 4 h in a protective Ar atmosphere, the ingot was hot forged
nd cold rolled to a sheet with a final thickness of 2.5 mm.

Solution treatment was conducted at temperatures ranging from 800 to 1000 ◦C
or 30 min in a vacuum furnace, and this was followed by rapid quenching to
oom temperature in water. The specimens for optical microscopy (Olympus BX-51)
nd scanning electron microscopy (SEM; JEOL JSM-6500F) were abraded with SiC
aper, polished with 0.3 �m Al2O3 powder, washed in distilled water, ultrasonically
egreased in acetone, and etched with a mixture of 3 ml HF, 5 ml HNO3, and 92 ml
2O. The percentage volume of each phase was measured using an image analyzer

Buehler OmniMet); the average of 10 tests was considered. Transmission elec-
ron microscopy (TEM) was conducted using a Philips-CM200 operated at 200 kV.
lemental distributions were examined by energy-dispersive X-ray spectrometry
EDS). The average weight percentages of alloying elements were examined by ana-
yzing at least 10 different EDS spectra of each phase. Samples for TEM were prepared
y mechanical grinding to 30 �m thickness and electropolishing with an electrolyte
ontaining 300 ml methyl alcohol, 170 ml n-butyl alcohol, and 30 ml perchloric acid
t a current density of 1.5–2.5 × 104 A/m2 at a temperature less than −15 ◦C.

. Results and discussion
Fig. 1(a)–(f) shows the optical micrographs of the Ti-5111 alloy
olution-treated at various temperatures for 30 min. After the
nvestigated alloy was solution-treated at 800 ◦C for 30 min, it had a
ypical dual-phase microstructure, as shown in Fig. 1(a). It is clearly

Fig. 1. Optical micrographs of the Ti-5111 alloy samples underwent solution-treated a
Compounds 499 (2010) 171–175

seen that the alloy contained fine island-like phases dispersed in
the matrix. The microstructural characteristic was similar to that
of the common Ti–6Al–4V alloy [24]. The same structure was also
observed at temperatures between 830 and 860 ◦C, as shown in
Fig. 1(b) and (c). Only the grain sizes of the island-like phase slightly
changed with temperature. The average grain sizes of the island-
like phase in the samples solution-treated at 800, 830, and 860 ◦C
for 30 min were determined using an image analyzer and found
to be approximately 18.6, 25.5, and 32.1 �m, respectively. When
the investigated alloy was solution-treated at 890 ◦C for 30 min,
precipitates formed in the matrix and on the grain boundaries, as
illustrated in Fig. 1(d). As the temperature increased to 920 ◦C, there
were no significant differences in the microstructure as compared
with Fig. 1(d). The grain size of the matrix phase slightly increased
with temperature, as depicted in Fig. 1(e). It is clearly seen that the
precipitate has a needle-like morphology in the matrix. When the
alloy was solution-treated at 960 ◦C for 30 min, the microstructure
changed to a single-phase structure, as shown in Fig. 1(f). Above
960 ◦C, the microstructure was the same as that seen in Fig. 1(f).

Electron microscopy observations revealed that no other pre-
cipitates were formed in the investigated alloy after solution
treatment at temperatures between 800 and 830 ◦C. However,
some acicular precipitates formed in the matrix of the alloy
solution-treated at 860 ◦C. Fig. 2(a) is a bright field (BF) image of
the [0 1 1] zone of the island-like phase, which was taken from
the matrix in Fig. 1(c). The image indicates that the island-like
phase is a � phase with body-center-cubic (BCC) structure [25].
Fig. 2(b) depicts a [1 1 2̄ 0] selected-area electron diffraction pat-
tern (SAEDP) taken from the matrix in Fig. 1(c) and reveals that the
matrix is an � phase with a hexagonal-close-packed (HCP) struc-
ture. In addition to the reflection spots of the � phase, the SAEDP
also contains small superlattice spots. From the camera length and
d-spacings of the superlattice spots, it is concluded that the spots

were �′ martensites having an HCP structure and lattice parameters
a = 2.93 nm and c = 4.66 nm [4,26]. Fig. 2(c) shows the �′ martensite
dark field (DF) image; this image clearly shows the presence of
the �′ martensite in the matrix. Moreover, a high density of dis-
locations is observed within the �′ martensite. The �′ martensite

t (a) 800 ◦C, (b) 830 ◦C, (c) 860 ◦C, (d) 890 ◦C, (e) 920 ◦C and (f) 960 ◦C for 30 min.
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mixture of �, � , � , and residual � phases.
ig. 2. TEM micrographs of the Ti-5111 alloy sample underwent solution-treated
t 860 ◦C for 30 min: (a) a BF image of the [0 1 1] zone of the island-like phase, (b) a
1 1 2̄ 0] SAEDP taken from the matrix in Fig. 1(c), and (c) the �′ martensite DF.

lates are usually densely populated with dislocations [26]. There-
ore, it is determined that the microstructure of the investigated
lloy solution-treated at 860 ◦C for 30 min comprised (� + �′ + �)
hases.

Fig. 3 presents the TEM micrographs of the alloy solution-treated
t 890 ◦C for 30 min. The BF image reveals not only lath-like pre-
ipitate (white regions) and acicular precipitate (as indicated by
rrows) but also residual phase (as marked by the white circle) in

he matrix, as shown in Fig. 3(a). Fig. 3(b) depicts a [0 0 0 1] SAEDP
aken from the matrix in Fig. 3(a). In addition to the reflection spots
f the � phase, the SAEDP includes two types of superlattice spots.
hese superlattice spots were the �′ and �′′ martensites having
Fig. 3. TEM micrographs of the Ti-5111 alloy sample underwent solution-treated at
890 ◦C for 30 min: (a) BF, (b) a [0 0 0 1] SAEDP taken from the matrix in (a), and (c) a
[1 0 0] SAEDP taken from the residual phase, which was marked white circle region
in (a).

an HCP structure and an orthorhombic structure, respectively [14].
The �′′ martensite is also a dislocation-type martensite. Fig. 3(c)
shows a [1 0 0] SAEDP taken from the residual phase marked with
the white circle in Fig. 3(a). The pattern indicates that the residual
phase is the � phase with a BCC structure [25]. This characteristic
was also detected in the alloy solution-treated at 920 ◦C. Thus, dur-
ing solution treatment at 890–920 ◦C, the Ti-5111 alloy became a

′ ′′
When the temperature was increased to 960 ◦C, the macrostruc-
ture of the investigated alloy was essentially a single-phase
structure. Electron microscopy indicated a phase transition
occurred in the matrix. Fig. 4(a) is an SEM image taken from the
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Table 1
The chemical compositions of the �′ martensite of the Ti-5111 alloy solution-treated
at 860 and 960 ◦C, respectively.

Solution treatment Phase Chemical composition (wt.%)

that the concentration of Al in � martensite is significantly greater
ig. 4. Electron micrographs of the Ti-5111 alloy sample underwent solution-
reated at 960 ◦C for 30 min: (a) SEM image, (b) a [1̄ 2 3] SAEDP taken from a mixed
egion covering the acicular precipitate and the matrix phase in (a), and (c) the �′

artensite DF.

atrix of the alloy in Fig. 1(f); clearly, acicular precipitates formed
n the matrix. Fig. 4(b) shows a [1̄ 2 3] SAEDP taken from a mixed
egion covering acicular precipitate and matrix phase in Fig. 4(a).
he figure reveals that the matrix was � phase with BCC structure
25]. In addition to the � phase spots, satellite spots coexist in the
AEDP. These satellite spots were identified as �′ martensite. How-
ver, large (1 1̄ 0 0) twins were observed within the �′ martensite,

s illustrated in Fig. 4(c). Compared to that of observed in Fig. 2, the
eature demonstrates that it belongs to a twin-type martensite [26].
ence, the microstructure of the alloy solution-treated at 960 ◦C
ad (�′ + �) phases. As mentioned above, when the investigated
Ti Al Sn

860 ◦C–30 min �′ martensite Bal. 4.53 1.05
960 ◦C–30 min �′ martensite Bal. 8.60 1.18

alloy underwent solution treatment at temperatures between 800
and 960 ◦C, the phase transformation sequence was found to be
(� + �) → (� + �′ + �) → (� + �′ + �′′ + residual �) → (�′ + �).

The above observations are now discussed. When the Ti-5111
alloy was solution-treated at 860 ◦C for 30 min, �′ martensite
formed in the � matrix. This result strongly suggests that the Ms of
the Ti-5111 alloy is nearly 860 ◦C. The Ms of Ti-5111 alloy is lower
than that of Ti–6Al–4V alloy [27]. It is well known that �′ marten-
site plays an important role in increasing the strengths of duplex
Ti alloys [4,26,27]. Peng et al. [4] pointed out that �′ martensite not
only increases the tensile strength but also enhances the damping
capacity of an alloy. Therefore, it is expected that the formation
of �′ martensite promotes the mechanical properties of Ti-5111
alloy.

When the investigated alloy underwent solution treatment at
temperatures between 860 and 920 ◦C, the phase transformation
sequence was found to be (� + �′ + �) → (� + �′ + �′′ + residual �).
Paradkar et al. [28] reported that the athermal decomposition of �
during quenching leads to the formation of �′ hexagonal marten-
site in alloys lean in � stabilizers and �′′ orthorhombic martensite
in alloys with higher levels of � stabilizers. An example is the Ti–Mo
system [29,30]. The � phase transforms to �′ phase in Ti–Mo alloys
containing less than 4 wt.% Mo and �′′ phase in alloys contain-
ing 4–8 wt.% Mo during quenching. A similar effect is observed for
Ti–4Al–4Mo–2Sn–0.5Si alloy [31]. In the present sturdy, the � sta-
bilizer content (i.e., the Fe and Cr content in the investigated alloy)
is about 2 wt.%, which is less than the range for the formation of
�′′ phase. However, Paradkar et al. [28] pointed out that the slow
cooling of the alloy leads to the formation of equilibrium phases in
both the � and � + � regions, whereas rapid cooling (water quench-
ing) results in the transformation of the retained � phase to the
�′′ phase. Therefore, it is deduced that the cooling rate plays an
important role in driving the transformation of the retained � phase
to �′′ phase in the Ti-5111 alloy solution-treated at temperatures
between 860 and 920 ◦C.

Moreover, an � → � structure transition was observed in
the matrix of the alloy solution-treated at 960 ◦C. This feature
demonstrates that the � transus temperature of the Ti-5111
alloy is approximately 960 ◦C. The � transus determined from
metallographic observations is in good agreement with the
TEM identifications and confirms that there is an approximate
30–50 ◦C difference between Ti-5111 alloy and Ti–6Al–4V alloy
(1000 ± 14 ◦C) [32,33]. In applications, the � transus is an impor-
tant parameter in the thermomechanical processing of Ti alloys
because entirely different microstructures are obtained depending
on whether the alloy is processed above or below this temperature
[32].

Table 1 presents quantitatively the chemical compositions of
�′ martensite of Ti-5111 alloys solution-treated at 860 and 960 ◦C.
Basically, the chemical compositions of �′ martensite in both spec-
imens consist of �-stabilizing alloying elements (i.e., Al and Sn).
However, with the temperature increasing to 960 ◦C, it was found

′

than that in the alloy solution-treated at 860 ◦C for 30 min. The
result reveals that the concentration of Al in the �′ martensite plays
a crucial role in the formation of the twin-type martensite. Finally,
it is worth noting that aging treatment must be further studied
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o better understand the microstructure transitional behavior of
i–5Al–1Sn–1Fe–1Cr alloy.

. Conclusions

The microstructure of the investigated alloy solution-treated
t 860 ◦C for 30 min comprised (� + �′ + �) phases. The �′ marten-
ite had an HCP structure and lattice parameters a = 2.93 nm and
= 4.66 nm; it is a dislocation-type martensite. As the temperature

ncreased from 890 to 920 ◦C, not only lath-like �′ martensite but
lso acicular �′′ martensite and residual � phase were formed in the
atrix. The �′′ martensite was identified as having an orthorhom-

ic structure. Above 960 ◦C, the microstructure of the investigated
lloy revealed a � phase with �′ martensite. The �′ martensite was
twin-type martensite. It was found that the concentration of Al

n the �′ martensite plays a crucial role in the formation of the
win-type martensite.
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