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Abstract: Two new β-type titanium (β-Ti) alloys of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-
3.3Zr were designed with the same bond order value 2.79 and different d-orbital energy level values
of 2.28 and 2.16, respectively. The effect of intermetallic compounds (IMCs) and the segregation
behaviors of β-Ti alloys were discussed by adding excessive and normal alloying elements to alloys
under both as-cast and solution-treated conditions. The mono-β phase in the Ti-10.5Cr-5.4Mn-2.4Zr-
0.9Al alloy and β+intermetallic compounds (IMCs) in the Ti-15.6Cr-12Mn-3.3Zr alloy were identified
and observed. The as-cast and solution-treated alloys showed their ultimate tensile strength and
fracture strain; these were 982 and 1002 MPa, with 9.82 and 9.89% for Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al,
and 448 and 296 MPa, with 0.12 and 0.11% for Ti-15.6Cr-12Mn-3.3Zr, respectively. Moreover, the
Vickers hardness values of the as-cast and solution-treated alloys were 345 and 355 for Ti-10.5Cr-
5.4Mn-2.4Zr-0.9Al, and 422 and 466 for Ti-15.6Cr-12Mn-3.3Zr, respectively.

Keywords: β-type titanium alloys; segregation behaviors; microstructure and mechanical properties;
cold crucible levitation melting

1. Introductions

β-type titanium (β-Ti), possessing a unique corrosion resistance, biocompatibility,
shape memory effect and high specific strength, has been extensively used in industrial,
implant and aerospace applications [1–5]. However, the cost of β-Ti alloys is relatively
higher than many other structural alloys due to the expensive raw materials and complex
post-treatment processes, which limits their further application, such as in civilian and
high-friction working fields [6,7]. Some approaches were carried out by researchers to
reduce the cost of β-Ti alloys, such as the development of β-Ti alloys with cheap alloying
elements and the proposal of β-Ti alloys with simplified post-treatment procedures [8,9].
Solid solution strengthening is also a possible approach to improve the mechanical proper-
ties of β-Ti alloys by adding a high content of alloying elements [10,11]. The super-plasticity
performance and tensile properties of Ti alloys were enhanced by optimizing their com-
positions with Ni and Co alloying elements [12]. The compressive fracture strength and
yield strength were improved with a high content of the Fe alloying element [13]. A high
impressive tensile plasticity was achieved by the addition of Nb, Co, Cu and Al [14,15].
The effect of Cr content on the structure and mechanical properties of β-Ti alloys showed
fine and large deformation dimples corresponding to the satisfied ductile fracture [16,17].
A reduction in costs was achieved by choosing Mn as a β stabilizer alloying element for
biomedical applications [18]. The hydrogen storage capacities and hydrogen desorption
plateau pressure behaviors were optimized by adjusting the contents of Cr and Mn in Ti
alloys [19]. The addition of alloying elements greatly improved the mechanical properties
of Ti alloys.

However, intermetallic compounds (IMCs) occur with the increase in additional ele-
ments, and the presence of IMCs in Ti alloys could lead to varying mechanical properties.
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The service temperature range and high-temperature oxidation resistance ability were
raised by the development of Ti-Al intermetallic compounds and the addition of tung-
sten [20–22]. IMCs might improve or decrease the mechanical properties of Ti alloys,
depending on the content and types of alloying elements [23]. The improvement in Vickers
hardness was demonstrated in Ti-Cr binary alloys when the Cr content was 80% in the
TiCr2 phase [24]. The addition of a suitable carbon content to TiAl alloys improved their
flexural strength [25]. The precipitation of Heusler-type IMCs in materials strengthened
their properties at elevated temperatures [26]. In particular, the negative effects of IMCs on
alloys also occurred with a high content of additional elements or generation behaviors,
such as the severe attenuation of ductility or uncontrollable mechanical properties [25,26].
Therefore, the discussion and identification of the influence of IMCs and segregation be-
haviors in multi-component β-Ti alloys is important and meaningful. The occurrence of
IMCs could be approximately predicted using the d-orbital energy level (Mdt) and the
bond-order (Bot) parameters based on the positions of alloys in the Mdt-Bot diagram [10].

In the past, repeated experiments and some empirical rules were applied to develop β-
Ti alloys, which were relatively high-cost and inefficient [27]. M. Morinaga et al. calculated
the Mdt and Bot values of varied elements using the MTi14 cluster and MTi18 models,
respectively [28]. High-temperature alpha-type alloys, high-strength beta-type alloys, and
high-corrosion-resistance alloys have been developed by considering their Bo and Md
values and positions in the Mdt-Bot diagram [29]. The adaptation of the d-electrons concept
could be used to design new composition β-Ti alloys conveniently and effectively at a
reduced cost [10,28,30]. The Mdt-Bot diagram was widely used to predict the chemical
properties, deformation types and mechanical properties of β-Ti alloys [1,11]. The stability
of the β phase with respect to the e/a ratio and Mo equivalent numbers is an effective way
to predict the phase stability and mechanical properties of β-Ti alloys, including Zr, Mn
and Cr alloying elements [1,31]. For the metastable β-Ti alloys developed for orthopedic
applications, their electron-to-atom (e/a) ratio is about 4.24, which ensures that they have a
lower elastic modulus to alleviate the “stress shielding” effect [32]. The method of melting
Ti alloys was very important when controlling their properties. If molten Ti makes contact
with oxygen, nitrogen or hydrogen in the gas environment, reactions would occur during
the melting process. The application of cold crucible levitation melting (CCLM) with an
upper electric coil for heating and a lower electric coil for levitation could prevent molten
material from contacting the crucible and maintain a high level of vacuum during the
melting process [30].

In the present study, the two new compositional β-Ti alloys, Ti-10.5Cr-5.4Mn-2.4Zr-
0.9Al and Ti-15.6Cr-12Mn-3.3Zr, were proposed with the same Bot value of 2.79 and different
Mdt values of 2.28 and 2.16, respectively. The influences of IMCs and segregation behavior
on the β-Ti alloys’ microstructure and mechanical properties were evaluated by adding
normal alloying elements to the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy with an Mdt value of
2.28 and excessive alloying elements in the Ti-15.6Cr-12Mn-3.3Zr alloy with an Mdt value of
2.16. The CCLM method using the same processing parameters was applied to prepare the
ingots of the two β-Ti alloys. The presence of IMCs in the β-Ti alloy Ti-15.6Cr-12Mn-3.3Zr
was clearly observed in both as-cast and solution-treated conditions. The results showed
that IMCs had negative effects on the tensile properties and positive effects on the Vickers
hardness for β-Ti alloys. The solution-treated specimens of the two β-Ti alloys showed
a larger grain size but higher Vickers hardness values than the as-cast specimens, which
were influenced by their different segregation levels.

2. Experiment
2.1. Design and Preparation of Alloys

The raw materials with Ti, Zr, Cr, Mn and Al purities of 99.8, 98.0, 99.9, 99.9 and
99.9 mass%, respectively, were used to produce the two β-Ti alloys. The two new composi-
tional β-Ti alloys, Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr, were designed
with the same Bot value of 2.79 and different Mdt values of 2.28 and 2.16, respectively. The
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mean values of Bot and Mdt of the two β-Ti alloys were calculated on the basis of the MTi14
cluster model, using Equations (1) and (2) [27,29].

Bot = ∑Xi(Bo)i (1)

Mdt = ∑Xi(Md)i (2)

where Xi is the molar fraction of component i in the alloy and (Md)i and (Bo)i are the
numerical values of Mdt and Bot for each component i, respectively [27]. The compositions
of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr alloys are given in mass%. The
CCLM method with the same processing parameters was applied to prepare the ingots
of the two β-Ti alloys. The capacity of copper crucibles for CCLM equipment was 1 kg
Fe. The upper electric coils with a rated power of 100 kW and the lower electric coils with
a rated power of 60 kW provided energy for the melting and levitation of alloys. The
levitation of molten titanium alloys avoided direct contact with the copper crucible during
the production process. The melting points of the two β-Ti alloys were approximately
2150 K; their melting process was kept at 2350 K for 300 s under an argon (Ar) atmosphere
with a purity of 99.99%. Then, the electrical supply of both the upper and lower coils was
gradually decreased until it was switched off. After 1800s, the ingots cooled and solidified
in the copper crucible. The as-cast specimens of the two β-Ti alloys were processed from
the rectangle blocks cut from the ingots. The heating temperature and holding time for the
solution treatment were 1173 K and 3.6 ks, respectively. Specimens cut from ingots were
sealed in a quartz tube with an Ar atmosphere and the quenching process was carried out
using cold water.

2.2. Detection Method

The microstructures of the two β-Ti alloys were observed by Optical Microscopy (OM)
analysis. Sandpaper ranging from 80 to 2500 mesh was applied to ground OM specimens,
and polishing paper was used to polish OM specimens. Distilled water, nitric acid, and
hydrofluoric acid with volume percentages of 95%, 3% and 2% were mixed for etching
OM specimens. The X-ray diffraction (XRD) was carried out to identify the phases and
lattice constants of the two β-Ti alloys. The Cu Kα radiation of XRD was generated at 40 kV
and 30 mA at room temperature. The point analysis was applied to the measurement of
the chemical compositions of the two β-Ti alloys using an electron probe micro-analyzer
(EPMA). For tensile test specimens, the gauge sizes had a diameter of 6 mm and length
of 20 mm, and the grip diameter was 10 mm. The initial strain rate for the tensile tests
was 1.9 × 10−4 s−1 at ambient temperature. The stress–strain curves of specimens were
measured by the tensile test machine, while the ultimate tensile strength (σUTS) and fracture
strain (εf) of specimens were obtained by using an extensometer during the tensile test. The
load and holding time for Vickers hardness were 300 N and 10 s, respectively.

3. Results
3.1. Microstructure

The OM images of the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr alloys
in as-cast and solution-treated conditions are shown in Figure 1. For the Ti-10.5Cr-5.4Mn-
2.4Zr-0.9Al alloy shown in Figure 1a,b, the mono-β phase was observed both in as-cast
and solution-treated specimens. However, the existence of dual-β and IMCs phases was
observed in the Ti-15.6Cr-12Mn-3.3Zr alloy, as shown in Figure 1c,d. The segregation of
alloying elements occurred at grain boundaries and towards the grain interior. The average
grain sizes of the two alloys under both conditions were obtained by measuring their
mean intercept length. The average grain sizes of the as-cast and solution-treated Ti-10.5Cr-
5.4Mn-2.4Zr-0.9Al alloys were 235 and 242 µm, respectively. Moreover, the average grain
sizes of the as-cast and solution-treated Ti-15.6Cr-12Mn-3.3Zr alloys were 175 and 185 µm,
respectively. The refinement of the grain size of the β-Ti alloys was measured with the
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decrease in the Mdt value, corresponding to the increasing content of the alloying elements.
The higher content of the alloying elements provided more nucleation opportunities for
the titanium alloys, resulting in reduced grain sizes [33,34]. The solution treatment caused
a growth in grain size in the two β-Ti alloys. The area fractions of the β and IMCs phases
of the two β-Ti alloys were calculated via imaging analysis on the basis of their respective
OM images. The absence of IMCs was observed in both as-cast and solution-treated Ti-
10.5Cr-5.4Mn-2.4Zr-0.9Al alloys. In contrast, the area fractions of IMCs in the as-cast and
solution-treated Ti-15.6Cr-12Mn-3.3Zr alloys were 30.2% and 28.3%, respectively.
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Figure 1. OM images of (a) and (b) Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and (c) and (d) Ti-15.6Cr-12Mn-3.3Zr
alloys in as-cast and solution-treated conditions.

The XRD patterns of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr alloys are
shown in Figure 2. The mono-β phase was identified in both as-cast and solution-treated
Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloys, as revealed in Figure 2a,b. The TiCr2 and TiCrMn IMCs
in the Ti-15.6Cr-12Mn-3.3Zr alloy were detected via XRD, as shown in Figure 2c,d. Both
TiCr2 and TiCrMn were brittle phases; TiCrMn was formed by substituting Cr with Mn in
the TiCr2 lattice and the atomic stacking of TiCrMn was closer than previously detected in
TiCr2 [35]. The shift in the interatomic layer distances was primarily observed from (110)
reflections. The respective lattice constants of the as-cast Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-
15.6Cr-12Mn-3.3Zr alloys were 0.325 and 0.321 nm. The atomic radius of alloying elements
Cr and Mn was smaller than Ti, while a decrease in the lattice constants of β-Ti alloys
occurred with the increase in the alloying elements Cr and Mn. The phase compositions of
the two β-Ti alloys detected via XRD agreed with the OM observation results.
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3.2. Tensile Properties and Fracture Morphologies

The tensile curves of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr alloys
are shown in Figure 3a and b, respectively. The Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy with
the mono-β phase showed slip deformation behavior, as revealed in Figure 3a. The Ti-
15.6Cr-12Mn-3.3Zr alloy with β+IMCs phases fractured during the elastic stage, as shown
in Figure 3b. The σUTS with εf values of the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy in as-cast
and solution-treated conditions were 982 MPa with 9.82% and 1002 MPa with 9.89%,
respectively. The occurrence of the lower σUTS in the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy in
the as-cast condition compared to that in the solution-treated condition might be influenced
by the different segregation degrees of the alloying elements. The σUTS with εf values of
the Ti-15.6Cr-12Mn-3.3Zr alloy in as-cast and solution-treated conditions were 448 MPa
with 0.12% and 296 MPa with 0.11%, respectively. Superior σUTS and εf of the Ti-10.5Cr-
5.4Mn-2.4Zr-0.9Al alloy were measured compared to those of the Ti-15.6Cr-12Mn-3.3Zr
alloy with β+IMCs phases. For the Ti-15.6Cr-12Mn-3.3Zr alloy, the presence of brittle IMCs
near grain boundaries caused a severe deterioration in the tensile properties in both as-cast
and solution-treated specimens.
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Figure 3. Tensile curves of (a) Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and (b) Ti-15.6Cr-12Mn-3.3Zr alloys in
both as-cast and solution-treated conditions.

The fracture morphologies of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-12Mn-3.3Zr
alloys in as-cast and solution-treated conditions are shown in Figure 4. The low- and
high-magnification fracture morphologies of the as-cast Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy
are shown in Figure 4a,b, and those of the solution-treated Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al
alloy are shown in Figure 4e and f, respectively. The dimple fracture patterns corresponding
to the relative satisfaction εf values were observed in the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy
under both conditions. However, for the as-cast and solution-treated Ti-15.6Cr-12Mn-
3.3Zr alloy, as shown in Figure 4c,g, brittle fracture inter- and trans-granular deformations
occurred during the tensile test. The higher magnification of the vertical fractography
of the Ti-15.6Cr-12Mn-3.3Zr alloy in as-cast and solution-treated conditions is shown in
Figure 4d,h. The segregation of TiCrMn and TiCr2 brittle IMCs at grain boundaries and
interiors was clearly observed and resulted in the fracture of tensile specimens during the
elastic deformation stage. The IMCs of TiCrMn and TiCr2 provided the crack-propagation
paths, which had negative effects on the tensile properties of the β-Ti alloys. Consistent
results regarding IMC positions can also be observed in Figure 1.
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3.3. Point Analyses and Mappings

The compositional and SEM images of the cross-section and EPMA mappings of the Ti-
15.6Cr-12Mn-3.3Zr alloy in the as-cast condition are shown in Figure 5. The compositional
and SEM images of the cross-section of the fractured Ti-15.6Cr-12Mn-3.3Zr specimen
indicated the locations of IMCs, as shown in Figure 5a,b. IMCs with higher luminosity
were observed in the compositional image in Figure 5a, corresponding to the segregation
of Cr and Mn elements with higher atomic quantity than Ti. At the same time, the similar
phenomenon also occurred in the SEM image as shown in Figure 5b. The distributions of
Ti, Zr, Cr and Mn elements in grains are revealed in Figure 5c–f. The relatively uniform
distribution of the Ti and Zr element in alloys should be attributed to their similar atomic
sizes and the continuous solid solution of Ti and Zr elements, as shown in Figure 5c,d.
Higher Cr and Mn contents near grain boundaries compared to inner grains are observed in
EPMA mappings, as shown in Figure 5e,f. The degree of segregation of alloying elements
in the Ti-15.6Cr-12Mn-3.3Zr alloy was evaluated via point analysis. Detailed chemical
compositions of the different positions in the Ti-15.6Cr-12Mn-3.3Zr alloy are listed in
Table 1. The measuring positions of the point analysis are shown in Figure 5a 1©– 5©. Point
analysis of as-cast Ti-15.6Cr-12Mn-3.3Zr alloy, as shown in position 1©, indicating the
contents of Ti, Zr, Cr and Mn in the central part of the grain, respectively. The concentration
heterogeneity of alloying elements and Ti was observed and measured at positions close
to grain boundaries, as shown in positions 2©, 3© and 4©. The aggregation of Cr and Mn
led to the formation of IMCs in grains during the solidification process. The segregation
of Cr and Mn elements occurred at grain boundaries and showed a tendency to spread
to inner grains. In addition, the distributions of Ti, Zr, Cr and Mn elements in position 1©
are the same with position 5©. The distribution and concentration of alloying elements in
as-cast Ti-11.0Cr-6.0Mn-4.4Zr-0.5Al and Ti-13.0Zr-6.0Cr-6.0Mn-5.0V grains were further
clarified via point analyses, as shown in Figure 6a and b, respectively. Point analyses were
performed 30–70 times to measure at least two grains of each alloy. Cr and Mn elements had
a higher content around the grain boundaries compared to the center part of grains, which
was consistent with the compositional, SEM and mapping results, as shown in Figure 5.
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Table 1. Point analyses of as-cast Ti-15.6Cr-12Mn-3.3Zr alloy, indicating the contents of Ti, Zr, Cr and
Mn, respectively.

Positions Ti Zr Cr Mn Total (wt.%)

1© bal. 3.7 11.9 10.1 100.0
2© bal. 3.1 38.8 19.6 100.0
3© bal. 4.1 32.9 19.3 100.0
4© bal. 3.9 30.9 22.4 100.0
5© bal. 3.8 11.2 8.3 100.0
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3.4. Vickers Hardness

The Vickers hardness measurements of the two β-Ti alloys are shown in Figure 7. The
Vickers hardness values of the as-cast and solution-treated Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al
alloys were 345 and 355, respectively. Moreover, the Vickers hardness values of the as-cast
and solution-treated Ti-15.6Cr-12Mn-3.3Zr alloys were 422 and 466, respectively. The two
β-Ti alloys showed higher Vickers hardness values in solution-treated specimens than
as-cast specimens, which should be attributed to the superior distribution of alloying
elements. The refined grain size, solid solution strengthening of alloying elements and
high hardness of TiCrMn and TiCr2 IMCs improved the Vickers hardness values of the
β-Ti alloys. Therefore, the Ti-15.6Cr-12Mn-3.3Zr alloy with an Mdt value of 2.16 showed
higher Vickers hardness values compared with the Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al alloy with
an Mdt value of 2.28 in both as-cast and solution-treated conditions. In addition, the Vickers
hardness of the two β-Ti alloys agreed with the tensile results, as shown in Figure 3.
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4. Conclusions

(1) Two new compositional β-Ti alloys of Ti-10.5Cr-5.4Mn-2.4Zr-0.9Al and Ti-15.6Cr-
12Mn-3.3Zr were proposed with the same Bot value of 2.79 and different Mdt values
of 2.28 and 2.16, respectively. The design of new compositional β-Ti alloys with high
properties might be expected with a Bot value of 2.79 and Mdt value between 2.16
and 2.28.

(2) The mono-β phase was identified in both the as-cast and solution-treated Ti-10.5Cr-
5.4Mn-2.4Zr-0.9Al alloys. Dual β+IMCs phases led to the severe deterioration in the
tensile properties observed in the Ti-15.6Cr-12Mn-3.3Zr alloy. The brittle IMCs of
TiCrMn and TiCr2 provided crack propagation paths during the tensile process.

(3) The refined grain size, superior solid solution strengthening of the alloying elements
and the presence of high-hardness TiCrMn and TiCr2 IMCs improved the Vickers
hardness values of the Ti-15.6Cr-12Mn-3.3Zr alloy compared to that of the Ti-10.5Cr-
5.4Mn-2.4Zr-0.9Al alloy.

(4) In the two β-Ti alloys, the solution-treated specimens had a larger grain size but
higher Vickers hardness values than the as-cast specimens, which could be attributed
to the influence of their different segregation levels.
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