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Abstract: Thermal expansion measurements were used to characterize phase transformations in
metastable β-Ti alloys (Ti15MoxSi) without and with various Si additions (where x = 0, 0.5, 1.0, 1.5,
and 2 in wt.%) during linear heating at two heating rates of 5 and 10 ◦C/min up to 850 ◦C. For this
study, five alloys were developed and examined in terms of their presence phases, microstructures,
and starting and final transformation temperatures. According to the results, all of the as-cast samples
primarily include an equiaxed β-Ti phase. The influence of phase transformation on the material
dimensions was discussed and compared with the variations in Si contents. The transformation was
investigated using a dilatometric technique for the developed alloys during continuous heating and
cooling. The dilatometric curve of heating revealed two distinct reflection points as the heating tem-
perature increased. The starting transformation temperature (Ts) to obtain the ω-phase was reported
at 359 ◦C without Si addition; whereas the final transformation temperature (Tf) of the dissolution
of α-phase was obtained at 572 ◦C at a heating rate of 10 ◦C/min. At 2 wt.% Si, the first derivative
curves reported Ts and Tf transforming temperatures of 314–565 ◦C (at a 5 ◦C/min heating rate) and
270–540 ◦C (at a 10 ◦C/min heating rate), respectively. The Ts and Tf transforming temperatures were
significantly decreased with Si additions, which decreased the β-transus temperature. Moreover,
the thermal expansion coefficient curves of the investigated alloys without and with 2 wt.% Si were
studied. The transformation heating curves have an S-shaped pattern, according to the results.

Keywords: TiMo alloy; Si addition; TiMoSi alloys; biomaterials; casting; dilatometry; thermal
expansion; phase transformations; grain refining; microstructure

1. Introduction

Titanium (Ti) alloys [1–5], stainless steels [6,7], and cobalt base alloys [8] are the most
widely used biomaterials in applications ranging from implants to devices. The range of
moduli of elasticity of Ti-based alloys is considerably closer to those of bone [9]. The density
of these alloys (4.4–4.5 g/cm3) is lower than that recorded by 316L stainless steel (7.9 g/cm3)
and Co-Cr-based alloys (8.3–9.2 g/cm3) [10]. When comparing specific strengths, Ti alloys
outperform other metallic biomaterials. Moreover, implants made of Ti alloys may create a
thin passive layer of titanium oxide, which represents a spontaneous protection against
corrosion or interaction with the surrounding environment [11,12]. The biocompatibility
of Ti implants is significantly influenced by their electrochemical and phyco-chemical
properties in biological environments [13]. As a result of their low elastic modulus, low
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density, high strength, good biocompatibility interaction, and high resistance to corrosion,
Ti alloys have been used more for higher requirements in biomaterials than traditional
alloys. It was found that alloying elements including tantalum (Ta), molybdenum (Mo),
zirconium (Zr), and niobium (Nb) are the best for reducing the elastic modulus of cubic
Ti while maintaining its strength. Furthermore, these alloying elements are non-toxic,
making them suitable for use in implantology [14], whereas aluminum (Al), vanadium (V),
chromium (Cr), and nickel Ni are regarded as potentially harmful to human health [15].
Therefore, it is preferable to take biocompatible and safe components into account when
designing biomaterials. On the basis of these concerns, researchers have paid more attention
to generating and developing new biomaterial Ti based alloys [16,17].

Ti is classified as a polymorphic material. It undergoes phase transformation from
a hexagonal close-packed (hcp) structure (α-phase) at ambient temperature to a body-
centered cubic (bcc) structure (β-phase) at high temperature of 882 ◦C [18]. According to this
phenomenon, there are three distinct categories for Ti alloys: α Ti-alloys, α plus β Ti-alloys,
and β Ti-alloys [3]. These phases can be enhanced by alloying pure Ti or Ti-based alloys
with α or β stabilizer alloying elements [3,10]. The majority of research on Ti alloys focuses
on the β-alloy type due to the possibility of controlling processing variables to attain specific
results in terms of low modulus of elasticity, high corrosion resistance, and enhanced tissue
response compared to α plus β alloy types [19–21]. These alloys containing this target phase
should have enough β-stabilizing elements to preserve the β-phase after quenching [22].
The ability of these Ti alloys to keep the β-phase above β-transus temperature during
quenching distinguishes them. Since the retained phase is metastable, the β-Ti alloys’
mechanical performance can be suited by carefully controlling the microstructure during
heat treatment. The fine precipitates are dispersed uniformly through the matrix, which
is desirable for structural applications. Therefore, understanding phase nucleation and
growth kinetics is critical for controlling the resulting microstructure and mechanical
properties [23–26]. The β-transus temperature is essential for heat treatment, especially
when heating above or near the β-transus is involved. The transformation process from
α-phase to β-phase highly depends on the purity of Ti [27,28]. The change in specimen
length caused by temperature determines metal dilatation behavior. When Ti alloys are
heated to the β-transus temperature, the crystal structure changes from hcp to bcc, resulting
in volume changes and solute atom redistribution. Furthermore, Ti alloys are very similar
to steel in transformation from α + β to β phase via heating [29,30]. In fact, phase changes
that occur during production and subsequent heat treatment possess a considerable impact
on the properties of the metastable Ti alloys.

The dilatometric technique has been widely applied to investigate phase-transformation
kinetics. This technique has been successfully utilized by Wan et al. [31] to comprehend
phase transformations kinetics in a Ti-1300 alloy at different continuous heating rates and
also by Wang et al. [32] to study phase transformation of α plus β phase to β-phase in the
TC21 alloy during heating. In addition, Shah et al. [33] applied this method to determine
the activation energy of α plus β phase to β-phase transformation in Ti6Al4V alloy. While,
a very few studies were performed during continuous heating to clarify the phase transfor-
mation form α plus β to β of the important biomaterial TiMo based alloy systems [34,35].
Harcuba et al. [35] related the variation in the electrical resistivity measurements during
linear heating of Ti15Mo and Ti6.8Mo1.5Al4.5Fe alloys to the phase transformation.

Based on the previous studies’ findings, no attention has been paid to study phase
transformations in Ti-Mo-Si alloys as a new developed biomaterials possessing biocom-
patibility, improved characteristics, and long-term survivability. As a result, the target
of present research is to examine the phase transformation behavior of Ti15MoxSi alloys
(where x values vary to be 0, 0.5, 1.0, 1.5, and 2.0 wt.%) at different heating rates of 5 and
10 ◦C /min. The influence of Si addition on the microstructure features of the Ti15MoxSi
alloys was also investigated and discussed.
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2. Experimental Works
2.1. Materials and Preparation

High purity over 99.96 wt.% for Ti, Si, and Mo metals was initially used to develop
TiMoxSi alloys. Due to the high melting temperatures of the Ti (1668 ◦C), Mo (2625 ◦C),
and Si (1414 ◦C), vacuum arc remelting (VAR) was the method used to attain these bio-
compatible materials in the Central Metallurgical Research and Development Institute
(CMRDI) laboratory to produce the Ti15Mo master alloy and the developed Ti15Mo (0.5,
1, 1.5, and 2) Si alloys. The plasma arc used a high current of 300 A to heat the starting
materials selectively. During this method, the Mo melt envelops the Ti to attain the Ti15Mo
alloy and the Si pieces to get the (TiMoxSi) alloys. The real benefits of using this process
are extremely high melting temperatures, as the electric arc temperature reaches 3300 ◦C,
and the production of near-pure metallurgical atmospheres at a pressure of 700 bar via
successive gas purging using high purity (99.9999%) argon gas.

Before the melting process, the furnace chamber was evacuated by 0.1 bar three times
and then flushed with argon to prevent oxidation of the charge. The melting time was
adjusted to 80 s, plus 20 s of electromagnetic stirring for each specimen. Six cycles of
turning over and remelting each alloy were used to achieve chemical homogeneity, with
fast cooling applied to eliminate microscopic segregation of the as-cast materials. This
developed casting technique promotes advantages compared to conventional casting tech-
niques [36,37]. The processing setup until the cutting step of the castalloys is demonstrated
in Figure 1. The charging calculations for each batch were carried out on the basis of a
constant weight (100 g), which was adjusted to the size of the copper mold of the VAR.
Table 1 displays the batch design of each Ti-alloy and the efficiency of the melting process.
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Table 1. Batch design and melting process efficiency of Ti15MoxSi alloys of different Si content
(in wt.%).

Alloy Composition Element, (g) Batch wt., (g) Ingot wt., (g) Efficiency, (%)
Ti Mo Si

Ti15Mo 85.00 15.01 - 100.01 99.90 99.89
Ti15Mo0.5Si 84.50 15.00 0.50 100.00 99.98 99.98
Ti15Mo1.0Si 83.90 15.13 1.01 100.04 100.01 99.97
Ti15Mo1.5Si 83.50 15.04 1.53 100.07 100.00 99.93
Ti15Mo2.0Si 82.90 15.11 2.12 100.13 99.96 99.83

2.2. Chemical Composition, Phase Identification and Microstructure

To examine the chemical composition and constituent phases of the as-cast Ti15Mo
and Ti15MoxSi developed alloys, specimens with dimensions of 10 × 10 mm and a 5 mm
thickness were cut and polished. Table 2 shows the chemical analyses of as-cast alloys
(analyzed by Foundry Master Pro). To obtain precise composition values, five spark
determinations were applied in five different areas of the specimens. The X-ray Diffraction
(XRD) technique was used to recognize the constituent phases in the cast alloys. The X’PERT
PRO. A PANLYTICAL device (Malvern, UK) was used with a Cu-Kα target with secondary
monochromatic at 45 kV and 40 mA. The device is computerized in such a way that all
necessary information is printed on the computer print sheet. The XRD examination was
achieved at a 2θ range from 20 to 100◦ and a step size of 0.04◦ to determine the phases
present in the developed alloys.

Table 2. Chemical composition of the Ti15Mo(0–2)Si casted alloys (in wt.%).

Batch wt., (g) Ti Mo Si Fe Mn

Ti15Mo 84.947 15.030 - 0.003 0.020
Ti15Mo0.5Si 84.475 15.000 0.520 0.003 0.002
Ti15Mo1.0Si 83.866 15.100 1.010 0.002 0.022
Ti15Mo1.5Si 83.367 15.120 1.510 0.004 0.002
Ti15Mo2.0Si 82.867 15.090 2.030 0.011 0.002

To examine the metallographic structure, the as-cast TiMoxSi samples were prepared
as follows: cutting to the required dimensions of 10 × 10 × 5 mm, embedding in an epoxy
resin, grinding to a 2500 grit level with emery paper, polishing with an alumina paste to
0.1 µm, and finally chemically etching with a reactive solution (85 mL distilled H2O, 5 mL
HNO3 and 10 mL HF) for 30 sec. After these steps, the specimens were investigated by a
scanning electron microscope (SEM) connected with an energy-dispersive X-ray analysis
(EDX) system.

To measure the continuous heating and cooling processes, a dilatometer (Linseis
L75/230 type, RT-1400 ◦C, Selb, Germany) connected to an advanced computerized system
was used. Specimens of 20 mm in length and 4 mm in diameter were carefully machined
from the as-cast alloys using a wire electrical discharge machine (EDM) for the test purpose.
The specimens were brought to room temperature in the air after being heated in static
air using heating rates of 10 ◦C/min and 5 ◦C/min up to 850 ◦C. Linseis TA software
version 2.3.1 was utilized to record the change in length of the specimen during the tem-
perature change. The first derivative was calculated to determine the phase transformation
temperature or the thermal expansion coefficient for the as-cast materials using an equation
between length and temperature, as discussed later. After the tests, SEM was used again to
examine the microstructures.

3. Results and Discussion

When Ti-based alloys solidify from the liquid state at high temperatures, cooling rate
is considered an essential factor in phase transitions [24,38]. Depending on the cooling
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rate and alloy composition of the as-cast materials, many solid phases are possible to
be formed during the phase transformation process, including β→ α, β→ α′, β→ α′′,
β→ ω, etc. They typically take place at high temperatures and necessitate specific timing.
In the current study, all of the produced Ti-alloys were processed using the vacuum arc
furnace and subjected to a fast water-cooling system.

Furthermore, as a result of the similarity of the lattice parameters and crystal structures,
Mo and Ti may be totally dissolved in each other, resulting in ideal undercooling. This aids
in forming the β metastable phase at high temperatures [39]. This means that the β-phase
(BCC structure) is attained by adding the transition elements Mo and Si.

For all of the as-cast Ti alloys, the XRD was utilized to recognize the phases existing
in each specimen at the lab temperature (25 ◦C). By analyzing the XRD patterns, it is clear
from Figure 2 that only two phases β andωwere detected.
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Figure 2. Ti15MoxSi XRD patterns with Si additions of 0, 0.5, 1, 1.5, and 2 wt.%.

The β-phase constitutes the majority of the samples and is observed in all alloys. This
result agreed with the findings of Oliveira et al. [40] as they reported that in the range of
15 to 20 wt.% of Mo addition to the Ti-Mo alloy, only the β-phase exists. In addition, only
one small peak ofω-phase is noted with the as-cast master-alloy and that having Si addition
of 0.5, 1 and 1.5 wt.%. Both Mo and Si are acting as β-stabilizer elements for Ti [10]. Tavares
et al. [41] studied the role of Si addition in Ti35Nb (0, 0.15, 0.35 and 0.05) Si alloy systems
subjected to cooling under different conditions. The results showed that as the Si content
increased, the density of ω precipitates reduced, which made the β-phase more stable.
The ω-phase formation is a significant process for controlling the microstructure in the
studied Ti-15Mo system. Theω-phase has hexagonal symmetry and was produced by the
described diffusion-less shuffle transformation. The resulting particles are coherent, have
the same chemical composition as the β-matrix, and are a few nanometers in diameter [42].

In addition, the XRD results of all specimens are identical, except for the peak intensi-
ties and locations of the β-phase and the disappearance ofω-phase at 2 wt.% Si addition.
The peak intensity changes with increasing the concentration of the stabilizing elements in
the β-phase formed by the solid solution of Si and Mo in the Ti. As a result, the addition of
15 wt.% Mo and 2 wt.% Si may be useful in stopping the formation ofω-phase that slightly
decomposes during cooling and contributes to the formation of the only β-phase [42].



Materials 2023, 16, 4768 6 of 17

Figure 3 depicts the microstructural SEM images of the as-quenched Ti15Mo(0–2)Si
samples. Figure 4 shows the elemental mapping of the Ti15Mo master alloy, Ti15Mo1Si,
and Ti15Mo2Si. As expected, there was only one phase, namely the β-phase. This would
imply that the precipitation not observed by SEM in these samples, as well as the tiny
white dots, are not inclusions or other phases, but rather the result of pitting due to the
chemical etching of the polished surface, as depicted by Figure 3. Without Si addition, the
large grains of the β-phase have distinct grain boundaries (Figure 3a). The addition of
0.5 and 1 wt.% Si progressively reduces the particle size of the formed β-phase (Figure 3b,c).
When the Si concentration is raised to 2 wt.%, the β-phase’s grain size is the smallest of
the five produced cast specimens (Figure 3e). Furthermore, sub-grains are observed in
the examined alloys containing 1.5 and 2 wt% Si, as given in Figure 3d,e, respectively. As
illustrated by the elemental map in Figure 4c, Si was segregated at grain boundaries of the
β-phase. The average grain size of the Ti15MoxSi alloy systems was calculated and plotted
in Figure 5 as a function of Si content. It can be remarked that a significant grain refinement
was attained with increasing Si content in the Ti15Mo master alloy. The average grain size
was 500 ± 15, 450 ± 20, 300 ± 25, 250 ± 15, and 110 ± 13 µm with the Si content 0.0, 0.5,
1.0, 1.5, and 2.0 wt.%, respectively. These findings are in good agreement with previous
works [3,20], which reported that grain refining and sub-grains are formed and increased
with the increase of Si concentrations.

3.1. Dilatometric Analysis

The thermal expansion of the master alloy (Ti15Mo) and its developed alloys con-
taining Si additions (0, 0.5, 1, 1.5, and 2 wt.%) was measured using a dilatometer at two
different linear heating rates of 5 and 10 ◦C/min up to 850 ◦C, and the results are plotted in
terms of change in length (∆L) versus heating temperatures, as given in Figure 6. For the
two heating rates investigated, all curves deviate from linearity. It can be noted that the
deviation from linearity begins and ends earlier at the slow heating rate of 5 ◦C/min than
at the faster heating rate of 10 ◦C/min. At a heating rate of 10 ◦C/min, the variation in the
range of starting transformation temperature (Ts) and final transformation temperature
(Tf) is shifted to high temperatures. For the master alloy (Ti15Mo), the transformation
temperatures Ts and Tf were 359 and 572 ◦C, respectively. The transus temperature (Tβ)
was 685 ◦C (when the curves return to the linear trend corresponds to a complete forma-
tion of β-phase). But, at the heating rate of 5 ◦C/min, Ts, Tf, and Tβ were 314, 565, and
673, respectively.

The linear expansion coefficient (αL), which represents the derivative of thermal
expansion, can provide additional information. The following equation defines the αL:

αL =
1
L0

dL
dT

. (1)

The αL for both heating rates is shown in Figure 7a,b. It can be indicated that the
influence of heating rate on thermal expansion begins slightly earlier at the slow heating
rate of 5 ◦C/min than at the 10 ◦C/min heating rate. At the heating rate of 10 ◦C/min,
the Ti15Mo2Si alloy obviously shows more influence αL results in the low-temperature
range than that thermally heated at 5 ◦C/min. All curves exhibit the same trends for the
thermally tested Ti alloys, as given in Figure 7a,b. Surprisingly, for the temperature ranges
from 260 to 410 ◦C, and 280 to 430 ◦C, the global minima values of αL were observed,
indicating that the material shrinks for the two applied heating rates. This behavior may
be explained by a decrease in the ω and β lattice parameters. At high temperatures, αL
increases and α particles dissolution at 560 ◦C (for 0% Si) and 540 ◦C (for 2% Si) causes
an abrupt decrease in αL., as shown in Figure 8a,b, respectively. Between 572 and 600 ◦C
(Figure 7), there is a noticeable hump in αL evolution measured at the heating rate of
5 ◦C/min. This hump is most likely attributed to the subsequent dissolution towards the
β-transus and phase formation, as the slow heating rate allows the phase to precipitate
for the longest time. At temperatures above 690 ◦C and for all heating rates, the values
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of αL are nearly equal, indicating that the material undergoes no further transformations.
The last noticed change in αL in the obtained curves, which most likely relates to complete
α-phase dissolution (β -transus), takes place at approximately 560 and 540 ◦C with 0 and
2% Si addition, respectively, see Figure 8.
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To understand the role of Si addition on the behavior of the thermal properties of
the developed cast alloys; the Ti15Mo and Ti15Mo2Si alloys were separately compared
depending on the results obtained in the dilatometry curves (Figure 6b) for the specimens
heated at a heating rate of 10 ◦C/min, as seen in Figure 9. At the beginning of linear
heating, Ti15Mo and Ti15Mo2Si alloys dilate linearly as a result of thermal expansion of
the β-phase crystal lattice. With heating to point A, 359 ◦C (for Ti15Mo) and 270 ◦C (for
Ti15Mo2Si), the two alloys begin to shrink as the slope of the curves slightly decreases due
to the detrimental dilatation influence of theω-phase precipitation [42]. The yellow line AO
represents the tangent line to the startingω-phase transformation curve. The dilatometry
curve then continuously decreases as the β→ ω phase transformation proceeds, reaching
its minimum at 430 ◦C for 0% Si and 340 ◦C for 2% Si as given by point B in Figure 9a,b,
respectively. With further temperature raising, theω-phase transformation ended, and the
α-phase began to nucleate in theω-phase core [43]. The finishingω phase transformation
curve is represented by the yellow tangent EC. Due to this phase transformation, the
length of the sample dilates rapidly. When the alloy is heated to elevated temperatures, an
intergranular and conventional intragranular phase begin to precipitate at 523 ◦C for 0%
Si alloy and 460 ◦C for 2% Si alloy, as given by point C in Figure 9a,b, respectively. This
followed by a slow increase in the curve to reach point D (end of α-phase transformation
and start β-phase formation with further heating).

The dilatometry curves of the specimens subjected to a heating rate of 5 ◦C/min and
xSi can also be divided into four regions (Figure 6a). Table 3 illustrates the transformation
temperatures Ts, Tf and Tβ of the different investigated Ti-base alloys at 5 and 10 ◦C/min
heating rates. It can be noted that increasing the heating rate causes these transformation
temperatures of the as-cast Ti alloys to shift to higher temperature values. In addition, the
increases in Si content in the Ti15Mo mater alloy enhance the transformation temperatures
of Ts, Tf and Tβ to occur at lower temperatures. Hence, it can be said that the addition of
15 wt.% Mo and 2 wt.% Si elements to Ti alloy might be useful in avoiding the formation of
ω-phase, and α-phase in the produced alloy. Figures 10 and 11 give the SEM micrographs
of the Ti15MoxSi casted alloys at different heating rates and the mapping of the Ti15M and
Ti15Mo2S alloy samples, respectively.
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Figure 9. Dilatometry curve in terms of, ∆L against temperature of the as cast Ti-5MoxSi alloy heated
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Table 3. The transformation temperatures Ts, Tf and Tβ of different investigated Ti-base alloys at
5 and 10 ◦C/min heating rates.

Alloys
5 ◦C/min 10 ◦C/min

Ts
(◦C)

Tf
(◦C)

β Transus–Temperature Tβ
(◦C)

Ts
(◦C)

Tf
(◦C)

β Transus–Temperature Tβ
(◦C)

Ti15Mo 314 565 673 359 572 685
Ti15Mo0.5Si 295 559 671 330 580 680
Ti15Mo1.0Si 283 551 664 290 560 675
Ti15Mo1.5Si 271 542 660 275 550 665
Ti15Mo2.0Si 260 530 640 270 540 650

The variations in the microstructure feature in terms α-phase content and its mor-
phology after dilatation are governed by the applied cooling rate and alloy chemical
composition [31,34], as shown in Figure 10. The greater the quantity of α-phase to form, the
slower the cooling rate applied. Furthermore, α-phase appears as needle-like, as shown in
Figure 10b,d,f. The SEM- mapping images represent the homogeneity of alloying elements
Mo and Si in Ti alloy with the presence of needles, as shown in Figure 11.

In brief, at room temperature, the Ti15MoxSi quenched materials (where x: 0, 0.5, 1 and
1.5 wt.%) contain mainly a β-phase matrix, as represented with narrow ω peaks at this
temperature (see Figure 2) as a result of the precipitation of tinny particles of ω phase [22].
Theω-phase generated during fast cooling is known as athermal ω. It is coherent with the
β-phase with sharing the same chemical composition. This phase disappears completely
for the quenched Ti15Mo2Si alloy, indicating the action of high content Si in hindering of
ω-phase formation. Besides, the addition of Si reduces the grain sizes in the microstructure
of the Ti15Mo alloys. The grain size of the Ti15Mo2Si alloy was reduced to be 110 ± 13 µm
compared to 500± 15 µm for the master alloy Ti15Mo. This reduction in grain size improves
the mechanical properties. It can be noted that dilatometry curves of as-cast Ti alloys shift
to higher temperature ranges as heating rates increase from 5 to 10 ◦C/min during the
continuous heating process. The Si addition decreases the transformation temperatures
of Ts, Tf, and TB for the Ti15Mo(0–2 wt.%)Si at these two applied heating rates (Table 3).
At a 5 ◦C/mm heating rate, the Ts,Tf, and TB reached at 314, 565 and 673 ◦C for the
Ti15Mo master alloy without Si addition, while these values for the Ti15Mo2Si alloy are
260, 530, and 640 ◦C, respectively. In the case of using a 10 ◦C/mm heating rate, the
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transformation temperatures of Ts, Tf, and TB become 270, 540 and 650 ◦C for the alloy
containing 2 wt.% Si compared to those recorded by the alloy without Si addition at 359,
572 and 685 ◦C, respectively.
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Since Si has superior biocompatibility and is considered a β-stabilizer, it was utilized as
an alloying element in all of the as-cast Ti-15Mo specimens. The addition of Si can improve
the transformed temperature to obtain the β-phase significantly. The intensity of the β
transus-temperature Tβ (◦C) is attained by increasing content of the stabilizing elements in
the β-phase formed by the solid solution of Si in Ti. As a result, the addition of Mo and Si
elements may effectively hinder theω-phase formation that slightly decomposes during
the cooling process and contributes to the presence of the β-phase at low temperatures.

3.2. Phase-Transformation Kinetics

The Ti base alloys, as polycrystalline materials, exhibit isotropic dilatation properties
during the solid-state phase transformation. Therefore, the relation between the change
in volume (∆V/Vo) and the relative length (∆L/Lo) can be given in the following equa-
tion [31,32]:

∆V
Vo

=
3∆L
Lo

. (2)

Lo denotes the original length of specimen, Vo denotes the original volume, and ∆L
and ∆V denote the variations in length and volume, respectively. As previously stated, the
ω-phase precipitation is responsible for the non-linearity of the dilatometry curve in the
A-B domain (Figure 9). When considering the examined Ti15MoxSi specimen dilatometric
heating curve, the deviation degree of the dilatometric curve ought to be proportionate to
the β→ ω volume fraction that has been transformed. As a result, the lever rule can be
used to investigate the relationship between the heating temperature and the β→ β + α
transformed volume fraction (ƒω) (Figure 12a,b) with and without Si addition can be
expressed by.

fω =
LOB

LOE
. (3)

where LOB and LOE are the lengths of the OB and OE lines, as shown in Figure 9. Figure 12
depicts the transformation curve of β → β + α, which displayed a regular pattern of
S-shaped. This indicates that the as-cast alloys’ β → β + ω + α phase transformation
has a nucleation growth-controlled process [44,45]. These results are consistent with that
reported by Wan et al. [31] and Hua et al. [46]. The addition of Si can significantly enhance
theω-phase restraining and its finished transformed temperature, which occur at 523 ◦C
for 0% Si and 460 ◦C for 2% Si at a heating rate of 10 ◦C/min.
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Figure 12. Volume fraction of ω-phase transformed versus temperatures for Ti15MoxSi alloys:
(a) x = 0% Si and (b) x = 2% Si.

4. Conclusions

The impact of Si addition on the thermal expansion of Ti15Mo(0–2)Si quenched alloys
at various heating rates of 5 and 10 ◦C/min was investigated. Dilatometry proved to be an
effective tool for detecting phase transformations in Ti alloys. The following are the main
findings of the current study:
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• The dilatometric heating curve at a 10 ◦C/min heating rate revealed that the starting
Ts and Tf of Ti-15Mo master alloy were 359 ◦C and 572 ◦C, respectively, whereas
the Ts and Tf transforming temperatures were significantly decreased with 2 wt.% Si
additions, reaching 270 ◦C and 540 ◦C, respectively.

• Increasing the Si content of the Ti15Mo master alloy to produce Ti15Mo(0–2 wt.%Si)
alloys resulted in a significant grain refinement. The average grain size was 500 ± 15,
450 ± 20, 300 ± 25, 250 ± 15 and 110 ± 13 µm with the Si addition of 0.0, 0.5, 1.0, 1.5,
and 2.0 wt.%, respectively.

• The β-transus temperature of Ti15Mo(0–2 wt.%Si) alloy systems slightly decreases
with increasing the Si content for the two studied heating rates. In the case of using a
heating rate of 10 ◦C/min, this transformation temperature happens at about 650 ◦C
with the Si content 2 wt.% which is lower than the transus-temperature of the common
Ti β alloy at ≈882 ◦C.

• From dilatometry curves, it can be concluded from the phase transformations in the
continuous heating process that phase precipitation occurs first in domains A-B, and
is followed by phase dissolving in domains B-C.

• Using the lever rule, we estimated the ω-phase transformation curve in Ti15MoxSi
alloys under continuous heating. Our results show an S-shaped pattern, with the “S”
shifting to a lower temperature range as the Si addition increases.

Author Contributions: Conceptualization, H.A.A., M.M.E.-S.S., A.B., M.M.Z.A. and I.A.; method-
ology, H.A.A.; M.M.E.-S.S., A.B. and K.M.I.; software, M.M.Z.A. and I.A.; validation, M.M.E.-S.S.,
A.B. and M.M.Z.A.; formal analysis, M.M.E.-S.S., A.B. and M.M.Z.A.; investigation, H.A.A. and
M.M.E.-S.S.; resources, H.A.A. and K.M.I.; data curation, A.B.; writing—original draft preparation,
H.A.A., M.M.E.-S.S., M.M.Z.A. and K.M.I.; writing—review and editing, A.B., I.A. and M.M.E.-S.S.;
visualization, M.M.E.-S.S. and A.B.; supervision, M.M.E.-S.S., M.M.Z.A. and K.M.I.; project adminis-
tration, A.B.; funding acquisition, A.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Deanship of Scientific Research at Umm Al-Qura Univer-
sity by Grant Code: (23UQU43331139DSR002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available upon request through the corresponding author.

Acknowledgments: The authors would like to thank the Deanship of Scientific Research at Umm
Al-Qura University for supporting this work by Grant Code: (23UQU43331139DSR002).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Smyrnova, K.V.; Pogrebnjak, A.D.; Kassenova, L.G. Structural Features and Properties of Biocompatible Ti-Based Alloys with

β-Stabilizing Elements. In Lecture Notes in Mechanical Engineering; Pleiades journals: Warrensburg, MO, USA, 2019; pp. 319–330.
2. Ibrahim, S.A.; Seleman, M.M.; Ahmed, H.M.; Hannora, A.E. Phase Stability of Mechanically Alloyed Ti-Fe-Al Alloys. In

Proceedings of the IOP Conference Series: Materials Science and Engineering, Cairo, Egypt, 7–9 April 2020; IOP Publishing Ltd.:
Bristol, UK, 2020; Volume 973.

3. Verestiuc, L.; Spataru, M.C.; Baltatu, M.S.; Butnaru, M.; Solcan, C.; Sandu, A.V.; Voiculescu, I.; Geanta, V.; Vizureanu, P. New
Ti–Mo–Si Materials for Bone Prosthesis Applications. J. Mech. Behav. Biomed. Mater. 2021, 113, 104198. [CrossRef] [PubMed]

4. Bakkar, A.; Ahmed, M.M.Z.; Alsaleh, N.A.; Seleman, M.M.E.S.; Ataya, S. Microstructure, Wear, and Corrosion Characterization of
High TiC Content Inconel 625 Matrix Composites. J. Mater. Res. Technol. 2019, 8, 1102–1110. [CrossRef]

5. Alghamdi, A.; Downing, D.; Tino, R.; Almalki, A.; Maconachie, T.; Lozanovski, B.; Brandt, M.; Qian, M.; Leary, M. Buckling
Phenomena in AM Lattice Strut Elements: A Design Tool Applied to Ti-6Al-4V LB-PBF. Mater. Des. 2021, 208, 109892. [CrossRef]

6. Brooks, E.K.; Brooks, R.P.; Ehrensberger, M.T. Effects of Simulated Inflammation on the Corrosion of 316L Stainless Steel. Mater.
Sci. Eng. C 2017, 71, 200–205. [CrossRef]

7. Bekmurzayeva, A.; Duncanson, W.J.; Azevedo, H.S.; Kanayeva, D. Surface Modification of Stainless Steel for Biomedical
Applications: Revisiting a Century-Old Material. Mater. Sci. Eng. C 2018, 93, 1073–1089. [CrossRef]

https://doi.org/10.1016/j.jmbbm.2020.104198
https://www.ncbi.nlm.nih.gov/pubmed/33181439
https://doi.org/10.1016/j.jmrt.2018.09.001
https://doi.org/10.1016/j.matdes.2021.109892
https://doi.org/10.1016/j.msec.2016.10.012
https://doi.org/10.1016/j.msec.2018.08.049


Materials 2023, 16, 4768 16 of 17

8. Wang, Z.; Yan, Y.; Xing, L.; Su, Y.; Qiao, L. The Role of Hard Phase Carbides in Tribocorrosion Processes for a Co-Based Biomedical
Alloy. Tribol. Int. 2017, 113, 370–376. [CrossRef]

9. Alomari, A.H.; Al-Qahtani, S.M.; Langton, C.M. In-Vitro Comparison of Volumetric and Areal Bone Mineral Density Mea-
surements between Ultrasound Transit Time Spectroscopy and Microcomputed Tomography. Appl. Acoust. 2021, 179, 108072.
[CrossRef]

10. Zhang, L.C.; Chen, L.Y. A Review on Biomedical Titanium Alloys: Recent Progress and Prospect. Adv. Eng. Mater. 2019,
21, 1801215. [CrossRef]

11. Davis, R.; Singh, A.; Jackson, M.J.; Coelho, R.T.; Prakash, D.; Charalambous, C.P.; Ahmed, W.; da Silva, L.R.R.; Lawrence, A.A.
A Comprehensive Review on Metallic Implant Biomaterials and Their Subtractive Manufacturing. Int. J. Adv. Manuf. Technol.
2022, 120, 1473–1530. [CrossRef]

12. Baltatu, M.S.; Vizureanu, P.; Sandu, A.V.; Florido-Suarez, N.; Saceleanu, M.V.; Mirza-Rosca, J.C. New Titanium Alloys, Promising
Materials for Medical Devices. Materials 2021, 14, 5934. [CrossRef]

13. Çaha, I.; Alves, A.C.; Rocha, L.A.; Toptan, F. A Review on Bio-Functionalization of β-Ti Alloys. J. Bio Tribo-Corros. 2020, 6, 135.
[CrossRef]

14. Song, Y.; Xu, D.S.; Yang, R.; Li, D.; Wu, W.T.; Guo, Z.X. Theoretical Study of the Effects of Alloying Elements on the Strength and
Modulus of β-Type Bio-Titanium Alloys. Mater. Sci. Eng. A 1999, 260, 269–274. [CrossRef]

15. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, Mechanism and Health Effects of Some Heavy
Metals. Interdiscip. Toxicol. 2014, 7, 60–72. [CrossRef]

16. BomBač, D.; Brojan, M.; FajFar, P.; Kosel, F.; Turk, R. Review of Materials in Medical Applications Pregled Materialov v
Medicinskih Aplikacijah. Rmz–Mater. Geoenviron. 2007, 54, 54.
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