
TECHNICAL ARTICLE

Exploration of TiAl3 Phase Nucleation Mechanism in Al–5Ti–B
Master Alloy

XIAOBING GENG,1 CHENTONG ZHANG,1,3,4 YAN LI,1

QIANG YU,2 MIN LIAO,2 FUYUAN SHEN,2 DINGHUI YU,2

ZHIHUI LIAO,2 YUN ZHU,2 LIUQING HUANG,1,3 and XUETAO LUO1,3,5

1.—Department of Materials Science and Engineering, College of Materials, Xiamen University,
Xiamen 361005, China. 2.—Jiuding Fluorine Chemical Co., Ltd, Longyan 361000, China. 3.—Xiamen
Key Laboratory of Electronic Ceramic Materials and Devices, Xiamen University, Xiamen 361005, China.
4.—e-mail: ctzhang@xmu.edu.cn. 5.—e-mail: xuetao@xmu.edu.cn

In the field of aluminum alloy processing, Al–5Ti–B master alloy stands out as
the most widely used grain refiner. The morphology, distribution and quantity
of the TiAl3 phase in the master alloy are critical factors influencing refining
effect. In this study, Al–5Ti–B master alloy was prepared by fluoride salt
reaction method. The influences of feeding temperature (700–900�C) on the
preparation of Al–5Ti–B master alloy were discussed in terms of microstruc-
ture characteristics, elemental yields, grain refinement effects and master
alloy hardness. The results indicated that with the increasing of feeding
temperature, the size of the TiAl3 phase in the Al–5Ti–B master alloy was
gradually decreased until it disappeared, with a gradual increasing of holes.
The element recovery rates, refinement effects and master alloy hardness all
trended downward. Furthermore, the nucleation mechanism of the TiAl3
phase was discussed. Based on the impact of feeding temperature on the
morphology of the TiAl3 phase and the analysis of the diffusion movement of
Ti element in the melt, coupled with thermodynamic theory, the difficulty of
nucleation of the TiAl3 phase at high temperatures was explained. This study
is intended to provide a reference for the control of feeding temperature during
the industrial production of high-quality Al–5Ti–B master alloy.

INTRODUCTION

Grain refinement is an essential method to opti-
mize microstructure and mechanical properties of
aluminum (Al) alloy. It not only improves the
strength and toughness of Al alloy, but also reduces
the generation of defects, such as hot cracks,
shrinkage, porosity and composition segregation.1–6

There are many approaches to refine grain, such as
physical field refinement, rapid cooling refinement,
mechanical-physical refinement and adding grain
refining agent.7 Among various methods, the added
grain refining agent is generally regarded as one of
the most economic and efficient methods. At pre-
sent, the most widely used grain refining agent is

Al–5Ti–B master alloy.8 Its preparation methods
include the fluoride salt reaction method, Ti-sponge
route, self-propagating high-temperature synthesis
method and so on.9–13 The fluoride salt reaction
method is the mainstream method due to low
production cost, simple process and effective recy-
cling of by-products.14 Generally, the typical process
of fluoride salt reaction method is as follows. First,
the mixture of KBF4 and K2TiF6 is added into high-
temperature molten Al. Then, the fluoride salt is
reacted adequately with molten Al though mechan-
ical agitation. Finally, the refined alloy with
removed by-products is cast, obtaining the Al–5Ti–B
master alloy.

The refining mechanisms of Al–5Ti–B master alloy
mainly include the carbide–boride particle theory,
peritectic reaction theory, super-nucleation theory,
duplex nucleation theory and so on.15–17 Among these
mechanisms, the duplex nucleation theory provides a(Received October 17, 2023; accepted February 12, 2024;
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more comprehensive explanation of the grain refine-
ment process of Al–5Ti–B master alloy.16,18 Accord-
ing to this theory, the TiAl3 phase in the master alloy
decomposes into titanium (Ti) and Al in the high-
temperature Al melt. The Ti tends to gather around
TiB2 phase, forming a thin layer of TiAl3 phase. The
newly generated TiAl3 phase undergoes a peritectic
reaction with liquid phase to form a-Al, promoting
grain nucleation. The theory illustrates that TiB2

phase indirectly plays a nucleation role. Guzowski
et al.,19 found that the refining performance cannot
be improved by individually adding a large number of
TiB2 particles into the Al melt, which emphasized the
importance of the TiAl3 phase in the refinement
process. In addition, Wang and Fan et al.,6,20 discov-
ered that TiB2 particles were surrounded by TiAl3 in
the refining process, forming a shell-like structure,
which partially validated the duplex nucleation
mechanism.

Based on the duplex nucleation theory, the size,
quantity and distribution of the second phases, TiAl3
and TiB2, in the Al–5Ti–B master alloy are critical
factors influencing the refining performance. The
exothermic nature of the reaction between fluoride
salt and Al melt has a significant impact on the
nucleation of second phases.10 Scholars conducted
many studies on temperature control to achieve fine
dispersion of TiAl3 and TiB2 phases, optimizing the
refining performance of the master alloy. Li et al.,21

suggested that TiB2 particles prepared by the fluo-
ride salt reaction method had a regular and indepen-
dent shape, and the reaction temperature did not
affect the microstructure of TiB2. Liu et al.,22 studied
the relationship between the morphology of TiAl3 and
the reaction temperature by fluoride salt reaction
method, finding that block-like TiAl3 phase was more
easily obtained at lower temperatures. Arnberg
et al.,23 analyzed the TiAl3 phase in master alloy
prepared at different temperatures, explaining that
block-like TiAl3 phase was easily obtained at low-
temperature melt, while needle or rod-like TiAl3 was
obtained in high-temperature melt. Birol also studied
the morphology of TiAl3 phase at different reaction
temperatures and found that the reaction tempera-
ture for preparing Al–5Ti–B master alloy by fluoride
salt reaction method should not exceed 850�C.24

However, previous studies did not deeply investigate
the nucleation mechanism of TiAl3 phase in Al–5Ti–B
master alloy based on high-temperature state of
master alloy obtained by quenching process.

In this study, Al–5Ti–B master alloy was pre-
pared by fluoride salt reaction method, and the
phase morphology of Al–5Ti–B master alloy in high-
temperature was obtained by quenching process.
The influences of feeding temperature (700–900�C)
on the preparation of Al–5Ti–B master alloy were
systematically discussed in terms of microstructure
characteristics, elemental yields, grain refining
performances and master alloy hardness. Further-
more, the mechanism of TiAl3 phase nucleation was
discussed.

EXPERIMENTAL

Materials and Methods

The expected product in this study is Al–5Ti–B
master alloy. According to mass fraction, the appro-
priate amounts of pure Al (purity:> 99.8 wt.%,
melting point: 660�C), K2TiF6 (purity:> 98.0 wt.%;
melting point: 780�C) and KBF4 (purity:> 96.0
wt.%, melting point: 530�C) were respectively
weighed. The preparation process of Al–5Ti–B mas-
ter alloy comprised the following steps. (1) The
2.6 kg K2TiF6 and 1.2 kg KBF4 were evenly mixed
and divided into two equal parts. (2) The 10 kg pure
Al was respectively heated to a certain feeding
temperature (700–900�C) in the well resistance
furnace (specification: ZP-45). Then, the two parts
of mixed fluoride salt were added into the Al melt in
turn, at an interval of 5 min, for reaction (3) After
adding the second part of mixed fluoride salt, the
melt was stirred quickly with a carbon stick for
10 min and then stood for 5 min. (4) The by-
products of fluoride salt reaction generated in the
upper layer of the melt were poured out, and then
the argon gas was utilized for degassing and slag
removal. (5) The refined melt was poured into a
metal mold surrounded by water to quench, obtain-
ing Al–5Ti–B master alloy. (6) The prepared master
alloy was cut, ground and polished sequentially.
The process flow schematic diagram is shown in
Fig. 1.

To evaluate the refining performance of Al–5Ti–B
master alloy prepared at different feeding temper-
atures for pure Al, a ring mold method was used
under the same solidification conditions. The exper-
iment steps were as follows. (1) The 0.5 kg pure Al
was put into the graphite crucible to heat to 730�C,
and the upper oxidation skin of Al melt was
removed. (2) One gram prepared Al–5Ti–B master
alloy was added into the Al melt. The melt stood for
3 min after thorough stirring. (3) After standing, Al
melt was poured into a ring mold with 75 mm outer
diameter, 70 mm internal diameter and 25 mm
height, obtaining the refined Al alloy ingot. (4)
Refined Al alloy ingot was etched by aqua regia for
the distinct show of Al grain boundaries.

Characterizations

The phase component of the Al–5Ti–B master
alloy was detected by X-ray diffraction (XRD, spec-
ification: D8-A25) at 40 kV and 20 mA. The
microstructure and constituents of second phases
were observed by scanning electron microscope
equipped with energy-dispersive spectroscopy
(SEM-EDS, specification: SU-70) and three-dimen-
sional digital microscope (specification: 2DVM 6).
The contents of Ti and boron (B) in master alloy
were analyzed by inductively coupled plasma optical
emission spectrometer (ICP-OES, specification:
iCAP7400). The hardness of master alloy was
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analyzed by the digital microscopic Vickers (speci-
fication: 1–1000 gf).

ANALYSIS AND RESULTS

Phase Component and Microstructure
of Al–5Ti–B Master Alloy

For exploring the influence of feeding tempera-
ture on the phase component of Al–5Ti–B master
alloy, XRD was employed. According to the XRD
pattern shown in Fig. 2, the peaks of Al, TiAl3 and
TiB2 phases were found in Al–5Ti–B master alloy
obtained at 700�C feeding temperature, which indi-
cated the product of fluoride reaction met expecta-
tions. With increasing feeding temperature, the
intensity of TiAl3 phase showed a gradually decreas-
ing trend and finally almost disappeared at 900�C
feeding temperature. The results indicated that the
crystallization process of TiAl3 phase became
increasingly difficult when the feeding temperature
increased from 700�C to 900�C. Concerning TiB2

phase, its peaks were always existent with change
of the feeding temperature, despite small fluctua-
tions. Notably, there was a shift in the Al major
peaks, the reason may be that the surfaces of the
Al–5Ti–B master alloy samples were lower or higher
than the center of the XRD optical path.25

The microstructure of Al–5Ti–B master alloy was
observed by scanning electron microscopy and energy-
dispersive spectroscopy. Figure 3a shows a representa-
tive microstructure of the Al–5Ti–B master alloy pre-
pared at 700�C, and Fig. 3b shows a larger
magnification image of a selected area in Fig. 3a. The
phaseboundariesof themasteralloywerequitedistinct;

many large gray phases and granular phases were
distributed in the Al matrix. Combined with the EDS
results, these phases can be respectively considered as
the second phases TiAl3 (Spectrum 1) and TiB2 (Spec-
trum 2), which were consistent with the XRD results.
TheTiAl3 phase presenteda polygonalblockystructure.
Inaddition, thedistributionofTiB2 phasewasrelatively
dispersive and homogeneous, with no obvious agglom-
eration. In the master alloy obtained at 750�C feeding
temperature, the phase boundaries were still relatively
obvious, but cracks were formed on the surface of TiAl3
phase, as shown in Fig. 3c. With further increasing of
feeding temperature, the interior of the master alloy
began to show a chaotic state. The size of TiAl3 phase

Fig. 1. Process flow of fluoride salt reaction method.

Fig. 2. XRD pattern of Al–5Ti–B master alloy prepared at various
feeding temperatures.
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decreased sharply, accompanied by increasing of the
holes. When the feeding temperature reached 900�C,
TiAl3 phase disappeared basically, and holes with
irregular shape and size populated the entire master
alloy. The generation of the holes may be due to the
different thermal expansion coefficients of Al and Ti. Ji
et al.,26 suggested that high cooling rates would lead to
defects, such as considerable shrinkage and gas-type
porosity.Thehigher thequenchingmelt temperature is,
the faster the cooling rate, resulting in a gradual
increase of holes.

For confirming the distribution of elements in the
Al–5Ti–B master alloy, EDS mapping was per-
formed, and the results are shown in Fig. 4. Ti
showed strong intensity in the blocky area in the
master alloy prepared at 750�C feeding tempera-
ture, which indicated that Ti was enriched obviously
in the TiAl3 phase. In the sample obtained at 900�C
feeding temperature, although Ti gathered par-
tially, overall it presented a dispersion state, which
may be because the TiAl3 phase did not grow up.

To investigate the effect of feeding temperature on
the elemental yields of Al–5Ti–B master alloy, ICP-
OES was applied to determine the chemical compo-
sition of the prepared samples, and the results are
shown in Table I. At low feeding temperature of 700
and 750�C, the weight fractions of Ti and B were
respectively close to 5% and 1%, which was consistent
with the experimental expectation. However, when
the feeding temperature was increased to 850 or
900�C, the fractions of Ti and B element were
decreased, further deviating from pre-designed
weight fractions. The reasons for this phenomenon
probably included two aspects of the following. (1)
When fluoride salt was added to the melt of high
feeding temperature, part of it was volatilized,
resulting in the loss of Ti and B. (2) According to the
microstructure of Fig. 3, the Ti element in the melt
cannot form TiAl3 phase with Al, so some of the excess

Ti and B may be stored in the upper by-product and
discharged with the by-product.

Refinement Performance of Al–5Ti–B Master
Alloy

The refinement performance is an important
criterion to test the quality of Al–5Ti–B master
alloy. The structures of solidified pure Al refined by
different Al–5Ti–B master alloy and average diam-
eters of Al grains are depicted in Fig. 5. After adding
Al–5Ti–B master alloy obtained at 700�C feeding
temperature, grains of pure Al were fine equiaxed
grains with an average diameter of 153.8 lm. When
the feeding temperature was increased, the refine-
ment performance of Al–5Ti–B master alloy was
reduced drastically, and the grain size of Al was
increased markedly. The grains of pure Al refined
by Al–5Ti–B master alloy obtained at 900�C feeding
temperature were coarse, with an average diameter
of 832.6 lm. Therefore, the influences of the feeding
temperature on the refinement performance of
Al–5Ti–B master alloy were remarkable. In effect,
the refinement performance of Al–5Ti–B master
alloy is closely related to the size, quantity and
morphology of TiAl3 phase.27 According to Fig. 3,
with the increase of feeding temperature, the TiAl3
phase gradually disappeared, resulting in the dete-
rioration of the refining performance of Al–5Ti–B
master alloy.

Vickers Hardness Analysis of Al–5Ti–B Master
Alloy

To investigate the influence of feeding tempera-
ture on the hardness of Al–5Ti–B master alloy,
digital microscopic Vickers was employed. For
reducing the error, ten different areas of the master
alloy were respectively measured, and the average
value of Vickers hardness was obtained after

Fig. 3. Microstructure of Al–5Ti–B master alloy obtained at different feeding temperatures, (a) 700�C, (b) an enlarged region of (a), (c) 750�C, (d)
800�C, (e) 850�C, (f) 900�C and corresponding EDS analysis of second phases in master alloy.
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Fig. 4. EDS mapping of Al–5Ti–B master alloy prepared at different feeding temperatures, (a) 750�C and (b) 900�C.
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removing the maximum and minimum values. The
results are shown in Fig. 6. According to Fig. 6, the
Vickers hardness of Al–5Ti–B master alloy prepared
at high feeding temperature (800, 850 and 900�C)
was generally lower than that prepared at low
feeding temperature (700 and 750�C), which may
due to the various content of TiAl3 in master alloy.
Thiyaneshwaran et al.,28 investigated the influence

of TiAl3 content on the mechanical intensity of alloy
and found that the mechanical intensity was raised
with the increasing of TiAl3 content.

Thermodynamic Analysis of Al–5Ti–B Master
Alloy Prepared by Fluoride Salt Reaction
Method

Al–5Ti–B master alloy was prepared by fluoride
salt reaction method, and the main chemical reac-
tions in the process are shown in Eqs. 1–4 as
follows.29

3K2TiF6 sð Þ þ 13Al lð Þ ¼ 3TiAl3 sð Þ þ 3KAlF4 sð Þ
þ K3AlF6 sð Þ ð1Þ

2KBF4 sð Þ þ 3Al lð Þ ¼ AlB2 sð Þ þ 2KAlF4 sð Þ ð2Þ

TiAl3 sð Þ þ AlB2 sð Þ ¼ TiB2 sð Þ þ 4Al lð Þ ð3Þ

Table I. Ti and B content in master alloy prepared
at different feeding temperatures

Feeding temperature (�C) Ti (wt.%) B (wt.%)

700 4.98 1.03
750 5.01 1.00
800 4.95 1.02
850 4.85 0.96
900 4.82 0.90

Fig. 5. (a) Macro-appearance and microstructure of pure Al refined by Al–5Ti–B master alloy prepared at different feeding temperatures and (b)
influence of feeding temperature on the refinement performance of Al–5Ti–B master alloy.
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6KBF4 sð Þ þ 3K2TiF6 sð Þ þ 10Al lð Þ
¼ 3TiB2 sð Þ þ 9KAlF4 sð Þ þ K3AlF6 sð Þ ð4Þ

The chemical Eq. 1 can be composed of the
following two parts.

3K2TiF6 sð Þ þ 4Al lð Þ ¼ 3Ti að Þ þ 3KAlF4 sð Þ
þ K3AlF6 sð Þ ð5Þ

3Al lð Þ þ Ti að Þ ! TiAl3 sð Þ ð6Þ

The possible products of fluoride salt reaction
contained TiAl3, AlB2, TiB2 and slag phases such as
KAlF4 and K3AlF6.The Gibbs free energy of the
formation of TiAl3 and TiB2 is shown in Eqs. 7, 8.30

The Gibbs free energy of TiAl3 was negative
between 972 K (700�C) and 1172 K (900�C). As the
temperature rose, its Gibbs free energy increased,
which meant the generation difficulty of TiAl3 phase
was increased (Eq. 6). The Ti element generated by
Eq. 5 was accumulated at high temperature and
agglomerated in the Al–5Ti–B master alloy melt,
but it was hard to form the TiAl3 phase. This was
consistent with the results that appeared in XRD
pattern, SEM image and EDS analysis. TiB2 is very
stable, having a high melting point about 2900–
3100�C.31 Compared with TiAl3, the Gibbs free
energy of TiB2 generation was lower in 700–900�C
according to the Eqs. 7, 8. In melt containing Ti, Al
and B elements, TiB2 is preferentially formed.
Furthermore, Emamy et al.,32 suggested that if B
was added into the Al–Ti alloy melt containing
TiAl3, it could form TiB2 on the TiAl3 and cause the
TiAl3 to break or even dissolve. In addition, Li
et al.,21 found that the morphology of TiB2 particles

in the Al–5Ti–B master alloy prepared by fluoride
salt reaction method was not affected when the
temperature changed from 850 to 1200�C.

3Al lð Þ þ Ti að Þ ! TiAl3 sð Þ DGh
T

¼ �174389 þ 55:463T J mol�1
� �

ð7Þ

Ti að Þ þ 2B bð Þ ! TiB2 sð ÞDGh
T

¼ �323842 þ 13:874T J mol�1
� �

ð8Þ

Thermo-Calc Software was utilized to calculate
the cooling path diagram of Al–5Ti–B master alloy
system, and the result is shown in Fig. 7. Theoret-
ically, the TiAl3 phase began to nucleate at approx-
imately 1010.3�C. With the decrease of the
temperature in the Al–5Ti–B melt, the content of
TiAl3 phase increased. The quenching temperature
of the alloy melt was measured during the process of
the fluoride salt reaction, and it was found that the
quenching temperature of melt reached 958�C when
the feeding temperature was 900�C. According to
Fig. 7, the TiAl3 content in Al–5Ti–B master alloy
system was about 2.4 wt.%. Due to the high
quenching temperature, the TiAl3 phase did not
increase. The particles of TiAl3 phase were small,
and most of the Ti did not exist in the form of TiAl3
phase. When the feeding temperature was 700�C,
the quenching temperature reached 752�C, and the
TiAl3 content was about 6.9 wt.%. The difference in
temperature had a great influence on the content of
TiAl3, which is consistent with the thermodynamic
calculations and experimental results. As shown in
Fig. 7, between 750 and 1050�C, the content of TiB2

had no noticeable change with changing
temperature.

Fig. 6. Vickers hardness of Al–5Ti–B master alloy prepared at
different feeding temperatures.

Fig. 7. Cooling process diagram of Al–5Ti–B master alloy system.
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Diffusion of Ti Element in Al–5Ti–B Master
Alloy Melt

The motion of atoms in the master alloy melt was
an important factor affecting the nucleation of the
TiAl3 phase. By studying the interfacial reaction
between Ti and TiAl3 at high temperature, Wu
et al.,33 found that Ti tended to diffuse to the TiAl3
phase to form Ti-Al compounds of different propor-
tions. Zhao et al.,34 concluded that Ti-rich and
B-rich regions must be formed in the melt to
effectively form TiAl3 and TiB2 phases. The Ti-rich
regions can be treated as the nucleation site of TiAl3
phase.

To verify the existence of the Ti-rich regions, EDS
linear analysis was applied to determine the distri-
bution of Al and Ti around the TiAl3 phase, the
result is shown in Fig. 8. As shown in Fig. 8b, the Ti
element was not uniformly distributed near TiAl3
phase. Al and Ti always maintain a relatively
stable ratio of 3:1 in the TiAl3 phase. However,
when the EDS linear analysis was performed near
the outer edge of TiAl3 phase, the content of Ti
element was gradually reduced and finally stabi-
lized. Schematic diagram of the diffusion of Ti
element during the formation of TiAl3 phase is
shown in Fig. 8c. In the beginning of the nucleation,
Ti was aggregated towards the nucleation site to
form Ti-rich regions. When the element content of
Ti was not able to meet the further growth of TiAl3
phase, the excess Ti showed a slope decreasing
trend around TiAl3 phase. In this region, the
content of Ti element maintained a proportion< 25

at.%, which was defined as Ti atomic transition zone
between TiAl3 phase and Al matrix in this study.
The nucleation of TiAl3 phase required the segre-
gation effect of Ti element. When the content of Ti
element was not enough to satisfy further growth of
the TiAl3 phase, the excess Ti-rich regions around
TiAl3 phase were transformed into the Ti transition
zone.

Temperature has a certain influence on melt
viscosity, and melt viscosity can affect the diffusion
of elements.35 Sun proposed that the increase of
temperature would increase the interdiffusion coef-
ficient of Ti-Al system.36 When the temperature was
low, the melt viscosity was large,37 which hindered
the diffusion of Ti to a certain extent. Ti atom can
slowly deflect towards nucleation sites in the melt, it
was beneficial to the accumulation of Ti element and
formation of Ti-rich regions. As shown in Fig. 9a, at
a lower feeding temperature (700�C), the number of
Ti-rich regions was small, but the size was larger
because of the influence of viscosity. The morphol-
ogy of TiAl3 phase was a regular block. With
increasing temperature (800�C), as shown in
Fig. 9b, the thermal movement of Ti element was
intensified because of the decrease of melt viscosity,
resulting in a decrease in the volume but an
increase in the number of Ti-rich regions. The
increasing number of Ti-rich regions promoted the
nucleation of TiAl3 phase, but the decrease of the
Ti-rich regions volume inhibited the growth of TiAl3
phase. As Fig. 3d shows, a smaller TiAl3 phase
began to appear in the alloy when the feeding
temperature reached 800�C. With further

Fig. 8. (a) Microscopic view of TiAl3 phase, (b) EDS linear analysis near TiAl3 phase and (c) schematic diagram of the diffusion of Ti element
during the formation of TiAl3 phase.
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increasing of feeding temperature, the nucleation of
TiAl3 phase was thermodynamically inhibited. As
TiB2 phase preferentially consumed Ti element, the
content of Ti element in melt decreased, and the
volume of Ti-rich regions further decreased. There-
fore, little TiAl3 phase is formed at the feeding
temperature of 850–900�C.

CONCLUSION

In this study, Al–5Ti–B master alloy was pre-
pared by fluoride salt reaction method. The influ-
ences of feeding temperature (700–900�C) on the
microstructure characteristics of master alloy, ele-
mental yields, grain refinement effects and master
alloy hardness were investigated, respectively. The
results indicated that as the feeding temperature
increased, the polygonal blocky structure of TiAl3
phase in master alloy was gradually decreased until
it disappeared, with the gradual increasing of holes.
In addition, the elemental yields, refinement per-
formances and master alloy hardness all showed
downward trends. During the change of feeding
temperature, the content and microstructure of
TiB2 maintained a relatively stable state. Further-
more, a nucleation growth mechanism of TiAl3
phase was proposed based on the thermodynamics
and Ti diffusion specifically as follows. The forma-
tion of Ti-rich regions was the key factor affecting
the TiAl3 phase nucleation. According to Gibbs free
energy changes of generating TiAl3 and TiB2, the
increase of feeding temperature inhibited the for-
mation of TiAl3 phase, but it did not affect the
formation of TiB2 phase. TiB2 preferentially con-
sumed Ti in the master alloy melt, making the
remaining Ti element unable to form effective Ti-
rich regions, which hindered the nucleation and
growth of TiAl3 phase. In addition, due to the

increase of temperature, the thermal movement of
Ti element in the melt was intensified, leading to
the reduction of Ti-rich regions. Therefore, the
nucleation of TiAl3 phase was inhibited at high
temperatures.
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