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Abstract: Based on thermodynamic calculations and continuous rheological extrusion (CRE) technology,
Al-Ti-V-B master alloys were designed and prepared. The morphology and the distribution of the refined phases
in the master alloys were analyzed by XRD, SEM, and TEM. The effects of master alloy addition and holding
time on the microstructure and mechanical properties of A356 alloy were investigated. Under the optimum
refiner addition of 0.3wt.% and the holding time of 20 min, the average grain size of the refined A356 alloy is
151.8+9.11 uym, 89.62% lower than that of original A356 alloy. The tensile strength and elongation of as-cast A356
refined alloy are 196.11 MPa and 5.75%, respectively. After T6 treatment, the tensile strength and elongation
of A356 refined alloy are 290.1 MPa and 3.09%, respectively. The fracture morphology is characterized by a
predominance of along-crystal fracture with a small amount of through-crystal fracture, attributed to the refined
grains. Finer grains promote crack path deflection and localized plastic deformation, enhancing energy dissipation
and reducing the tendency for brittle fracture. This study provides a novel approach to improving the mechanical
properties of A356 alloy through grain refinement using CRE Al-Ti-V-B master alloy.
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is refined due to high nucleation rate and inhibition

of grain growth ", Various theories, including the
(15, 16]

1 Introduction

A356 alloy is a hypoeutectic Al-Si alloy with low density, carbide-boride theory , component supercooling

superior castability, and high strength, which is widely  theory '), peritectic theory '*), dual nucleation theory !"”
used in aerospace, transportation and other fields. The [20,21]

rapid development of industry puts forwards the higher
demands on the properties of A356 alloy. However,

>

and solute theory , are usually adopted to describe
the mechanism of grain refinement.

Common grain refiners are Al-Ti-B and AI-Ti-C
based master alloys, in which TiB, and TiC particles

are used as substrate for heterogeneous nucleation of

the coarse a-Al dendrites of the alloy adversely affect
its mechanical properties " *. Grain refinement is
indispensable for the manufacture of aluminum alloy .,
Common methods of aluminum alloy refinement include

adding grain refiner ', applying ultrasonic field ™ or

a-Al grains "> *. However, TiB, tends to aggregate

t [24]

into clusters and settle into the Al mel , while

- and

electromagnetic field """, increasing subcooling
pressure machining "> '*), Among them, adding grain

refiner is the most cost-effective method. The grain size
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TiC is destabilized in a portion of the Al melt to
generate AL,C, . The Al-V-B master alloy containing
VB, and VAl particles can significantly refine the
aluminum alloy, and VB, particles are the effective
nucleation cores for the refinement of Al-7wt.% Si
alloy . Furthermore, its refining effect is significantly
better than the traditional Al-Ti-B and Al-Ti-C master
alloys ®"\. Research has shown that V can refine the
spacing between secondary dendrite arms “*). In recent
years, scholars have refined Al-Si and Mg-Al alloys by
adding Al-V-B master alloy. As stated by Ruan et al.
the refinement effect of Al-V-B master alloys was more
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excellent than the Al-Ti-B master alloy, and the Al-(Ti+V)-B
significantly reduced the grain size of Al-7Si from 854.6 to
136.93 um. Allen et al. ® found that, the combination of V and
Al-Ti-B promoted heterogeneous nucleation in commercial
ingots. Zhang et al. P! prepared Al-3V-1.28B alloy containing
VAl and VB, particles, which reduced the size of Al-7Si alloy
to 280 um. Al-V-B and Al-5V-B refiners prepared by Li et al.
significantly reduced the grain size of Al-10Si alloy from
1,736 um to 184-245 pum. Based on above literatures, Al-V-B
master alloys can provide effective nucleation particles such
as VB, and VB. However, master alloys that can provide
both TiB, and VB, are rarely studied. Continuous rheological
extrusion (CRE) technology, as an advanced material
processing technique, is highly necessary for the production
of grain refiners **. By integrating the advantages of plastic
working and semi-solid forming, CRE technology enables
continuous production, significantly simplifying the process
and reducing costs. The high shear deformation and rapid
cooling inherent in this technology effectively refine grains
and prevent compositional segregation, thereby enhancing the
performance and stability of grain refiners.

In this study, an Al-Ti-V-B master alloy containing particles
of VB,, VB, and TiB, was designed, and its refinement effect
of Al-Ti-V-B on A356 alloy was discussed. The effects of
master alloy addition and the holding time on the microstructure
and mechanical properties of A356 alloy were analyzed. The
optimal parameters for utilizing the Al-Ti-V-B master alloy as a
refiner were obtained. Additionally, the mechanism responsible
for the generation of the refined phase was explored.
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2 Experiment

2.1 Design and preparation of CRE Al-Ti-V-B
alloy

Firstly, the Equilib module of FactSage 8.3 software (FTlite
database) was employed to determine the generation of the
physical phases in the equilibrium state of CRE AI-Ti-V-B,
as illustrated in Fig. 1(a). Secondly, the standard Gibbs free
energy (AG") for possible reactions in the CRE Al-Ti-V-B
system was calculated using the Reaction module and is
demonstrated in Fig. 1(b). The lower standard Gibbs free
energy of the TiB, and TiAl; phases compared to the VB,
VB, and VAI, phases suggests that Ti-containing phases such
as TiB, and TiAl; are more stable than V-containing phases
such as VB, VB,, and VAL. It is also noteworthy that VB
compounds are not stable in comparison to VB,, and will form
VB, with B.

2.2 Experimental procedure

The experiment includes the preparation of grain refiner and
refining experiment of A356 alloy. For the preparation of
grain refiner, high-purity aluminum (99.95%), K, TiF,, KBF,,
Al-10V, and cryolite were weighed according to their mass
percentages. As shown in Fig. 2, the high-purity aluminum was
placed in the clay crucible and heated to 750 °C. K,TiF, and
KBF, were added into the melt, and stirring was maintained for
1 h using a titanium alloy bar. Then, the temperature was raised
to 1,200 °C and a mixture of AI-10V and KBF, was added
before cryolite. After the reaction was completed, the melt
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Fig. 1: Thermodynamic calculation of CRE Al-Ti-V-B intermediate alloy: (a) phase formation in equilibrium state;
(b) standard Gibbs free energy of reaction (kJ-mol™)
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Fig. 2: Schematic diagram of preparation of CRE Al-Ti-V-B
master alloy

was cooled to 780 °C and the slag was removed. The melt was
poured into a continuous rheological extruder, and the speed
was 7 rad'min”'. CRE Al-Ti-V-B master alloy with a diameter
of 8.5 mm was obtained.

For the refining experiment of A356 alloy, as shown in Fig. 3,
the dried A356 alloy was put into the graphite crucible and
then put into a resistance furnace to be heated to 750 °C.
After melting, different amounts of CRE Al-Ti-V-B master
alloys (0wt.%, 0.2wt.%, 0.3wt.%, 0.4wt.%, and 0.6wt.%)
were added into A356 alloy. To prevent the aggregation and
sedimentation of particles such as VB, and TiB,, the melt was
stirred every 3 min for 2 min and then held for 5, 20, 40, 60, and
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80 min, respectively. Then, the melt was poured into the mold
preheated to 180 °C and cooled to room temperature. The
dimensions of the molds, samples, and sampling locations are
shown in Figs. 3(b, c).

Chemical compositions of master alloys tested by inductively
coupled plasma-optical emission spectrometer (ICP-OES,
PerkinElmer Avio500) are listed in Table 1. The samples
were polished and mechanically polished. The phases in the
samples were detected using X-ray diffractometer (XRD,
Panalytical Empyrean) with a data acquisition range of
20°-90° at a scanning speed of 10°min”". The grain size of
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Fig. 3: Schematic diagram of A356 refinement (a), and
sizes of mold and samples as well as sampling
locations (b and c)
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Table 1: Chemical compositions of CRE Al-Ti-V-B master
alloy (wt.%)

Grain refiner

CRE Al-Ti-V-B 2.06 2.34 1.72 Bal.

Element at.%
Al 73.60

Element at.%
70.28
14.08
15.64

the alloy was measured and evaluated using Image Pro Plus
software on images observed by an optical microscope (OM,
Leica DMi8 A). Microstructure analysis was performed using a
field emission scanning electron microscope (SEM, Zeiss Ultra
Plus). The sub-microscopic structure of samples was observed
using a transmission electron microscope (TEM, JEM-2100F).

3 Results and discussion

3.1 Microstructure of CRE Al-Ti-V-B master
alloy

Figure 4 shows the XRD patterns of CRE Al-Ti-V-B master
alloy. The second phase includes VB and VAl, phases in
addition to VB, and TiB,. This differs from the calculated
results in Fig. 1(a). The CRE Al-Ti-V-B system does not reach
full physical phase equilibrium mainly due to the low content
of VB and VAl in the melt and the short reaction time. The
presence of these phases is crucial for achieving equilibrium,
but their limited availability and insufficient time for reaction
hinder the system from reaching a fully equilibrated state.
Figures 5(a-d) illustrate the microstructure of the
CRE AI-Ti-V-B intermediate alloy. The alloy is primarily
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Fig. 4: XRD pattern of CRE AI-Ti-V-B master alloy

(h) Element at.%
Al 15.45
21.03 i| 16.01

40.76

68.54

Fig. 5: SEM images and EDS results of CRE Al-Ti-V-B master alloy: (a-d) SEM images of Al-Ti-V-B master alloy;
(e-h) EDS results for points VA, VB, VB,, and TiB,; (i-l) EDS mapping of Al-Ti-V-B master alloy
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composed of fine particulate matter and a minor quantity of
lumps. The EDS analysis results in Fig. 5(e) indicate that
the lumps are predominantly composed of Al, V and have
an atomic percentage of approximately 3:1. Therefore, it
can be postulated that the lumps are VAl,. Figures 5(f-h)
indicate that the particulate matter is primarily B-containing
compounds. In conjunction with the XRD patterns in Fig. 4,
it can be postulated that the particulates are a combination of
VB, VB,, and TiB,. Furthermore, the EDS mapping results in
Figs. 5(i-1) demonstrate that the V element is concentrated
in the VAl; phase, while the Ti element is concentrated in the
fine particulate matter. Nevertheless, no TiAl; compounds are
identified in the CRE Al-Ti-V-B alloy.

Figures 6(a) and (b) show the TEM images of the CRE
Al-Ti-V-B master alloy. The HRTEM image is subjected to
FFT transformation, as shown in Fig. 6(b), and the phase
is determined as VB [1,1,2]. The selected area electron
diffraction (SAED) patterns of TiB, in Figs. 6(a) and (c) show
the enrichment of TiB, [2, 1, 0] around the VB [1, T, 2] phase,
which is consistent with the phenomena observed in Fig. 5.
The HRTEM was performed, as shown in Figs. 6(h) and (j),
and the crystal plane spacing d in the (110) direction is 0.284 nm,
keeping consistent with the (110) direction of 0.289 nm in
Ref. [33]. According to the EDS mapping in Figs. 6(d-g)
and (i), Ti and B elements are distributed around the block VB
phase. Moreover, the presence of fine nanophase containing
both Ti and Al elements is TiAl, phase.

Element wt%
A\ 42 .55 54.48

Vv 51.42 34.87
3.48 2.51

2.55 8.14

at.%

10 1/nm

3.2 Refinement of A356 alloy by CRE Al-Ti-V-B
3.2.1 Effect of CRE Al-Ti-V-B addition

Figures 7(a-e¢) show the macrostructure and microstructure
images of A356 alloy after introducing Owt.%, 0.2wt.%,
0.3wt.%, 0.4wt.%, 0.6wt.% CRE Al-Ti-V-B and holding
for 20 min. It might be worth noting that there is a density
difference between the TiB, grain refinement particles
(~4.5 g-em”™ P¥) and the A356 melt (2.6-2.7 g-em™ P, which
can potentially lead to the particles sinking and making it
challenging to maintain a uniform distribution of the grains.
It may be helpful to consider that refinement particles such as
TiB, have a greater tendency for heterogeneous nucleation,
which can also contribute to the sinking of particles. When the
content of CRE Al-Ti-V-B alloy is lower than 0.3wt.%, the
grain refinement is proportional to the addition amount. Due
to the aggregation of VB, and TiB, phases ", when the CRE
Al-Ti-V-B alloy addition exceeds 0.3wt.%, the number of
effective refining phases in the melt decreases. Figure 7(f)
shows the effect of CRE Al-Ti-V-B addition on the average
grain size of the refined A356 alloy. As the addition of CRE
Al-Ti-V-B alloy increases from 0 to 0.6wt.%, the average grain
size of A356 alloy firstly decreases and then increases, and reaches
a minimum value of 151.8+9.11 um at the addition of 0.3wt.%.

3.2.2 Effect of holding time

The effect of holding time on the refinement of A356 alloy was
investigated (refiner content 0.3wt.%). Figures 8(a-e) show

(1,1 i‘)‘ ,(O.é,w) . . b SAED
‘. %1‘1,0; (1 ,2,0) \\ /ﬁ (1 '272)

5 . ollfs .

} ' (0,0,1)
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1.0 1.5 2.0 2.5 3.0 3.5

Fig. 6: TEM images and EDS results of CRE Al-Ti-V-B master alloy: (a) TEM photographs; (b) HRTEM photographs
and FFT photographs of VB phase; (c) SAED photographs of TiB, phase; (d-g) and (i) EDS result; (h) HRTEM
image of VB phase; (j) (110) orientation of profile of HRTEM image
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Fig. 7: Effect of CRE AI-Ti-V-B addition on the refinement of A356 alloy: (a) 0wt.%; (b) 0.2wt.%; (c) 0.3wt.%;
(d) 0.4wt.%; (e) 0.6wt.%; (f) average grain size
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Fig. 8: Effect of holding time on the refinement of A356 alloy: (a) 5 min; (b) 20 min; (c) 40 min; (d) 60 min; (e) 80 min;
(f) average grain size

226



Research & Development CHINA FOUNDRY

Vol. 22 No. 2 March 2025

the macro- and microscopic images of A356 ingots at holding
times of 5, 20, 40, 60, and 80 min, respectively. Figure 8(f)
shows the effect of holding time on the average grain size of
the refined A356 alloy.

As shown in Figs. 8(a-e), the average grain size evolves
non-monotonically as the holding time increases from 5 to 80 min,
and reaches a minimum value of 151.8+9.11 pm at 20 min.
Thus, under the optimum refiner addition amount of 0.3wt.%
and the holding time of 20 min, the average grain size of the
as-cast A356 alloy is 151.84£9.11 um. Aggregation of nucleated
particles may lead to an increase of local supercooling ©7".
The degree of subcooling affects the phase transition process.
Components exceeding the critical content are confined in a
nonequilibrium state, which leads to grain formation. Whereas,
when the holding time is longer than 20 min, the aggregation
of nucleating particles such as VB, and TiB, leads to the
reduction of the number of effective nucleation in the melt,
and the refinement is weakened “**".

The introduction of the V element creates conditions for
the formation of the second phases of VB, and VB. It has
been reported that, VB, particles are a component of the
VB,-AlIB, core-shell structure and serve as nucleation particles
for refining Al-Si alloys ™. VB particles enhance the mechanical
properties of Al-12.6wt.% Si based composites . McCartney */
presented a simplified expression for the nucleation rate of the
VB and VB, precipitates formed from a liquid alloy:

-16n0'af(9)}

1
3k, AS*AT? M

I= CNVPexp{

where C is the coefficient relevant to atomic diffusion, Ny is
the number of embryos per unit volume of the melt, o, is the
liquid-solid interfacial tension, f{#) is the wetting angle factor,
kg is the Boltzmann constant, AS is the nucleation entropy, and
AT is the degree of nucleation undercooling.
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Due to the introduction of CRE Al-Ti-V-B master alloy, the
degree of supercooling increases, facilitating the increasing
nucleation rate of VB, and VB and promoting the grain

refinement of A356 aluminum alloy ™.

3.3 Mechanical properties of refined A356
alloys

Figure 9 shows the mechanical properties of the refined A356
alloy at different addition amounts and holding times. In
Figs. 9(a) and (b), the mechanical properties of A356 alloy
are the highest when the CRE Al-Ti-V-B addition is 0.3wt.%
upon the holding time of 20 min. The tensile strength and
elongation are 196.11 MPa and 5.75%, respectively. Also, as
shown in Figs. 9(c) and (d), the tensile strength and elongation
change non-monotonically with the holding time, and both
obtain peak values at the holding time of 20 min and the CRE
Al-Ti-V-B addition of 0.3wt.%. As mentioned above, holding
time has an effect on the aggregation behavior of nucleation
particles such as VB, VB,, and TiB,. When the holding time
is short, the distribution of the nucleation particles is uneven.
As the time prolongs, the nucleation particles disperse more
homogeneously, which leads to a more excellent refinement
effect, tensile strength and elongation ™. However, an
excessive longer holding time causes the nucleation particles

aggregate into clusters *”

, resulting in the worse refinement
effect, and a decrease in mechanical properties of the alloys.
Figure 10 shows the effect of CRE Al-Ti-V-B refiner
addition (0.3wt.% and 20 min) and T6 heat treatment on the
mechanical properties of the refined A356 alloy. It can be
found that, T6 heat treatment increases the tensile strength
and decreases the elongation of the original and refined A356
alloys. The combination of the CRE Al-Ti-V-B refiner and T6
heat treatment results in a significant enhancement in the tensile

strength of the refined A356 alloy, which should be attributed
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Fig. 9: Mechanical properties of refined A356 alloys at different addition amounts and holding times: (a, c) stress-strain curves;
(b, d) tensile strength and elongation values; (a, b) holding time is 20 min; (c, d) CRE Al-Ti-V-B addition amount is 0.3wt.%
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Fig. 10: Effect of CRE Al-Ti-V-B refiner addition and T6 heat treatment on the mechanical properties of refined
A356 alloy: (a) stress-strain curves; (b) tensile strength and elongation

to the spheroidization of Si phase and the re-solubilization
and precipitation of Mg,Si " **. The strength increases
from 196.11 MPa to 290.10 MPa, representing a 64.29%
improvement over the original A356 alloy. Furthermore, due to
the inverse relationship between tensile strength and elongation,
the elongation decreases to 3.09% after T6 treatment.

3.4 Fracture morphology of A356 alloys

Figure 11 shows the fracture morphology of the A356
alloy under different treatments. The Al-Ti-V-B refiner was
added at 0.3wt.% and held for 20 min. The occurrence of
cleavage surface indicates the brittle fracture ™. As shown in
Figs. 11(a) and (b), T6 heat treatment has changed the fracture
morphology upon the action on fracture edges ©"°7, i.e., the
cleavage surface is more obvious and the dimples become
smaller and shallower. Compared Fig. 11(a) with Fig. 11(c),
the addition of CRE Al-Ti-V-B alloy results in an increase

in the number of apparent tearing edges and an increase in
the fraction of disintegrated surfaces. This phenomenon also
suggests that the addition of CRE AI-Ti-V-B alloy improves
the plasticity. Figure 11(d) shows the fracture morphology
of the refined A356 alloy after T6 heat treatment, the higher
fraction of cleavage surface indicates the lower plasticity.
Considering the higher tensile strength, the longitudinal
fracture morphology of the refined A356 alloy under the
coupling effect of CRE Al-Ti-V-B alloy and T6 heat treatment
is analyzed and shown in Fig. 12. Combined with Figs. 12(a)
and (b), under the stress action, stress concentration occurs
within the grains and at grain boundaries. Further increasing
the stress induces the separation of the alloy matrix, and causes
the morphology characterization of composite pattern of
along-crystal and through-crystal fracture ** . The effect of
grain refinement on fracture should be explained as that, finer
grains lead to crack path deflection, which increases energy

Vo~ \ : e

3 ¥

Fig. 11: Fracture morphology of A356 alloys: (a) original A356 alloy; (b) A356 alloy after T6 heat
treatment; (c) refined A356 alloy; (d) refined A356 alloy after T6 heat treatment
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D

Fig. 12: Longitudinal fracture morphology of A356 alloy under the coupling effect of CRE Al-Ti-V-B alloy
and T6 heat treatment: (a) refined A356 alloy after T6 heat treatment; (b) fracture mechanism

dissipation and reduces the tendency of brittle fracture. Also,
finer grains improve the plasticity, which helps to produce
localized plastic deformation in the stress concentration
region, absorbing and dispersing the stress and reducing the
probability of fracture along-crystal. Thus, under increasing
stress, the fracture morphology of the alloy is characterized by
the presence of small amount of along-crystal fracture.

4 Conclusions

This work focuses on the optimum refinement of as cast A356
alloy by continuous rheological extrusion (CRE) Al-Ti-V-B
master alloy. Following conclusions are drawn:

(1) The optimum parameters are determined as CRE
Al-Ti-V-B addition of 0.3wt.% and holding time of 20 min,
and the grain size of the refined A356 alloy is 151.8+£9.11 pm,
accordingly, 89.62% lower than that of original A356 alloy.

(2) Under the coupling effect of CRE Al-Ti-V-B refiner and
T6 heat treatment, the tensile strength of refined A356 alloy
increases to 290.1 MPa, 64.29% higher than that of original
A356 alloy. Meanwhile, the elongation reaches 3.09%.

(3) The fracture morphology of the A356 alloy under the
coupling effect of the CRE Al-Ti-V-B refiner and T6 heat
treatment is characterized by a predominance of along-crystal
fracture with a small amount of through-crystal fracture. This
morphology is attributed to the refined grains, which promote
crack path deflection and localized plastic deformation,
enhancing energy dissipation and reducing the tendency for
brittle fracture.
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