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In this research, a novel Al-5Nb-1B master alloy refiner was prepared based on traditional casting methods
with the aid of ultrasonic melt-assisted treatment. The outcomes showed that as the ultrasonic power was
increased, the primary a-Al and precipitates in Al-5Nb-1B alloy were greatly refined. Among them, the
coarse cellular a-Al structure was transformed into fine equiaxed grains, and their size was significantly
decreased from 125 to 60 lm when the melt was treated by 1500 W ultrasound power. In addition, the size
and shape of Al3Nb and NbB2 phases were optimized after 1000 W ultrasound treatment, and the
agglomeration of particles was also effectively eliminated. Meanwhile, the nano-sized NbB2 particles pre-
cipitated from Al-5Nb-1B alloy after ultrasonic melt treatment. The influences of acoustic cavitation and
acoustic streaming on the characterization of the microstructure in Al-5Nb-1B alloy were analyzed. Sub-
sequently, the a-Al phase was greatly refined into fine equiaxed grains when Al-5Nb-1B master alloy treated
by 1000 W ultrasonic power was added to Al-7Si alloy. Moreover, the secondary dendrites arm spacing was
significantly decreased to 9.78 lm. Additionally, the tensile testing revealed that the ultimate tensile
strength of Al-7Si alloy with the addition of Al-5Nb-1B master alloy was enhanced by 7.1% from 171 to
188.5 MPa, and the elongation was improved by 74.6% from 7.1 to 11.8%.
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1. Introduction

It has been proved that the grains refinement is one of the
most efficient ways to improve casting quality through increas-
ing melt fluidity and reducing casting defects including internal
shrinkage, porosity, segregation, and hot cracking (Ref 1).
Owing to the superior refining efficiency and low cost, Al-5Ti-
1B refiner is commonly employed in the refining pure
aluminum and wrought aluminum alloys (Ref 2). However,
Al-5Ti-1B alloy has a few disadvantages. When the Si
concentration surpasses 4 wt.% in cast aluminum alloys, the
Ti element reacts with Si in the Al-Si alloys melt and forms
binary or ternary silicides, such as TiSi2, AlSi3Ti2, or (Al,
Si)3Ti (Ref 3, 4). The effect of grains refining significantly
decreases due to the precipitation of silicides, resulting in the
reduction of TiB2 and Al3Ti particles acting as heterogeneous
nuclei (Ref 5). The phenomenon is known as the poisoning
effect of refiner (Ref 5-7). Recently, some researchers have
proposed the utilization of novelty Al-B master alloy (Ref 8),

Al-Ti-B-C master alloy (Ref 9), and Al-Nb-B refiners to solve
this problem.

Nowak et al. (Ref 10) originally developed Al-Nb-B alloys
and concluded that Al-Nb-B alloys as grain refiners of
hypoeutectic and eutectic Al-Si alloys can effectively refine
the dendritic a-Al and do not encounter obviously poisoning
effect. This is due to the fact that the Nb-Si binary phase is
more stable at high temperatures than the Ti-Si binary phase
(Ref 11, 12). Bolzoni et al. (Ref 13, 14) discovered that the
addition of Al-Nb-B grain refiners into LM6 and LM25
aluminum alloys can not only refine significantly the
microstructure of the alloys but also reduce the dependency
of grain size variation in solidification (i.e., cooling rate). Xu
et al. (Ref 15) optimized the composition of Al-Nb-B refiner
based on the design criteria of Al3Nb phase fraction and NbB2

number density and found that the optimized refiner can
decrease the grain size of Al-9Si-0.08Ti alloy and Al-10Si alloy
less than 220 lm.

However, the nucleation particles of NbB2 and Al3Nb in Al-
Nb-B alloys easily agglomerate, which lead to a reduction of
refining efficiency. Recently, it has been found in previous
literature (Ref 16, 17) that UT can enhance the wettability
between reinforcement materials and metal matrix. Jung et al.
(Ref 18) demonstrated that the grain size of a-Al phases, Si
phases, and the precipitates in Al-Si piston alloys were
effectively refined with the aid of ultrasonic melt treatment,
which was attributed to enhancing nucleation of the phases
during solidification. Liu et al. (Ref 19) concluded that when
UT was used in the preparation of Al-4.5Cu composites with
nano-TiB2 particle reinforcement, the ultimate tensile strength
(UTS) showed a promising improvement of 4.5%, rising from
196 to 205 MPa, and the elongation (El) was improved by
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3.3% from 13.65 to 14.10%. Han et al. (Ref 20) used
ultrasound assistance in the fabrication of Al-Ti-B grain
refiners and concluded that the TiAl3 particles were transferred
into a short rod and the aggregated TiB2 particles were
transformed into a loose coral-like structure. Wu et al. (Ref 21)
found that the ultrasonic treatment can reduce solute segrega-
tion of Mg-5Sm-Al alloy, and refine the grains of as-cast alloy
in solidification.

Based on the above literature reports, with the aim to
decrease the size of NbB2 and Al3Nb particles and make the
uniformity of particle distribution, and improve the refinement
effect of Al-7Si alloy, a novel Al-5Nb-1B grain refiners was
prepared by ultrasonic melt-assisted treatment. The work
investigated the impact of different ultrasonic powers on the
microstructure evolution in the Al-5Nb-1B grain refiners,
including the changes of the primary a-Al phase, as well as
the morphology, size, and distribution state of Al3Nb and NbB2

precipitates. Furthermore, the effect of the addition of Al-5Nb-
1B master alloy on the microstructure and mechanical prop-
erties of Al-7Si alloy was also discussed.

2. Experimental

2.1 The Process of Preparing Al-5Nb-1B Alloy

The Al-5Nb-1B master alloy was fabricated employing
industrial pure aluminum (99.7% purity), Al-10Nb alloy, and
Al-3B alloy as raw materials. The elemental composition of the
different materials is shown in Table 1.

Al-10Nb alloy and Al-3B alloy were placed in a drying oven
at 300 �C to remove moisture. In a graphite clay crucible, pure
aluminum ingots were melted by an electrical resistance
furnace. Al-Nb-B alloy containing an Nb/B ratio of 5:1 was
fabricated by adding Al-10Nb and Al-3B to the Al melt at 850
�C and holding for 2 h. After the removal of the reaction slag,
the UT was fulfilled at the temperature of 760 �C, and the
amplitude change rod was inserted into the melt below the
surface at 1 cm through a Ti-6Al-4V alloy radiator with a
diameter of 2.4 cm. In the UT process, the ultrasonic generator
was operated at a fixed frequency of 20 kHz, while the
ultrasonic power was set to 500, 1000, and 1500 W, respec-
tively. After 3 min UT, the melt temperature of the Al-5Nb-1B
alloy was gradually cooled to 680 �C and then poured into a
preheated permanent steel mold. In addition, the samples of Al-
5Nb-1B master alloy prepared under different powers were
named S1, S2, S3, and S4, respectively.

2.2 Preparation of Refined Al-7Si Alloys

The hypoeutectic Al-7Si alloy utilized in this investigation
was made from commercial hypereutectic Al-20Si alloy and

pure Al. Firstly, the master alloy prepared at 0, 500, 1000, and
1500 W is placed in a drying furnace to remove moisture. Then,
the Al-7Si alloy was placed in a clay-bonded graphite crucible
and held at 800 �C for 2 h. The samples of S0, S1, S2, S3, and
S4 were added to the Al-7Si alloy with a target addition amount
of 0.1 wt.%Nb and kept at the temperature for 60 minutes.
When the melt temperature reached 720 �C, the hex-
achloroethane (C2Cl6) was added to melt to remove gas and
slag. Finally, the Al-7Si alloy melting was poured into a
preheated mold.

2.3 Characterization

The samples were obtained at the same height from each
ingot, then grinded and polished before being etched with 4%
nitric acid alcohol. To identify the phase component of Al-5Nb-
1B alloy, x-ray diffraction (XRD, D/max-2400) was used with
Cu Ka radiation. The mapping distribution of elements in Al-
5Nb-1B alloy was fulfilled by EPMA1600. To examine the
microstructural characterization of the samples, scanning
electron microscopy (SEM, FEG-450) combined with an
energy-dispersive spectrometer (EDS) was employed during
the analysis. The size of the particles and the secondary
dendrites arm spacing (SDAS) of a-Al were measured using
image software. According to the GB/T228.1-2021 standard,
three tensile test samples were carefully selected to evaluate the
mechanical properties. The tests were performed by a materials
testing machine (AGS-X 300 KN, Shimadzu) at a speed of
1.0 mm/min. SEM was additionally employed to examine the
fracture surfaces of the samples.

3. Results and Discussions

3.1 The Evolution of a-Al

Figure 1 and 2 show the morphology evolution and the
change of average grain size of a-Al in S1, S2, S3, and S4
alloys, respectively. Figure 1a illustrates the morphology of a-
Al in the untreated Al-5Nb-1B alloy. The micrograph clearly
reveals that the a-Al grains are coarse cellular crystals with a
mean size of 125 lm. It can be found from S2 alloy that the
shape of the a-Al happens to obviously change from cellular
crystals to equiaxed crystals (Fig. 1b). At the same time, the
grain size is also significantly reduced. In S3 alloy, as shown in
Fig. 1(c), the mean grain size decreases to 71 lm, and the
proportion of equiaxed crystals is significantly increased. In
addition, the primary a-Al of S4 alloy is entirely transformed
into fine equiaxed crystals and the average size reduces to
60 lm, as shown in Fig. 1(d). The results demonstrate that the
refining effect of a-Al grains in Al-5Nb-1B alloy can be
influenced by UT power. Moreover, the higher the ultrasound

Table 1 Elemental composition (wt.%) of the different materials

Alloys

Element concentration, wt.%

Nb B Si Cu Ti Fe Ni Al

Al-10Nb 9.98 … 0.035 … … 0.082 < 0.01 Bal
Al-3B … 3.01 0.11 … … 0.19 … Bal
CP-Al … … < 0.003 < 0.005 < 0.05 < 0.03 … Bal
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power, the smaller the grains size of a-Al is in Al-5Nb-1B alloy
with UT.

3.2 The Evolution of Precipitates

Figure 3 indicates the XRD patterns of Al-5Nb-1B alloy
melting treated by different ultrasonic power. It can be
obviously observed that a-Al, NbB2, and Al3Nb phases are
detected in all four alloy samples. The result shows that the UT
applied in Al-5Nb-1B alloy melt does not alter the phase

constituent. Figure 4 depicts the composition analysis of the
particle precipitation from the Al-5Nb-1B alloy treated by 1000
W ultrasonic vibration. It can be observed from Fig. 4 that the
two kinds of particles with different morphology distribute
within primary a-Al matrix in Al-5Nb-1B alloy: a white block/
segregation phase (showed by the red circle in Fig. 4a) and a
gray block phase (indicated by the yellow square in Fig. 4a). In
Fig. 5, the EPMA mapping analysis of the Al-5Nb-1B alloy
treated with 1000 W ultrasonic power is presented. From the
back-scattered map shown in Fig. 5a, it can be observed that

Fig. 1 SEM images of a-Al in Al-5Nb-1B alloy under different ultrasonic power conditions: (a) S1; (b) S2; (c) S3; (d) S4

Fig. 2 Effect of ultrasonic power on the average size of a-Al in
Al-5Nb-1B alloy

Fig. 3 XRD patterns of Al-5Nb-1B alloy prepared with different
ultrasonic power conditions
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there are white block phases and gray mass precipitates with a
mean size of 1.3 lm distributed on the Al matrix. In addition, it
can be found from the mapping analysis that the white phases
(indicated by the yellow square in Fig. 5) consist of Al, Nb, and
B elements. Combining the results of point analysis in Fig. 4,
the Nb/B mass ratio is close to 1:2 after excluding the
interference of the Al matrix. Hence, it can be inferred that
white block phases should be NbB2 particles. Furthermore, it is
evident that the gray phases are composed of Al and Nb
elements, as shown in Fig. 5b and c. It has been presented in
previous literature (Ref 22) that the Al3Nb particles can be
formed in addition to the precipitating fine NbB2 particles in the

Al-5Nb-1B alloy in solidification. Therefore, combining XRD
and mapping analysis of elements (Fig. 5), it can be concluded
that the gray phases marked by the red square in Fig. 5 should
be Al3Nb phases. Additionally, according to the analysis of
Fig. 5, the fine white particles are formed (indicated by the red
circle in Fig. 5), which can be identified as NbB2 phases with
an average size of 169 nm.

Figure 6 and 7 show the change of morphology and average
size of NbB2 and Al3Nb particles distributed in S1, S2, S3, and
S4 alloys. Figure 6(a) indicates the shape of precipitating
phases in Al-5Nb-1B alloy without UT. As shown in Fig. 6(a),
it is obviously observed that the NbB2 particles with the mean

Fig. 4 EDS analysis of second phases in Al-5Nb-1B alloy with 1000 W ultrasonic power: (a) back-scattered electron image; (b) A point
analysis; (c) B point analysis

Fig. 5 EPMA mapping analysis of Al-5Nb-1B alloy prepared under 1000 W ultrasonic power condition: (a) back-scattered electron image; (b)
Al element; (c) Nb element; (d) B element
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size of 3.12 lm agglomeratively exist in the form of coarse
irregular masses and the Al3Nb phases are inhomogeneously
distributed in the Al matrix. Figure 6(b) illustrates the
distribution of precipitating particles in S2 alloy. It is obviously
observed that only a portion of the segregation NbB2 particles
are transformed into the block. Despite the melt treated by 500
W ultrasonic power, the morphology and size of the Al3Nb
phases are almost not changed. However, most of the NbB2 and
Al3Nb phases in S3 sample precipitate in the form of small
blocks in solidification, as shown in Fig. 6(c). Moreover, these
fine particles are distributed homogeneously in the a-Al matrix.
Simultaneously, comparing with S1 alloy, the size of NbB2 and
Al3Nb phases is decreased by 208.9 and 37.7% from 3.12 and
2.52 lm to 1.01 and 1.86 lm, respectively. However, it can be
clearly found from the S4 alloy that the size of some NbB2 and
Al3Nb precipitates is not further decreased. Moreover, the
coarsening phenomenon happens and the size increases to 1.51
and 2.27 lm, respectively.

3.3 Mechanism of Microstructure Refinement

Figure 8 indicates the relationship between primary a-Al
phases, NbB2 and Al3Nb particles. The refinement mechanism
of primary a-Al of Al-5Nb-1B alloy with UT of 1000 W is
investigated. Figure 8a illustrates the secondary electron
micrograph of the alloy, and the local magnification in the
red square is inserted in the top-right corner. The micrograph
displays the distribution of bright white particles (point A) in
the a-Al matrix. The composition analysis of point A through
EDS indicates that the fine particle is composed of Nb and B
elements, as shown in Fig. 8(a) and (b). The result indicates that
the bright white particles should be NbB2 precipitates. Previous
studies have demonstrated that the (10-11) plane of NbB2 can
act as heterogeneous nucleation sites refining primary a-Al (Ref
23). Additionally, the elemental mapping distribution reveals
that the Nb content on the surface of NbB2 particles decreases
and Al content increases, suggesting that the Al-enriched layer
is formed on the particle surface, as shown in Fig. 5. It is
reported that some Nb atoms can be replaced by Al atoms in
NbB2 precipitates, leading to the (Al, Nb)B2 intermediate layer
formation. The unique intermediate layer is believed to enhance
the heterogeneous nucleation ability of NbB2 (Ref 24, 25).
Furthermore, Xu et al. (Ref 15) investigated the microstructure
evolution and grain refinement capacity of Al-xNb-yB alloy
under different Nb/B ratios and found that the orientation
relationship between NbAl3 and a-Al is identified: (001)Al3Nb//
(010)a-Al. The a-Al phase shows a face-centered cubic (FCC)
structure having the lattice parameter of a = 0.405 nm. In
contrast, Al3Nb has a tetragonal structure, with lattice param-
eters a = 0.3844 nm and c = 0.8609 nm. The calculated lattice
misfit between Al3Nb and a-Al is about 4.5%. When the lattice
mismatch is less than 8 %, the substrate is referred to as a
potential nucleation sites (Ref 26. Thus, Al3Nb particles can
also act as effective nuclei of the a-Al phase during the process
of Al alloy solidification.

As shown in Fig. 9, DSC analysis is performed on S1 and
S3 alloys to study the effect of ultrasonic treatment on the
temperature of solidus and liquidus of the primary a-Al phase.
The data reveal a significant increase in Ta, and the actual

Fig. 6 Second phases in Al-5Nb-1B alloy at different ultrasonic power: (a) and (e)S1 ; (b) and (f) S2; (c) and (g) S3; (d) and (h) S4.

Fig. 7 Influence of ultrasonic power on the average size of NbB2

and Al3Nb particles in Al-5Nb-1B alloy
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solidification temperature of the a-Al phase is increased from
650.3 to 652.9 �C after UT of 1000 W. The DSC analysis
indicates that the real solidification temperature of the a-Al
phase is raised by 1.7 �C after UT. It has been reported that the
actual nucleation temperature of the Al-10Cu alloy after UT
was reduced by 4 �C compared with the conventional
solidification, which was attributed to the enhancement of
heterogeneous nuclei due to acoustic cavitation (Ref 27).
Hence, the nucleation supercooling of the a-Al phase reduces

when the alloy melt is treated by the application of ultrasonic
vibration and a-Al phase of Al-5Nb-1B alloy is effectively
refined.

In addition, it can be shown in Fig. 8 that the distribution
and size of NbB2 and Al3Nb particles in Al-5Nb-1B alloy are
significantly optimized by the melt ultrasonic treatment, which
should be attributed to producing nonlinear effects including
acoustic cavitation (Ref 28, 29) and streaming (Ref 30). When
the alloy melt is treated by ultrasonic vibration, small cavitation
bubbles can be formed in the liquid due to the tensile stress of
ultrasound. Under sufficiently high sound pressure, some
cavitation bubbles continue to grow and then collapse and
breakdown rapidly, resulting in the formation of local high-
temperature and high-pressure regions in the liquid. Suslik et al.
(Ref 31) presented that the local temperature and pressure
reached 5000 K and 1000 atm during the collapse of cavitation
bubbles. When the sound intensity (Pk) is higher than
1 9 106 Pa, cavitation sound waves occur in light material
(Ref 32). According to previous investigation (Ref 33), the
sound intensity Pk can be determined using the following
equation:

Pk ¼
2PqLcL

A

� �1=2

where Pk is the ultrasonic input power in watts, qL is the melt
density in kg/m3, cL is the propagation velocity of ultrasound in
the melt in m/s, and A is the cross-sectional area of the
ultrasonic probe in m2. In this study, the input power is 500,
1000, and 1500 W, respectively. The Al-5Nb-1B melt density is

Fig. 8 SEM images of Al-5Nb-1B alloy after 1000 W ultrasonic treatment: (a) Typical NbB2 nucleation core in the center of a-Al grains (the
red square on the right is a partial magnification of the image); (b) EDS analysis and elemental composition at point A; (c1-c4) EDS mapping of
Al, Nb, and B elements

Fig. 9 DSC curves of S1 and S3 alloys
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2.37 9 103 kg/m3 (Ref 33), cL is 4.6 9 103 m/s (Ref 34), and
A is 4.52 cm2. According to these parameters, it is obtained that
Pk is 2.37 9 106, 6.95 9 106, and 8.51 9 106 Pa, respectively,
which is higher than the minimum threshold value required for
acoustic cavitation (1 9 106 Pa) (Ref 35). Therefore, the
implosion of cavitation bubbles can take place during UT.

Figure 10 is a schematic diagram of optimizing the
distribution and decreasing the size of NbB2 and Al3Nb
particles in Al-5Nb-1B alloy through the cavitation and
acoustic streaming effect. A large number of cavitation bubbles
is first generated in the melt during the ultrasonic vibration, and
the cavitation bubbles undergo growth, rapid expansion, and
finally collapse and breakdown. During the melt ultrasonic
treatment, cavitation bubbles also can increase the heteroge-
neous nucleation ability and refine the grains. On the one hand,
when cavitation bubbles grow rapidly, liquid evaporates inside
the bubbles. The evaporation of liquids and expansion of
bubbles tend to decrease the temperature of the bubbles. When
the bubble temperature is lower than the equilibrium melting
point, it will lead to an undercooling of the melt at the bubble
and the number of nucleations on the bubbles increases (Ref
36). Therefore, ultrasonic melt treatment not only effectively
refines a-Al, but also optimizes the size and distribution of the
second phases. On the other hand, when the cavitation bubble
collapses, a large number of pressure pulses will be generated.
At the same time, a transient high-pressure shock wave also

generates and the large blocky NbB2 is refined into a fine
particles, and homogeneously distributes in the primary a-Al
matrix (Ref 37). In addition, the whirlpools that are generated
by acoustic streaming significantly enhance the chance of
collision on Al3Nb and NbB2 particles in the melt. Thus, the
segregation of Al3Nb and NbB2 particles is weakened.
Meanwhile, under acoustic streaming, the broken Al3Nb and
NbB2 particles are homogeneously dispersed in the melt.
Specifically, the cavitation bubbles do not grow completely,
which breaks up agglomeration of the precipitating phase after
ultrasonic melt treatment of 500 W power, as shown in
Fig. 6(b). When the alloy melt is treated by 1000 W ultrasound
power, the majority of the NbB2 and Al3Nb phases are
transformed into small blocks. Nevertheless, as the ultrasound
power is further improved to 1500 W, the Al3Nb and NbB2

particles occur to the coarsening. It has been reported in the
literature (Ref 38) that when the ultrasound power is increased
to a certain value, a large amount of energy is introduced and
converted into heat in alloy melt, which causes the cooling rate
to decline and weakens the influence of UT on grain refinement.

3.4 The Refinement of Al-7Si Alloy

Figure 11 and 12 show the optical microstructure of a-Al
phase and the change of SDAS of Al-7Si alloy by adding S1,
S2, S3, and S4 alloys. It is found that the unrefined Al-7Si alloy
illustrates a typical coarse dendrite and the SDAS is approx-

Fig. 10 Schematic diagram of acoustic cavitation and acoustic streaming effect in the Al-5Nb-1B melt
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imately 19.58 lm, as shown in Fig. 11(a). With the addition of
Al-5Nb-1B alloy, it can be observed that the morphology and
the grains size of a-Al phase occur to substantial change. In
Fig. 11(b), when S1 alloy is introduced into the Al-7Si alloy, a
part of the a-Al dendrites is refined into equiaxed crystals
resulting in a reduction of the SDAS to 12.29 lm. After
introducing S2 alloy to Al-7Si alloy, the microstructure and
grain size of the a-Al phase do not happen to significantly
change. Simultaneously, the SDAS also is the same as the Al-
7Si alloy with S1 alloy addition. Upon introducing S3 alloy, the
a-Al phase of Al-7Si alloy is greatly refined from coarse
dendrites to fine equiaxed grains, as illustrated in Fig. 11(d).
Compared with unrefined Al-7Si alloy, the SDAS is obviously

decreased by 100.2% from 19.58 to 9.78 lm. However, it is
found from Fig. 11(e) that when S4 alloy is added, the a-Al
occurs to coarsening and the SDAS increases to 11.29 lm. In
summary, the refinement effect of a-Al phase in Al-7Si alloy
with the addition of S3 alloy is best, and the fine equiaxed
crystals can be obtained.

The refinement impact is related to the size and shape of the
second phases, as well as the distributing state in master alloys
acting as refiners (Ref 7, 39, 40). If the second phases happen to
agglomeration, it is difficult to disperse nucleation particles
when the refiners are added to aluminum alloys melting due to
hereditary effect and diminishes the refining ability (Ref 41). It
is known that NbB2 and Al3Nb particles can serve as
heterogeneous nucleation sites for a-Al in Al alloys. At the
same time, the application of UT effectively changes the size
and distribution of NbB2 and Al3Nb particles in the Al-5Nb-1B
master alloy. When the ultrasonic power is 1000 W, the Al3Nb
and NbB2 particles in the Al-5Nb-1B alloy are evenly
distributed on the Al matrix, and the size of Al3Nb and NbB2

particles is also the smallest. Therefore, the grains refinement
effect of Al-7Si alloy refiner is the most outstanding when the
Al-5Nb-1B master alloy treated by 1000 W ultrasonic power is
added.

Figure 13(a) shows the stress–strain curves of Al-7Si alloy
with adding S1, S2, S3, and S4 alloys. Figure 13(b) shows the
changes of UTS and El of the Al-7Si alloy before and after
refinement. The addition of Al-5Nb-1B master alloy is found to
effectively enhance the mechanical properties of Al-7Si alloy.
The introduction of S1 alloy as a refiner shows that the UTS is
increased from 171 to 180.3 MPa, and the El is also enhanced
from 7.1 to 10.8%. When S2 alloy is added, the mechanical
properties of the Al-7Si alloy do not change significantly. After
adding S3 alloy to Al-7Si alloy, the mechanical properties
significantly improved. The UTS is improved by 10.2% from

Fig. 11 The effect of Al-5Nb-1B master alloy on a-Al phase:(a) unrefined Al-7Si alloy; (b) Al-7Si + S1 alloy; (c) Al-7Si + S2 alloy; (d) Al-
7Si + S3 alloy; (e) Al-7Si + S4 alloy

Fig. 12 SDAS of a-Al in Al-7Si alloy with Al-5Nb-1B master
alloy treated by the different power
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171 to 188.5 MPa, and the El is enhanced by 66.2% from 7.1
to 11.8%. However, the UTS and El begin to decrease after the
addition of S4 alloy. It is consistent with the primary a-Al
evolution of Al-7Si alloy after refiner treated by the different
ultrasonic power. In accordance with the Hall–Petch for-
mula (Ref 42):

rs ¼ r0 þ kd�1=2

where, rs reflects the strength of the alloy, r0 represents the
strength of a single crystal, k is a constant related to the material,
and d is the average grain size. Based on the formula, it is ev-
ident that the strength of the alloys is increased with the
decrease in grain size. This is because the resistance to dislocation
movement during plastic deformation increases as the number of
grain boundaries increases, and the development of microcracks
merging and cracks propagation is inhibited, which significantly
improves the mechanical properties of Al-7Si alloy.

Figure 14 reveals the tensile fracture surface of Al-7Si alloy
with adding Al-5Nb-1B master alloy treated by different
ultrasonic power. Figure 14(a), (b), and (c) is the fracture
morphology of the unrefined Al-7Si alloy. The fracture surface is
observed to consist ofmultiple cleavage planes, which is a typical
brittle fracture. In comparison, the microstructure of the Al-7Si
alloy was significantly refined with the introducing S1 and S2
alloy. The size of the cleavage planes on the fracture surface
decreases, and a small number of dimples begin to appear. The
fracture mode changes from brittle fracture to ductile–brittle
mixture fracture, as shown in Figure 14(d), (e), and (f). When S3
alloy is added, it can be found fromFig j-l that the fracture surface

of Al-7Si alloy is basically large and deep dimples, which are
very obvious ductile fracture features. After the introduction of
S4 alloy, the dimples on the alloy fracture surface occur to reduce,
and the fine cleavage planes appear, which is in agreement with
the a-Al coarsening of the Al-7Si alloy

4. Conclusions

The grain refinement and mechanical properties of Al-7Si
alloy with Al-5Nb-1B master alloy addition treated by ultra-
sound treatment were studied and the key conclusions were as
follows:

(1) When ultrasonic power of 1500 W was applied in Al-
5Nb-1B alloy melt, a-Al was obviously refined from the
coarse cellular morphology into the small equiaxed
structure, and the grain sizes were decreased by 109.7%
from 125 to 60 lm.

(2) The NbB2 and Al3Nb particles of Al-5Nb-1B alloy can
be significantly refined into fine blocks after the melting
is ultrasound treated, and the agglomerated phenomenon
of NbB2 particles disappears. Moreover, the size of
NbB2 and Al3Nb particles in Al-5Nb-1B alloy treated
by 1000 W ultrasonic power was smaller than that of
500 and 1500 W.

(3) After Al-7Si alloy is treated with ultrasonic prepared Al-
5Nb-1B master alloy, the a-Al phase is significantly re-
fined from the coarse dendrites to fine equiaxed crystals.

Fig. 13 Mechanical properties of Al-7Si alloy with Al-5Nb-1B master alloy addition
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Fig. 14 Fracture surface morphology of Al-7Si alloy with Al-5Nb-1B master alloy: (a-c) unrefined Al-7Si alloy; (d-f) Al-7Si + S1 alloy; (g-i)
Al-7Si + S2 alloy; (j-l) Al-7Si + S3 alloy; (m-o) Al-7Si + S4 alloy
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(4) The mechanical properties of Al-7Si alloy are also sig-
nificantly improved. When the Al-5Nb-1B master alloy
treated by 1000 W ultrasonic power was added to Al-
7Si alloy as a refiner, the UTS of the alloy was im-
proved by 10.2% from 171 to 188.5 MPa, and the El
was enhanced by 66.2% from 7.1 to 11.8%. Moreover,
the fracture mode of the alloy happens to change from
brittle to ductile.
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