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A B S T R A C T   

In the preparation of an Al-Ti-C grain refiner under an ultrasonic field, the mechanism of the wetting behaviour 
between Al and C was systematically investigated. The results demonstrated that the wetting behaviour was 
mainly dependent on the wetting of the Al melt on graphite under the ultrasonic field (physical wetting) and the 
formation and mass transfer of TiC (reactive wetting). The diffusion of Ti atoms and their adsorption around the 
graphite could contribute to the wetting of Al-C. TiC particles were formed under the high temperature caused by 
the cavitation effect, and they detached from the interface due to the sound pressure, which resulted in 
consistently sufficient contact on the wetting interface. Moreover, the wetting and spreading behaviour of the Al 
melt on graphite under an ultrasonic field were numerically simulated, strongly manifesting that the ultrasonic 
field could facilitate the wetting of the Al-C interface.   

1. Introduction 

Al alloys are widely used in several industries, such as oil, gas, 
transport, and aerospace, because of their low density, high strength, 
and stable service performance. Grain refinement is a key technical step 
in the production of Al alloys, and it could significantly affect the 
properties and application range of the material [1–5]. The most com
mon contemporary methods for grain refinement include the adoption 
of physical fields and the addition of grain refiners [6–8]. The adoption 
of a physical field, such as an electromagnetic field and an ultrasonic 
field, could offer excellent refinement effects [9], while the addition of 
grain refiners is more economical and effective. Commonly used grain 
refiners are mainly classified into two types, Al-Ti-C and Al-Ti-B 
[10–13]. Compared with Al-Ti-C, Al-Ti-B has many disadvantages. Al- 
Ti-B grain refiners are not suitable for molten Al alloys containing Cr, 
Mn, Zr, and V, as the B causes “poisoning”, and the refining activity is 
impeded by the precipitation of TiB2 [14–17]. In the last few decades, 
Al-Ti-C grain refiners have been extensively studied by researchers and 
utilised in industrial applications, since they could overcome the dis
advantages of Al-Ti-B grain refiners [18]. During the solidification 
process, because of the soluble second phase Al3Ti in the Al-Ti-C refiner, 
the TiC particle acts as a heterogeneous nucleation site for primary α-Al, 

resulting in the good grain refinement for Al alloys [1,19,20]. Vinod 
et al. [21,22] found that in the Al-Ti-C refiner, compared with TiB2, the 
improvement in the nucleation rate by the TiC particles is better. 
However, the preparation of Al-Ti-C grain refiners is difficult, due to the 
poor wetting of the Al-C interface [23,24]. 

To improve the wetting of the Al-C interface during the preparation 
of Al-Ti-C grain refiners, researchers have employed a series of strategies 
such as strong mechanical agitation and the addition of rare earth ele
ments [2,25]. However, these methods also possess great disadvantages, 
such as the complicated production process requirements and high 
production costs. Recent studies show that the ultrasonic treatment in 
melt processing can improve the preparation and processing environ
ment of materials, bringing about a better microstructure and improved 
properties [26–33]. Ultrasonic fields have acoustic cavitation and 
acoustic streaming effects [34–36], which can reduce the interface en
ergy between the particle and the melt, and thus activate the impurities 
to act as effective nucleation substrates. In addition, ultrasonic fields can 
promote particle movement and improve particle dispersion [37]. The 
application of an ultrasonic field in the preparation of Al-Ti-C refiners 
was shown to induce the homogenous distribution of the second phase 
Al3Ti and the particle phase TiC in the matrix, thus enhancing the 
refinement effect [38]. Eskin et al. [37,39] reported that the ultrasonic 
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field facilitates the wetting of particles with the Al melt and involves the 
reinforced phase and particle phase as nuclei during solidification. Ul
trasonic fields have been successfully employed in the preparation of 
Al2O3 and TiC particulate reinforced Al matrix composite materials 
[40,41]. These studies demonstrate that high intensity ultrasonic fields 
can enhance melt infiltration and particulate dispersion in a very short 
time and improve the wetting between the reinforced phase and the 
molten matrix [42]. 

However, few studies have investigated the Al-C wetting behaviour 
during the preparation of Al-Ti-C grain refiners under an ultrasonic field. 
In this study, a 20 kHz ultrasonic transmitter was employed in the in situ 
preparation of Al-5Ti-0.25C grain refiners. The wetting behaviour and 
mass transfer on the Al-C interface, as well as the formation mechanism 
of Al3Ti and TiC, were systematically analysed. 

2. Experimental 

2.1. Materials and methods 

Al-5Ti-0.25C grain refiners were prepared by melting industrial pure 
Al (99.65 wt%, Beijing Zhongjinyan New Material Technology Co., Ltd, 
China), potassium fluorotitanate (K2TiF6, 99.5 wt%, Shanghai Macklin 
Biochemical Technology Co., Ltd, China) and graphite powder (99.95 wt 
%, Shanghai Macklin Biochemical Technology Co., Ltd, China) in a 
graphite crucible with an inner diameter of 40 mm and a height of 30 
mm [43]. Table 1 shows the chemical composition of the industrial pure 
Al; the particle size of the experimental graphite powder is 8000 mesh. 

The preparation device for the Al-Ti-C grain refiners comprised an 
ultrasonic transmitter system (JY-R203G, Suzhou Sonic Ultrasonic 
Technology Co., Ltd, China), transducer system (USMY-150N25S, 
Zhangjiagang Jinfangyuan electromechanical instrument factory, 
China), PLC control system, water-cooling system, and argon protection 
system. Its schematic diagram is shown in Fig. 1. High-frequency voltage 
was obtained using the alternating current (AC) amplifier in the 

transmitter, and the electrical energy was converted into mechanical 
energy through the telescopic electronic chip in the transducer to cause 
high-frequency oscillations. Finally, through an ultrasonic horn, a high 
intensity ultrasonic field with a magnifying amplitude was applied on 
the metal melt. The horn was made of special niobium alloy, which can 
withstand high temperature at 1000℃. When the ultrasonic equipment 
was working, the transducer needs to keep the best working condition to 
output the efficient acoustic energy. The heat generated by the melt was 
transferred from the horn to the transducer, which results in the high 
temperature of the transducer and affects its working efficiency. To 
ensure the best working conditions, the transducer was cooled using 
circulating water to eliminate the resonance frequency drift caused by 
temperature fluctuation. In this study, the output power of the ultrasonic 
transmitter was continuously adjusted between 0 and 2 kW, and the 
ultrasonic frequency was 20 kHz. 

The raw materials (Al, K2TiF6 and graphite powder) were weighed 
according to the element mass percentage of Al-5Ti-0.25C, and then, the 
K2TiF6 powder and graphite powder were mixed in a ball mill for 3 h. 
Pure Al was heated in the crucible to 1000 ◦C under a high purity argon 
atmosphere to avoid the potential reaction between air and the graphite 
powder. The mixed powders were then added to Al through a feed pipe, 
and the entire mixture was mechanically stirred using a Ti rod. The 
ultrasonic field was applied to the melt for 5, 10, 15, 20, and 30 min, to 
analyse its effect on the Al-C wetting behaviour, and the obtained 
sample was denoted as SU. For comparison, the grain refiner was also 
prepared (1) without K2TiF6 and ultrasonic treatment (denoted as SO) 
and (2) with K2TiF6 but without ultrasonic treatment (denoted as SK). 

2.2. Microstructure and property 

The microstructures of the samples were observed using an Olympus 
DSX500 optical digital microscope and a Zeiss Supra 55 scanning elec
tron microscope (SEM) equipped with energy dispersive spectroscopy 
(EDS). The samples were placed in a boron nitride crucible under argon 
and air, respectively, and then heated from 400 to 1100 ◦C at 20 ◦C/min 
in a STA449F3 synchronous thermal analyser for the differential scan
ning calorimetry (DSC) analysis [44]. 

3. Results 

3.1. Wetting phenomenon 

The wetting results under the equilibrium condition are shown in 
Fig. 2. The contact angle (denoted as θ) of the Al-C system without 
K2TiF6 and ultrasonic treatment is approximately 130◦ in SO, which is in 
agreement with previous data [45,46]. The Al melt is solidified in a 
spherical shape at the bottom of the graphite crucible [43], as shown in 

Table 1 
Chemical composition of the industrial pure Al (wt.%).  

Fe C Si Zn Ga S Al  

0.1153  0.0823  0.1140  0.0225  0.0178  0.0027 Bal.  

Fig. 1. Schematic diagram of the reaction system for preparing Al-Ti-C grain 
refiner under ultrasonic field. 

Fig. 2. The macrographs of Al-C wetting (a) sample SO, (b)-(c) sample SK, (d) 
sample SU. 
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Fig. 2a. With the addition of the K2TiF6 salt, SK displays better wetting 
behavior, which is demonstrated by the spreading of the Al melt on the 
bottom of the crucible, as shown in Fig. 2b and c. However, numerous 
obvious crevices and pore flaws are observed at the Al-C interface. It 
should be mentioned that the Al droplet was able to climb up along the 
crucible wall only till the top of the salt layer [47]. These defects are not 
easily observed in SU, indicating the occurrence of complete wetting, 
which is obtained by adding the K2TiF6 salt and employing the ultra
sonic treatment, as shown in Fig. 2d. 

To describe the wetting results more accurately, the θ of the Al-C 
system was determined, as displayed in Fig. 3. Due to the oxide film 
that formed on the Al surface [46–48], the θ of SO remains stable from 
130◦ to 140◦, signifying poor wetting between Al-C. With the addition of 
the K2TiF6 salt, the θ of SK decreases significantly from 140◦ to 52◦. 
When an ultrasonic field is also applied to the flux-assisted Al-C system 
(SU), the θ changes more rapidly, from 125◦ to 16◦. Compared with SO 
and SK, SU has a smaller initial and transient θ, which can be attributed 
to the presence of sound pressure; the decrease in surface tension 
resulting from the ultrasonic treatment promotes the rapid spread of Al 
droplets on graphite. In addition, the active Ti ions ionised by the K2TiF6 
salt are adsorbed onto the surface of graphite, which enhances the 
wetting behaviour between Al-C. 

Fig. 3. The change curve of contact angle of Al-C system with different time.  

Fig. 4. The SEM of Al-C wetting interface (a) sample SO, (b)-(c) sample SK, (d) sample SU, (e) the EDS point analysis of chemical composition for Al3Ti in SK, (f) the 
EDS point analysis of chemical composition for Al in SU. 
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3.2. Interfacial structure 

The microstructure of the Al-C interface is shown in Fig. 4. There was 
an obvious crack at the Al-C interface in SO, which was fabricated 
without any additional external conditions. Fig. 4b and c show the 
higher magnification micrograph of the crevice region in Fig. 2c. A salt 
layer can be observed between the crevice and the Al matrix (Fig. 4b), 
and numerous Al3Ti phases are detected in the interfacial region. As 
shown in Fig. 4c, these Al3Ti phases mainly exist in two forms: the block- 
like Al3Ti near the interface and the needle-like Al3Ti far from the 
interface. Once added into the Al melt, the Ti salts mainly aggregate at 
the Al-C interface and cause a violent Al-Ti exothermal reaction. In this 
case, this leads to a local high temperature that melts the needle-like 
Al3Ti, which ultimately forms the block-like Al3Ti. As the holding time 
increases and the reaction progresses, the Ti atoms continuously diffuse 
into the melt. When they precipitate again from the supersaturated melt 
in the form of Al3Ti, the growth rate in the [001] direction is low, which 
significantly increases the preferential growth trend and eventually 
causes the formation of needle-like Al3Ti far from the interface. The 
acoustic streaming effect of ultrasonic field can accelerate the diffusion 
of Ti near the interface into the Al melt, which is beneficial to distribute 
Ti uniformly in the melt and improve the reaction rate of the Ti ions with 
Al. Simultaneously, the local instantaneous high temperature in the melt 
caused by the acoustic cavitation makes the needle-like Al3Ti break. As a 
result, more Al3Ti uniformly distributed phases are generated in the 
block-like form, as shown in Fig. 4d. The phenomenon of Al3Ti as a 
block-like after ultrasonic treatment was consistent with the mechanism 
that cavitation bubbles break the growing solid dendrites or particles 
reported by Eskin et al. [38,49,50]. The typical chemical bond 
morphology of the Al-C interface layer is also observed in Fig. 4d. Fig. 4e 
shows the EDS analysis results of the Al3Ti phase in Fig. 4c and d, and 
Fig. 4f shows the EDS analysis results of Al in Fig. 4d. 

In the absence of ultrasonic field, the block-like Al3Ti phase (yellow 
dotted line) is mainly concentrated in the grain boundaries (GBs) and 
grain interior of α-Al grains, while the needle-like Al3Ti phases (red 
region) is only formed in the GBs, as shown in Fig. 5a. The block-like 
Al3Ti phases covers about 50% of the GBs, where it forms continuous 
layers with a mean thickness of 20 μm. After ultrasonic treatment, the 
continuous block-like Al3Ti phases on the GBs is disappeared and evenly 
distributed in the grain interior. Moreover, only a very small amount of 
block-like Al3Ti is covered on GBs, about 5% of the GBs, as shown in 
Fig. 5b. The reason for the change of the Al3Ti particles is that the ul
trasonic field increases the temperature of the liquid phases near the 
Al3Ti interface and reduces the surface tension, which improves the 
wetting between the liquid phase and Al3Ti particles [42]. Another 

important reason is that the Al3Ti and α-Al have a high degree of lattice 
matching, and α-Al solidifies and grows with Al3Ti as the nucleation 
point, which resulting a grain morphology of α-Al wrapped Al3Ti 
(Fig. 5b) in the final. The difference to the fraction of covered GBs be
tween SU sample and SK sample confirms the existence of the solid phase 
GB wetting transition in the Al-Ti-C grain refiner [51]. Similar phe
nomenon of GBs completely and/or incompletely covered with layers of 
a second solid phase have been observed also in Al alloys, Cu alloys and 
Ti alloys et al. [52–55]. The microstructure after ultrasonic treatment 
reveals significant difference from the initial state. The shape of the 
second phase Al3Ti has changed, and all the needle-like Al3Ti dis
appeared and become block-like, which is similar to the shape change of 
the second phase after heat treatment in the Mg-alloy EZ33A described 
in Ref [51]. Fig. 5c shows the TEM image of the interface between the Al 
matrix and Al3Ti in the UK sample, the interface of the red area, which 
indicated that the interface bonding was poor. The microstructure after 
ultrasonic treatment can be clearly seen that the phase interface of Al 
matrix and Al3Ti is tightly bonded and there is no reactant transition 
layer, as shown in Fig. 5d. The observed effects are based on the fact that 
the ultrasonic field promotes the wetting of Al3Ti particles and Al ma
trix. The application of an ultrasonic field significantly refines the grain 
size and increases the dislocation density (Fig. 5d), which can improve 
the strength-ductility match in materials [56]. 

The distribution of TiC particles is shown in Fig. 6, in which the white 
granular region relating to the TiC phases has an average diameter of 
0.5 μm. There is a small amount of TiC particles in the matrix (Fig. 6a), 
and this amount is significantly increased by the application of an ul
trasonic field for 10 min (Fig. 6b). With 20 min of ultrasonic treatment, 
the TiC particles begin to show a dispersed distribution, as shown in 
Fig. 6c, and this dispersed distribution is achieved for all particles after 
30 min of ultrasonic treatment (Fig. 6d). This may be due to two factors: 
first, ultrasonic energy enables carbon particles to obtain energy, which 
can remove the gas impurities adsorbed by carbon powder and improve 
the surface activity of the carbon particles [41,42], thereby accelerating 
the Ti-C reaction to increase the amount of TiC; second, ultrasonic vi
bration promotes the movement of TiC, resulting in a dispersed distri
bution [37,38,42]. In conclusion, Al3Ti and TiC are generated at the Al-C 
interface, as shown in Fig. 5 and Fig. 6, which ultimately leads to 
excellent reactivity and wetting between the Al melt and graphite. 

Fig. 7 shows the SEM-EDS line scan analysis of SU. As shown in 
Fig. 7a, a large amount of Al is observed in the C layer, which indicates 
that the ultrasonic field promotes the diffusion of the Al melt into the C 
layer to achieve wetting. A small amount of Ti is also detected in the C 
layer, and it is evenly distributed throughout the detected region. Fig. 7b 
indicates that the segregation region of the particle phase is rich in Ti 
and C and poor in Al. This is because the free Ti atoms in the Al melt 
preferentially surrounds the graphite particles, generating TiC. 

Fig. 5. The micrographs of the Al-5Ti-0.25C grain refiner (a) the SEM of the SK 
sample, (b) the SEM of the SU sample, (c) the TEM of the SK sample, (d) the TEM 
of the SU sample. 

Fig. 6. The SEM micrographs of TiC (a) without ultrasonic, (b) ultrasonic 10 
min, (c) ultrasonic 20 min, (d) ultrasonic 30 min. 
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Fig. 7. SEM-EDS line scan analysis of SU under ultrasonic field (a) SEM image (line scan region of Al-C interface) and EDS spectrum, (b) SEM image (line scan region 
of TiC) and EDS spectrum. 

Fig. 8. DSC curves for the binary mixed powder (a) under air, (b) under argon.  

Fig. 9. The diagram of spreading wetting of Al melt on graphite is analyzed from the perspective of dynamic and energy (a)-(c) the perspective of dynamics, (d)-(f) 
the perspective of energy. 
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Fig. 8 shows the DSC curves for the binary mixed powder under air 
(Fig. 8a) and argon (Fig. 8b) atmospheres. For the Al-C couple, an 
obvious endothermic peak corresponding to Al melting is observed at 
670 ◦C under both air and argon atmospheres. There is an exothermic 
peak at 400 ◦C, signifying the slow oxidation of the C powder under the 
air atmosphere. This reaction is significantly accelerated at 1000 ◦C, 
resulting in the continuous exothermic peaks, as shown in Fig. 8a. Under 
argon atmosphere, the K2TiF6 decomposes at 710 ◦C, and the thermite 
reaction occurs at 900 ◦C. The generated amount of Al3Ti from the Al4C3 
formation in the Al-C reaction under air is less than that under argon, 
resulting in the decomposed peak of K2TiF6 and the almost overlapping 
peak of the Al melt. 

4. Discussion 

4.1. Wetting mechanism 

4.1.1. Physical wetting 
Analysed from the perspective of dynamics and energy, the diagram 

of the wetting behaviour of the Al melt on graphite is shown in Fig. 9. 
Specifically, the original θ under an equilibrium surface tensions is an 
obtuse angle (Fig. 9a), and the periodic force (F) caused by the ultrasonic 
field changes it to an acute angle θ1 (Fig. 9b), indicating better wetting. 
Fig. 9c shows that θ2 continues to decrease (θ1 > θ2) as the next F is 
generated, and F is gradually applied to further reduce θ2 to achieve 
better wetting. Fig. 9d to f show the diagram of the Al-C wetting process 
in terms of energy, and the Al melt wetting and spreading on the 
graphite surface can be attributed to the transition from the gravita
tional potential energy (represented by EP) to the surface energy (rep
resented by Esurf). Fig. 9d shows that the decrease in the gravity 
potential energy of the Al melt increases the surface energy and impedes 
the spreading behaviour. The additional molecular kinetic energy 

(represented by EK) resulting from the applied ultrasonic field enhances 
the kinetic energy of the liquid molecules as they come in contact with 
the gas–liquid interface, as shown in Fig. 9e. When the summation of EK 
and EP is greater than the increase in Esurf, the wetting and spreading 
occur spontaneously (Fig. 9f), due to the lowest energy principle. 

4.1.2. Reactive wetting 
Since the high surface tension of the oxide film, wetting behaviour 

cannot occur at the interface between the mixed powder and the melt, as 
shown in Fig. 10a. The instantaneous high temperature and high pres
sure caused by the applied ultrasonic cavitation for 5 min simulta
neously breaks up the oxide film and forms a pit (Fig. 10b) [50], which 
promotes the release of free Ti ions from K2TiF6. Thereafter, the oxide 
film is entirely broken, and the Al melt reacts with the free Ti ions to 
directly form Al3Ti, as shown in Fig. 10c. The Al melt infiltrates into the 
graphite powder through capillary action and wets the Al-C interface 
due to the effect of the high temperature of cavitation. At the high 
temperature, the Al3Ti diffuses into the bottom of the graphite crucible 
and then releases Ti ions in the ultrasonic field; in this case, a Ti-rich 
layer, would be formed, and then TiC particles are generated at the 
boundary due to the reaction of the Ti ions with C. Because the direction 
of acoustic radiation force is related to the acoustic contrast factor of 
liquid medium and particles [57]. When the acoustic contrast factor is 
positive, the acoustic radiation force points to the sound pressure node, 
and the particles dispersed in the liquid medium will move to the sound 
pressure node under the action of the standing wave field. On the con
trary, when the acoustic contrast factor is negative, the particles move to 
the sound pressure antinode. TiC particles move towards the sound 
pressure node, as their acoustic contrast factor is more than 0, while the 
C atoms, having an acoustic contrast factor of less than 0, move towards 

Fig. 10. The schematic diagrams and SEM of Al-C reactive wetting (a) without 
ultrasonic, (b)-(d) ultrasonic was performed for 5min, 15min and 30min, 
respectively, (e)-(f) the SEM of the Al-C interface of (c) and (d), respectively. 

Fig. 11. The positions of the five selected points in the gas–liquid phase dia
gram at the initial moment. 

Fig. 12. The fitting curve of the pressure change at these five points in 
one period. 
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the sound pressure antinode [57,58], as shown in Fig. 10d. Juhasz [43] 
reported the wetting of graphite by liquid Al under molten potassium 
halide fluxes, as shown in Fig. 10a to d; however, they did not further 
investigate the wetting of the Al-C interface under an ultrasonic field. 
Fig. 10e shows a compact Al-C interface, which indicates that the Al melt 
can infiltrate into the graphite powder through capillary action due to 
the excellent wetting. Whereas, no Al4C3 is formed at the Al-C interface. 
A large amount of active Ti atoms are dispersed and adsorbed around the 
graphite, which facilitates the wetting, as shown in Fig. 10f. Qiaoli Lin 
[59] reported that Ti atoms can improve the wetting of the liquid–solid 
interface. Simultaneously, it provides a favourable interfacial condition 
for the synthesis of TiC. The obtained TiC moves away from the carbon 
interface with the ultrasonic standing wave to achieve favourable 
reactive wetting behaviour and mass transfer. 

4.2. Numerical simulation 

To verify the rationality of the experiment, the wetting and spreading 
behaviours of the Al melt on graphite under an ultrasonic field were 

numerically simulated. The parameter settings were f = 20 kHz and T =
50 μs. Fig. 11 shows the positions of the five selected points in the 
gas–liquid phase diagram at the initial moment; the fitting curves of the 
pressure change at these five points in one period are shown in Fig. 12. 
The results demonstrate that the gas–liquid pressure changes continu
ously according to the simple harmonic motion, which has the same 
phase as that of the ultrasonic field. In addition, the pressure of each 
point is fairly different, and the pressure at each point in the next period 
will repeat the previous period, which means the pressure of each point 
changes periodically. Fig. 13 shows the pressure of the gas–liquid phases 
in different periods under an ultrasonic field. There is a certain sound 
pressure gradient in the melt [58,60], which eventually leads to the 
smooth wetting and spreading of the Al melt on the graphite. Fig. 14 is 
the velocity vector diagram of the Al melt in one period, and the 
movement of the Al melt under the ultrasonic field can be described as 
follows: when the system is in the pressure decreasing stage, which is 
steps 0–20 and 80–100 in Fig. 12, the melt flows from the centre of the 
bottom to the surface, as shown in Fig. 14a and d, and this movement 
drives melt spreading; when the system is in the pressure increasing 

Fig. 13. The pressure of gas–liquid phases in different period under ultrasonic field (a) 1 T, (b) 5 T, (c) 9 T (d) 13 T.  

Fig. 14. The velocity vector diagram of the Al melt in one period.  

J. Zhao et al.                                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 76 (2021) 105633

8

stage, which is steps 20–80 in Fig. 12, the mass point flows from the melt 
top to the melt bottom periphery, as shown in Fig. 14b and c. Due to the 
obstruction of the bottom boundary and surface tension, some mass 
point turns to the melt bottom centre, resulting in the formation of a tiny 
vortex at the melt inner edge. The tendency of mass point to spread from 
top to bottom decreases the melt height as well as θ. Meanwhile, the tiny 
vortex generates a centrifugal force to extend the melt boundary at all 
sides; in this case, the contact area between the melt and the bottom 
surface would increase, which is conducive for spreading. The numerical 
simulation results are consistent with the analytical conclusion in Fig. 9. 

5. Conclusions  

1) Compared with the addition of K2TiF6 salt, the problem of the Al-C 
interface wetting is solved by the application of ultrasonic field in 
the preparation of Al-Ti-C grain refiner. In addition, the wetting of 
the Al-C interface consists of physical wetting and reactive wetting. 
Physical wetting is the precondition of the interface reaction, and 
reactive wetting is the dynamic element of the sustained interface 
reaction.  

2) The physical wetting analysis of the Al-C interface shows that the 
ultrasonic field offers an additional periodic force to destroy the 
oxide film, reduce the surface tension of the Al melt, and provide 
additional molecular kinetic energy to decrease the contact angle of 
Al-C. Meanwhile, the wetting and spreading behaviours of the Al 
melt on graphite under an ultrasonic field were numerically simu
lated, which proved that the ultrasonic field facilitated the wetting of 
the Al-C interface.  

3) The reactive wetting analysis of the Al-C interface shows that the 
acoustic streaming effect promotes the Al3Ti towards the interface, 
and a large amount of active Ti atoms are dispersed and adsorbed 
around the graphite. Simultaneously, TiC particles were formed 
under the high temperature caused by the cavitation effect, and they 
detached from the interface due to the sound pressure, which 
resulted in consistently sufficient contact on the Al-C interface to 
achieve perfect wetting. 
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