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Abstract: The effects of vibration and grain refiner on the microstructure of semisolid slurry of hypoeutectic Al-Si alloy were  
studied. The impact of vibration on the convection of liquid was conducted by using a system of water-particle tracer. The 356 melt at 
temperature of 630−660 ℃ with or without grain refiner Al-5%Ti-1%B was poured into a metal cup as the vibrating vessel, then it 
was cooled to 590−610 ℃ in the semisolid zone and kept for some time, subsequently vibration with different frequencies was 
applied. The results show that the primary α(Al) particles become finer and rounder with the increase of vibration frequency. The 
slurry with primary α(Al) equivalent particle diameter(EPD) of about 90 µm and average shape coefficient(ASC) of about 0.5 can be 
prepared under vibration of 20 Hz. With the combined action of vibration and grain refiner Al-5Ti-B, even smaller and rounder 
spheroids with EPD of about 85 µm and ASC of about 0.6 are obtained. 
 
Key words: mechanical vibration; hypoeutectic Al-Si alloy; semisolid metal; grain refiner 
                                                                                                   
 
 
1 Introduction 
 

Over the last decade, a lot of attentions were 
attracted to metal rheoforming process[1−6], as it has 
many advantages, such as high mechanical properties of 
formed components, low cost and easy operation. As a 
result, a number of novel slurry preparation methods and 
rheoforming techniques have been invented, for example, 
semi-solid rheocasting[1], new rheocasting[7−8], liquidus 
casting[9], twin-screw rheomoulding[10], rotating barrel 
rheomoulding[11], swirled enthalpy equilibration 
device[12] and controlled nucleation method[13]. 
Nevertheless, efforts were still made to develop new 
ways of preparing semi-solid slurry with lower cost and 
simpler process[14]. As vibration is easy to operate and 
needs less expensive equipment, it could be an 
alternative for preparing semisolid slurry. 

Although it was explored to prepare semisolid 
slurry with ultrasonic vibration[15], little study has been 
performed on preparing slurry of semisolid metal by 
mechanical vibration with a frequency less than 50 Hz. 

What’s more, the combined effects of vibration and 
refiner on microstructure of semisolid slurry have been 
little studied. Therefore, this work aims at studying the 
effect of low-frequency vibration, grain refiner and their 
combined effects on microstructure of hypoeutectic Al-Si 
alloy. 
 
2 Experimental  
 

The self-developed equipment shown in Fig.1 was 
employed in present trials, which consists of vibration 
controller, vibrating apparatus(VA), heating furnace, PID 
temperature controller, etc. The simplified schematic of 
the VA is shown in Fig.2. It consists of a vibration motor 
attached to the vibrating vessel via a vessel holding table 
supported by a group of springs. The vibrating vessel 
shall be fixed by bolts on the vessel holding table of the 
VA. The vibrating time, frequency and amplitude of the 
VA may be adjusted by the vibration controller. The 
preheating temperature and isothermal holding 
temperature can be controlled by the PID temperature 
controller. 
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Fig.1 Equipment for mechanical vibration 
 

 
Fig.2 Simplified schematic diagram of vibrating apparatus 
 

The raw material used in this study was commercial 
hypoeutectic Al-Si alloy 356 with a chemical 
composition (mass fraction) of 7.2% Si, 0.43% Mg, 
0.29% Fe and balance Al. According to Ref.[16], its 
solidus and liquidus are approximately 554 ℃ and 614 
℃, respectively. 

The ingot was melted in a resistance furnace. After 
the melt was heated to 750 ℃, it was degassed for    
15 min with argon gas through a graphite lance. To 
examine the combined effects of grain refiner and 
vibration on the microstructure, 0.2% Al-5%Ti-1%B was 
added into the melt in one group of experiment. The 
metal vessel was preheated to 530 ℃ by the heating 
furnace. After degassing the melt was cooled to a 
temperature of 630−660 ℃. Then the VA was initiated 
and a certain amount of melt was poured into the vessel. 
The poured melt would be soon cooled down to 590− 
610 ℃ through thermal balance between the melt and 
the vibrating vessel. At predetermined temperature and 
vibration time, some of the melt was subsequently drawn 
with quartz tube in 6 mm diameter and quenched in room 
temperature water. 

The quenched rods were cut, polished and etched by 
0.5% hydrofluoric acid solution, and the microstructure 
was observed and analyzed. 

The size of the primary α(Al) particles is estimated 
by equivalent particle diameter(EPD) defined as 
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where  LT is the overall length of measured lines used in 
the software, N is the number of particles passed through 
by the measured lines. 

The shape of a primary α(Al) particle is 
haracterized by shape coefficient, which is defined as c 
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where  A is the cross section area of a specific particle 
in the micrograph, and Lp is the circumference of the 
corresponding particle. SF varies in the range of 0−1.  
The greater the value of SF is, the closer to a round the 
particle is. The average FS  is regarded as the arithmetic 
average of shape coefficient of all the particles in a 
metallograph, which is named as average shape 
coefficient(ASC). 

A group of physical simulation experiment utilizing 
a system of water-particle tracer was conducted in order 
to obtain some perceivable and qualitative information 
regarding the impact of vibration on the convection of 
liquid. A transparent plastic beaker with 60 mm in 
diameter was fastened to the top table of the VA, in 
which water of 40 mm in depth and polystyrene particles 
serving as tracing particles with diameter of about 360 
µm and with density close to that of water were added. 
 
3 Results and discussion 
 
3.1 Simulation with water and tracing particles 

The vibration amplitude of the equipment was about 
1.5 mm, and the vibration frequency of the VA varied 
from 8 Hz to 42 Hz. 

Fig.3 shows a series of streak photographs of 
particles movement in water under vibration with 
different frequencies. It is observed that flow is 
generated from the free surface of the fluid and spreads 
downwards, and the surface moves most intensively, 
which confirms the statement in Ref.[17]. When the 
liquid is kept quiescent, i.e. at 0 Hz, parts of the particles 
are uniformly suspended in the water while majority of 
them float on the free surface. At 8 Hz, some particles 
are transmitted to the deep place in liquid whereas not 
able to arrive to the bottom of the container, as well as 
the liquid surface fluctuates moderately. When the 
frequency is increased to 13 Hz, more particles are 
carried into the deeper liquid and the free surface moves 
severely. When the frequency reaches 17 Hz, the water 
and particles are completely mixed and the water gets so 
turbulent that the whole volume of liquid presents white, 
and this kind of unstable and strong convection lasts 
over19 Hz. At 20 Hz, the surface begins to move stably. 
Thereafter, with the increase of frequency, the surface 
goes more stable, and the particles carried to the bottom
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or lower parts of the container are reduced. Nevertheless, 
the particles still move without any regularity in the 
whole volume of liquid, which implies a turbulent 
convection for the bulk flow. In addition, the calculation 
of particle velocity was made by software based on the 
principle of Particle Image Velocimetry. And the average 
particle velocity above the frequency of 12 Hz was 
estimated to be 60−150 mm/s. 
 
3.2 Effects of vibration frequency on microstructure 

of semisolid 356 slurry 
From the physical simulation experiment, it can be 

concluded that the vibration frequency is a critical 
parameter in preparing slurry. In this group of experiment, 
four frequencies were adopted, 0, 12, 20 and 35 Hz, and 
the processing temperature and time were 605 ℃ and 5 
min, respectively. 

Fig.4 displays the comparison of the obtained 
microstructure with different frequencies, and Fig.5 
shows the analysis result of the EPD and ASC. It can be 
seen that, when vibration is not imposed, the primary 
phase is dendrite with an EPD of more than 220 µm and 
a rather low ASC of 0.18. With the increase of frequency, 
the dendritic structure converts to rosette and globular. At 
12 Hz, the EPD is only half of that without vibration, i.e. 
110 µm, while the ASC is more than twice of that 
without vibration, i.e. 0.43. At the frequency of 20 Hz, 
the EPD of non-dendritic α(Al) crystals is 90 µm, and the 
ASC is 0.53. When the frequency is higher than 20 Hz, 
the EPD increases a little while the ASC decreases a little 
compared with that at 20 Hz. Moreover, it is indicated in 
Fig.4 that the non-dendritic primary α(Al) phase 
homogenously distributes and is fine with introduction of 
vibration. 

 

 

Fig.3 Particles movement in water under vibration with different frequencies: (a) 0 Hz; (b) 8 Hz; (c) 13 Hz; (d) 17 Hz; (e) 20 Hz;   
(f) 25 Hz; (g) 30 Hz; (h) 42 Hz 
 

 
Fig.4 Microstructures of semisolid 356 slurry processed by different frequency vibration: (a) 0 Hz; (b) 12 Hz; (c) 20 Hz; (d) 35 Hz 
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Fig.5 Effect of vibration frequency on EPD and ASC 
 

OHNO[18] examined the effect of low-frequency 
vibration on the metal solidification and argued that 
vibration affects the microstructure mainly from two 
aspects, that is, enhancing the cooling efficiency through 
resulted good contact of melt and wall of container, and 
increasing the number of nuclei formed on the wall and 
liquid surface, detached and brought to the bulk melt. In 
addition, the particles can be refined by thermal 
fluctuation and nuclei multiplication in convection 
induced by oscillation. For producing slurry by vibration, 
multiplication and refinement of particles is further 
undergone in the course of isothermal holding. With the 
increase of vibration intensity, it is more effective that 
the nuclei generated at the wall and liquid surface would 
be brought to the bulk melt due to more intense 
turbulence in the melt. What’s more, the temperature and 
mass distribution become uniform due to the convection 
of the melt and isothermal holding, thus the dendritic 
formation and growth is depressed, which results in the 
round and refined particles.  

Further understanding of the effect of vibration on 
ASC can be achieved by an equation proposed by WU et 
al[2], which relates the particle shape fraction with flow 
peed of fluid relatively to the particle, that is  s

 

⎟
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2exp                               (3) 

 
where  fi is the particle shape fraction, and fi=1 for a 
circle; R is the solidification rate, and v is the flow speed 
of fluid relative to the particle.  

Solidification speed is affected by several factors 
such as latent heat and heat release conditions. In 
experiment, it is reasonable to assume that the 
solidification rate is constant. For the flow speed, with 
the increase of vibration frequency, it will become 
increasingly higher as the vibration becomes more 
intense. Therefore, it can be deduced that fi becomes 
larger from the above-mentioned equation. Since the 

ASC is the arithmetic average of shape fraction of all 
particles, it will accordingly become larger. 
 
3.3 Effects of combined action of vibration and grain 

refiner on microstructure of semisolid 356 slurry 
Fig.6 shows the microstructure of semisolid 356 

slurry with only action of grain refiner. It can be seen 
that, compared with Fig.4(a), the primary particles have 
much less dendritic. However, most of the particles are 
not globular enough and not uniformly distributed. On 
the other hand, as can be observed in Fig.7, with the 
combined action of vibration and grain refiner, the 
microstructure of the slurry distributes well, and the 
primary particles are fine and spherical. 

The effects of combined action of vibration and grain 
refiner on microstructure of semisolid 356 slurry are 
shown in Fig.8. With only action of grain refiner (at 0 Hz), 
the EPD is decreased by 36.4%, namely, from 220 µm to 
140 µm, and the ASC is increased from 0.18 to 0.3. 
When the combined action of grain refiner and vibration 
is imposed, the EPD of the primary phase is reduced 
to100 µm at 12 Hz. At 20 Hz the minimum of EPD and 
maximum of ASC are gained, i.e. 85 µm and 0.61 
respectively. In general, there is similar regularity of the 
ASC and EPD for the semisolid microstructure either 
with only action of vibration or with combined action of 
vibration and grain refiner. In addition, it is also revealed 
 

 
Fig.6 Microstructure of semisolid 356 slurry only with grain 
refiner 
 

 
Fig.7 Microstructure of 356 slurry with combined action of 
grain refiner and vibration (20 Hz) 
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Fig.8 Effects of combined action of vibration and grain refiner 
on EPD (a) and ASC (b) 
 
in Fig.8 that the EPD and the ASC with combined action 
of vibration and grain refiner are decreased and increased 
respectively at the same frequency. 

Since many heterogeneous nuclei such as TiAl3 and 
TiB2 are created prior to the formation of α(Al) with the 
addition of Al-5Ti-B, and most of them become the base 
of heterogeneous nucleation, the nucleation probability 
of primary phase is enhanced. At a certain temperature, 
the solid fraction is relatively stable, therefore, the 
increasing nuclei will result in smaller particles. When 
the melt is subject to vibration, the nuclei formed on the 
wall will be broken off. Furthermore, those nuclei 
distribute well in the bulk and are not easy to 
agglomerate. Consequently, the particles become finer 
and rounder with the combined action of vibration and 
grain refiner. 
 
4 Conclusions 
 

1) Intense convection can be caused in melt by 
vibration, which is generated from the free surface of the 
bulk melt and spreads downwards, consequently leading 
to the convection in the bulk. 

2) Non-dendrite primary α(Al) crystals become 

finer and rounder with the increase of vibration, and 
slurry can be prepared with EPD of primary α(Al) about 
90 µm and ASC above 0.5 under vibration of 20 Hz.  

3) Rounder and finer spheroids, namely EPD of 
about 85 µm and ASC of about 0.6, are obtained with the 
combined action of vibration and grain refiner Al-5Ti-B. 
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