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Lost foam casting (LFC), as a near-net forming 
method, has been increas ingly appl ied in 

industry [1-4]. LFC is often used to produce complex 
cavi ty s t ructure cast ings because i t has many 
advantages, such as simple process and low cost. 
In the process of LFC, the gasification of the foam 
pattern needs to absorb plenty of heat, which requires 
a higher pouring temperature of the molten metal 
than other casting methods [5-6]. At the same time, 
the dry sand employed in the LFC induces the low 
cooling rate of the casting. So, coarse microstructure 
forms due to the higher pouring temperature and 
lower cooling rate, which therefore deteriorates 
the properties of the casting. To refine casting 
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microstructure and improve casting properties, many 
researchers have done a lot of investigations in recent 
years, and proposed many effective methods for 
refining grains, such as adding a modifier [7], applying 
mechanical vibration [8-13], heat treatment [14], and so 
on. Compared with other methods for refining grains, 
applying mechanical vibration during the LFC 
process can refine casting microstructure through a 
physical method without contamination of the alloy.

Grey cast iron (GCI) has good castability, machinability 
and wear resistance. It can be used to manufacture 
complex mechanical parts [15-16], such as cylinders and 
engine cases by means of LFC. Researchers have carried 
out some studies on the microstructure refinement of 
GCI fabricated by LFC [17]. However, reports about GCI 
fabricated by LFC with vibration are few. 

As it is known, the properties of the GCI castings 
lie on the matrix density, graphite morphology and 
distribution of the primary phase. In this study, HT100 
was selected as the research material. The influences 
of the vibration frequency on the primary phase and 
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Fig. 2:  Graphite morphologies of grey cast iron with different vibration frequencies: 
            (a) 0 Hz; (b) 35 Hz; (c) 50 Hz; (d) 100 Hz

Fig. 3:  Primary austenite morphologies of grey cast iron with different vibration frequencies: 
            (a) 0 Hz; (b) 35 Hz; (c) 50 Hz; (d) 100 Hz

2.3 Primary austenite of GCI
Figure 3 shows the primary austenite morphology of the 
GCI fabricated with different vibration frequencies. It can 
be seen from Fig. 3 that the primary austenite dendrite arms 
are coarser and the secondary dendrite structure is larger in 
the GCI fabricated without vibration. When the vibration 

frequency increases to 35 Hz, the size of the primary 
austenite dendrite decreases, and the primary dendrite and 
secondary dendrite are finer. When the vibration frequency 
further increases, the dendrite an the secondary dendrite of the 
primary austenite become coarser.

(a) (b)

(c) (d)
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2.4 Hardness and tensile properties of GCI
Figure 4 shows the effect of vibration frequency on the 
hardness of the GCI. It can be seen from Fig. 4 that the 
Brinell hardness of the GCI increases at first and then 
decreases with the increase of the vibration frequency, and 
the Brinell hardness value of the GCI fabricated with the 
vibration frequency of 35 Hz is the highest. The reason is that 
the microstructure of the GCI fabricated with the vibration 
frequency of 35 Hz is the densest compared with that of 
the GCI fabricated without vibration and with the vibration 
frequencies of 50 Hz and 100 Hz. The hardness of the GCI 
fabricated with a vibration frequency of 100 Hz is close to the 
GCI fabricated without vibration due to their similar densities.

Fig. 5:  Properties of GCI with different vibration 
frequencies

Fig. 4:  Brinell hardness of GCI with different frequencies

MPa and 0.89%, and increase 8.6% and 41.27%, respectively, 
compared to the GCI fabricated without vibration. When the 
vibration frequency continues to increase to 50 Hz, the tensile 
strength of the GCI decreases slightly. However, the elongation 
decreases significantly. Further increase vibration frequency 
to 100 Hz, and the tensile strength and elongation decrease to 
75.76 MPa and 0.43%, respectively, which are lower than for 
the GCI prepared without vibration.

Figure 5 shows the change of tensile properties of GCI 
with the vibration frequency. As can be seen from Fig. 5, the 
tensile strength and elongation of the GCI firstly increase and 
then decrease with the increase of the vibration frequency. 
When the vibration frequency is 35 Hz, the tensile strength 
and elongation of GCI reach the maximum values of 125.99 

Figure 6 shows the fracture morphology of the GCI 
fabricated by the LFC with the vibration frequency of 0 and 35 
Hz, respectively. As can be seen from Fig. 6, the fracture of the 
GCI presents the cleavage fracture characteristics of A-type 
flake graphite and matrix structure, and there are many holes 
distributed on the fracture surface. He Yi [19] et al. considered 
that these holes [the circle in Fig. 6(a)] were microporosities 
formed during the solidification of the GCI, and the fracture 
of the GCI was attributed to the cleavage of the graphite or the 
interface separation between graphite and matrix.

Fig. 6:   Fractography of grey cast iron with different vibration frequencies: (a) 0 Hz; (b) 35 Hz

(a) (b)
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3 Discussions
3.1 Graphite morphology transformation 

mechanism
According to the carbon equivalent (CE=4.03) of HT100, it 
belongs to the hypoeutectic alloy. The austenite precipitates 
first during the solidification process according to the iron-
carbon equilibrum diagram. As the temperature decreases to 
the eutectic point, the eutectic transformation starts, and the 
eutectic austenite and graphite form. The morphology of the 
graphite formed in the eutectic reaction depends on the cooling 
rate of the melt, the supercooling degree of the eutectic 
transformation, and the nucleation rate of the graphite.

In the LFC process of the GCI, the cooling rate of the melt 
is fast under the negative pressure, and the primary austenite 
is formed rapidly. When the temperature of the melt reduces 
to the eutectic point, the thermal conductivity of the molding 
sand decreases significantly because the temperature of the dry 
sand has increased. So, the cooling rate of the molten metal 
decreases and the supercooling degree during the eutectic 
transformation decreases, resulting in the formation of the 
Type A flake graphite.

The composition homogeneity of the GCI is promoted 
due to the application of the vibration with 35 Hz during the 
solidification process, which can reduce the concentration 
gradient of carbon atoms in the melt. Therefore, the driving 
force of the nucleation and the growth of the graphite are 
restrained, which result in the shorter and thinner Type A flake 
graphite.

3.2 Vibration refinement mechanism of 
primary austenite dendrites

The vibration employed during the solidification of the GCI 
influences the nucleation and growth of the primary austenite. 
The vibration induced a cavitation effect in the GCI melt, 
which caused the formation of a large number of holes. When 
the hole collapses, the melt around the hole enters the hole and 
generates a great pressure. This results in the increase of the 
melting point of the GCI.

In addition, the morphology of the primary austenite is 
dendrite. The surface curvature difference among the dendrites 
is great. According to the thermodynamic equation, the change 
of the equilibrium melting point ΔTr can be calculated with 
different curvatures [20],

Therefore, the change of the melting point is great at the root 
and the end of the secondary dendrite arm, and the change is 
small in other positions of the dendrite. The surface curvature 
of the austenite dendrite is less than 0, and it is known from 
Eq. (1) that the change of the equilibrium melting point is less 
than 0. So, the melting point of the austenite dendrite at the 
root is lower. When the GCI is fabricated by the LFC with 
vibration, the convection of the molten metal is enhanced. The 
higher temperature melt flows through the austenite dendrite 
root, which promotes the remelt of the austenite dendrite, and 
therefore refines the primary austenite.

The molten metal is a viscous fluid. When the GCI is 
fabricated by the LFC with vibration, the temperature gradient 
caused by the convection forms in the molten metal. Meanwhile, 
the viscous resistance of the metal is altered, and a "viscous 
shear" is induced in the melt by the vibration. In addition, the 
influence of the viscous shear is greater between the melt and 
the solidified austenite dendrites than in GCI fabricated by the 
LFC without vibration. So the austenite dendrite arm is broken, 
which results in the increase of the number of the austenite 
grains in the GCI and the refining of the austenite dendrites.

3.3 Strengthening mechanism of GCI
The main factors affecting GCI properties are the primary phase 
and density [21]. From the previous analysis, it can be seen that 
the grains of the primary austenite and dendrites of the GCI 
fabricated by the LFC without vibration are coarse, and the 
length and thickness of the Type A flake graphite are larger than 
those of the samples with vibration. So the properties of the GCI 
fabricated by the LFC without vibration are poor.

In addition, it can be seen from Fig. 6 that the flower 
shaped graphite presents on the fracture surface of the GCI. 
Researchers consider [22] that the stereoscopic morphology 
of flake graphite is flower-like in the eutectic colony. When 
the alloy is stretched, the graphite serves as the crack source 
due to the strength of the graphite being almost zero. With 
the extension of action time, cracks propagate continuously 
to the matrix, finally leading to the fracture of the GCI. When 
the crack spreads in the matrix, the tensile strength of the GCI 
is increased due to the restraint of the crack by the matrix. 
However, the tensile strength of the GCI fabricated by the LFC 
without vibration is low because the Type A flake graphite 
distributes in the whole matrix of the GCI, and the graphite has 
a remarkable splitting effect on the matrix.

It can be found that the size of the holes in the GCI fabricated 
by the LFC without vibration is larger than that with 35 Hz 
vibration, as shown by the circle in Fig. 6 (a), which leads to 
the lower density of the GCI. So the GCI fabricated by LFC 
without vibration has the lower tensile strength compared to 
the GCI fabricated by LFC with the vibration frequency of 35 
Hz. When the vibration frequency is 35 Hz, the microstructure 
of the GCI is denser than that of the sample without vibration, 
the type A flake graphite becomes thinner and shorter, and 
the refining effect of the primary austenite is very obvious. 
Therefore, the hardness and tensile strength of the GCI are the 
highest, and the elongation is the highest.

where σ is the surface energy of per unit area austenite 
dendrites, Tm is the melting point of the GCI, Vs is the molar 
volume of the austenite, K is the surface curvature, ΔH is the 
melting heat.

It can be seen from Eq. (1) that the change of the equilibrium 
melting point of the GCI is proportional to the surface curvature 
of the austenite. The surface curvature of the austenite dendrite 
is larger at the root and the end of the secondary dendrite arm, 
while the surface curvature values of other parts change little. 

 ΔTr=  ΔH
2σTmVsK (1)
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3.4 Thermodynamic of primary austenite 
dendrites refined by vibration

Figure 7 shows the cooling curve of the columnar crystal area 
of the GCI fabricated by LFC with the vibration frequencies 
of 0 and 35 Hz. The definitions of the parameter in the Fig. 
7 are shown in reference [23]. It can be seen that the eutectic 
platform of the GCI with vibration is about 1,110 °C, which 
is 43 °C lower than the normal eutectic point (1,153 °C), and 
the eutectic platform of the GCI fabricated by LFC without 
vibration is about 1,134 °C, which is 19 °C lower than the 
normal eutectic point (1,153 °C). Comparing the eutectic 
platform of the GCI obtained by the LFC with and without 
vibration, it is known that the eutectic platform of the GCI 
with the vibration frequency of 35 Hz is 24 °C lower than 
that of the GCI without vibration. Besides, it can be seen 
from Fig. 7 that the cooling rate of GCI obtained by the LFC 
with vibration is quicker than that of the GCI obtained by the 
LFC without vibration, according to the first derivative of the 
solidification curve. So, the supercooling degree of the GCI 
obtained by the LFC with vibration is greater.

Fig. 7:  Cooling curve of columnar zone

According to the critical radius formula for the heterogeneous 
nucleation of solidification,

where, r* is the critical nucleation radius, σLC is the surface 
energy between the liquid phase and the nucleus, Tm is the 
melting temperature of the metal, ΔHv is the latent heat of the 
crystallization per unit volume, and ΔT is the supercooling degree.

It can be known from Eq. (2) that the critical nucleation 
radius of the grain is inversely proportional to the supercooling 
degree. The lower the supercooling degree, the larger the critical 
nucleation radius of the crystal. Therefore, the nucleation of 
the crystal is restrained. The solidified GCI with the vibration 
frequency of 35 Hz has a high supercooling degree, and the 
critical nucleation radius is small, which is beneficial to the 
nucleation of the primary phase. In addition, the eutectic point 
of the GCI with the vibration frequency of 35 Hz is low, which 
reduces the diffusion of atoms in the melt and inhibits the 
growth of the eutectic austenite and eutectic graphite. Thus, the 

 r*=
 ΔHvΔT
2σLCTm

primary austenite and Type A flake graphite with a smaller size 
generate. On the contrary, the supercooling degree of the GCI 
without vibration is lower, which increases the critical nucleation 
radius of the primary phase and restrains the nucleation of the 
crystal. Therefore, the amount of the primary phases in the GCI 
is little. In addition, it can be seen from Fig. 7 that the eutectic 
point of the GCI fabricated by LFC without vibration is 1,134 
°C. So the atomic diffusion speed is increased, and the primary 
phase generated in the GCI becomes larger than that fabricated 
by LFC with the vibration frequency of 35 Hz. 

4 Conclusions
(1) The density of the grey cast iron (GCI) fabricated by 

the LFC changes with increasing vibration frequency, and 
reaches the maximum as the vibration frequency is 35 Hz. 
With the increase of the vibration frequency, the length 
of the Type A flake graphite and the size of the primary 
austenite in the GCI decrease at first and then increase. The 
length of graphite flake is the shortest and the size of the 
primary austenite is the smallest for the GCI with a vibration 
frequency of 35 Hz.

(2) The tensile strength, elongation and hardness of the 
GCI increase at first and then decrease with the increase of 
the vibration frequency. When the vibration frequency is 35 
Hz, the values of the tensile strength, elongation and hardness 
of the GCI are the maximum, due to the denser and finer 
microstructure. 

(3) During the LFC process of the GCI, the vibration 
decreases the eutectic point of the melt and increases the 
supercooling degree of the solidification, resulting in the grain 
refinement of the microstructure.
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