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Abstract  

The smooth particle hydrodynamics (SPH) method is advantageous in tracking a free surface and a moving 

interface. This paper uses the SPH method to simulate the filling process of squeeze casting. The simulated 

temperature field at the end of filling was input into a finite element model (FEM) program to simulate the 

solidification process after squeeze casting. Due to the existence of a liquid phase, a solid phase, and a two-phase 

mushy zone in the solidification process after squeeze casting, the deformation behavior in the solidification process 

was modeled with a thermoelasto–viscoplastic constitutive model representing these different phases. In the RDG 

thermal cracking criterion based on the principle of dendrite gap complement, there are a strain rate term, a secondary 

dendritic spacing term, and a pressure term. These terms accurately describe the squeeze casting process. Therefore, 

the RDG criterion was used to predict thermal cracking. The strain rate term in the RDG criterion was calculated by 

the FEM. For the calculation of the secondary dendritic spacing, the temperature field during the solidification 

process is locally refined by the FDM method to complete the transition from the macroscale to the mesoscale; then 

the refinement results are imported into the phase field method for dendritic growth simulation. The results show 

that the method based on multi-model coupling has satisfactory prediction accuracy for the thermal cracking in the 

squeeze casting process. The combination of the phase field method and the RDG criterion provides a new approach 

to the simulation of thermal cracking defects. The prediction results show that the thermal cracking tendency 

increases with an increase in strain rate. However, the local position C of the bracket sample had a higher strain rate 

of 7.15/s, and a lower cooling rate of 2.96 K/s offset the effect of the high strain rate. As a result, a low thermal 

cracking tendency level of 1.13729 was obtained. 

Keywords: multi-model coupling; multi-scale calculation; squeeze casting; thermal crack prediction 
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1. Introduction 

Squeeze casting is a process combining the characteristics of pressurized casting and die forging. The metal 

liquid is put into an external die bore first, and then pushed into a mold cavity by a punch. After filling is finished, 

the punch continues to move to pressurize the metal liquid until the metal is completely solidified. The squeeze 

casting technology has been developed rapidly in the military industry since recent years. It solves the problem of 

direct shape forming without too much processing, and also offers good mechanical properties. This technology has 

been gradually applied in mass production to manufacture wheel hubs and brackets for military equipment. To pursue 

a more efficient process and a shorter production cycle, it is necessary to simulate the squeeze casting process. 

The SPH method is called smooth particle hydrodynamics method. This method transforms a continuous 

medium into particles with virtual volumes and integrates physical properties on each particle. It utilizes interactions 

between particles to reflect the changing behavior of mass, energy, and momentum. The particles can move freely 

with the physical properties. In contrast, a meshed grid cannot move freely. Due to the advantages of the 

mathematical model, the SPH method can simulate large deformations and hence is suitable for simulating the 

casting filling process. Cleary[1] used the SPH method to simulate a three-dimensional filling process of high-

pressure casting. He compared the SPH simulation result of filling with the result obtained by Magma and found 

that the SPH method can better capture key details of fluid motions and spillage compared to the FDM method, 

especially the relative velocity in narrow cross sections. Subsequently, Cleary[2] app lied the SPH method to die 

casting simulation of complex thin-wall parts and confirmed satisfactory accuracy of the SPH method in capturing 

details of high-throughput filling processes. The SPH method was used in this study to simulate the filling process 

of squeeze casting. 

In the FEM, the computational domain is divided into a finite number of non-overlapping interconnected 

elements and nodes. The calculation accuracy of the FEM mainly depends on the user’s meshing capability. Better 

meshing can provide more accurate simulation results. Chang[3] used the software Procast based on the FEM to 

evaluate the effects of squeeze casting parameters on casting quality. The parameters included gate speed, casting 

system design, and squeeze pressure. Li[4] used Procast to simulate the squeeze casting process of a gear box and 

predict shrinkage cavity and porosity defects, and determined technical parameters for the lowest shrinkage cavity 

ratio. The FEM has great advantages in stress and strain calculations, therefor, the FEM was used in this study to 

simulate the solidification process of squeeze casting. Because the deformation behavior in the squeeze casting 

process is very complex, including the elastic and plastic deformations of the solid phase and the elastic deformation 

and shear of the liquid phase, it is very important to choose a constitutive model. This paper analyzes an ADC12 

aluminum alloy squeeze casting bracket. In the thermal deformation study of the aluminum alloy, most previous 

researchers used a hyperbolic sinusoidal rheological constitutive model proposed by Jonas[5], which contains a strain 

activation energy and a deformation temperature. This model can fit the temperature and the deformation rate 

accurately. Santhanam[6] added a strain term in the constitutive model to construct a thermoelasto–viscoplastic model 
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suitable for the thermal deformation of the aluminum alloy. However, his model does not consider the solid–liquid 

phase transition. Zhu and Han[7] proposed a constitutive model for squeeze casting, which includes the solid–liquid 

zone transition and the mechanical behavior of the metal shell during solidification. Their model was adopted in this 

study to simulate the interaction between deformation and solidification of the metal liquid. 

Many scholars proposed different criteria based on various theories for the thermal cracking defect in the 

squeeze casting process. Hatami[8] and Clyne[9] proposed a thermal cracking criterion based on thermodynamics with 

two different stages: (1) solidification with feeding, and (2) solidification without feeding. The two stages are 

classified by solid phase volume fraction. The thermal cracking tendency is reflected by the ratio of the temperature 

interval of the stage and The time interval at which the alloy is in this stage. This criterion is not accurate and does 

not contain the micro mechanism of thermal cracking. Kou[10] proposed a thermal cracking criterion based on the 

solidification contraction angle. Thermal cracking occurs when the bulk increase in the liquid metal area caused by 

the strain cannot be balanced by flow feeding. This criterion only considers the mass balance without considering 

the effect of the microstructure on thermal cracking. Pappaz[11] proposed a RDG criterion based on solid mechanics 

and fluid mechanics. This criterion considers the pressure drop at the tip and the bottom of the dendrite. If the 

pressure drop is greater than a critical threshold value, the gap generated between dendrites cannot be compensated 

and hence cores of thermal cracking are formed. The RDG criterion considers the impacts of pressure, strain rate, 

and the microstructure. Therefore, it fits well the pressurized solidification process of squeeze casting. 

The microstructure term, which is the secondary dendrite spacing, in the RDG criterion can be obtained by 

dendrite growth simulation. The phase field (PF) method can simulate the microstructure with differential equations 

by combining the solute diffusion, the order potential, and the thermodynamic driving forces. Kobayashi[12] proposed 

a PF model for the dendrite growth of pure materials. Almost all subsequent models using pure materials are based 

on Kobayashi’s method. Warren[13] developed a comprehensive model to solve the heat dissipation equation and the 

solute diffusion equation during the solidification process. He introduced an order parameter (a phase field) to 

describe the interface region between the solid phase and the liquid phase, and obtained accurate simulation results 

of realistic secondary dendrite growth. Bailey[14] established a three-dimensional phase field model for a laser 

welding process, and compared it with a two-dimensional model. His model can predict the microstructure at any 

position in the laser welding process. In this paper, the equiaaxial dendrite growth model based on the phase field 

method proposed by Zaeem[15] is used to predict the secondary dendrite spacing in the RDG criterion. 

In this paper, the approach of multi-model coupling is used to simulate the squeeze casting process by fully 

utilizing the advantages of multiple methods involved to accurately predict the thermal cracking tendency in the 

squeeze casting process. Meanwhile, the mesoscopic scale parameter of the secondary dendrite spacing was obtained 

by a multi-scale simulation using the phase field method. The combination of the phase field method and the RDG 

criterion provides a new approach to predict thermal cracking defects. 
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2. Numerical modeling 

The SPH method was first used to simulate the filling process. Then, the result of filling at the moment of filling 

completion was input into the FEM program to continue the simulation of the solidification process. The phase field 

method was used to conduct the mesoscale simulation to obtain the secondary dendrite spacing term. The strain rate 

term was obtained by the FEM. These two terms were then input into the RDG criterion to predict thermal cracking. 

 

2.1 Simulation model of the filling process 

Because the SPH method has great advantages in tracking the free surface and the moving interface, this paper 

uses the SPH method to simulate the filling process of squeeze casting[16,17]. Then, the temperature field at the end 

of filling was input into the FEM to simulate the solidification process. 

The approximate equation of the particles’ function and its derivative are given by 
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Where i is the central particle, j is the particle in the supporting domain, and ( )f x  is a kernel approximation 

operator. N  is the total number of the particles in the supporting domain of particle j, and 
ij

W  is a smooth 

function reflecting the impact of particle j on particle i.   is a gradient operator. The kernel function was selected 

as a cubic spline function. The three Navier–Stokes governing equations can be approximately transformed into the 

following forms via the SPH particles: 
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Eqs. (3) to (5) are the SPH expressions of the density equation, the momentum equation, and the energy equation, 

respectively, where   is density, v  velocity, e  internal energy of fluid microcluster, p  pressure,  and  

coordinate directions. The temperature field at the end of filling was input into the FEM as the initial condition at 

the start (t=0) of the solidification process. 

In order to cope with the fluid dynamics environment of the filling process, an artificial viscosity term, as shown 

in Lattanzio[18], was introduced to convert the kinetic energy to the internal energy and prevent non-physical 

penetration caused by excessively small particle spacing. To further eliminate the phenomenon of tensile instability, 
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the artificial stress term proposed by Monaghan[19] was introduced to apply a repulsive force between particles that 

are excessively small to avoid excessive aggregation of particles. In this paper, the boundary force model adopts the 

virtual particle boundary force method proposed by Qiang[20], which uses multiple layers of virtual particles to 

implicitly represent the solid wall boundary. The virtual particles and the fluid particles interact directly through 

fluid mechanics control equations. 

 

2.2 Simulation model of the solidification process 

The results of the end of filling calculated by the SPH method were imported into the FEM program for 

solidification simulation. Since the SPH method integrates all information on the particles, while the FEM integrates 

part of information on nodes, if different partition scales are adopted, the errors in information transmission will be 

enlarged. Therefore, the developed approach in this paper uses a regional search method to seek the spherical space 

with the radius of the unit grid length with the FEM node as the center and also search the SPH particles within the 

range. The initial information of the FEM nodes was obtained by taking a weighted average on the coefficients that 

are equal to the distances between the SPH particles and the FEM nodes. 

The motion equations of the FEM dynamic problem are given as follows[21]: 
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Where ( )a t   is node displacement, ( )a t&   node velocity, and ( )a t&&   node acceleration. e
M  , e

C  , e
K  , and 

e
Q   are matrix vectors of element mass, damping, stiffness, and load, respectively. Because the displacement 

interpolation function used in Eq. (7) is the same as the function used in deriving the stiffness matrix, the element 

mass matrix in Eq. (7) is a uniform mass matrix. In order to facilitate the coupled simulation between the SPH 

particles and the finite elements, the FEM program uses the method of the concentrated mass matrix to lump the 

element mass on the node, as shown in Eq. (11) below: 

1 1

( ) ( )
( )

0 ( )

e e

e

n n
e T

ike
k k Vl ij

dV j i

j i


 


  

 

 M N N
M                （11）

 

Where en   is the number of element nodes. The lumped mass matrix e

l
M   is a diagonal matrix, where the 

principal elements of each row are the sum of the principal elements of the uniform mass matrix. 
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The finite element form of the temperature field is given by 

[ ]{ } [ ]{ } { }
T T

C K F  &                            （12） 

Where [ ]C  is the total heat capacity matrix, [ ]TK  the total heat conduction matrix, and { }TF  the boundary 

temperature load vector. The parameters of { }  and { }&  are the temperature vector and its differential term, 

respectively. 

The liquid metal solidifies under the pressure exerted by the punch. There is a solid metal shell near the mold 

wall of the cavity. The liquid metal is in the center of the cavity. There is also a mushy zone at the junction between 

the two phases in the cavity. Therefore, the mechanical behavior of the solidification process of squeeze casting is 

very complicated. Since metal deformation is affected by strain rate and temperature, the selection of the constitutive 

model is particularly important. The constitutive model described by Zhu and Han[7] is used in this paper to calculate 

the stress and strain in the FEM. 

The strain increment within one time step is divided into three parts as follows: 

       el th in                                 （13） 

 

Where { }el   is elastic strain increment, { }th   thermal strain increment, and { }in   inelastic strain 

increment. 

The elastic strain increment is given by 
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The thermal strain increment is given by: 

       T

th 1 1 1 1 0t t t t t                       （16） 

     3
1 0 1                             （17） 

Where  0   is the density at a reference temperature 
0 , and     is the density at that moment. 

The inelastic strain increment is calculated in different sections. When the element is in a solid phase, it is 

believed that the yield stress is related to strain rate and temperature and obeys the thermoelasto–viscoplastic 

constitutive model as follows 
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Where { }in&   is the inelastic strain rate vector, and 
in
&   is the equivalent inelastic strain rate. The measured 

temperature   and the equivalent stress function   are related to 
in
&  as follows: 

 in ,f  &                                （19） 

This function adopts the hyperbolic sinusoidal constitutive model commonly used for aluminum alloys[22]: 
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Where Q is the strain activation energy, and T is the deformation temperature same as  in Eq. (19). 

The ideal elastic–plastic model is used for the liquid phase element. The elastic modulus is set the same as that 

of the solid phase. The yield stress 
yield  is minimized. 
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Where *t t   is an intermediate parameter constructed during the iterative process, with its specific iterative steps 

the same as in [7]. The two-phase region is directly divided into a solid phase and a liquid phase. The liquid phase 

has a small solid-phase fraction fs, and the solid phase has a large fs value. A critical value 
,s c

f  is set up so that 

s s,cf f  means the liquid phase, and 
s s,cf f  means the solid phase. 

There is a continuous movement process of the punch to maintain the pressure in the solidification process. The 

punch displacement was solved by using an iterative method as follows. First, an initial value was assumed for the 

punch displacement, and the stress field was solved at the first time step. Then, the total reaction force at the interface 

between the punch and the casting part was calculated and compared with the punch pressure to obtain an iteration 

difference. Such iterations were performed at each time step until the iteration difference was less than a critical 

value. 

 

2.3 Prediction model of thermal cracking 

Because squeeze casting is a solidifying process under pressure, the RDG criterion containing the pressure term 

is suitable for predicting the thermal cracking tendency in the squeeze casting process. In application of the RDG 

criterion, the strain rate term can be directly evaluated from the FEM simulation result of the solidification process. 

However, the secondary dendrite spacing term exists in a mesoscopic scale and hence cannot be directly calculated 

from the macroscopic model. The mesh size of the FEM model is in millimeter, while the computational size of the 

dendrite growth is in micron. Therefore, the FDM refinement method is needed to complete the bridge from the 

macroscopic scale to the mesoscopic scale . 

The difference scheme of two-dimensional unsteady heat conduction is shown in Eq. (23). The equivalent 

specific heat capacity of the latent heat of crystallization is calculated by using the equivalent specific heat method 
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as follows: 
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Where ( , )
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i j
T  is the temperature at moment n and node ( , )i j , and 
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The subcooling degree and the temperature gradient were obtained by data processing of the local refined 

temperature field. 

 

2.3.1 Dendrite growth simulation 

The equiaxed crystal model of the binary alloy [15] based on the phase field method was adopted. The subcooling 

degree obtained from local refinement of the FDM was substituted into the phase field model. The phase field 

evolution equation containing anisotropic characteristics is given by 

 2
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Where   is an order parameter,   linear kinetic coefficient,   Gibbs–Thomson coefficient, T temperature, 

mT  equilibrium melting temperature of pure substance, ml liquidus slope in the equilibrium phase diagram, and Cl 

equilibrium concentration in liquid. The anisotropic function is given by 
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The concentration evolution equation is given by 
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Where k  is distribution coefficient, lD  diffusion rate of alloy elements in liquid, and sD  diffusion rate of 

alloy elements in solid. 

The equation of the temperature field is given by 
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2.3.2 Thermal cracking criterion 

The RDG criterion used in this paper treats the model of the thermal cracking process as interdendritic liquid 

metal feeding. If the feeding is incomplete during solidification, or if the interdendritic liquid metal pressure is less 

than the critical pressure, the cores of thermal cracking are formed. After the secondary dendrite spacing calculated 

by the phase field method and the strain rate calculated by the FEM solidification are input into the RDG criterion, 

the thermal cracking tendency is judged by using the following equation: 
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Where mP   is static pressure, G   temperature gradient,    metal liquid viscosity, 2   secondary dendrite 

spacing,   shrinkage factor, and ̂& strain rate. Moreover,
mf end
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2

2

1

(1 )

mf

end

T
s

T
s

f dT
A

T f

                             (31) 

2

3

( )1

(1 )

mf

end

T
s s

T
s

f F T dT
B

T f

                            (32) 

1
( )

end

T

s s
T

F T f dT
T


                            (33)

 

Where fs is solid phase fraction. 

 

3. Simulation results and analysis 

3.1 Three-dimensional modeling 

This paper simulates a squeeze casting bracket as an example. The part is shown in Fig. 1(a). The casting system 

is shown in Fig. 1(b). The casting material is ADC12 aluminum alloy. The metal mold material is H13 steel. Table 

1 shows the thermal properties of ADC12. Table 2 shows the production process parameters. 

. 
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Fig.1. Bracket and its casting system 

(a) Automobile bracket drawing 

(b) Casting system drawing 

Table 1 Properties of ADC12 aluminum alloy used in simulation 

Parameter Thermal 

conductivity 

[W/(mK)] 

Specific heat 

capacity 

[J/(kgK)]  

Density 

(kg/m3)  

Solidus 

temperatur

e 

(C)  

Liquidus 

temperature 

(C) 

Latent 

heat 

(J/kg)  

Poisson’s 

ratio 

Value 96.0-96.2 963 2.64-2.67 525.8 607.5 389000 0.33 

 

Table 2 Production process parameters 

Parameter 
Punch pressure 

(bar)  

Punch velocity 

(m/s)  

Pouring 

temperature 

(C) 

Punch 

temperature 

(C) 

Mold 

temperature 

(C) 

Holding time 

(s) 

Value 130 0.23 670 200 200 15 

 

3.2 Filling simulation results 

The filling process simulated by using the SPH method is compared with the filling process simulated by the 

Procast method, as shown in Fig. 2. The Procast simulation is shown on the left, and the SPH simulation is shown 

on the right. The metal liquid was placed in an external die chamber in advance as shown in Fig. 2(a), and the metal 

liquid moved upward under the push of the punch. As shown in Fig. 2(b), the metal liquid accelerated from the large 

cross section to the small cross section, and the flow was split and moved to the both sides of the mold after the flow 

hit the wall. As shown in Fig. 2(c), the two flows on the both sides moved up along the wall until they reached the 

left and right sides of the wall. As shown in Fig. 2(d), the flows entered the both sides of the bracket. Due to different 

velocity directions on the both sides, filling occurred sequentially at the both sides. As shown in Figs. 2(e) and 2(f), 

the metal liquid surface first contacted the top wall and then fell down to fill the mold. Fig. 2(g) shows the status of 

completed filling. 
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(a) t=0 s 

 

(b) t=0.39 s 
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(c) t=0.47 s 

 

(d) t=0.59 s 
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(e) t=0.67 s 

 

(f) t=0.78 s 
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(g) t=0.94 s 

Fig.2. Filling process simulation 

As shown in Fig. 2(b), both the Procast and SPH results show a necking phenomenon, which was caused by 

the acceleration of the metal fluid under the impact of the squeeze action from the large cross section to the small 

cross section. Detailed velocity analysis is given later in Fig. 3. As shown in Fig. 2(c), the Procast and SPH results 

began to differ from that moment. The SPH particles impacted the wall under the action of the punch. The velocity 

in the z-axis direction was changed to the velocity in the x-axis direction. Liquid splash appeared at the most upfront 

end of the liquid surface. The temperature of the splashed particles decreased rapidly after they contacted the wall. 

In contrast, the Procast result does not show these phenomena. The reason for the difference is that the FEM cannot 

simulate liquid splash without adding node-separation coupling[23]. In comparison, the SPH method shows an 

advantage of simulating the squeeze casting and filling process. As shown in Fig. 2(f), the filling sequences in the 

Procast result and the SPH result are similar, but the SPH result better illustrates the details of liquid splash when 

the liquid’s front segment contacted the mold wall. Fig. 2(g) shows the completion of the filling process. The 

temperature fields in the SPH result and the Procast result are very similar, validating the satisfactory accuracy of 

the SPH simulation of the temperature field for the filling process of squeeze casting. 
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Fig.3. Cross section diagram of the axial velocity in the SPH result at 0.47 s 

Fig. 3 shows the cross section diagram of the axial velocity distribution in the SPH result at 0.47 s. The particles 

at the edge accumulated before entering the small cross section from the large cross section. The central particles 

began to accelerate before entering the small cross section and reached the maximum velocity in the middle of the 

small cross section, and then slowed down rapidly. The particles continued to decelerate after leaving the small cross 

section till impacting the wall. 

 

3.3 Prediction results of thermal cracking 

The temperature field at the end of filling calculated by the SPH method was imported into the FEM program 

for solidification process simulation. The temperature field at the initial moment of the FEM simulation is shown in 

Fig. 4. The temperature of the flow passage was greater than that of the bracket. The part with the lower temperature 

of the flow passage is at the right-angle edge, and the shunt part had high temperatures due to continuous filling of 

the high-temperature metal liquid. The temperature in the bracket near the flow passage was higher, and the 

temperature far away from the flow passage was lower. 
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Fig.4. Temperature field at the initial moment of the FEM simulation 

The uniform two-dimensional meshing technology was adopted without reducing simulation accuracy. To 

intuitively illustrate the thermal cracking tendency, the cross section with the largest strain rate difference between 

the maximum value and the minimum value was selected, as shown in Fig. 5. Certain points were selected from this 

cross section for subsequent FDM local refinement, dendrite growth simulation, and thermal cracking defect 

prediction. 

 

 

Fig.5. Vertical cross section along the y axis and points selection 

The strain rate term in the RDG criterion was obtained from the FEM simulation result of the solidification 

process. The strain rate distribution in the cross section is shown in Fig. 6. Points C and D are located on the thin 

wall of the cross section, resulting in higher strain rates. However, points A and D had lower strain rates due to their 

later filling sequences and resulted positions on the thick wall. The secondary dendrite spacing term in the RDG 

criterion of thermal cracking needs to be simulated by using the phase field method. The refinement results were 

input into the phase field model to conduct simulation on dendrite growth. The parameters of the phase field model 

are shown in Table 3. 
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Fig.6. Strain rate field in the cross section at 10 s 

Table 3 Parameters in the phase field model  

Parameter Value 

Liquidus slope ml (K/Wt, pct)  6.58 

Diffusivity of alloy elements in liquid Dl (m2/s)  3109 

Diffusivity of alloy elements in solid Dl (m2/s)  11012 

Melting temperature of pure aluminum (C) 660 

Melting temperature of pure silicon (C) 1410 

 

 

 

Fig.7. Comparison between simulation result of dendritic growth at point C and Microstructure at point 

C. 
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(a)Simulation result of dendritic growth at point C 

(b) Microstructure at point C 

The dendrite growth conditions were simulated successively at the selected points. The simulated secondary 

dendrite spacing data were imported into the RDG criterion to predict thermal cracking. Since point C had the highest 

strain rate in the cross section, it is selected for detailed interpretation here. Fig. 7(a) shows the simulation result of 

dendritic growth at point C. Fig. 7(b) shows the microstructure picture of point C under a holding pressure of 130 

bar. The microstructure was composed of α-Al cells and (α+β) eutectic particles. The actual secondary dendrite 

spacing in Fig. 7(b) is 17.8 μm based on measurement. The simulation result after measurement in Fig. 7(a) is very 

similar to the experimental result. 

 

 

Fig.8. Comparison of thermal cracking tendency prediction between the RDG criterion and Procast 
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Fig.9. Comparison between thermal cracking tendency prediction based on the RDG criterion and 

cooling rate 

 

Fig.10. Comparison between thermal cracking tendency prediction based on the RDG criterion and strain 

rate 

Fig. 8 shows the comparison of thermal cracking tendency prediction between the RDG criterion and Procast. 

The lowest and highest positions of thermal cracking tendency appeared at points D and E, respectively. The thermal 

cracking prediction results of the multi-scale multi-mathematical-model approach developed in this paper and the 

Procast method are similar in the overall trend, validating the satisfactory accuracy of the proposed approach in 

thermal cracking prediction of the squeeze casting process. However, the HSC value of the thermal cracking 

tendency calculated based on the RDG criterion is greater due to the static pressure in this paper. Fig. 9 shows the 

comparison between the thermal cracking tendency prediction based on the RDG criterion and the cooling rate. Fig. 
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9 shows that points B and C near the center of the bracket had lower cooling rates, while points A, E, and F near the 

edge of the bracket had higher cooling rates. When the metal liquid was closer to the low temperature wall, the 

cooling rate became higher. Fig. 10 shows the comparison between the thermal cracking tendency prediction based 

on the RDG criterion and the strain rate. Overall, the thermal cracking tendency increased when the strain rate 

increased. However, point C had the highest strain rate of 7.15/s, but its thermal cracking tendency was not high, 

being only 1.13729. This was because point C was close to the casting system and the dendrite gap was well 

complemented so that its cooling rate was as low as 2.96 K/s, as shown in Fig. 9. As a result, the influence of the 

high strain rate was offset. Similarly, point A had the lowest strain rate but a higher cooling rate. The effect of the 

low strain rate was offset by the high cooling rate, so that the thermal cracking tendency of point A was 0.875009, 

slightly greater than that of point D. 

 

4. Conclusions 

(1)The SPH method is advantageous in tracking the free surface and the moving interface and hence can be 

used to simulate the filling process of squeeze casting . Then, the simulation results at the end of filling were input 

into the FEM program as the initial condition to simulate the solidification process. The FEM program used the 

thermoelasto–viscoplastic constitutive model to fully simulate the three-phase deformation behavior of the squeeze 

casting process and the mechanical behavior. Because the RDG criterion contains the pressure term, it fits well the 

pressurized solidification process of squeeze casting and hence can be used to accurately predict the thermal cracking 

tendency of squeeze casting parts. The phase field method was used to conduct mesoscale simulations to obtain the 

secondary dendrite spacing term, which was then input into the RDG criterion together with the strain rate term 

calculated by the FEM to predict thermal cracking. This proposed approach of combining the phase field method 

with the RDG criterion provides a new way of thermal cracking prediction. 

(2)In the filling process simulation, the SPH method proposed in this paper can better predict the flow field, 

the filling sequence, and liquid splashing details compared to the Procast method. The FEM program uses the 

thermoelasto–viscoplastic constitutive model to calculate the three-phase mechanical behavior. The simulation 

results show that the thin wall has a higher strain rate and the thick wall and the wall with a later filling sequence 

have lower strain rates, conforming with production practice. The secondary dendrite spacing and the strain rate 

simulated by the phase field method were input into the RDG criterion to predict the thermal cracking of squeeze 

casting. The thermal cracking prediction results given by the multi-scale multi-mathematical-model approach and 

the Procast method were compared. These two methods produced basically consistent results, validating the accuracy 

of the proposed approach. The comparison between the thermal cracking prediction and the strain rate shows that 

the thermal cracking tendency increases with an increase in strain rate. However, the local point C had the highest 

strain rate of 7.15/s, but its thermal cracking tendency was only 1.13729 due to the fact that under the influence of a 
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low cooling rate of 2.96 K/s the effect of the high strain rate on the increase in the thermal cracking tendency was 

offset. 
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