
Materials Science and Engineering, Volume 41, No. 1 (2016) pp. 96–104. 

 

 

 

COMPUTER SIMULATION OF SEMI-SOLID MATERIAL 

FLOWABILITY  

 

DÁNIEL MOLNÁR1–BALÁZS SÁNDOR2 

 
High pressure die casting is a near net shape process where turbulent filling and rapid solidification 

occurs under high pressure conditions. Alternative die casting technologies such as rheocasting have 

been developed in order to increase the quality of castings. The simulation of flowability and fillability 

is influenced by several factors such as temperature of the melt and the die, viscosity behaviour in the 

mushy zone, solid particle ratio and flow properties. Here a control volume model is developed to 

simulate the rheocasting process based on the commercial software NovaFlow&Solid. Several 

simulation trials were carried out to examine the flowability of normal AlSi7Mg alloy and its semisolid 

version. 
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1. Semi-solid metal processing 

Lightweight metals are used extensively by the automotive and transport industries, both in 

wrought and cast forms. Recently the European Aluminium Association (EEA) reported that 

the amount of aluminium used in new European cars had risen between 1990–2010 from 50 

kg to 140 kg, so it is not surprising to see there is a growing tendency to employ aluminium 

and aluminium alloys in the automotive and transport industries. Cast aluminium components 

are mainly used in chassis and suspension applications, wheels, steering parts, cylinder heads, 

brake drums, connecting rods etc. Today, based on data from the EEA, some 73% of cast 

alloys go into the transport sector in Europe and due to high production rate and dimensional 

stability as well as excellent surface finish and high volume production, a large number of 

these parts are produced by high pressure die casting method.  

In the search for improved alloy properties, a number of casting techniques have been 

developed and introduced on the market in last four decades, such as semi-solid forming or 

squeeze casting. Squeeze casting is a casting method of producing near-net-shape parts in 

which the liquid metal charge is forged to shape inside closed dies. It combines the strength 

and integrity of forging with the economy and design of flexibility of casting. The process 

became commercially available in the mid-1970s for custom manufacture of nonferrous 

components. Compared with conventional casting techniques, squeeze cast products have a 

very good combination of strength and elongation, which mainly comes from their high 

density and finer and more homogenous microstructures [1, 2]. 
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1.1. Undercooling requirement 

The driving force of any phase transformation, including solidification, is the change in free 

energy. The free energy per mole (molar free energy) or per unit volume (volumetric free 

energy) of a substance can be expressed as 

 

𝐹 = 𝐸 + 𝑃 ∗ 𝑣 − 𝑇 ∗ 𝑆        (1) 

 

where E is internal energy (i.e. the amount of work required to separate the atoms of the 

phase to infinity), P is pressure, v is volume, T is temperature and S is entropy. 

Thermodynamics stipulates that in a system without outside intervention, the free energy can 

only decrease. 

The change in free energy can be described by the sum of the increase resulting from the 

relaxation of each particular assumption: 

 

𝛥𝐹 = −𝛥𝐺𝑣 + 𝛥𝐺𝑟 + 𝛥𝐺𝑇 + 𝛥𝐺𝑐 + 𝛥𝐹𝑃      (2) 

 

The four positive right-hand terms are the increase in free energy because of curvature, 

temperature, composition, and pressure variation, respectively. Let us now evaluate the terms 

in this equation. 

The driving force in the evaluation of spheroidal grains is the curvature undercooling.  As 

the volume of a solid particle in a liquid decreases, its surface/volume ratio increases and the 

contribution of the interface energy to the total free enthalpy of the particle increases. Thus, 

when the particle size decreases in a liquid-solid system, the total free enthalpy of the solid 

increases. 

When the particle increases by 𝑑𝑟, where r is the radius, the work resulting from the 

formation of a new surface, 𝑑(4𝜋𝑟2𝛾)𝑑𝑟, must be equal to that resulting from the decrease 

in the free volumetric energy, 

 
𝑑
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𝜋𝑟3𝛥𝐺𝑣)          (3) 

 

Equating the two, after differentiation, the increase in free energy is 

 

𝛥𝐺𝑣 =
2𝛾

𝑟
= 𝛾𝐾          (4) 

 

where γ is the liquid-solid surface energy, and K is the curvature. Then, from the definition 

of undercooling:      

    

𝛥𝑇 = 𝛥𝐺𝑣/𝛥𝑆𝑓          (5) 

 

can be obtained, 

 

𝛥𝑆𝑓𝛥𝑇𝑟 = 𝛾𝐾 or  𝛥𝑇𝑟 = 𝑇𝑒 − 𝑇𝑒
𝑟 = (

𝛾

𝛥𝑆𝑓
) 𝐾 = 𝛤𝐾      (6) 

 

where 𝛥𝑇𝑟 is the curvature undercooling, Te is the equilibrium (melting) temperature for a 

sphere of radius r, and Γ is the Gibbs–Thomson coefficient [3]. 
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1.2. Spheroidal grain evolution 

Coarsening or ripening is an important aspect of the microstructure evolution in semi-solid 

processes. The relationship between particle size, isothermal shearing and shearing time has 

been presented which states that the particle size increases with time when spherodisation 

occurs, but particle size decreases when going from dendritic rosette-like shape. During 

ripening, the particles become smaller and the average size of α-Al phase increases, as small 

particles tend to disappear. The reduction in interfacial energy of particles total area is the 

driving force for the Ostwald ripening, which can be described by the so-called FSW rate 

equation in the case of diffusive mass transport. A rate equation adapts Ostwald’s ripening 

theory modified to semi-solid systems: 

 

𝐷𝑚
3 − 𝐷0

3 =  𝐹𝑣𝑓 ∗  𝐾𝐿𝑆𝑊 ∗ (𝑡 − 𝑡0)       (7) 

 

where Dm is the mean diameter of the particles after time t, D0 is the initial average diameter 

when t equals t0, Fvf  is a function of solid volume fraction and KLSW is the growth constant.  

In the case of convective coarsening it was shown that coarsening is not only enhanced, 

as fluid flow leads to a faster mass transport, but also the coarsening kinetics are changed. A 

new rate equation is derived for solid particles moving with Stokes speed. Then the average 

particle size increases with time as 

 

𝐷2 − 𝐷0
2 = 𝐴 ∗ 𝐾𝐿𝑆𝑊 ∗

(1−𝑓𝑠)
2
3

𝑓𝑠
∗  𝜔

1

3 ∗ 𝑡        (8) 

 

where the parameter ω refers to the rotation frequency and A is the constant containing the 

diffusion coefficient [2–4]. 

 

2. Simulation of the process 

NovaFlow&Solid is a Control Volume simulation software package which is developed by 

Swedish NovaCast Technologies AB under continual development since 1993. Conservation 

laws (of matter balance, pulse and energy) form the foundation of physical-mathematical 

models of the program. These conservation laws take into account the phase transitions taking 

place in the solidifying casting, the exact geometry of the casting and mould, and heat mass 

exchange with environment. 

Properties of fluids play a primary role for the development of mathematical models for fluid 

flow simulation. One should make clear assumptions about which property can be assumed 

to be constant and which depends on temperature, pressure etc. Where properties depend on 

temperature variable, an additional coupling between various conservation equations arises. 

Properties enter as coefficients in the conversation equations. The magnitude of these 

coefficients can change the overall picture of the flow.  

Mass density of the fluid is defined as the ratio of the mass of the fluid to the volume 

occupied by this fluid. Taking the limiting value of this ratio for the infinitesimal volume, we 

obtain the defining equation of density ρ, [kg/m3]. In a general case, fluid density depends on 

temperature and pressure. For liquids, if the incompressibility assumption is adopted, density 

depends only on temperature. 

Specific heat is defined as the amount of heat needed to heat up a unit mass of substance by 

one unit of temperature. This heat can be measured either under the condition of constant 
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volume or constant pressure. For liquids they are identical, in SI the unit of the specific heat 

is [J/(kgK)]. 

Enthalpy for solids and liquids can be defined as 

 

𝐻 = 𝐻𝑅 + ∫ 𝑐𝑝𝑑𝑇
𝑇

𝑇𝑅
        (9) 

 

where TR has been chosen as a convenient reference temperature. The enthalpy of solids and 

liquids is a measure of the heat content per unit mass. Therefore, at any temperature, the heat 

content of the specimen can be calculated from the enthalpy by taking the product of the 

enthalpy times the mass of the specimen. Enthalpy, according to the definition, is always a 

monotonic curve. The SI unit of enthalpy is [J/kg]. 

Heat can be transmitted by means of diffusive exchange. This mechanism of heat transfer is 

conduction.  Heat flux is defined as the amount of heat that flows per unit time through the 

unit of area. The flux of heat exchanged by conduction is described by the Fourier law, which 

is given by the equation 

 

𝑞𝑖 = −𝑘
𝜕𝑇

𝜕𝑥𝑖
                     (10) 

 

where qi denotes the heat flux, which is a vector with three components (in spatial directions). 

On the left side we have the temperature gradient and the proportionality constant k, which 

is the heat conductivity. The SI unit is [W/(mK)]. 

Viscosity describes the ability of fluids to transfer momentum by virtue of diffusion. By 

analogy to the Fourier law of heat conduction, the flux of momentum of the fluid is given by 

the equation 

 

𝜏𝑖𝑗 = −𝜇
𝜕𝑢𝑖

𝜕𝑥𝑗
                      (11) 

 

where the proportionality constant μ is the dynamic viscosity. 

The product of mass (m) and velocity (v) gives momentum, and its flux can be obtained in 

the following way 

 
𝑚𝑣

𝑡𝐴
=

𝑚𝑎

𝐴
=

𝐹

𝐴
= 𝜏                       (12) 

 

Force (F) divided by the surface (A) on which this force acts, gives the stress (τ) on this 

surface. 

Viscosity of the metal-alloy melt is always temperature dependent. For most metal alloy 

melts, viscosity above the liquidus temperature can be assumed constant. Between the 

liquidus and the solidus temperature, viscosity of the semi-solid mixture grows, slowing 

down and eventually blocking the flow. In SI the unit of dynamic viscosity is the pascal (Pa). 

Besides the dynamic viscosity, the kinematic viscosity (ν) is often used. Kinematic and 

dynamic viscosities are related to one other by the equation 

 

𝜈 =
𝜇

𝜌
 [m2/s]                     (13) 
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Fluidity threshold (CLFu) is the value of the liquid phase fraction above which the Navier–

Stokes equations are applicable. The crystals nucleated in the liquid volume freely flow 

together with the melt. 

Percolation threshold (CLFd) is the value of the liquid phase fraction below which the melt 

flow is absent without plastic deformation [5–6]. An explanation of the fluidity threshold and 

percolation threshold can be seen in Figure 1. 

 
Figure 1  

Explanation of the fluidity and percolation thresholds [4] 

High pressure die casting (HPDC) is a manufacturing process in which molten metal injected 

with a die casting machine under force using considerable pressure into a steel mould or die 

to form products. A production cycle in HPDC consists of metal ladling, plunger movement 

and rapid die filling. The steel die, typically 200–300 °C, dissipates the latent heat, and during 

solidification the casting is pressurised hydraulically by the plunger to feed the solidification 

shrinkage. Locking forces up to 4,000 tons are commercially available to withstand the large 

pressures. Eventually, the die is opened and the casting is ejected. The hydraulic energy is 

provided by a computerised system that permits control of metal position, velocity and 

plunger acceleration to optimise the flow and the pressure during filling and solidification. 

During simulation experiments the effect of the following technological parameters are 

examined: Piston velocity in the first phase (m/s); Piston velocity in the second phase (m/s); 

Temperature of the die (°C); Temperature of the melt (°C) [5, 6]. 

 

3. Specimen geometry 

For the analysis of flowability a special specimen geometry is developed which is called a 

“meander” and can be seen in Figure 2. Total length of the specimen is 1874 mm, and the 

cross section of it is 50 mm2. The 3D geometry is described by a structured cubic element 

mesh with a dimension of 2 mm. The total number of cells is 949,050. Initial and boundary 

conditions: 

− alloy:    EN AC-42000 [–] 

− die:    Steel 1.2343 [–] 
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− kinematic viscosity:  0.4–416   [*10 e−5 m^2/s] 

− piston velocity, 1st phase:  0.1–1.8  [m/s] 

− piston velocity, 2nd phase:  1–3  [m/s] 

− die temperature:   180–240  [°C] 

− pouring temperature:  586ľ650  [°C] 

 

The experimental matrix can be seen in Table 1. 

Table 1 

 Experimental matrix 

Sign Alloy 

Kinematic 

viscosity 

Piston 

velocity 

Piston 

velocity 
Die temp. Melt temp. 

10e−5m2/s 1st [m/s] 2nd [m/s] [°C] [°C] 

A 
Standard 

EN-AC 42000 
0.4 0.1 1 180 590 

B 
Standard 

EN-AC 42000 
0.4 0.1 (1→) 3 (180→) 240 (590→) 650 

C SB-1 (0.4→) 416 0.1 3 240 (650→) 590 

D SB-2 (416→) 41.6 0.1 3 240 590 

E SB-3 (41.6→) 4.16 0.1 3 240 590 

Sign Alloy 

Kinematic 

viscosity 

Piston 

velocity 

Piston 

velocity 
Die temp. Melt temp. 

10e−5m2/s 1st [m/s] 2nd [m/s] [°C] [°C] 

F SB-3 4.16 (0.1→)0.5 (3→)2 (240→)200 590 

G 
Standard 

EN-AC 42000 
0.4(1) (0.5→)0.1 (2→)3 (200→)150 (590→)650 

H SB-4 8.3 0.2 (15→)200 (650→)586 

I SB-4 8.3 (0.2→)1.8 200 586 

J SB-4 8.3 1.8 200 586 

K EN-AC42100 8.3 1.8 200 586 

 

 
Figure 2  

Meander casting part 
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4. Results 

Filling conditions of standard alloy in mushy zone (experiment A) and in normal overheated 

conditions (Experiment B) can be seen in Figure 3. 

 

 
Figure 3  

Filling of the specimen 

In Experiment A standard EN AC-42000 alloy is calculated at 590 °C pouring temperature 

(between Tliquidus and Tsolidus), with 0.1 m/s and 1 m/s piston velocities for a die with the 

temperature of 180 °C. The calculated flow length is 270 mm, which is 15% of the total 

length of the specimen. The result is probably also affected by the improper position of the 

starting point of the 2nd phase, which is repositioned. In Experiment B a standard overheated 

EN-AC 42000 alloy was cast (pouring temperature: 650 °C, die temperature: 240 °C, piston 

velocity in the 2nd phase: 3 m/s). The flow length is 920 mm, which is 51% of the total length 

of the specimen. If the melt is overheated, the die temperature is increased, and the correct 

switching point position is achieved, the flow length can be increased by 36%. 

In Experiments C, D and E semi-solid alloys were examined. Semi-solid properties were 

developed based on the software database: the value of kinematic viscosity was modified by 

the pouring temperature (416→41.6→4.16 *10−5 m2/s). 

Based on the results of experiment E technological modifications were carried out in 

experiment F by changing the piston velocities and the initial temperatures are: piston 

velocity, 1st phase: 0.5 [m/s]; piston velocity, 2nd phase: 2 [m/s]; die temperature: 200 [°C]. 

With the modification the flow length can be increased by 2.3%. 

The effect of the die temperature on flow length was also examined for a standard 

overheated alloy. By changing the values from 150 °C to 240 °C, a 9.8% increment can be 

achieved. Based on the results modification of the specimen geometry was implemented. The 

overall dimensions were kept but the cross section of the channel flow was increased from 

50 mm2 to 84 mm2. By this geometry modification 6.26% increment can be achieved. 
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Conclusions 

A summary of results can be seen in Table 2. 

Table 2 

Summary of results 

Standard 

alloy 

vs. 

Standard 

alloy 

Cross 

section 

Kinematic 

viscosity 

Piston 

velocity 

1st phase 

Piston 

velocity 

2nd phase 

Die 

temp. 

Melt 

temp. 

Change 

of flow 

length 

mm2 m2/s m/s m/s °C °C % 

A→B – – ↑ ↑ ↑ ↑ –36 

G→B – – – – ↑ – +9.8 

Standard 

alloy 

vs. 

Semi-

solid 

alloy 

Cross 

section 

Kinematic 

viscosity 

Piston 

velocity 

1st phase 

Piston 

velocity 

2nd phase 

Die 

temp. 

Melt 

temp. 

Change 

of flow 

length 

mm2 m2/s m/s m/s °C °C % 

A→I – ↑ ↑ ↑ ↑ – –5 

Semi-

solid 

alloy 

vs. 

Semi-

solid 

alloy 

Cross 

section 

Kinematic 

viscosity 

Piston 

velocity 

1st phase 

Piston 

velocity 

2nd phase 

Die 

temp. 

Melt 

temp. 

Change 

of flow 

length 

mm2 m2/s m/s m/s °C °C % 

C→E – ↓ – – – – +10.8 

I→J ↑ – – – – – +6.2 

Based on the simulation results it was found that both material and technological parameters 

affect the flow-length properties of semi-solid high pressure die castings. Pouring 

temperature of the slurry and the proper temperature of the die can be determined with the 

help of simulation, but the exact kinematic viscosity of the poured alloy must be measured 

during casting. Both geometry variations of the specimen are appropriate for the investigation 

of the process but in our future experiments the 50 mm2 cross-sectioned specimen will be 

used because the wall thickness of it is closer to real high pressure casting parts. 

In future experiments casting samples will be poured and compared with the calculated 

results and the simulation model will be validated by the as-cast results. 
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