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Abstract 
Low pressure die casting (LPDC) is defined as a net shape casting technology in 
which the molten metal is injected at high speeds and pressure into a metallic die. 
The LPDC process is playing an increasingly important role in the foundry industry 
as a low-cost and high-efficiency precision forming technique. The LPDC process 
is that the permanent die and filling systems are placed over the furnace containing 
the molten alloy. The filling of the cavity is obtained by forcing the molten metal by 
means of a pressurized gas in order to rise into a ceramic tube, which connects the 
die to the furnace. The ceramics tube called stalk has high temperature resistance 
and high corrosion resistance. However, attention should be paid to the thermal 
stress when the stalk is dipped into the molten aluminum. It is important to develop 
the design of the stalk to reduce the risk of fracture because of low fracture 
toughness of ceramics. In this paper, therefore, the finite element method is applied 
to calculate the thermal stresses when the stalk is dipped into the crucible by 
varying the dipping speeds and dipping directions. It is found that the thermal stress 
can be reduced by dipping slowly if the stalk is dipped into the crucible vertically, 
while the thermal stress can be reduced by dipping fast if it is dipped horizontally. 

Key words: Thermal Stress, Low Pressure Die Casting, Stalk, Molten Aluminum, 
FEM 

 

1. Introduction 

 Low pressure die casting (LPDC) is especially suitable for producing axi-symmetric 
components such as light automotive wheels, cylinder head, piston and brake drum, etc. 
[1,2]. LPDC is defined as a net shape casting technology in which the molten metal is 
injected at a high speed and pressured into a metallic die. The LPDC process is playing an 
increasingly important role in the foundry industry as a low-cost and high-efficiency 
precision forming technique. Typically operating sequence for the LPDC is shown in Fig.1. 
The LPDC process is that the permanent die and filling systems are placed over the furnace 
containing the molten alloy. The filling of the cavity is obtained by forcing the molten metal 
by means of a pressurized gas in order to rise into a ceramic tube, which connects the die to 
the furnace. 
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 The ceramic tube called stalk has high temperature resistance and high corrosion 
resistance.  Previously, the tube was made of cast iron which resulted in spoiling the 
quality of product because of the partial melting of molten metal. Therefore, ceramics tube 
is introduced to improve the life time. However, there is still low reliability of ceramics 
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Fig.1 Schema of the low pressure die casting (LPDC) machine 
(Note that LPDC is sometimes called “low pressure casting” in Japan) 
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mainly due to low fracture toughness. 
As shown in Fig.1, the tube plays a critical function in the LPDC because it receives 

the molten metal from the crucible. However, attention should be paid to the thermal stress 
when the tube is dipped into the molten aluminum. It is important to reduce the risk of 
fracture because of low fracture toughness of ceramics. In this paper, therefore, the finite 
element method is applied to calculate the thermal stresses when the vertical tube is dipped 
into the crucible by varying dipping speeds and dipping directions. And, it will be compared 
with the previous research work done with horizontal tube analysis [3]. 

2. Analysis Method and Modeling 

2.1 Analysis Model and Material Properties 

 In low pressure die casting machine in Fig.1, the tube is 170mm in diameter and 
1300mm in length. Recently it is usually made of ceramic because of its high temperature 
resistance and high corrosion resistance. Temperature of the molten aluminum is assumed 
as 750oC, and the initial temperature of the tube is assumed as 20oC. Table 1 shows the 
physical properties of molten aluminum at 750oC (1023K) [4]. Table 2 shows the properties 
of ceramics called sialon [5,6] used for the tube. Axi-symmetric model will be used for 
vertical tube with total of 19500 elements and 20816 nodes as shown in Fig. 2(a). 
Three-dimensional model will be used for horizontal tube with total of 45000 elements and 
55986 nodes as shown in Fig. 2(b). Here, 4-node quadrilateral elements will be employed 
for FEM analysis.  

2.2 Evaluation for Surface Heat Transfer 

 To calculate the thermal stress, it is necessary to know the surface heat transfer 
coefficient α  when the tube dips into the molten aluminum. Since three-dimensional 
thermo-fluid analysis to estimate α  is very complicated, two-dimensional solutions will 
be considered.  Zukauskas [7,8] proposed the following equation to estimate Nusselt 
number for a two-dimensional cylinder in the fluid with the velocity u . 

Table 1 The physical properties of molten aluminum at 750oC (1023K) 

Physical property (dimension)  
Thermal conductivity λ , W/m K 
Roll diameter D, m 
Kinematics viscosity ν , mm2/s 
Isobaric specific heat pC , kJ/kg K 
Viscosity η , mPa s 
Constants in Eq. (1) when 3 5

11 10 2 10 ( )Re C= × − ×  
Constants in Eq. (1) when 3 51 10 2 10 ( )Re n= × − ×  

112.2 
0.17 

0.967 
1.1 
2.2 

0.26 
0.6 

 

Mechanical properties of ceramics (dimension) Sialon 

Thermal conductivity, W/m K 
Specific heat, J/kg K 
Coefficient of linear expansion, 1/K 
Young’s modulus, GPa(kgf/mm2) 
Specific weight 
Poisson’s ratio 
4 Point bending strength, MPa (kgf/mm2) 
Fracture toughness, MN/m3/2 

17 
650 

3.0×10-6 
294 (29979) 

3.26 
0.27 

1050 (107) 
7.5 

 

Table 2 Mechanical properties of ceramics
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Here, mα  is the average surface heat transfer coefficient, λ  is thermal conductivity, D  
is the diameter of the cylinder, 1C  and n  are constants determined by Reynolds number 
Re  [9,10]. Also, Pr  is Prandtl number, and subscript w  denotes the property for 
temperature of cylinder wall. The velocity u  can be calculated by the diameter of the tube 
divided by the time when the tube dips into the molten aluminum, which is usually,  

2 25mm/su = − . The values of isobaric specific heat pC , viscosity η , kinematics velocity 
ν  are taken from reference [4], as shown in Table 1. Substituting these into Eqs. (1) and 
(2), mNu  is given for the determination of mα . Namely,   

3 21.523 10 W/m Kmα = × ⋅  (when 2mm/su = ). (3) 
3 211.27 10 W/m Kmα = × ⋅  (when 25mm/su = ). (4) 

When a ceramic roll with a diameter of 250mm  is dipping into molten zinc, we have used 
the following value in the previous paper [3].   

3 24.6 10 W/m Kmα = × ⋅  (when 25mm/su = ) (5) 
Figure 3 shows the distributions of surface heat transfer coefficient as a function of x a . 
The results for 125mma =  in molten zinc were obtained by the application of the finite 
volume method for two-dimensional cylinder model in the molten metal with the velocity 

25mm/su = . The results of Fig. 3 will be used for vertical and horizontal tubes in Fig. 1 (a) 
and (b). Since the value of Eq. (4) is 2.45 times larger than the value of Eq. (5), the 
distribution for the tube 85mma =  in molten aluminum is estimated from the results for 

125mma =  in molten zinc by multiplying by 2.45. In Fig.3, the average value for 
85mma =  is 3 210.9 10 W/m Kmα = × ⋅  and the average value for 125mma =  is 

3 24.4 10 W/m Kmα = × ⋅ . They are in good agreement with Eqs. (4) and (5).      
 
3. Thermal Stress for Vertical Tube 

 The vertical tube model with the length of 1300mm as shown in Fig.1(a) is considered 
when half of the tube is dipping into molten aluminum at the speeds of 2mm/su =  and 

25mm/su = .  

3.1 Results for Dipping Slowly 

Fig.3 Surface heat transfer as a function of x a  for two-dimensional 
cylinder in the molten metal with the velocity 25mm/su =  
(1) Radius 125mma =  in molten zinc [3]  
(2) Radius 85mma =  in molten aluminum 
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When 2mm/su = , a constant value 3 21.523 10 W/m Kmα = × ⋅  in Eq. (3) is applied for 
dipping step by step along the inner and outer surfaces ( = 70mmir , = 85mmor ) until 
reaching half tube. Since it takes 328s for dipping completely, sixteen types of partially 
dipping models are considered as shown in the Table 3, and the value 

3 21.523 10 W/m Kmα = × ⋅  is applied to the whole surface touching molten aluminum. 
Then, the results are shown in Fig.4 (a). The figure indicates the maximum tensile 

principle stress 1σ , maximum compressive principle stress 3σ  and maximum stresses 
components rσ , θσ , zσ . Since the maximum shear stresses rzτ , zθτ , rθτ  are within 
25% of maxzσ , only the largest shear stress rzτ  is indicated. From Fig. 4 (a) it is seen that 

maxzσ  coincides with 1σ  at 20.5st = , and minzσ  coincides with 3σ  at 165st = . 
Therefore, only maxzσ  and minzσ  will be discussed later because they are almost 
equivalent to the maximum stresses 1σ  and 3σ , respectively. The stress maxzσ  has the 
peak value of 128MPa at 20.5st = . The maximum thermal stress max 128MPazσ =  does 
not decrease while half of the tube is dipping into the molten metal. However, the stress 
decreases gradually after half dipping is finished. Since we use sixteen types of partially 
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dipping models, fluctuation of stresses appears as shown in Fig. 4 (a).    

3.2 Results for Dipping Fast 

 Thermal stress is considered when the vertical tube in Fig.1 (a) dips into molten 
aluminum fast at 25mm/su = . Here, the surface heat transfer is assumed in the following 
way (see Table 3): 
1. When 0 60st = − , the minimum value in Fig. 3 3 23.675 10 W/m Kmα = × ⋅  is applied 

along the inner and outer surfaces ( = 70mmir , = 85mmor ). Also the maximum value 
in Fig. 3 3 218.13 10 W/m Kα = × ⋅  is assumed at the lower end surface ( 0mmz = ). 

2. When 60st > , the minimum value in Fig. 3 3 23.675 10 W/m Kα = × ⋅  is assumed for 
exposed surface until reaching half tube. 

Figure 5 (a) shows maximum values of stresses 1σ , rσ , θσ , zσ , rzτ . As shown in Fig. 5 
(b), the maximum tensile stress 1 θσ σ=  increases in a short time. After taking a peak 
value max 219MPaθσ =  at 1.31st = , it is decreasing. The maximum value 219MPa is 
larger than that of 128MPa for dipping slowly.  

3.3 Comparison between Dipping Slowly and Fast  

The temperature and stress distributions of vertical tubes are indicated in Figs. 6 and 7. 
Figure 6 shows temperature and stress distributions of zσ  at 20.5st = , where the 

Fig.5 (a) Maximum stresses vs. time relation 
of vertical tube ( 25mm/su = ) 
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maximum stress max 128MPazσ =  appears for the tube dipping slowly. Figure 7 shows 
temperature and stress distributions θσ  at 1.31st =  where the maximum stress 

max 219MPaθσ =  appears for the tube dipping fast. For dipping slowly at 2mm/su = , the 
maximum stress zσ  appears at the inner surface of the tube = 70mmr  just above the 
dipping level of molten aluminum (see Fig. 6). This is due to the bending moment caused 
by the thermal expansion of the dipped portion of the tube. On the other hand, for the fast 
dipping at 25mm/su = , the maximum stress maxθσ  appears at the inside of the thickness 
as shown in Fig. 7. This is due to the large temperature difference appearing in the thickness 
direction. It may be concluded that vertical tubes should be dipped slowly in order to reduce 
the thermal stresses. 

4. Thermal Stress for Horizontal Tube 

 Thermal stress is considered when the horizontal tube in Fig.1 (b) dips into molten 
aluminum at the speeds of 2mm/su =  and 25mm/su = .  

4.1 Results for Dipping Slowly 

 When 2mm/su = , a constant value 3 21.523 10 W/m Kmα = × ⋅  in Eq. (3) is applied for 
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dipping step by step along the inner and outer surfaces ( = 70mmir , = 85mmor ). Since it 
takes 210s for dipping completely, six types of partially dipping models are considered as 
shown in the Table 3, and the value 3 21.523 10 W/m Kmα = × ⋅  is applied to the surface 
touching molten aluminum. Figure 8 shows maximum values of stresses 1σ , rσ , θσ , zσ , 

rzτ . In Fig. 8, the maximum tensile stress max 258MPaθσ =  appears at 75st = . 

4.2 Results for Dipping Fast 

 Thermal stress is considered when the horizontal tube in Fig.1 (b) dips into the molten 
aluminum fast at 25mm/su = . Here, the surface heat transfer is assumed in the following 
way: 
1. When 0 60st = − , the values in Fig. 3 3 2(3.675 18.13) 10 W/m Kα = − × ⋅  are applied 

along the outer surface ( = 85mmor ). Also the minimum value in Fig. 3 
3 23.675 10 W/m Kα = × ⋅  is assumed at the inner surface ( = 70mmir ) and tube ends 

650mmz = ± . 
2. When 60st > , the minimum value in Fig. 3 3 23.675 10 W/m Kα = × ⋅  is assumed for 

all exposed surfaces.  
Figure 9 (a) shows maximum values of stresses 1σ , rσ , θσ , zσ , rzτ . As shown in Fig. 9 

Fig.8 Maximum stresses vs. time relationship of horizontal tube ( 2mm/su = ) 
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Fig. 9 (a) Maximum stresses vs. time relationship
of horizontal tube ( 25mm/su = ) 
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Fig. 9 (b) Maximum stresses vs. time relationship
of horizontal tube ( 25mm/su = ) 
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(b) the maximum stress increases in a short time, and has a peak value max 222MPaθσ =  at 
1.5st = .  

4.3 Comparison between Dipping Slowly and Fast  

Figure 10 (a) shows the temperature and stress distributions θσ  for horizontal tube at 
both ends where max 258MPaθσ =  appears at 75st =  for the tube dipping slowly. Figure 
10 (b) shows temperature and stress distributions θσ  near both ends, where 

max 222MPaθσ =  appears at 1.5st =  for the tube dipping fast. 
 For dipping slowly, as shown in Fig. 11 (a) the maximum stress maxθσ  appears at the 
inner surface of the tube ends 650mmz = ± . In this case the circular cross section becomes 
elliptical because of temperature difference between the dipped and upper parts. In other 
words, the maximum stress maxθσ  appears due to asymmetric deformation. For dipping 
fast as shown in Fig. 11 (b), the temperature and stress distributions are similar to the ones 
of vertical tube dipping fast in Fig. 7. In other words, for dipping fast, the deformation is 
almost axi-symmetric. The larger stress appears much more shortly than the case of 

2mm/su = . Therefore, horizontal tubes should dip fast at 25mm/su =  rather than slowly 
at 2mm/su =  to reduce the thermal stress. 

5. Comparison between the Results of Vertical and Horizontal Tubes 

Table 4 shows the maximum values of tensile stresses for vertical and horizontal tubes. 
For vertical tube, dipping slowly may reduce the thermal stress because dipping fast causes 
large temperature difference in the thickness direction of the tube. On the other hand, for 
horizontal tube, dipping fast may reduce the thermal stress although in this case similar 
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large temperature difference appears in the thickness direction. Those different conclusions 
may be explained in terms of deformations of the tube. For vertical tube, the deformation is 
always axi-symmetric. However, for horizontal tube, dipping slowly causes large 
asymmetric deformation, which results in the largest maxθσ  at the inner surface of the end 
of the tube. On the other hand, for fast dipping of horizontal tube, the deformation is almost 
axi-symmetric.  

6. Conclusions 

In the recent low pressure die casting machine, the vertical tube called stalk is usually 
made of ceramics because of its high temperature and corrosion resistances. However, 
attention should be paid to the thermal stresses when the tube is dipped into the molten 
aluminum. In this paper, therefore, how to reduce the thermal stress is considered when the 
tube is installed in the crucible by the application of finite element method. The conclusions 
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are given as following.  

1. For vertical tube, dipping slowly may be suitable for reducing the thermal stresses 
because dipping fast causes larger temperature difference in the thickness direction, 
which results in larger thermal stresses. 

2. For horizontal tube, however, dipping fast may be suitable for reducing the thermal 
stress even though it causes larger temperature difference in the thickness direction of 
the tube. 

3. Those different conclusions are explained in terms of deformations of tube. For 
horizontal tube, dipping slowly causes larger asymmetric deformation, which results in 
larger maxθσ  at the tube ends.  
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