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Abstract

In die casting, molten metal poured into a shot sleeve is pressed into a mold by a plunger at high speed. The temperature of the 
metal drops significantly while it is being poured from the ladle to the shot sleeve, resulting in casting defects such as misrun flow 
lines. Although it is important to control the temperature at all stages of the process, a method for minimizing temperature loss 
has not yet been clarified to date. In this study, the cause of the temperature drop in the shot sleeve was clarified, and a method of 
optimizing the ladle tilting speed was proposed to prevent temperature drop. First, experiments were conducted to measure the 
decrease in metal temperature in the sleeve during pouring. These experiments revealed that the metal cools significantly from 
the moment it touches the shot sleeve. Therefore, the time from the first contact between the shot sleeve and the metal to the start 
of pouring was set as the objective function. A genetic algorithm was then used to derive the optimal ladle tilting speed pattern to 
suppress the temperature drop. This analysis confirmed that the metal was poured without flowing out or running ahead and that 
the immediate liquid level vibration after pouring was suppressed, thus ensuring stable pouring.
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1. INTRODUCTION TO THE SUBJECT AND 
PURPOSE OF THE RESEARCH

In die casting, when the casting temperature is too low, the 
flowability of the product is reduced, and casting defects such 
as misrun and flow line occur [1]. The problem is that the 
temperature of the molten metal drops significantly while it 
is flowing from the ladle to the shot sleeve. Therefore, a meth-
od to minimize the temperature drop at the stage before in-
jection is necessary [2, 3]. 

One solution to this casting problem is to raise the tem-
perature of the metal before injection it. However, increasing 
the thermal load on the shot sleeve causes cracks and short-
ens the life of the shot sleeve [4, 5].

A different solution is to fill the mold more quickly. To do 
so, the pouring speed of the ladle and the ejection speed of 
the plunger must be increased [6]. However, inadvertent 
pouring requires a waiting time for the molten metal surface 

in the sleeve to become static. During this time, the tempera-
ture will drop more [7].

In this research, we clarify the cause of the temperature 
drop when metal is poured into the shot sleeve during die 
casting. We then propose a pouring control input that can 
suppress the temperature drop during the pour and quickly 
proceed to the injection process. Finally, we show the effec-
tiveness of the proposed method by comparing the derived 
control input with the control input used in the casting pro-
cess by CFD simulation.

2. HEAT TRANSFER COEFFICIENT IDENTIFICATION FOR 
POURING MODEL

We conducted an experiment to measure the temperature of 
metal during pouring. In this research, we used a die casting 
machine (Shibaura Machine Co., Ltd DC135J-T). The sleeve, 
made of SKD61, has an inner diameter of 60 mm and a length 
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of 200 mm. The metal is an aluminum alloy (JIS-ADC12) 
with an initial temperature of 690°C and a casting weight of 
0.71 kg (sleeve filling rate: 42.0%). The material properties 
of JIS-ADC12 are shown in Table 1. The tip of the ladle is 
placed 30 mm above the pouring hole of the shot sleeve and 
tilted to the sleeve at an angle of 45 deg.

We installed one sheath thermocouple in the ladle and six 
in the shot sleeve to measure the metal temperature during 
pouring. The locations of the thermocouples in the sleeve are 
shown in Figure 1. The top parts of the sleeve, in order from 
shortest to longest from the pouring hole, are labeled No. 1, 
No. 2, and No. 3, and the bottom parts are No. 4, No. 5, and No. 6.  
Figure 2 shows the temperatures from the start of pouring. 
The start time is when the thermocouple first measures the 
temperature in the shot sleeve. 

In Figure 2, the first curve shows the time-series tempera-
ture data at the measurement points set in the ladle, and the 
other curves are temperature data of molten metal at the 
measurement points shown in Figure 1. The metal tempera-
ture in the ladle at the start of pouring is almost the same 
as the initial temperature. Therefore, it is assumed that the 

thermal diffusion from the molten metal to the air is very 
small during the conveyance and the tilting of the ladle. 

Although the temperature at the first measurement point 
in the shot sleeve is close to the initial temperature, the tem-
perature drops significantly and rapidly while the metal is 
being poured. After the completion of pouring, the tempera-
ture decreases slowly. This indicates that the heat transfer to 
the shot sleeve accounts for most of the temperature drop 
during pouring. 

We used FLOW-3D from Flow Science, Inc. for CFD analy-
sis. To construct the CFD pouring model, we needed to define 
the heat transfer coefficient between the metal and the shot 
sleeve using the experimental results. At this point, due to the 
time required for CFD simulation, we simulated the pouring 
model for 20 s from the start of tilting. In the simulation mod-
el, measurement points are set at the same six locations in 
the shot sleeve as in Figure 1. 

Figure 2 shows that the time when the temperature peaks 
differs from point to point. It is assumed that this is due to 
the response delay of the thermocouples. Therefore, we com-
pared the simulation results with the experimental results 
after the time when the peak temperature was reached, and 
adopted the heat transfer coefficient of the shot sleeve that 
shows the most similar temperature history. The value of Y is 
set to evaluate the similarity between the simulation results 
and the experimental results. 
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Here, i is number of the six measurement points shown in 
Figure 1, and j is the time tp after the peak value. For the time-
line of the experiment and the simulation, t = 0 s is the time 
when the temperature of the metal is first measured at any of 
the measurement points. For each measurement point, the 
residual sum of squares Di between Tija [°C] (the temperature 
calculated from simulation) and Tije [°C] (the temperature calcu-
lated from simulation) is calculated. Then, the sum of Di values 
for the six measurement points is defined as the evaluation 
value Y. We searched for the heat transfer coefficient with the 
minimum value of Y by using the golden section method. For 
the sleeve heat transfer coefficient, the search range is 0 to 
2500 W/(m2 ∙ K) [8, 9].

3. TEMPERATURE DECREASE FACTOR ANALYSIS 

From Equations (3) and (4), equations of heat transfer 
quantity, Q, the heat transfer quantity [W] is derived using h, 
the heat transfer coefficient [W/(m2 ∙ K)], and its value fluc-
tuates greatly depending on the area of fluid−solid contact  
A [m2] and time t [s]. Here, Ta

 and Tw are the temperatures of 
objects in different phases.

( ) dQ q A t t= ⋅ ⋅∫ (3)

( )a wq h T T= − (4)

Table 1	  
 The material properties of JIS-ADC12

Properties Values

Liquidus temperature 598℃

Solidus temperature 513℃

Density 2467 kg/m3

Viscosity 0.00145 Pa·s

Fig. 1. Temperature measurement positions inside the shot sleeve

Fig. 2. Molten metal temperatures
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Figure 3 compares the simulation results and the exper-
imental results using the obtained optimum heat transfer 
coefficient of 1120 W/(m² ∙ K). In the case of simulation 
without setting the heat transfer coefficient, the thermal 
diffusivity is estimated from the thermal conductivity. From 
Figure 3, it can be confirmed that the simulation results using 
the derived heat transfer coefficient are sufficiently simi-
lar to the metal temperatures measured in the experiment. 

Therefore, the CFD simulation of the pouring model is performed 
using the derived heat transfer coefficient 1120[W/(m2 ∙ K). 
From the experimental results shown in Figure 3, it can be 
inferred that the heat transfer to the shot sleeve is much 
more dominant than that to the air in the temperature drop 
of the metal. To investigate the cause of the temperature 
drop, we performed CFD simulations using several tilt pat-
terns. We then analyzed the molten metal near the inner 
surface of the shot sleeve, where temperature changes are 
large, focusing on the contact time and area with the shot 
sleeve. From the results, we searched for ways to improve the 
temperature drop. The following equation is the definition 
of the contact time Δt [s] between the inner surface of the 
sleeve and the metal. Δt is the difference between tfirst (the  
time when the metal first touches the sleeve) and tfin (the time  
when the pouring is completed).

fin firstt t t∆ = − (5)

max,...,
fin

endt t t

first

h h
t t

t t
= < =  

>  
(6)

At the pouring completion time tfin the molten metal sur-
face must be in a static state. To determine this, tfin is defined 
as the time when the maximum height h [m] of the molten 
metal surface converges to an arbitrary height hmax [m] or less.  
In this research, hmax is defined as the height of the metal sur-
face at the time of static flow +10%.

The pseudo contact area of the metal with the inner surface 
of the shot sleeve is defined as the number of cells into which 
the metal flows. Figure 4 shows the relationships among the 
contact time and area of the metal with the inner surface of 
the shot sleeve and the average temperature of the metal at 
the time of pouring completion, obtained by CFD simulation.

As shown in Figure 4, the temperature drop depends strong-
ly on the amount of time that the metal is in contact with the 
inner surface of the sleeve. This is because the contact area 
increases and decreases instantaneously and is not constant, 
so the effect on the temperature drop is small. Therefore, it 
is possible to suppress the drop by deriving a pouring con-
trol input that can shorten the contact time so that it quickly 
shifts to the injection process. In this research, we used the 
tilting speed input as the pouring control input and derived it 
by genetic algorithm (GA) optimization.

Fig. 3. Temperature comparison between experiment and CFD simulation

Fig. 4. Relationship between temperature drop and heat outflow to 
shot sleeve
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4. TILTING SPEED INPUT OPTIMIZATION TO  
EVALUATE TEMPERATURE DROP OVER 
THE ENTIRE SETTABLE RANGE

The design variables of the optimization used in this research 
are shown in Figure 5. In the pouring system of the target 
die casting machine, the tilting speed is set using two speed 
parameters. 

The parameters of the tilting speed are v1 and v2 [%], 
respectively. Due to the constraints of the die casting 
machine, the tilting speed input for the ladle is given in three 
steps, varying in the order of v1 and v2. These parameters are 
each set as a percentage of the maximum frequency of the 
inverter in the ladle tilt actuator, and the unit is percent. The 
speed parameter is temporarily denoted as  [%]. If the actu-
al tipping speed of the ladle is  [rad/s], it can be converted 
as shown in Equation (7) from the experiment conducted by 
Kanazawa in this laboratory [10].

1 24 0 20. .'= +ν ν (7)

Then, the timing of speed switching is expressed as the 
amount of rotation x1, x2, x3, x4 [%] in each speed interval, tak-
ing the percentage of the total rotation of the tilt. The above 
six variables are defined, and the simulation is carried out 
until 3 s after the end of the tilt.

From the above, the contact time between the inner sur-
face of the sleeve and the molten metal was set as an alter-
native evaluation value to suppress the temperature drop. 
Then, the tilting speed input that suppresses the temperature 
drop is obtained by GA optimization. The evaluation func-
tions are shown in Equations (5) and (6). tfin is the time when 
the area of the fluid touching the inspection surface (here-
inafter referred to as flow surface area) [m2] at height hmax 
becomes less than the threshold value. As shown in Figure 6, 
the flow surface area increases and decreases continuously 

during the pouring process due to the waves returning inside 
the shot sleeve. Therefore, tfin is determined only when the 
flow surface area does not exceed the threshold value at any 
subsequent time.

 In this research, the threshold value is set to 3.0 ∙ 10−6 m2 
to account for calculation errors. Individuals whose liquid  
level oscillation does not stop by the end of the simulation are 
excluded from the solution.

Another constraint in the optimization was that we also 
excluded from the solution any individuals for which fore-
running of metal or outflow outside the pouring hole of the 
shot sleeve was confirmed. Forerunning is a phenomenon in 
which the molten metal flowing into the product mold section 
solidifies before injection, and fragments of solidified metal 
flow into the inside of the product with molten metal. This 
phenomenon decreases product quality. In addition, if mol-
ten metal flows out of the shot sleeve pouring hole, there is 
a risk of deterioration in yield and a loss of safety. These two 
points are set as constraints on the feasibility. The location 
of the inspection surface is shown in Figure 7. In Figure 7a,  
forerunning has occurred if molten metal flows into the 
inspection surface installed at the sprue connected to the 
mold at the pouring process. In Figure 7b, an inspection sur-
face is placed around the shot sleeve pouring hole to check 
for molten metal outflow.

In both conditions, the individual is evaluated only when 
the flow surface area of the inspection surface stays below the 
threshold value until the end of the simulation. The threshold 
value is set to 3.0 ∙ 10−6 m2 to account for calculation errors as 
well as the evaluation function. 

Using the evaluation function and the constraints described 
above, we defined the optimization problem as follows.
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Fig. 5. Definitions of design variables for tilting speed

Fig. 6. Determination of pouring completion time
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Fig. 7. The location of the inspection surface: a) forerunning inspection 
surface; b) outflow inspection surface outside the shot sleeve
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Minimize: 

( ),J xν (8)

Subject to:   

1 20 1 100. ,  ≤ ν ν ≤ (9)

1 2 3 40 1 100. ,  ,  ,  x x x x≤ ≤ (10)

1 1min( )I t F< (11)

2 2min( )I t F< (12)

63 0 10min1 min2,  .F F −= ⋅ (13)

The objective function J is Δt (the contact time between 
the inner surface of the sleeve and the molten metal), I1 is the 
flow surface area of the inspection surface at the sprue, and 
I2 is the flow surface area of the inspection surface around 
the sleeve pouring hole. The optimization problem is solved 
using a general GA, and the optimization parameters are 
shown in Table 2.

The optimization results are shown in Figures 8 and 9. A sin-
gle point in these figures represents a single individual. Figure 8  
shows the convergence of the solution tendency based on the 
number of generations and the evaluation value (the contact 
time between the shot sleeve and the molten metal) of each 
individual. Figure 9 shows the relationship between the eval-
uation value, the time of completion of tilting, and the average 
temperature at the completion of pouring.

The point in red in Figure 9 show the results of the simula-
tion using the conventional tilting pattern.

Figure 8 shows that 14 of 100 individuals satisfied the con-
ditions in the initial generation. This means that the range 
within which molten metal can be poured safely is small and 
that the search has been insufficient. Therefore, the parent 
individuals are not similar, and the results do not approach 
the optimal solution even if they are crossed. In addition, 
Figure 9 shows that child individuals tend to be generated 
in order to shorten the time until tilting stops, rather than 
the evaluation value. This is a result of the fact that the direc-
tion in which the solution population of the child individu-
als evolved varied due to the insufficient number of parent 
individuals, and therefore converged to a localized solution 
before reaching the optimal solution. 

To improve the efficiency of the search for the optimal 
solution, we redefined the range of design variables. For this 

purpose, we analyzed the tilting patterns of the individuals 
with excellent optimization solutions shown in Equations (8)–
(13), and determined the range of design variables in which 
the tilting pattern that enables stable pouring is likely to exist. 

5. OPTIMIZATION OF TILTING SPEED INPUT IN  
THE DESIGN DOMAIN CONSIDERING FEASIBILITY

Based on the optimization results described in Section 4, the 
relationship between the tilting speeds v1, v2 and the average 
temperature of the metal at the time of pouring completion 
is shown in Figure 10. Here, the x-marked solutions in the 
graph represent the individuals that were eliminated from 
the generation due to the constraint conditions, and the dots-
marked group represents the individuals that were evaluated 
in the optimization algorithm.

From this result, it is clear that the constraint condition 
is rarely satisfied when both v1 and v2 are fast compared to 
other individuals. This is because the high-speed tilt caus-
es a large disturbance in the metal behavior, thus prevent-
ing stable pouring. In the individual cases that satisfied the 
constraint conditions and were subject to evaluation, v1 was 
relatively slow. Therefore, it is assumed that metal is poured 
without disturbing the liquid surface behavior because the 
speed slows down in the latter half of the ladle tilt when the 
metal starts to flow. 

Table 2	  
Optimization parameters

Number of generations 6

Population 100

Elite number 20

Selection method Tournament

Crossing method REX

Fig. 8. Optimization convergence process

Fig. 9. Comparison of evaluation values of optimization results
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Based on this analysis, the range of design variables for the 
tilting speed was changed to the following equation in con-
sideration of practicality.

10 1 30. % %≤ ≤ν (14)

20 1 70. % %≤ ≤ν (15)

The ladle tilting speed is optimized with the change in 
the range of design variables. The conditions of the optimi-
zation problem other than the tilting speed variables are in 
accordance with Equations (8), (10)–(13). Here, there are 50 
individuals per generation, 7 generations, and 20 elite individ-
ual conservations. A general GA is used for optimization as in 
Section 4. The optimization results are shown in Figure 11 and 
Figure 12. In the figures, each point represents one individual, 
as in Section 3, and the red point in Figure 12 shows the result 
of the analysis using the conventional tilting pattern.

Figure 11 shows that 20 of 50 individuals satisfy the con-
straints in the initial generation. The percentage of feasible 
tilting speeds was higher than it was before the change in 
the range of design variables. In the second generation, 11 
of 30 individuals satisfied the constraints, as did 17 of 30 in 
the third generation. Thus, the efficiency of the search for sta-
ble tilting speed input has been improved. From Figure 12, 
it can be confirmed that a solution group close to the opti-
mum solution is formed without splitting the group. Here, we 

focused on the fact that the evaluation is often poor in cases 
where tilting stops after only a short time. This is because 
the shot time lag tended to become longer because the metal 
was violently disturbed in the shot sleeve during pouring by 
high-speed tilting. The same phenomenon was observed in 
the previous research, which guarantees the reproducibility 
of the CFD simulation model in this research.

The CFD simulation results of the pouring model with the 
optimized tilting speed input and the conventional input are 
shown below. Figure 13a shows the average temperature his-
tory of the metal, and Figure 13b compares the derived tilting 
speed input and the conventional tilting speed input used in 
actual die casting manufacturing. 

The simulation results in Figure 13 show that the derived 
tilt pattern can suppress the temperature drop by 15.9°C 
compared to the conventional tilt pattern. The time to com-
plete pouring was also shortened. In the design of the tilting 
speed input, it was clarified that the pouring could be com-
pleted while the liquid level of the metal was calm by using 
a high rotation speed for the first half of the ladle tilt and by 
extending the low-speed part in the second half.

Fig. 10. Relationship between tilting speed and pouring feasibility

Fig. 11. Optimization convergence process

Fig. 12. Comparison of evaluation values of optimization results

Fig. 13. The CFD simulation results of the pouring model with the 
optimized tilting speed input and the conventional input: a) tem-
perature history of the metal; b) tilting speed input
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6. CONCLUSIONS AND SUMMARY

In this research, we focused on the temperature drop during 
pouring in die casting and analyzed the factors in the drop 
using CFD simulation. The experiment to measure the de-
crease in metal temperature in the shot sleeve during pour-
ing proved that the temperature decreases significantly from 
the moment the metal touches the sleeve. Therefore, the time 
from the first contact between the sleeve and the molten met-
al to the injection start time was set as the objective function, 
and the optimal ladle tilting speed pattern to suppress the 
temperature drop was derived using a genetic algorithm. The 
simulation confirmed that the derived tilting speed input did 
not cause metal to flow out or forerunning, and suppressed 
the turbulence of the metal surface immediately after pour-
ing, thus ensuring stable pouring.
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