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ABSTRACT
The solder defect in die castings affects the surface quality and strength, especially in the castings with a high sealing
requirement, such as structural parts and ultra-thin sectioned parts. Aluminum in its die casting process has a high affinity for
iron which can cause aluminum casting alloys to stick and solder to the die cavity surface, forming a series of intermetallic
phases. The factors affecting the soldering can be divided into thermal and fluid. The former is related to the temperature
history due to the materials (mold, surface coating, release agent) and process conditions (shot, spray conditions, cooling
channel), and the latter is related to the angle of collision of the melt with the die, excessive flow rate, draft angle, and
unreasonable gating design. The soldering sensitivity has been numerically developed by combining the thermal factor
including the temperature history of the whole die casting cycle and fluid factor for the abrasion of the die surface. It has been
verified by applying to an automotive part. The tendency for solder defect formation was analyzed and compared with
experiments.
INTRODUCTION
The diffusion-controlled growth of FeAl intermetallic compounds is a key factor for a series of die solder induced defects,
generally termed soldering or die soldering [1]. The size of these compounds increases with the number of cycles in the die
casting machine and results in soldering [2]. The dipping test of die materials has been used to understand the dominant
environment parameters of soldering, such as die surface temperature [3] and operation time exposed to molten metal [4]. To
prevent die soldering, various process conditions should be investigated in association with a comprehensive understanding
of the reactions at the ferrous die/molten metal interface [5]. These defects can be alleviated by adding some useful
components in the melt, such as Sr [6], Sr and Ti [7], and limited amounts of Fe and Mn [8], and can be mitigated by several
die coatings, such as TiN and CrN [9], WC-Co [10].
A theory and numerical models have been proposed to compare the positions of hot spot and soldering [11]. The ejecting
resistance stress model on the basis of growth of the solder layer has been established and compared with a series of
experiments [12-13].
In order to compensate for the insufficiency of thermal models when they were compared to the actual spots of soldering, the
fluid factor on the formation of soldering in the surface of dies is worth the study. The mold erosion is closely related to the
casting variables in die casting, such as the temperature of the die surface and of the molten metal, the velocity and the
impinging angle of melt flow, properties of die materials, and others [14-15]. The theory of mold erosion has been formulated
and compared with experimental data using the jet erosion equipment [16-17].
In this study, a new model called soldering sensitivity was developed by combining the ejecting resistance stress and the
mold erosion models. The model will be verified by comparing the computed results with the existing ejecting resistance
stress and mold erosion models in the aluminum die casting of an actual automotive part.
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Figure 1- A schematic of the mechanism of die soldering [5].

MODEL DESCRIPTION
THICKNESS OF SOLDERING LAYER
Figure 2 (a) shows the change in the surface temperature of the die casting mold during one cycle. The mold temperature
rises sharply with contact of the molten aluminum melt, and then gradually decreases before and after the product is ejected.
The thickness of the aluminum reaction layer(X) is generally proportional to the square root of the contact time(t) and is
known to be related to the activation energy, formulated as Eq. 1:
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where t is the contact time(sec), 𝐷𝐷0 is a constant, 𝑄𝑄 is the activation energy of reactive layer (kJ/mol), 𝑅𝑅 is the gas constant,
and 𝑇𝑇 is the absolute temperature(K). The activation energy (Q) can be determined on an average basis using Eq. 1 by
comparing various contact time (t) with mold surface temperature (T) [12-13].

(a)

(b)
Figure 2- Growth of aluminum layer by soldering; (a) surface temperature of
the die casting mold, and (b) total amount of aluminum reaction layer [12-13].
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EJECTING RESISTANCE STRESS
The total amount (S) of aluminum reaction layer can be calculated by integrating the equation for the reaction layer with
respect to time, which indicates the area between the curve and the x-axis. This is calculated as shown in Figure 2 (b), and
can be expressed as Eq. 2:
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where T s is the surface temperature of die.

(a)

(b)
Figure 3- Correlation between total amount of aluminum reaction layer and ejecting
resistance stress; (a) various linear slopes depending on the surface treatment of
the ejecting pin, and (b) aluminum layer on the eject pins used in experiment [12-13].

M. Kawano, et al. have measured the ejecting resistance stress in the eject pin area using a 135 ton die casting machine and
found that the stress is proportional to the amount of total aluminum reaction layer, as shown in Figure 3. The ejecting
resistance stress decreases with the total amount of the aluminum reaction layer by the surface treatment on the eject pin, and
the degree of decrease is significantly influenced by the surface condition depending on the type of surface treatments as
shown in Figure 3 (a), which can be expressed as Eq. 3:
𝐹𝐹 = 𝑓𝑓(𝑆𝑆) = 𝐴𝐴𝑆𝑆 𝑏𝑏 = 𝐴𝐴(𝑆𝑆 × 1019 )𝑏𝑏 .

(3)

where the values of A and B are 6.85 and 0.404, respectively, when there is no surface treatment, and the range of A and B
are 0.5 ~ 3.0 and 0.430 ~ 0.490, respectively, when surface treatment is applied to the eject pin [12-13].
MOLD EROSION EFFECT
Wallace, et al. have experimented with the air- and liquid-sand jet erosion equipment at jet velocities in the range 15 to 268
m/s, and specimen angles of 30 to 90 deg. for three kinds of steel material using an average sand size of 194 to 235 μm [1617]. Figure 4 (a) shows the erosion rate, which indicates mass loss. The eroded mass is highest at an impact angle of 30 deg.,
and is generally proportional to the log scale of the impact velocity, as shown in Figure 4 (b) which can be formulated as Eq.
4:
𝐸𝐸𝐸𝐸 = 𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 𝐶𝐶 𝑉𝑉 𝑛𝑛 𝑓𝑓(𝛼𝛼).

(4)

where Er is the erosion amount (mg), 𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚 is the material constant, 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 is the environmental constant, C is the
concentration of particle, 𝑓𝑓(𝛼𝛼) is the function of impact angle, and V is the impact velocity [16-17].
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(a)

(b)
Figure 4- Comparison of experiments and predictions of erosion rate;
(a) effect of impact angle and (b) effect of impact velocity [16-17].

SOLDERING SENSITIVITY
The repeated thermal and momentum shocks of the molten metal on the surface of the mold cause inevitable erosion on it.
The generation of the aluminum reaction layer is accelerated on the eroded mold surface and then the ejecting resistance
stress increases accordingly. Therefore, the erosion resistance stress and mold erosion are closely related. The ejecting stress
of Eq. 3 has a unit of MPa and the mold erosion of Eq. 4 has a unit of mg, The soldering sensitivity has been developed by
combining these two models after nondimensionalization and it can be expressed as Eq. 5:
Soldering Sensitivity = 𝛼𝛼 × Ejecting Resistance Stress + (1 − 𝛼𝛼) × Mold Erosion

(5)

where 𝛼𝛼 is the soldering sensitivity factor which controls the ratio of both models, ejecting resistance stress and mold erosion,
and 0.5 has been used for the initial value.
MODEL VERIFICATION
VERIFICATION: MOTOR HOUSING
The model prediction was evaluated for an actual application in automotive parts, such as motor housing made of aluminum
alloy in die casting. The solid model for the die and slide core systems are presented in Figure 5 (a) ~ (b), and the casting,
runner, gating, and cooling designs in Figure 5 (c).
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(b)

(c)

Figure 5- Die casting system for the motor housing; (a) moving die and slide cores,
(b) fixed and sleeve dies, and (c) runner, gating and cooling systems.

The simulation conditions and the sleeve information, such as length and diameter of sleeve, length of slow and high speed,
were summarized in Table 1. The high speed of plunger varies in the range 1.2 ~ 2.4 m/s and the low speed is constant as 0.2
m/s, both in the experiment and the calculation. The cast material is ALDC12 in Korean Standard, which is similar to A380
in AA specification and the die material is STD61, which is similar to H13 in AISI.
Table 1- Simulation and sleeve conditions for the motor housing
Simulation

Material

Initial Temp.
(℃)

Mold Filling &
Solidification
including
Sleeve

Cast: KS-ALDC12
(sim. A380)
Die & Slide Cores:
KS-STD61
(sim. H13)

Cast: 640
Die: 200
Slide Cores: 180

Sleeve Info.
(mm)
L. of Sleeve: 250
Dia. of Sleeve: 60
L. of Slow Speed:
146.45
L. of High Speed:
88.55

Plunger Speed
(m/s)
Low Speed: 0.2
High Speed:
Case 1: 1.2
Case 2: 1.8
Case 3: 2.4

Solder Defects in Experiment
Figure 6 (a) and (c) show the position of solder defects occuring at the product side in die casting of the motor housing. The
position at the fixed die side is displayed in Figure 6 (b). In order to extract the volume averaged value of the ejection
resistance stress and mold erosion models from the surface of the fixed die, each volume from 1 to 13 was defined as shown
in Figure 6 (d).

(a)

(b)

(c)

(d)

Figure 6- Location of solder defects and extraction scheme of calculation data;
(a) in experiment, (b) in fixed die, (c) in CAD file, and (d) definition of
volume for extracting averaged data from fixed die.
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Filling Characteristics of Specific Area of Die
The flow characteristics of filling the soldering areas of the die were observed while changing the plunger high speed from
1.2 to 2.4 m/s as shown in Table 1. Figures 8 (a) ~ (c) show the velocity vector distributions at the in-gate and soldering areas
according to the change of plunger high speed. The molten aluminum is accelerated passing through the in-gate and collides
with the edge of the die where the soldering occurs, then fills the other areas. Even though the flow velocity through the ingate increases due to the increase in the plunger high speed, the filling characteristics remains similar. Figure 7 (d) and (e)
illustrates the connections between one of the soldering areas of the fixed die and the filling pattern in the cross-section of the
area. and Figure 7 (f) shows the cross-section and view angle at which the velocity is observed. The position and incident
angle of the in-gate are closely related to the occurrence of soldering in the die, and the gating design should be improved to
reduce it.

Figure 7- Filling characteristics in the cross-section of the soldering area;
(a) V sleeve =1.2 m/s, (b) 1.8 m/s, (c) 2.4 m/s, (d) cast and (e) die near
soldering area, and (f) view angle for cross-section.

Figure 8 (a) shows the position of the sensors for measuring the melt velocity at the in-gate, and Figure 8 (b) shows the
change in melt velocity at the in-gate with filling time from the plunger activation. Although the in-gate speed varies greatly
depending on the plunger high speed from 1.2 m/s (case 1) to 2.4m/s (case 3), the effect on the soldering position and degree
in the die seems does not seem to be significant.

(a)

(b)

Figure 8- Melt velocity at in-gate with filling time; (a) position of sensors,
and (b) changes in velocity according to plunger high speed.
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Prediction of Soldering Area using Various Models
Figure 9 (a) shows the temperature distribution on the surface of the fixed die just before ejecting the product. The surface
temperature of the die in contact with the product is about 300℃ ~ 450℃, and the die temperature of the soldering area is
relatively higher than other regions. The total amount of the aluminum reaction layer is higher in the region where the mold
surface temperature is higher in Eq. 2, and the ejecting resistance stress is also higher at such area, because it depends on the
amount of the reaction layer in Eq. 3. As shown in Figure 9 (b), the ejecting resistance stress is high not only at the edge area
in front of the in-gate leading to solder defects but also at the rib areas where the extracting heat is accumulated and die
temperature is high. Since mold erosion is dependent on the velocity and angle of the melt in Eq. 4, it can be seen that the
erosion is higher in the in-gate region as well as the edge and corner areas of the die where soldering occurs as shown in
Figure 9 (c).
Two models for soldering prediction, ejecting resistance stress and mold erosion have their advantages, but the former tends
to predict excessive soldering in regions with high thermal accumulation, while the latter in regions with high flow rates. The
soldering sensitivity has been developed by combining the above two models, and the contribution of each model can be
adjusted by a factor described in Eq. 5. Since the ejection stress is in units of MPa and the mold erosion is in mg, both of
them were nondimensionalized, and then combined using the soldering sensitivity factor. As shown in Figure 9 (d), the
soldering sensitivity is a dimensionless variable and only the soldering region can be displayed. This has the advantage of
predicting the soldering area more accurately than the ejecting resistance stress and the mold erosion models, but it has the
disadvantage of not providing a numerical value.

(a)

(b)

(c)

(d)

Figure 9- Prediction of soldering area using various models; (a) die surface
temperature, (b) ejecting resistance stress (MPa), (c) mold erosion (mg),
and (d) soldering sensitivity.

Quantitative Comparison of Soldering Predictions
As shown in Figure 6 (d), the areas of potential soldering are divided into 13 volumes, and the ejection resistance stress, mold
erosion, and soldering sensitivity within each volume were averaged and plotted in Figure 10. As shown in Figure 8 (a), due
to the characteristics of the product geometry, the flow rate of in-gate A can be further developed because the flange region is
closer to the in-gate and the resistance by the die is relatively smaller. Therefore, the mold erosion in volumes 11 to 13 of
Figure 10 (a) is higher than that of 1 to 3 in Figure 10 (a), which corresponds to in-gate B of Figure 8 (a). As the in-gate
velocity increases with the increase of plunger high speed, there is a variation in the amount of erosion in the region near the
in-gate A in Figure 10 (a). In the region of the in-gate B, where the mold resistance is rather larger and the collision angle of
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the molten metal changes, the case of low speed exhibits the larger erosion, but the overall effect of plunger speed changes on
the amount of erosion seems to be insignificant.
As shown in Figure 10 (b), the ejection resistance stress is quite high in the in-gate A region (volume 1) in addition to the
central region of thin-sectioned ribs (volume 5 ~ 9) where the die surface temperature is high. This is because the flow
resistance of the die in the in-gate A region is relatively high and the fluid flow transfers more heat to the surface of die
during filling, so more heat is accumulated on it. The soldering sensitivity, which combines ejection resistance stress and
mold erosion, is relatively high in the in-gate A region (volume 1) and the in-gate B region (volume 12 ~ 13), despite the heat
accumulation in the central area of thin-sectioned ribs (volume 5 ~ 9) as shown in Figure 10 (c). The same tendency can be
seen when the in-gate speed goes up with the increase of plunger high speed from 1.2 m/s to 2.4 m/s and is in accord with the
experimental results in Figure 6 (a).
The mold erosion and ejecting resistance stress, before the combination into the soldering sensitivity model, were calculated
and compared in each volume of Figure 6 (d). As shown in Figure 10 (d), the soldering is almost certain in the in-gate A
region (volume 1), because both are high, and despite the low ejecting stress in the in-gate B region (volume 12 to 13), the far
higher erosion leads to the soldering prediction. The ejection stress is high but erosion is so small that it is not marked as
solder defects in the central rib areas (volume 5 ~ 9).

(a)

(b)

(c)

(d)

Figure 10- Quantitative comparison of soldering predictions by various
models; (a) mold erosion, (b) ejecting resistance stress, (c) soldering
sensitivity, and (d) mold erosion and ejecting stress.

CONCLUSIONS
1. Numerical studies have been conducted to find the efficient methods for the prediction of solder defect in the die casting
process. The literatures on ejecting resistance stress and mold erosion models were investigated and implemented in codes
and compared with actual experiments. The soldering sensitivity combining the above two models has been developed to
increase the prediction accuracy and compared with several experiments.
2. The predictions using three models were evaluated for an actual application in automotive parts, such as motor housing
made of aluminum alloy in die casting. The ejection resistance stress model tends to overestimate the soldering in the heat
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accumulation region of the die surface, and the mold erosion model in the area where the molten metal strongly collides with
the surface. The soldering sensitivity model has the advantage of predicting the soldering area more accurately than other
models, but it has the disadvantage of not providing any numerical value.
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