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Abstract

The paper describes the design of conformal cooling of an aluminium die-casting mold component using numerical simulations along with
validation under industrial conditions. The subject of modifications was the insert. The insert comes into direct contact with the metal
during the filling of the mold and solidification of the casting and determines the internal shape of the casting. The aim was to optimize the
operating temperatures of the insert, reduce thermal stress in the most exposed area, achieve a more even distribution of temperatures in its
volume, and maintain the casting quality. Shape modifications were made by topology optimization to reduce the volume of the insert and
achieve material savings. 3D printing was chosen as the production technology due to the wider possibilities regarding the variability of
the shape of the internal cooling channels. Three geometric designs of the insert were created, and numerical simulations of the
temperature field of the mold were carried out in ProCAST software for each variant. Numerical simulations were validated through the
temperature field of the mold detected by a thermal camera during the casting cycle. Based on the results, the final design D was selected,
for which a complete numerical simulation was performed, including the filling and solidification of the castings. The results were
compared with the original variant A. By adjusting the cooling, temperatures were reduced in the most temperature-exposed area of the
insert. The new insert variant D showed higher temperatures in the rest of the volume, resulting from material volume reduction. However,
the temperatures became even, and the temperature gradients that existed in the original insert variant A were reduced. The simulation also
showed that changes in the temperature field of variant D will not negatively affect the quality of the castings. The component will be
manufactured and tested in operational conditions in the next research phase.

Keywords: HPDC, Conformal cooling, Temperature field, Numerical simulation, Mold design

1. Introduction pressure into a tool steel mould in which the casting solidifies.
The casting cycle consists of several stages: mould filling,
solidification of the casting, removal of the casting, and cooling of
the mould. The process is very rapid. Depending on the size of the
casting, the cycle time can vary from tens of seconds to minutes.

High-Pressure Die Casting (HPDC) is a commonly used
technology in the large-scale production of aluminium castings. In
this process, a melt of aluminium alloy is injected under high
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The cycle time is largely determined by the cooling of the mould,
which can account for up to 80% of the cycle time [1]. The mould
for die casting of aluminium alloys is a sophisticated unit
containing a system of cooling and tempering channels that
ensure the optimum temperature of the mould regarding the
quality of the casting. The cooling channels are designed to
control the solidification of the casting while keeping the mould
temperature within an acceptable range. In this respect, the
limitations of conventional manufacturing technologies are still
encountered. For example, channels created by drilling are easy to
make, but their shape does not exactly copy the shape of the
casting (especially for castings with more complex shapes)
because only straight holes can be made. They are also limited by
the position of the cavity in the mould and the presence of other
structural parts of the mould. Therefore, they usually do not
provide the optimum cooling effect. This also affects the cycle
time, which is governed by the hottest point of the mould cavity.

A good cooling effect is also very important in terms of the
life of the mould. The mould material is stressed by thermal
fatigue, eventually leading to fatigue cracking [2]. This
mechanism originates from the long-term effects of temperature,
stress, and strain. During the cycle, the mould surface is in contact
with molten metal at high temperature. As a result, the
temperature in the surface layers of the mould cavity rises while
the core remains cold. Consequently, compressive stresses are
applied in the surface layers of the mould cavity, causing stresses
in the material. Plastic deformation may occur due to a decrease
in the strength of the material at higher temperatures. At the same
time, the hardness of the surface layers of the mould cavity
decreases compared to the rest of the volume [3]. Cracks may
start to form when plastic deformation accumulates at a certain
point [2]. The situation is more serious for thin parts of the mould,
which are easier to heat. Hot work tool steels show good stability
of mechanical properties at operating temperatures and abrasion
resistance after heat treatment and coating [4, 5], but in order to
increase the life of the mould, thermal stresses should be
minimised as far as possible [2, 6].

One method for achieving fast and uniform cooling is to
create conformal cooling channels [7, 8]. Conformal cooling has
gained popularity with the rise of the additive manufacturing of
metallic materials [6, 9-13]. The wider design possibilities
associated with additive manufacturing allow for more
sophisticated designs for the cooling of mould inserts. The shape
of the channels and surface size, the distance from the surface of
the mould cavity, and the distance between channels must be
considered when designing conformal cooling [1]. Numerical
simulations [8, 10, 13-16] are available to optimise the design of
conformal cooling, allowing the primary testing phase to be
moved to a virtual space, thus saving the extra time and money
usually associated with the production of test parts. The design of
the conformal cooling channels from the mould cavity surface can
also be chosen with respect to the shape and solidification of the
casting to achieve a better cooling effect. In addition, the
application of conformal cooling can affect the properties of the
casting. It has been shown that the application of conformal
cooling can improve the mechanical properties of the alloy [17].
The reason for this improvement is the reduction of the porosity
in the castings and changes in the microstructure [12, 14]. These
changes occur because of faster cooling of the material, where
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large areas of porosity are dispersed by cooling the hottest spots
and, at the same time, the dendritic grains are refined as the alloy
solidifies [17]. This results in increased mould life, increased
productivity, and reduced production scrap [3, 7, 8].

As part of the modernisation of production at MOTOR
JIKOV Fostron a.s., 3D metal printing is being introduced into the
production of moulds. This step opens wider possibilities for
mould design, including the implementation of conformal
cooling. This paper describes a design for the conformal cooling
of an insert, which is part of a mould for High-Pressure Die
Casting aluminium alloys. The application of conformal cooling
aimed to alleviate the thermal stress on the component in the most
exposed area and to achieve a more uniform temperature
distribution in its volume while maintaining the quality of the
production. The design changes to the component also included
making it lighter in volume, which will also lead to a reduction in
material consumption for production. Several designs were
proposed, for which the temperature and stress fields were
monitored. Numerical simulations in the ProCAST software were
used for this purpose.

2. Investigation methods

Numerical simulations were performed using the ProCAST
software package to verify the function of the conformal cooling
design variants. ProCAST comprehensively addresses most
castable alloys and casting processes, including die casting of
aluminium alloys. Of course, it simulates the basic casting
processes - filling, solidification and predicts the porosity in the
castings. Using advanced physics and the finite element method,
it also predicts complex processes during casting, monitors
residual stresses and predicts deformations leading to dimensional
deviations and shorter mould life [18]. For a better idea, a
diagram of the different stages of the calculation for the mould
and casting during the cycle is shown in Figure 1.

Temperature calculations during the filling and solidification
of the castings and the prediction of porosity were controlled by
the Thermal module, which allows the calculation of heat flux by
solving the Fourier heat conduction equation (1), including the
release of latent heat during solidification. A useful feature is also
the prediction of heat transfer coefficients between the liquid in
the cooling/tempering channels and the mould material. The
calculation is performed locally so that the flow rate, shape of the
channels and their diameters are properly accounted for [19]. This
function provides more realistic results for the mould temperature
field than using constant heat transfer coefficients and is very
useful specifically for the design of conformal cooling of moulds
or parts thereof.
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where t — temperature (K), T — time (s), a — thermal conductivity
coefficient (m*s™), x, y, z — coordinates (m), q — heat flux (W-m
2), ¢p — heat capacity (J-K'"), p — density (kg:m™).

The Fluid Flow module simulates mould filling based on the
Navier-Stokes equations (2-4). A two-phase VOF model is
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implemented in ProCAST, designed to deal with two or more
phases, which are investigated as mutually impermeable continua
[20-22]. As a result, it can predict the free surface motion during
filling. The Navier-Stokes equations are solved in both liquid and
gas phases and therefore provide a more accurate representation
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of the filling process. However, some simplifications have been
adopted for the VOF solver. The liquid and gas phases at a given
node have the same velocity, temperature, and pressure [19]. One
of the functions of the Flow module is also the calculation of
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Fig. 1. Diagram of the different types of calculation for the mould and casting during the cycle

turbulence. In ProCAST, the two-equation turbulent RANS
models (Standard k-¢ model, RNG k-g model and Realizable k-¢
model) are used to calculate turbulence, which in addition to the

Navier-Stokes equations, solve two transport equations for the
turbulent kinetic energy k and the dissipation of the turbulent
kinetic energy € [23]. In addition, the Flow module is usually
combined with the Gas model for the prediction of the air
entrainment in the metal.

1 dp (Bzvx v, 831;2) (dvx)
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X p Bx dx? ay*? az2 T ( )
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where p — pressure (Pa), v — kinematic viscosity (m?s™).

For the stress calculation in the Stress module, based on the
desired results and available material data, three models can be
selected — Linear-Elastic model, Elasto-Plastic model or the
Elasto-ViscoPlastic model. For this work, the Elasto-Plastic
model was used, which considers the yield stress of the material
in addition to Young's modulus and Poisson's ratio [19].

Test aluminium castings were made on a Colosio PFO1000
machine [24] with a maximum locking force of 9,810 kN and a
maximum injection force of 738 kN. During the casting cycle,
images of the temperature distribution in the mold were taken.
A FLIR E8XT thermal camera with a resolution of 320x240
pixels and a temperature range of -20 to +550 °C was used for this

purpose.

3. Numerical simulations

3.1. Simulated variants

The subject of the research was an insert of a mould for die
casting of aluminium alloys. The geometry of this part and its
position in the mould is shown in Figure 2. It also acts as a
cooling function for the liquid metal and thus affects the
solidification process and the internal quality of the castings.

Using 3D printing technology enabled the implementation of
conformal cooling in the insert. The motivation was to achieve a
more even temperature distribution in the volume of the
component and thus reduce internal stresses and extend the
service life.

Fig. 2. Insert geometry (left) and mould fit (right)

The shape of the cooling channels was optimised to achieve
more uniform temperatures in the volume of the shaped part of
the insert. The conformal cooling design variants targeted the
hottest area of the, which is its working part. The initial cooling
for variant A was done through one large channel located in the
centre of the working part of the insert (see Figure 3, variant A).
In total, 3 optimised cooling circuit variants were designed, as
shown in Figure 3. For variant B, a relatively dense channel
network was implemented to follow the shape of the working part
of the insert. Variant C tested cooling using a single spiral leading
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through the insert volume to its tip. A single spiral was also
applied to Variant D, taking one level of channels at the top. As
the insert is made up of a relatively massive volume of metal, it
was also decided during the design phase to use topological
optimisation to lighten the mould. The relief of the various insert
variants is shown in Figure 3. The mass parameters of the design
variants are shown in Table 1. For variants B and C, the weight
was reduced by up to 3.2 kg after weight reduction compared to
variant A. Furthermore, variant D was designed, in which a larger
volume of material was selected from the base of the insert. The
weight of the insert was reduced by 7.2 kg with this modification,
which represents 28% of the original weight of the insert.

Fig. 3. Geometry of simulated insert variants

Table 1.
Weight parameters of insert variants

Variant  Weight Weight loss compared to variant A
(kg) (kg) (%)
A 25.6 - -
B 22.4 3.2 12.5
C 22.6 3.0 11.7
D 18.4 7.2 28.1

The timing of the cooling of the insert circuit had to be
adjusted depending on the changes to the design of the cooling
channels. In the original variant A, the valve insert was cooled
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throughout the cycle time, i.e. in the interval 0 to 69 s. This
setting was also used in variant B. However, there were
significant drops in the temperatures of the inserts, therefore, for
variants C and D, timed cooling was introduced in an interval of
13 to 21 s with an increased water flow of 5 1/min and a reduced
water temperature of 20 °C. The cooling parameters for all the
circuit variations are shown in Table 2. The cycling intervals are
shown in Table 3.

Table 2.
Parameters of insert cooling circuits
Variant Medium Flow Temperature Timing
(I/min) (°C) (s)
A Water 3 25 0 to 69
B Water 3 25 0to 69
C Water 5 20 13to0 21
D Water 5 20 13to0 21

The numerical simulations were divided into two stages. In
the first stage, a cycling calculation was performed to map the
temperature field and stress states of the simulated variants. The
cycling parameters, listed in Table 3, were the same for all
variants. Based on the results, variant with the most suitable
conformal cooling design was selected in terms of the ability to
cool the insert while maintaining the quality of the casting. A
complete numerical simulation was performed for this variant to
map the effect of cooling on the quality of the casting. This
simulation also included the filling and solidification of the
casting including stress states.

Table 3.
Cycling parameters

Phase of the cycle Start Finish Unit
Cycle duration 0 69 S
Mold filling 10 13 s
Casting solidification 13 21 s
Spraying 35 49 s
Blowing 49 64 s

3.2. Material properties

The insert has so far been produced from Dievar steel grade
using conventional production technologies, the general chemical
composition of the steel is given in Table 4. It is a chromium-
molybdenum-vanadium alloyed tool steel designed for the highly
demanding conditions of HPDC. It is characterised by excellent
toughness and ductility in all directions, good resistance to
tempering, high temperature strength, dimensional stability during
heat treatment and coating and excellent hardenability [24]. The
tensile properties of Dievar tool steel are shown in Figure 4.
Therefore, it has been defined as the mould material for all the
variants in the numerical simulations. The die castings were made
at MOTOR JIKOV from EN AC-46000 alloy, whose chemical
composition is shown in Table 5. This material was also used in
the numerical simulations of the filling and solidification of the
castings.

Table 4.
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Chemical composition of Dievar tool steel (wt. %) [25]
C Si Mn Cr Mo \4
0.35 0.20 0.50 5.00 2.30 6.60

Table 5.
Chemical composition of EN AC-46000 alloy (wt. %) [26]

N www.journals.pan.pl
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Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti

Min 80 - 20 - 005 - - - - - -
Max 11.0 1.3 4.0 0.55 0.55 0.15 0.55 1.2 0.35 0.15 0.25

UTS, MPa A5, %
YS, MPa Z,%
2000 I 100
1800 V4 90
7
1600 80
1400~
I < 70
1200 — s~ UTS 60
\
800 S
YS \ \ 40
600 ‘\ 30
400 120
200 AS 10

100 200 300 400 500 600 700
Temperature, °C
Fig. 4. Tensile properties of Dievar at elevated temperature [25]

4. Numerical model verification

Verification of the numerical simulation was made to
guarantee the precision of the prediction. A thermal camera was
utilised to capture images of the temperature distribution within
the mold in operating conditions. Due to the limited access to the
mold during the casting process, the mold was photographed
approximately in the 49th s of the cycle, i.e. after the end of
spraying (see Table 3). Figure 5 compares images from the
thermal camera with the temperature field of the original variant
A calculated by numerical simulation. The thermal camera images
determined the mould temperature at specific points, as shown in
Figure 5a. The temperature calculated by the numerical model
was found at the analogous points. Table 6 shows a comparison of
these values. In the area of the mold cavity, the deviation from the
operating temperatures was approximately 2 to 7%. Temperatures
at points g and h outside the mold cavity showed greater
deviation. However, due to their location, points g and h were less
significant in the evaluation of conformity. It can be concluded
that there is a good agreement between the results of the
numerical simulations and the real temperature field.

Fig. 5. Mold temperature field: a) image from a thermal camera,
°C, b) temperature field calculated by numerical simulation

Table 6.
Comparison of temperatures from a thermal camera and
numerical simulation

Temperature — Temperature — Absolute value of the
thermal camera simulation deviation
(§(O) (W9 (%)

a 113,5 118,7 4.4
b 196,0 200,8 2.4
¢ 200,4 201,6 0,6
d 2179 203,3 7,2
e 190,7 179,2 6,4
f 113.9 111,5 2,2
g 81,3 102,1 20,4
h 95,1 111,4 14,6
i 210,0 214,0 1,9

The comparison of temperature fields confirmed that the
calculation setting for variant A yielded satisfactory results.
Consequently, the same settings were applied to the other
simulated variants. This means only the geometry of the insert
and cooling channels parameters (see Table 2) were considered.

5. Results and discussion

5.1. Temperature field

Figure 6 shows the temperature fields on the insert sections at
various stages of the cycle. Figure 7 shows the temperature
profiles at 3 defined points of the insert for all the simulated
variants.
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A
Temperature,
°C
300.0
281.3
B 2627
244.0
2253
206.7
188.0
169.3
150.7
132.0
113.3
94.7
76.0
c 57.3
387
20.0
D

Fig. 6. Temperature fields of the variants on the insert section

Variant A represents the actual cooling design used under
operating conditions. When compared to the other variants in
Figure 6 and Figure 7, the cooling system of variant A was the
best at removing heat from the bottom of the insert. When looking
at variant B, a significant increase in the cooling intensity of the
working part of the insert was evident when compared to variant
A. Figure 7 shows that variant B achieved the lowest temperatures
at points 1 and 3 on the working part of the insert. Compared to
variant A, the temperature drop was approximately 50-70 °C,
especially between the 10 and 15 second of the cycle when the
mould is filled, and the casting solidifies. Under these conditions,
there was a risk of overcooling the metal, which could result in
surface defects. Another problem could be the location of the
cooling channels, which are separated from the surface of the
insert by a thin layer of material and could be subject to stresses
that could lead to cracks over time. For variant C with the length
of the cooling channels reduced and a shortened cooling time,
temperatures increased throughout the insert volume except for
the area of point 1 at the tip of the insert. The cooling effect at the
tip of the insert in variant C was reflected by a decrease in
temperatures in the later stages of the cycle (from about 25 s
onwards), with temperatures remaining at 300-350 °C in variant
A. Conformal cooling of variant C reduced these temperatures by
up to 200 °C. At this stage of the cycle, mould cooling no longer
influenced the quality of the casting. On the other hand, the upper
level of the channels in variant C was again separated from the
surface of the insert by a thin layer of material. Under these
conditions, similar problems to those of variant B could again
occur, so it was decided to make further modifications. This
problem was solved by removing one level of the cooling channel
from the tip of the insert of variant D, and the temperatures in
point 1 during mould filling remained at a similar level to variant
C. In the later stages of the cycle (from about 17 s onwards), the
conformal cooling of variant D showed a good cooling effect at
the tip of the insert even with the shortened cooling time (see

Table 2). Compared to variant A, temperatures were reduced by
up to 190 °C. The temperatures in the lower non-working part of
the insert were higher for the variants with conformal cooling than
for variant A. This was due to the material removal during
lightening. The reduced volume of the lower part of the insert
heated up better. In addition, the bottom contact area of the insert
downstream of the other insert components, to which some of the
heat was dissipated by conduction, was reduced.

Based on these results, variant D was selected for further
investigation, having a good cooling effect on the working parts
of the insert even when reducing the cooling interval and reducing
the risks arising from the design. At the same time, lightening was
carried out for this variant, which resulted in a 28% material
saving on each insert produced. Further analysis will therefore
focus on the comparison of the original insert design of variant A
and variant D with conformal cooling.

@
1=
=3

N
a
o

Temperature, °C

— | A

15 20 25 30 35 40 45 50 55 60 65
Time, s

Fig. 7. Temperature profiles at selected points in the insert

5.2. Stress analysis

Figure 8 compares Principal Stress 3 in the inserts of variants
A and D. This result identifies the areas where compressive
stresses are applied. Figure 9 shows the compressive stress
profiles of Principal Stress 3 at selected points in the regions most
stressed by compressive stress. As can be seen, the compressive
stresses were mainly on the working part of the insert. The
working part of the insert was in contact with the liquid metal
during the cycle, causing an increase in the temperature in the
surface layers of the material (see Figure 6). This resulted in the
development of compressive stresses, which were highest
between 11 and 21 seconds in the cycle, when filling and
solidification of the castings took place (see Table 3). After
removing the casting, the compressive stress gradually relaxed as
the insert cooled.

Figure 9 shows that the compressive stresses for variant D
with conformal cooling reached higher values at points 4 and 6.
This means that the variant D insert was less stressed by
compressive stresses in these areas. The most significant increase
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in compressive stress values occurred in the region of point 4,
where the differences were over 100 MPa after the start of mould
filling. In contrast, at point 5, the compressive stresses were
lower, in the lower tens of MPa for variant D.

49 s  Principal Stress 3,
MPa

0

-80
-160
-240
-320
-400
-480

Principal Stress 3, MPa

on
@
=)

-6400 5 10 15 20 25 30 35 40 45 50 55

Time, s
Fig. 9. Profiles of Principal Stress 3 at selected insert points

Figure 10 shows Principal Stress 1 on the insert sections of
variants A and D at different stages of the cycle. This result shows
the areas most stressed by tensile stress, applied predominantly in
the insert volume. The occurrence of tensile stresses was again
related to the temperature regime of the mould. The highest
tensile stresses were observed between 13 and 21 seconds in the
cycle, during filling and solidification of the casting. During this
period, the largest temperature differences occurred in the inserts
between the outer layers of the material and the cooled volume of
the insert. The areas of material around the cooling channels
tended to shrink due to the lower temperature, causing tensile
stresses to develop. Variant A had higher tensile stresses
throughout the cycle compared to variant D. This effect was due
to the timing of the cooling. Variant A was cooled with a constant
water flow throughout the cycle (see Table 2), i.e. even in the
phases when the insert was not in contact with the hot metal.
After removal of the casting, the insert was not completely cooled
to ambient temperature and, therefore, the effect of the cooling

channel in the vicinity of which the insert temperatures reached
lower values can be seen here as well. This resulted in tensile
stresses around the cooling channel. In this respect, the stress state
of variant D was more favourable. It should be noted that no
stresses exceeding the yield strength of the material were found in
the inserts tested. At the same time, the risk of plastic deformation
fatigue was not predicted in the inserts examined.

Principal Stress 1,

13s 21s 49s MPa

200.0

I 186.7
173.3
160.0
146.7
1333
| 120.0
106.7
933
80.0
66.7
533

Fig. 107. Principal Stresé l_on iﬁsert sectioﬁs of Qariants AandD

Figure 11 shows the tensile stress profile in the tip of the
insert of variants A and D. The tensile stress profile in the tip of
the insert is almost unchanged due to the conformal cooling.
Stresses in this region were found to reach a maximum of 160
MPa for variant A and 150 MPa for variant D. These values are
well below the yield strength of the material at the given
temperatures.

Figure 12 compares the Fatigue life indicator, which provides
a qualitative estimate of the core life of variants A and D. As the
previous results show, the working part of the insert in contact
with the metal was subjected to the highest stress during the cycle.
This area is also where the greatest risk of exceeding fatigue
strength exists for both variants. Based on the results in Figure 12,
the insert of variant D with conformal cooling has the potential
for higher durability.

Figure 13 shows the results of Contact Pressure, which is
generated between the insert, the casting and the adjacent parts of
the mould due to deformation of the individual components. The
Contact Pressure between the mould components can cause wear
due to friction when opening the mould. In the case of a casting,
surface damage may occur during removal from the mould. As
can be seen in Figure 13, in the case of the insert under
evaluation, the contact pressure was mainly between the insert
and the casting, with a more extensive area of action for variant
A. For variant D, the area of contact pressure between the insert
and the other components was significantly reduced.
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Fig. 11. Profile of Principal Stress 1 in the tip of the insert

Fatigue
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Fig. 12. Comparison of fatigue life of inserts of variants A and D

Contact Pressure,
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_ 600
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Fig. 13. Comparison of Contact Pressure of variants A and D

5.3. Casting quality

Numerical simulations of mould filling and solidification of
the casting were carried out to map the effect of the conformal
cooling of the insert on the casting quality. The mould filling was
not affected by the change in cooling, so these results will not be
presented here.

Figure 14 shows the results of the porosity prediction in the
castings from variants A and D. The cooling modification had a
minimal effect on the occurrence of porosity. The position of the
areas likely to have porosity did not change. There was a change
in the size of some areas of porosity, but to an extent that is

negligible in the context of realistic operating conditions. In terms
of porosity, it can be said that the quality of the casting was
maintained after the change in cooling.

Total Shrinkage
Porosity,

A D %
100.00

93.33
86.67
I 80.00

73.33
66.67
60.00
53.33
46.67
40.00
33.33
26.67
20.00
13.33
6.67

0.00

Fig. 14. Prediction of porosity in variant A and D castings
(Cut Oft> 5 %)

Figure 15 shows the tensile stress results in the castings of
variants A and D before and after removal from the mould. Before
removal, higher tensile stresses existed in the castings of both
variants, which exceeded the material strength limit (240 MPa
[25]) in some places. This was due to the castings remaining in
the mould, which inhibited their deformation. After removal, most
of the tensile stresses were relaxed and the casting reached a more
favourable stress state. However, there were still places in the
castings that, according to the simulation, could be risky and the
yield strength of the material (140 MPa [25]) could be exceeded.
When comparing the castings of variants A and D, there were no
significant changes in the stress ratios in the castings. It can be
said that after the application of conformal cooling, there was a
slight decrease in the tensile stresses in the casting of variant D,
but this decrease would probably not be reflected in real
conditions.

After removal

Before removal

Principal Stress 1,

MPa
A 250.0
233.3
216.7
I 2000
183.3
166.7
L 1500
133.3
116.7
100.0
83.3
66.7
50.0
33.3
D 16.7
0.0
Fig. 15. Principal Stress 1 in casting variants A and D
Due to the presence of higher tensile stresses in the castings,
the Hot Tearing Indicator criterion, which predicts the

susceptibility of castings to hot cracking, was further analysed.
The results of the Hot Tearing Indicator are presented in
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Figure 16. Low values of the criterion were calculated in the
castings of both variants, indicating a low risk of cracking in the
castings. This also corresponds to the state of production under
operating conditions. In the case of the studied casting, no quality
reduction due to the presence of cracks has been observed so far.

Hot Tearing
Indicator, MPa

0.100
0.093
0.087
0.080
0.073
0.067
0.060
0.053
0.047
0.040
0.033
0.027
0.020
0.013
0.007
0.000

Fig. 16. Hot Tearing Indicator in variant A and D castings

A D

6. Conclusions

This paper dealt with the design of conformal cooling of an
insert, which is part of a mould for High-Pressure Die Casting of
aluminium alloys. Numerical simulations were performed in
ProCAST software to verify the cooling effect. A total of 4
variants were simulated, of which variant A contained the current
cooling channel geometry and the remaining 3 variants contained
different designs for the conformal cooling design. For the
variants with conformal cooling, the insert was also lightened to
save material for manufacturing. The numerical simulations were
divided into two phases. In the first phase, cycling was simulated
focusing on the mould temperature field. Based on these results,
the design with the most suitable conformal cooling execution
was selected, for which mould filling and solidification of the
casting, including stress states, were further simulated. Attention
was also paid to the quality parameters of the casting. The
findings can be summarised in the following points:

. Based on the results of the temperature field during cycling,
variant D of the insert with conformal cooling was selected
for further analysis. This variant had a good cooling effect
on the working parts of the insert even when the cooling
interval was reduced. There was an overall temperature
increase in the base of the insert due to material loss during
lightening. However, this did not have a negative effect, as
confirmed by further analysis.

. During the cycle, the insert was most stressed by
compressive stress exceeding 400 MPa, caused by the
heating of the surface layers of the working part of the insert
and expansion of the material. The compressive stress load
on the working part of the insert was reduced with the
application of the conformal cooling variant D.

. The tensile stress, caused by the shrinkage of the material as
the temperature dropped, acted mainly in the vicinity of the
cooling channels. In the phase of the highest thermal
loading on the insert (between 11 and 21 seconds of the
cycle), the tensile stresses of variants A and D were at a
similar level. For the remainder of the cycle, the tensile
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stresses were higher for variant A, which was cooled
throughout the cycle. Thus, by adjusting the cooling
interval, the tensile stress loading was partially reduced for
variant D.

. In variant D, the Contact Pressure area between the insert,
casting, and adjacent mould components was reduced. This
means that there is a lower risk of frictional wear of the
mould components and damage to the casting surface.

. No negative impacts of the change in the cooling of the
insert on the quality of the casting were found. The
predicted areas of porosity hardly changed. There were also
no significant changes in the stress states. Stress-induced
defects were not predicted for this type of casting.

. Variant D also had the advantage of lightening, saving 7.2
kg of material per insert produced, which makes up 28% of
the original weight of the insert.

Based on the results, variant D of the insert with conformal
cooling was recommended for production by 3D printing. After
heat treatment, machining, and coating, it will be subjected to
durability testing under MOTOR JIKOV operating conditions in
the following phase of the research.
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