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The internal structure of the castings depends on the super-
cooling level of the melt upon contact with the face of the mold.
In die casting technology, the relatively cold mold material
comes into the contact with substantially higher temperature
melt in short successive cycles. This causes high thermal
fluctuations that cause cyclic thermal stress of the mold. The
contribution evaluates the heat balance of the mold during
casting of a particular type of the cast and describes the
distribution of the temperatures in the mold volume during one
casting cycle. The contribution presents a comprehensive
picture of thermal processes occurring between the cast, the
mold and the surroundings.
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1 INTRODUCTION

The internal structure of the castings depends on the super-
cooling level of the melt upon contact with the face of the mold
[Turtelli 2006]. In die casting technology, the relatively cold
mold material comes into the contact with substantially higher
temperature melt in short successive cycles. This causes high
thermal fluctuations that cause cyclic thermal stress of the
mold. The contribution evaluates the heat balance of the mold
during casting of a particular type of the cast and describes the
distribution of the temperatures in the mold volume during one
casting cycle. The contribution presents a comprehensive
picture of thermal processes occurring between the cast, the
mold and the surroundings.

2 HEAT BALANCE OF THE HIGH PRESSURE DIE CASTING MOLD

To ensure the quality of the casts, it is important to ensure the

stability of the casting process, i.e. the cast must be cast under

the stable conditions. A tempering system serves to ensure the

stability of the casting process in the high-pressure casting

molds. For its correct construction, it is necessary to determine

the heat balance of the mold for one casting cycle. The solution

of heat balance calculation considers the following assumptions:

- the die casting mold and the cast constitute a closed
system that is in thermal equilibrium,

- the heat fluxes and mold pats temperatures are constant
during the casting cycle,

- the temperature variation in the mold cavity surface during
the casting cycle is neglected,

- the face temperature of the mold is considered to be the
arithmetic mean of the temperatures on the face of the
fixed and movable part of the mold,

- the temperature of tempering medium at the inlet/outlet
to/from the mold is considered to be the arithmetic mean
of the temperatures of the medium at inlet/outlet to/from
the fixed and movable part of the mold.

From the general perspective, no thermal processes can occur

between the cast and the mold by condution, convection and

radiation. Based on the processes described above, it is possible
to determine the heat balance of the mold for heat transfer
from the solidifying cast based on the formula:

Q:Qrad+Qfl +Qt+er+Qpist+Qspr (1)

where:

Q - total heat dissipated by the cast (J),

Qrag — heat dissipated by radiation (J),

Qs — heat dissipated to the ambient area by flow (J),

Q: — heat dissipated by the tempering system (J),

Qs — heat dissipated by conduction into the machine frame (J),

Quist — heat dissipated by machine piston (J),

Qspr — heat dissipated by protective mold face coating spray (J).

[Novakova 2006, Pasko 2014, Mascenik 2019].

2.1 DETERMINATION OF THE AMOUNT OF HEAT DISSIPATED BY
THE CAST

The total heat dissipated by the cast is given by the sum of the
individual thermal energy components that the melt dissipates
during the solidification and cooling process of the cast. In
general, the amount of heat dissipated by the cast can be
determined by the formula:

Q=Quqverheat + Qsolid +Qcoo|ing+erict ()

where:

Qoverheat — heat dissipated from the overheated melt (J),
Qsolig — heat dissipated during solidification of the melt (J),
Qeooling — heat dissipated during cooling of the cast (J),

Qsrict — heat generated by the kinetic energy of the piston (J).

The amount of the heat generated by the friction of the piston
and due to the kinetic energy is quite small and can be
neglected. The amount of the heat dissipated from the
overheated melt Qoverheat can be determined by:

Qoverheat =Mm-C - (Tcast _Tliq) 3)
where:

m — weight of the melt (kg),

¢ — specific heat capacity of the melt (J.kg1.K1),

Teast — casting temperature (K),

Tiiq — liquidus temperature of the melt (K).

The amount of the heat dissipated during the solidification of
the melt Qg is dependent on its volume and its latent
crystallization heat:

Qsotig =M- LsoL (4)
where:
LsoL — latent crystallization heat of the melt (J.kg1).

The amount of heat that will be dissipated by the cast during
cooling Qcooling can be determined as follows:

Qcooling = z"Qcooling_i =Xm;-Cg '(Tliq _Tper_i ) (5)
where:

m; — unit weight of the gating system (kg),

cs — specific heat capacity of the melt in solid state, J.kg1.K'L,

Tiiq — liquidus temperature of the melt (K),

Tper i — unit temperature of the ambient (K).
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2.2 DETERMINATION OF THE AMOUNT OF HEAT DISSIPATED
FROM THE MOLD INTO THE AMBIENT

The amount of the heat dissipated from the mold o the ambient
by radiation can be determined according to the following
formula:

Qrad =O-"9'(To4 _T;‘)‘er )'S'tcycle (6)
where:

o — Stefan-Boltzmann constant (W.m2.K*4),

€ —relative radiation (0,7 —0,99),

T, — object temperature (K),

Tper —ambient temperature (K),

S — object surface (m?),

teycle — Working cycle time (s).

The heat dissipation from the mold to the ambient by flow
occurs under the influence of ambient air flow and is dependent
on the thermal gradient. The amount of dissipated heat by flow
can be determined as follows:

Qfl =ap- (To _Tper ) S 'tcycle (7)
where :

ap — flow heat transfer coefficient (W.m-2.K2).

The flow heat transfer coefficient is determined on the basis of
empirical relation:

ap =177-(Ty =Ty (8)

The amount of heat passing through the body is directly
proportional to the temperature gradient, time and to the flow
area perpendicular to the direction of the temperature flow.
The amount of heat dissipated from the mold to the machine
frame is determined from:

Qi =, ‘(Tsd—m ~Tsmd ) Sd—tr “Teyele (3)

where:

ay — the heat transfer coefficient from the mold surface to the
machine frame (W.m-2.K1),

Sd-fr — the area of mold and machine frame contact, m2
Sq-r= Ssdp

Tsa-m — the mold external surface temperature in contact with
the machine (K),

Tsd-m= To_exd

Tsm-d — the machine surface temperature in contact with the
mold (K),

Tsm-a= Tper

The amount of heat dissipated by the tempering system via the
circulating medium can be determined based on the relation:

Q=M - - (Toue —Tin) (10)
where :

m; — the weight of tempering medium (kg),

ct — specific heat capacity of the tempering medium (J.kg1.K1),
Tin — inlet medium temperature of the tempering system (K),
Tout — outlet medium temperature of the tempering system (K).

The amount of heat dissipated from the mold by protective
mold face coating spray can be determined as follows:

Qspr =Mgpr *Copr '(Tev _Tspr)"' Mepr ey * I-ev_spr (11)
where:

mspr — applied coating spray weight (kg),

Cspr — Protective coating spray specific heat capacity (J.kg*K)
Tev — evaporation temperature of the protective coating spray
(K),

Tspr — initial temperature of coating (K),

Sprt— protective coating spray initial temperature (K),

Mgy, v — evaporated protective coating spray weight (kg),

Ley,_spr — €vaporation specific latent heat of coating (J.kg™?).

2.3. DETERMINATION OF THE MOLD HEAT BALANCE FOR
FLANGE CAST

The heat balance was determined for the mold for production of
an electric motor flange cast. The alloy EN AC 47100 was used
for production of the cast in high pressure die casting machine
with designation Muller Weingarten 600 (Figure 1). The machine
has semi-automatic operation with electronic control. It is
designed for the high pressure die casting of non-ferrous metals
and it is equipped with three-phase injection system with
multiplier and button control. The main technological
parameters are stated in Table 1.

Figure 1. High pressure die casting machine Miller Weingarten 600

Table 1. Parameters of the high pressure die casting machine

2/3.2/8.7m

Dimensions (w/h/l)
Weight 27 t

Engine power 37 kW
Closing force 600 t
Pressing force 65 t
Ejection force 35t
Min./max mold height 0.4/0.9m
Max weight of cast 12 kg

The setting of the technological parameters of the casting cycle
was constant during the casting process of individual groups of
casts. Individual parameters and their values are listed in Table
2.

Table 2. Basic technological parameters of the casting cycle

Melt temperature
chamber

in the feeding 890.3K

Mold temperature 473.2K
Pressing piston velocity 2.9 m.st
Holding pressure 25 MPa
Filling time of mold cavity 0.016s

To determine the heat dissipated by the cast according to the
relation [Klobc¢ar 2008, Majernik 2019, Wladysiak 2017, Yu 2016
and 2017]. To determine the amount of the heat dissipated by
cooling of the cast according to it should be noted that each
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part of the cast will cool under different conditions. As an
ambient temperature T, was considered the average
temperature of the individual parts of the inlet system just after
the opening of the mold. The measured points of temperature
eject after opening the mold are depicted on Figure 2.

The determination of heat dissipated from the mold into the
ambient was realized according to the relations [Gaspar 2012,
Pasko 2014, Zhi Peng 2008]. The amount of heat that is
transferred from the mold to the ambient by radiation is
composed of two components:

- heat transferred by radiation from the external surface of
the mold during the entire cycle, Qrqas,

- heat transferred by radiation from the mold dividing plane
during the time the mold is opened, Qyqdz.

To determine the total heat dissipated through radiation by
mold into ambient, the modified relations has been used:

4 4
Qradl =0-¢ '(To_exd _Tper ) Sexd 'tcycle (12)
4 4
Qrag2 =O-“E"(To_sdp —Tis )'Ssdp'tod (13)
where:

To_exd — €xternal surface temperature of the mold (K),
Tper —ambient temperature (K),

Sexd — contact area of the mold with ambient (m?),
To_sdp — mold temperature in dividing plane (K),

Tis —mold cavity temperature during the opening (K),
Ssdp — dividing plane area of the mold (m?),

tod — time, during which the mold is open (s).

As in the previous case, the total heat dissipation by flow has to
be considered in two components:

- heat transferred by flow from external surface of the mold
during the entire cycle Qs,

- heat transferred by flow from the mold dividing plane
during the time the mold is open Q.
Following modified relations are used to determine the total
heat dissipated by flow into the ambient:

Qm =ap- To_exd _Tper ) Sexd Teyele (14)
14

ap =177 '(To_exd _Tper)l (15)

Quz=ap ‘(To_sdp —Tis ) Ssap “tod (16)
14

apy =177 '(To_sdp _Tis)l (17)

where:

To_exd — €xternal surface temperature (K),
To_sdp — mold face temperature (K),
Tis — cavity temperature during the time the mold is open (K).

T8 4

T-C: Tempereture of casting
T-R: Temperature of runner
T-B: Temperature of biscuit

Figure 2. Temperature measurement points after mold opening

Table 3 contains the values used to calculate the heat balance of
the high pressure die casting mold.

Table 3. Values used to calculate the heat balance of high pressure die
casting mold

0,424 kg
Miunner 0,544 kg
Mbpiscuit 0,212 kg
Tmelt 890.3 K

858.15 K
Teast 513.85K
Trunner 586.85 K
Thiscuit 617.45K
Lsor 497000 J.kg‘1

¢ 1131 J.kgt.K?
1080 J.kg 1.k
5,67.108 W.m2.K*

volena hodnota 0.85

S [o

IIIIiiIiIIIIIIIIIIIIIiIIIﬁ

To exd 433.15K
Tper 302.15 K
To_sdp 473.2K
is 253.15K
tcycle 39.134 s
16.012 s
Sexd 0.75 m?
0.72 m?
15 W.m2.K?
0.43 kg

4186 J.kg LK1
2253000 J.kg*

298.15 K

Tev 373.15K
I 2501 J.kgt K
[m HE
463.15 K
447.15K

Based on above mentioned relations, the individual heat
components in heat balance of the mold were determined
according to the relation (1) as presented in Table 4.
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Table 4. Overview of heat components heat balance values of the high
pressure die casting mold

Q Total heat dissipated by casting 1001555.86 J
Qrad Total heat dissipated into 57209.8 J
ambient by radiation
Qs Total heat dissipated ito ambient ~ 31127.52J
by flow
n Total heat dissipated by -200080J
tempering system
Qs Total heat dissipated by 55366.78 )
conduction into the machine
frame
Qspr Total heat dissipated by 1055300
protective mold face coating
spray
998924.1)

QauL Total heat dissipated into
ambient by individual
components

The difference in results between Q and Qau is due to
a disregard of the heat value that is dissipated by the machine
piston and at the same time due to possible inaccuracies in the
experimental temperature determination. As can be seen from
the calculation of the heat dissipation by the tempering system,
the value of the heat Q; = - 200080 J. Based on the calculation, it
can be stated that the tempering system does not dissipate the
heat from mold, but on the contrary, it supplies it to the mold.

3 TEMPERATURE DISTRIBUTION EVALUATION
MOLD VOLUME

The knowledge of the mold heat balance provides an

indication of how much heat is transferred in the casting — high
pressure die casting mold assembly and how it is dissipated
from the system. In order to optimize the design of runners, it is
preferable to know the temperature influence of the individual
mold zones. Temperature measurement is the most difficult
task in determining the interfacial heat transfer in HPDC
[Majernik 2019, Yu 2016, Krenicky 2011]. A group of authors led
by ZHI-PENG designed a special temperature sensor unit (TSU)
to obtain a sufficiently fast response to the HPDC process and
accurate temperature measurement inside the mold. Using the
TSU the temperature at 1, 3 and 6 mm from the surface to the
mold volume were measured [Zhi Peng 2008]. Our examination
of distribution and temperature change in individual mold zones
was inspired by this kind of measurement. The temperature was
monitored at two selected locations (Figure 3), with
a distribution of 1mm, 2mm, 5mm, 10mm a20mm in the
direction from the surface of the die cavity to the volume of the
fixed and movable mold parts.
Measurement points were distributed in a line perpendicular to
the dividing plane of the mold. Adjusting of the technological
parameters is presented in Table 2 and Table 3. The cross-
section of the tempering channels in the fixed part of the mold
is 10mm, in the movable part is 9mm. As comparative
parameters, the temperature of the melt in the center of the
main runner above measurement point and the temperature of
the melt close to the mold face were monitored. In total, the
temperature was monitored at 26 measurements points and
evaluated. The measurement was performed using the
Magmasoft MAGMAS — HPDC module.

INTO THE

MR_ED - Measured point on Main Runner/Ejector Die
SR_CD - Measured point on Secondary Runner/Cover Die
SR_ED - Measured point on Secondary Runner/Ejector Die

Figure 3. Temperature distribution measurement points

3.1. MEASUREMENT RESULTS

Based on measurements performed on the selected system, the
course of temperature at individual measurement points was
evaluated. Table 5 depicts the measured temperature change in
values.

As arises from Table 5, the surface layers of the mold near the
work cavity of the mold are stressed by the temperature
fluctuation AT above 200 °C. The results in Table 5 are presented
as absolute temperature values for each measurement point. To
understand the development of temperature change,
a graphical dependence of the temperature change over time
has been created for each measurement point, Figure 4. From
Figure 4 arises that the mold temperature is at a constant level
during the filling phase, more precisely that the layer just below
the surface heats up only minimally.

Table 5. Temperature change at measurement points

Measurement Point Tmax, °C Tmin, °C AT, °C
460.2 2193 2409
441.3 2204 2209
393.2 226.9 166.3
339.0 2413 97.7
279.9 249.2 30.7
461.7 2191 2426
| MR_ED-2mm  [UPES 220.1 222.7
| MR_ED-5mm  [EEEES 2265 167.4
3363 2419 944
| MR_ED-20mm  [P¥ER 2496 298
417.5 178.6 238.9
389.0 179.5 209.5
329.3 184.3 145.0
272.8 1944 784
217.7 196.6 211
[ SR ED-1mm  [JEEEE 1915 204.4
[ SR ED-2mm  [BEVON; 1924 1783
[ SR ED-5mm  [EIVES 197.7 1196

Intensive temperature increase is the mold volume occurs
only during the solidification phase. In places where the
temperature courses at each measurement point intersect, it is
possible to determine the temperature progression into the
mold volume, reflecting the heat transfer from the surface of
the die cavity of the mold into the mold mass. The temperature
drop between the end of the solidification phase and the start
of the filling phase occurs in time during which the mold is open.
The casting is ejected from the mold and the mold is being
treated by spraying and blasting. The face of the mold is thus
cooled in this phase due to the ambient air temperature, due to
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the temperature of the medium during spraying and due to the

air pressure during blasting.
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Figure 4. Temperature development Main Runner/Cover Die

The highest temperature gradient between the melt

temperature and the mold face is at the beginning of

solidification phase. Figure 5 depicts the temperature gradient
As arises from Figure 5, at the beginning of solidification, as the
distance from the mold face increases, so does the
temperature. Explanation can be found in the heat balance
evaluation of the mold. As presented in the Section 2.3, Table
4. The tempering system supplies the heat to the mold (see Q).
The measurement point located 20mm from the mold face is
located near the tempering channel, and thus the influence of
Q; is more pronounced. Also, the mold itself, by cyclically
repeated heating under the influence of heat transferred from
the melt, behaves as an accumulator. Therefore, the
temperature at the start of the solidification in the mold
volume is higher than the temperature at the surface of its
cavity. Thus, by regular working cycles, the temperature in the
mold volume is at relatively constant level, with an average
temperature fluctuation in the range of 15 — 30°C, which is
depicted by graphical representation of the temperature
gradient in the various phases of the casting cycle in Figure 5.

4  ANALYSIS OF ACHIEVED RESULTS

Based on the experiment conducted with the intention of
determination of the thermal balance of the mold, it can be
stated that the high pressure die casting is a thermal process
very difficult to observe by the measurement technique. The
metal mold must be considered both as a conductor and as
a heat accumulator. The melt transfers large amount of heat to
the mold cavity during one casting cycle because the conditions
are created to transfer the heat from the melt as quickly as
possible. The complexity of the heat balance calculation lies in
avery fast, cyclical and non-stationary thermal processes
between the melt and the mold face, making the mathematical
solution very problematic. A simplified  calculation
methodology is presented in Chapter 2. The individual
components of the heat transferred from the mold are shown
in Table 4. Agraphical representation of the individual
components percentage of transferred heat from the mold is
depicted in Figure 6. The highest proportion of heat is
dissipated by the mold protective coating spray followed by the
radiation from the mold surface, conduction of heat through
the machine frame and the smallest heat component is the
heat dissipated from the mold by flow. As shown by the
calculation, the tempering system supplies the heat to the
mold.

between the main runner and cover die.
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Figure 5. Temperature gradient Main Runner / Cover Die
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Figure 6. Transferred heat from the mold

The determination of the mold heat balance is giving the
quantitative picture about the heat transfer between the
casting, mold and the ambient, but does not give us
information about the heat transfer and temperature changes
in the individual mold volume zones. The magnitude of the
temperature change in each zone according to the selected
location of measurement points is presented in Table 5. It is
possible to state that alternating heating and cooling during
one work cycle causes a considerable temperature variation at
the depth of up to 5mm and at depth less than 10mm. Of
course, this alternating thermal stress is mostly pronounced at
the mold face, where the temperature of the mold surface
layers is close to the temperature of the melt. At a distance of
20mm from the die cavity, the heat supplied by the mel tis
gradually transferred to the entire mold mass without
significant thermal fluctuations. Figure 4 depicts the
temperature course at each of the measurement points during
the work cycle. It should be noted that the temperature was
only recorded at the time when mold was closed. A significant
change in temperature of the mold material is ongoing during
the solidification and cooling phase, where the heat transfer
from the casting to the mold volume is the most intense.

The magnitude of the melt supercooling upon a contact with
the mold face determines the casting structure. Thus, the
magnitude of the temperature gradient between the melt and
the die cavity surface affects the grain size in the casting walls.
The higher the supercooling of the melt, the finer the grain
structure of the castings, which results in an increase in their
surface hardness. In practice, it is preferred to set the mold
temperature to 1/3 of the melt temperature [Gaspar 2012,
Majernik 2019]. In our experiment, this condition was
maintained. By comparing the temperature gradient according
to Figure 5/A) and the results obtained during the experiment,
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it was found that the temperature difference between the melt
and the subsurface mold face layer at the end of the filling
phase is an average of 420°C at the location of secondary
runner and 380°C at the location of main runner.

5 CONCLUSIONS

This contribution is devoted to the evaluation of thermal
conditions at the casting — die casting mold interface. It is
conceptually divided into two parts, namely to assess the heat
balance of the mold and visualize the temperature distribution
in the mold volume. Based on the performed calculations and
measurements with the support of the simulation program
Magmasoft it is possible to state conclusions into following
points:

1.) Simplified methodology of heat balance calculation is
verified and refined. The correctness of the calculation
methodology is confirmed by the match between the heat
transferred to the mold Q and the total dissipated heat from
the mold QALL-

2.) It is advantageous to visualize the temperature
distribution into the mold volume using the CAE support in the
foundry industry.

3.) When evaluating the temperature distribution into the
mold volume, it is not appropriate to focus solely on the
absolute temperature values at the selected measurement
points, but the overall temperature course during the casting
cycle as well as the temperature gradient should be taken into
the account to help us predict the internal structure of the
casting.

4.) The distribution and design of the tempering channels
have significant influence on the temperature field change in
the mold volume and the associated heat dissipation. As has
been proven, the smaller the distance between the die cavity
wall and the tempering channel, the smaller the temperature
difference in the mold volume. It is therefore appropriate to
dimension the tempering channels as close to the die cavity as
possible. This gives us more temperature-balanced mold, which
will produce the same quality castings in individual castings
cycles without high internal stresses.

Results presented in this contribution serve as a platform for
further research. A methodology for evaluating the thermal
stress of the molds/temperature distribution into the mold
volume is introduced to highlight important factors affecting
the mold temperature equilibrium. The following research will
be directed to the evaluation of the overall thermal field of the
mold as a function of the mold material change, the design and
distribution of tempering channels in the mold and their

distance from the die cavity.
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