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Abstract: Local heat transfer in gravity die casting is of great importance for precision in terms of
distortion, mechanical properties, and the quality of the castings due to its effect on solidification.
Depending on contact conditions such as liquid melt to solid mold, a gap between mold and
component, or contact pressure between casting and mold as a result of shrinkage, there are
very large differences in heat transfer. The influences of mold material, mold coating and its
influence of aging, mold temperature control, and layout on the heat transfer coefficient (HTC)
were investigated experimentally for different contact cases. The experiments were carried out on
a rotationally symmetrical experimental setup with modular exchangeable die inserts and cores
using an AlSi7Mg0.3 alloy. From the results of the individual test series, the quantitative shares of
the above-mentioned influencing variables in the respective effective heat transfer coefficients were
determined by means of analysis of variance. From this, the parameters having the most significant
influence on the local heat balance were derived.

Keywords: gravity die casting; solidification; heat transfer; heat transfer coefficient; analysis
of variance

1. Introduction

The heat transfer between casting and mold during gravity die casting has a direct influence on
the solidification rate and the corresponding microstructure and, thus, on the mechanical properties of
the casting. The formation of casting defects such as shrinkage, distortion, and residual stresses is
also a consequence of the heat exchange with the mold. Regarding the heat transfer coefficient (HTC)
between casting and mold, two cases can be observed. As long as the melt has not solidified, there is a
solid-to-liquid contact between the mold and the casting. This is replaced by a solid-to-solid contact as
soon as a solidified, mechanical coherent outer shell forms in the casting. Then, at most areas of the
casting–mold interface, a gap forms or contact pressure increases, depending on part geometry.

Investigations on the matter of the heat transfer between mold and casting have a long history [1–4].
Several of the early works considered heat transfer as a function of the properties (e.g., roughness) of
the interacting surfaces [4–6]. It was assumed that in the case of an air gap formation this dominates
the HTC [2,7,8]. Studies on the formation of air gaps induced by solidification shrinkage during the
casting processes has been carried out for a long time as well [1,9]. Later investigations combined
these analyses with the HTC determination of the mold–casting interface [2,10,11]. A comparison of
different simulation programs and different models for characterizing the dependencies of the HTC
showed that gap-dependent descriptions showed the best matches [10]. On the experimental side,
the influence of die temperature or cooling rates on the air gap formation was also evaluated [12] as
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well as the influence on the HTC [7,13]. The relationship between contact pressure and heat transfer
was investigated separately, mainly through the application of external forces on the investigated
interface [3,14,15]. The initial value of the HTC for the contact condition when the melt is still liquid,
thus before the air gap formation or contact pressure building starts, was investigated as well [4,16] as
it has a significant influence on the cooling curves.

The respective heat transfer coefficients are influenced by several parameters in permanent mold
casting, such as mold temperature, thermal conductivity of the casting and mold, and the thickness
and surface roughness of the coating [7,8,17]. The influence of the type and thickness of the coating
and the age of the mold coatings on the HTC has been investigated in earlier studies as an isolated
parameter [18–20]. The first parameter chosen to be investigated in the experimental setup used for this
work was the influence of the mold temperature control on the heat transfer [13,21,22]. As in real casting
processes, it is obvious that, depending on the geometry of a component, both shrinkage-induced air
gap formation and contact pressure can occur in parallel. In the present study, both phenomena were
considered simultaneously as in two of the previously mentioned works [21,22].

In the works mentioned above, the authors mainly attempted to describe the HTC using physical
models. The complexity of the real casting process, such as movement in the still liquid melt,
many disturbance factors and the simultaneously occurring different contact conditions combined with
the physical properties of the materials involved, which are not fully known in the solid–liquid range,
makes this very difficult. Furthermore, the investigation in each of the mentioned works was limited
to researching either individual parameters or small sets of parameters and their influence on the heat
transfer between casting and mold, e.g., casting alloy, mold temperature, coating and its thickness
in a mold with a practically one-dimensional temperature gradient [7]. Since these investigations
were carried out under strongly deviating boundary conditions in very different experimental setups,
the significance of the respective influencing parameters on the total HTC can only be derived from
them insufficiently. In this work, a different approach is taken. To establish an empirical model
describing the HTC based on the physical processes at the melt–mold interface, the active influencing
factors in each temperature range must be known. Determining these factors by direct measurement in
a macroscale experiment requires the statistical evaluation of the behavior of the HTC compared to
that of the relevant material and process parameters. The compilation and combined evaluation of the
results obtained in the works on the influence of process and material on the heat transfer coefficient,
which were carried out in a single experimental setup under constant boundary conditions [13,20–22],
allow the determination of their respective share of the total heat transfer coefficient. In addition to
the influencing parameters already considered, the layout of the temperature control channels and
the mold and core material with different physical properties were added in the current study. In the
present case, the analysis of variance (ANOVA) points towards statistical connections and their strength
between the HTC and the variables. Thus, a contribution is made to the identification of the relevant
influencing parameters for later modeling.

2. Materials and Methods

To avoid geometric influences, the test specimen was designed as a rotationally symmetrical
cast part. To provide the possibility of measuring the contact pressure on a core, the cup-shaped test
specimen was positioned with the open side facing downwards. In order to ensure a heat flow as
radial as possible with simultaneous active cooling, an additional insulation of the bottom and top
side was integrated, while temperature control channels for oil temperature control were inserted in
the mold inserts arranged around the circumference. The modular design of the mold allowed the
use of different mold modules that differed in material or, for example, the layout of the temperature
control system. Temperatures were measured via type k thermocouples (TC Mess- & Regeltechnik
GmbH, Mönchengladbach, Germany) in the mold modules and in the casting. The measuring setup
allowed for an accuracy of ±2 ◦C, and all used thermocouples were taken from the same production
batch to further reduce the inaccuracies. The thermocouples were placed in groups on the upper
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side of the mold and the specimen, as well as on the lower side of the core and the specimen to be
able to extrapolate the interface temperatures near the measuring points of the gap and the pressure
measurements [13,21,22]. For the measurement of gap formation, the displacement of the mold and
the casting was measured by means of linear variable differential transformers (LVDTs) (Eddylab
GmbH, Otterfing, Germany), which were coupled via quartz glass rods to the mold and the casting.
To derive the formation of the gap, the difference in displacement between the mold wall and the
casting was determined at three points around the circumference of the component. From these three
differences, the gap was then calculated as their mean value. The shrinkage force transmitted from the
casting to the core was measured by a load cell (Lorenz Messtechnik GmbH, Alfdorf, Germany) also
coupled by a quartz glass rod. The measurements of temperature and air gap formation were carried
out in a similar way to previous experiments [23] and described in detail in previous works [13,21,22].
The measurements were recorded with a sampling rate of 20 Hz. Figure 1 shows a sectional view of
the experimental setup on the left side, with mold and measuring components, and an exploded view
with the changeable die inserts and core marked on the right side.
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Figure 1. A section wise cutaway depiction of the experimental setup with a cast test specimen as well
as the attached measuring devices on the left and an exploded view of the setup on the right [13].

Figure 2 shows a cast specimen on the left side made during one of the experiments and the mold
inserts with the different temperature control channel layouts shown schematically on the right side.
The conventionally manufactured inserts with straight cooling channels can be seen in the upper part
of the illustration„ and the contour-adapted layout with cooling channels, which are positioned closer
to the surface in generative (using selective laser melting) manufactured modules, is shown in the
lower part. The entire mold structure is made of X37CrMoV5-1 steel, except for the insulating plates
made of calcium silicate, the sand cores, and a set of mold modules made of copper CuCr1Zr.
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Figure 2. On the left is shown a cast test specimen. It has an outer diameter of 153 mm, a height without
feeder of 120 mm, a wall thickness of 20 mm, and a 5◦ draft angle on the inside and outside. The right
side shows sketches of the exchangeable die inserts to provide different temperature gradients through
different designs of the cooling channels (blue). On the top right is shown the classic design and below
is displayed the contour-adapted layout with cooling channels positioned closer to the surface [13].

2.1. Experiments

For the experiments, a common industrially used alloy was chosen, namely A356 (AlSi7Mg0.3),
of which the measured composition is given in Table 1. Before each casting, the melt was subjected to a
15 min argon degassing treatment with a flow of 2.5 min−1 and the casting temperature was selected
to be 720 ◦C measured in the crucible directly before pouring. During the tests, the measurements
of temperature, displacement, and pressure during solidification and cooling were recorded with a
sampling rate of 20 Hz.

Table 1. Measured chemical composition of the AlSi7Mg0.3 in mass % used in the experiments.

Al Si Fe Cu Mn Mg Ti Other

Balance 7.1 0.1 0.02 0.05 0.42 0.09 Sr

In multiple series of experiments in the described setup, different process and material parameters
were varied and their influence on the respective heat transfer coefficient between mold or core
and casting was determined. The oil temperature control was set to 30, 100, 200, and 300 ◦C and
the effect on the resulting heat transfer was determined [13,21,22] and a corresponding model was
derived [22]. The influence of different mold coatings and a plasma-sprayed ceramic permanent
coating was considered from the point of view of their individual insulating properties. Moreover,
the influence on the HTC, also in terms of coating wear, was determined [20]. The following parameters
were then varied in further experiments:
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• Mold inserts made of different materials, once of the standard die steel X37CrMoV5-1 and once
made of the copper alloy CuCr1Zr, whereby their geometry was kept the same.

• Mold inserts once conventionally manufactured with straight temperature control channels at a
distance of 15 mm from the cavity and once generatively manufactured with contour-adapted
channels at a distance of 10 mm from the cavity (see Figure 2). Both made of the same steel
(X37CrMoV5-1).

• In addition to the steel core, a version made of furan resin sand was also used, which, in addition to
significantly different thermal properties, has other contact conditions due to its different surface
properties and at least partial compressibility.

• From the investigation of various mold coatings and their respective wear behavior with regard
to the heat transfer [20], to reduce the number of parameters, only a single die coating (KS 81
from Hüttenes-Albertus, Düsseldorf, Germany) was selected for the experiments underlying this
work. Furthermore, some experiments were carried out with completely uncoated mold modules.
The age of the coating was 2, 3, 4, 5, 6, or 7 previous castings (or set to 20 if no coating was used).

2.2. HTC Determination

When determining the heat transfer coefficient h, three cases must be distinguished depending on
the contact conditions. Above the temperature at which a shell has formed, there is liquid–solid contact
between melt and mold. This means that there is neither a formed gap ∆x nor a contact pressure p
that exceeds the metallostatic one, which can be neglected compared to the magnitude of the contact
pressure (i.e., ∆x = 0, p = 0). Accordingly, the application of Equation (1) leads to an incorrect estimate
of h with an infinite value when the gap width approaches zero. In fact, under such conditions, there is
a high heat transfer coefficient hin. To find a suitable value for the heat transfer coefficient hin, the mean
heat flow q = (qc + qm)/2 is calculated according to Equation (2), where qc represents the heat flow from
the casting into the gap and qm represents the heat flow from the gap into the mold. Both are calculated
from the temperature gradients at the interface determined in the casting and the mold [24].

The other two cases arise as soon as the interface temperature on the melt side falls so far that a
coherent shell forms, which can transmit mechanical forces, and thus a firm contact is present. On the
outside of the casting towards the mold, gap formation then begins with the width ∆x which increases
progressively as the casting shrinks and the mold expands. The heat transfer coefficient at the interface
between casting and mold h is determined by the gap width ∆x and the thermal conductivity of air kair
according to Equation (1). In that equation, kair is the temperature-dependent thermal conductivity
of air calculated from the interface temperatures of casting and mold [11], assuming that the gas
in the forming gap is air due to the fact that it is open to the environment. It is further assumed
that the heat flow across the air gap per time step is constant because the specific heat capacity of
the air and that of the ceramic coating are small. The third case is as well present from the point
in time when a first coherent shell between the casting and core has solidified. Then, the casting
shrinks onto the core and at the core surface the thin formed solid shell exerts a contact pressure p
on the core surface. For the calculation of the heat transfer coefficient under the contact pressure
p, an analytical model from Mikić [25] was used, where the thermal conductance is considered for
an elastic deformation (Equation (3)). In that equation, ks, E′, and σs are the equivalent thermal
conductivity, the modulus of elasticity, and the surface roughness of the contacting solid surfaces at
the corresponding interface temperatures, respectively. For the calculation of the respective HTCs,
the temperature-dependent material characteristics were taken from the database on which the foundry
simulation MAGMASOFT® (version 5.3.1, MAGMA Gießereitechnologie GmbH, Aachen, Germany) is
based [26], with the exception of the thermal conductivity of air [27]. Since steel and sand as material
for the core differ in many physical properties, the normalized heat capacity for the core cpcw was
introduced as follows:

h =
kair
∆x

(1)
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h = q/(Tc − Tm) (2)

h = 1.9
ks

σs

(P
E

)0.94
(3)

2.3. Analysis of Variance (ANOVA)

To establish connections between various parameters and the HTC, an analysis of variance was
carried out. The changes in the means for the individual variables were compared using this method.
A similar behavior of a variable and the HTC indicates a higher probability that this variable has a
significant influence on the HTC. The statistically identified variables can form the basis for future
models used to calculate the HTC under different conditions. Accordingly, the influence of different
variables listed in Table 2 on the heat transfer coefficients at the mold and core interface are considered
independently of each other.

Table 2. Definition of the parameters investigated for influence on the heat transfer coefficient (HTC).

Label Description of Variable

tc Target temperature in the cooling channels
cc Distance of the cooling channels in the mold from the interface to the casting
km Thermal conductivity of the mold material at the considered interface temperature
cpm Heat capacity of the mold material at the considered interface temperature
wg Width of the gap between casting and mold wall
kair Thermal conductivity of air at the calculated temperature in the gap
cpair Heat capacity of air at the considered interface temperature

ac Number of casts on the coated mold before the test; for tests without coating, a value of
20 casts is used

kc Thermal conductivity of the core material at the considered interface temperature
cpc Heat capacity of the core material at the considered interface temperature

cpwc
Heat capacity of the core material at the considered interface temperature normalized to the

weight of the core

As the development of the relationship of HTC and influencing parameters with changes in
interface temperatures were investigated for each interface temperature considered, a new analysis
took place. Whether there was a statistical relationship between a variable and the HTC was evaluated
by means of the p-value. If it fell below a value of 0.05, a relationship between the corresponding
variable at the considered interface temperature and the HTC was assumed. The strength of the
influence exerted by this variable is expressed by means of the impact factor (IF). This is the proportion
of the variable-related square sum to the total square sum. Since further discussions focus on the
impact factor, parameters with a p-value above 0.05 were assigned an impact factor of zero. In the
present work, the implementation of ANOVA in the statistical programming language R was used [28].

3. Results

The different test series showed that the gap formed uniformly over the circumference in nearly all
experiments, as expected from the rotationally symmetrical component. Figure 3 shows an example of
the measured values of an experiment with copper mold inserts, steel core, and the mold temperature
control set to 100 ◦C. It can be seen that, almost at the beginning of the solidification, the air gap and
the contact pressure start to build up. On the left side, the recorded temperatures and the derived
interface temperatures at the point of gap measurement are shown together with the measured gap
width. On the right side, the corresponding temperatures towards the core are shown together with
the measured contact pressure. More detailed results for the individual test series and parameter
variations can be found in the corresponding publications [13,20–22].

After the series of experiments under different process conditions, some results had to be discarded
because the measuring devices failed (e.g., broken quartz glass rods). The statistical relationship
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between different measured and process variables with the HTC can be determined by means of
an analysis of variance (ANOVA) used on the remaining data sets (listed in Table 3). Of particular
interest is the development of the relationships with changes in interface temperature. The interface
temperatures considered here were 460, 480, 500, 510, 520, 530, and 540 ◦C. The reasons for choosing the
observed interface temperatures are threefold. The upper limit was chosen because the formation of a
solidified shell is assumed to have taken place there, while the inner areas of the casting are still liquid.
It is also assumed that, above this temperature, the liquid-to-solid contact condition is dominant with
influencing parameters not included in the analysis, e.g., roughness of the surfaces [8,17]. Furthermore,
the lower temperature limit was set by the greater rate of failure of the pressure sensors below that
temperature [21]. The smaller step size between 500 and 540 ◦C was picked due to the assumption of
changes in behavior in this range prior to the analysis.
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Figure 3. Measurements of temperatures, gap formation, and contact pressure building for the
experiment with copper die inserts, steel core, and the temperature control set to 100 ◦C [13].

Table 3. Parameter sets used for the statistical analysis.

Parameter
Set

Temperature
Control (◦C)

Cooling Channel
Distance (mm)

Mold
Material

Core
Material

Age of
Coating

1 300 15 copper steel 2
2 200 15 copper steel 3
3 100 15 copper steel 4
4 30 15 copper steel 5
5 300 15 copper sand 6
6 30 15 copper sand 7
9 300 15 steel steel 2

13 300 15 steel sand 6
14 30 15 steel sand 7
18 200 10 steel steel 3
19 100 10 steel steel 4
23 300 15 copper steel 20
24 200 15 copper steel 20
25 100 15 copper steel 20
26 30 15 copper steel 20
27 300 15 copper steel 20
32 300 15 steel steel 2
33 200 15 steel steel 3
34 100 15 steel steel 4
35 30 15 steel steel 5
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3.1. HTC at the Mold–Casting Interface

The impact factors for the HTC at the mold–casting interface for the chosen interface temperatures
are listed in Table 4 and their development over the interface temperatures is shown in Figure 4.
The strength of the statistical relationships, given here by the relevant impact factors, changes during
the cooling of the casting. For the interface at the mold wall with temperature at or above 480 ◦C,
the main influencing factor for the HTC is the thermal conductivity of the mold material (km), with a
smaller yet still noticeable impact made by the distance of the cooling channels to the mold wall (cc).
The set temperature for the cooling channels (tc) also has an impact over the full temperature range,
but the impact factor stays below 1% (IF < 0.01). For an interface temperature of 460 ◦C, the behavior
changes completely. The highest impact factor can now be observed for the thermal conductivity of air
(kair) with 68.36%, the gap width (wg) has an impact factor of 7.40%, while the influence of the thermal
conductivity of the mold material (km) drops to 4.58%. This change can be attributed to the formation of
a gap between the outside of the circular specimen and mold due to the shrinking of the cooling casting.
It is noticeable that the age of the coating (ac) has no influence at all in the considered temperature
interval, since there are no impact factors for p-values below 0.05. Furthermore, the physical properties
of the core seem to be almost negligible for the HTC between casting and mold; only the thermal
conductivity of the core material (kc) has a very small influence with a maximum of only 0.5% at 460 ◦C.

Table 4. Impact factors for the HTC at the casting–mold interface for p < 0.05.

(◦C) 460 480 500 510 520 530 540

tc 0.00397 8.05 × 10−5 9.21 × 10−5 0.00638 0.00468 0.00235 0.00228
cc 0.15946 0.13673 0.13674 0.15133 0.12693 0.11288 0.11301
km 0.04582 0.86318 0.86317 0.84228 0.86839 0.88477 0.88464
cpm 0.01923 3.49 × 10−7 - - - - -
wg 0.07403 - - - - - 1.41 × 10−5

kair 0.68357 - - - - - -
cpair 0.00769 - - - - - -
ac - - - - - - -
kc 0.0051 - 1.14 × 10−7 - 1.18 × 10−7 - -
cpc - - - - - - -

cpwc - - - - - - -

Metals 2020, 10, x FOR PEER REVIEW 8 of 13 

 

3.1. HTC at the Mold–Casting Interface 

The impact factors for the HTC at the mold–casting interface for the chosen interface 
temperatures are listed in Table 4 and their development over the interface temperatures is shown in 
Figure 4. The strength of the statistical relationships, given here by the relevant impact factors, 
changes during the cooling of the casting. For the interface at the mold wall with temperature at or 
above 480 °C, the main influencing factor for the HTC is the thermal conductivity of the mold material 
(km), with a smaller yet still noticeable impact made by the distance of the cooling channels to the 
mold wall (cc). The set temperature for the cooling channels (tc) also has an impact over the full 
temperature range, but the impact factor stays below 1% (IF < 0.01). For an interface temperature of 
460 °C, the behavior changes completely. The highest impact factor can now be observed for the 
thermal conductivity of air (kair) with 68.36%, the gap width (wg) has an impact factor of 7.40%, while 
the influence of the thermal conductivity of the mold material (km) drops to 4.58%. This change can 
be attributed to the formation of a gap between the outside of the circular specimen and mold due to 
the shrinking of the cooling casting. It is noticeable that the age of the coating (ac) has no influence at 
all in the considered temperature interval, since there are no impact factors for p-values below 0.05. 
Furthermore, the physical properties of the core seem to be almost negligible for the HTC between 
casting and mold; only the thermal conductivity of the core material (kc) has a very small influence 
with a maximum of only 0.5% at 460 °C. 

Table 4. Impact factors for the HTC at the casting–mold interface for p < 0.05. 

(°C) 460 480 500 510 520 530 540 
tc 0.00397 8.05 × 10−5 9.21 × 10−5 0.00638 0.00468 0.00235 0.00228 
cc 0.15946 0.13673 0.13674 0.15133 0.12693 0.11288 0.11301 
km 0.04582 0.86318 0.86317 0.84228 0.86839 0.88477 0.88464 
cpm 0.01923 3.49 × 10−7 - - - - - 
wg 0.07403 - - - - - 1.41 × 10−5 
kair 0.68357 - - - - - - 
cpair 0.00769 - - - - - - 
ac - - - - - - - 
kc 0.0051 - 1.14 × 10−7 - 1.18 × 10−7 - - 
cpc - - - - - - - 
cpwc - - - - - - - 

 

Figure 4. Development of the impact factors for the HTC between casting and mold over the interface 
temperatures. 

3.2. HTC at the Core–Casting Interface 

Figure 4. Development of the impact factors for the HTC between casting and mold over the
interface temperatures.

3.2. HTC at the Core–Casting Interface

The impact factors for the HTC at the core–casting interface for the chosen interface temperatures
are listed in Table 5 and their development over the interface temperatures is shown in Figure 5.
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It can be seen that, at the interface of core and casting, the HTC and the investigated variables show
different statistical connections than those at the interface to the outer mold. Unlike the behavior at the
casting–mold interface, almost all observed parameters show a connection, albeit low, to the HTC at the
core over the full observed temperature range. Standouts here are the thermal conductivity of the core
material (kc), analogue to the behavior of km at the mold interface, which has the highest impact between
540 and 480 ◦C. However, the gap width at the mold (wg), the heat capacity of the mold material (cpm),
and the age of the coating (ac) have a significant influence. Those show increased values over various
points of the observed temperature range. A change in behavior again occurs at a temperature of 460
◦C. Here the impact of the thermal conductivity of the core diminishes. The parameters with noticeably
increased influence here are the age of the coating (ac) and the heat capacity of air (kair).

Table 5. Impact factors for the HTC at the casting–core interface for p < 0.05.

(◦C) 460 480 500 510 520 530 540

tc 0.03315 0.00108 0.00106 0.00016 0.00447 0.00274 0.00325
cc 0.02637 0.03179 0.03025 0.03746 0.03395 0.03052 0.03078
km 0.0006 0.01744 0.01756 0.00817 0.0013 1.59 × 10−5 -
cpm 0.11193 - 0.12014 0.09652 0.10867 0.12018 0.07945
wg 0.10746 0.07517 0.045 0.09289 0.16115 0.17403 0.24973
kair 0.003 0.02283 0.00644 0.00107 0.01014 0.00852 0.04854
cpair 0.20356 0.00245 0.00065 0.00965 0.01701 1.96 × 10−5 0.03928
ac 0.42709 0.00062 0.13448 0.14493 0.10168 0.0622 0.03847
kc 0.08677 0.84993 0.64426 0.60903 0.56154 0.60163 0.51035
cpc 4.10 × 10−5 0.00013 - - - - -

cpwc 1.25 × 10−5 7.76 × 10−5 - - - 0.00011 -
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4. Discussion

The change in magnitude for the impact factor for the mold wall material heat conductivity (km)
below 480 ◦C for both observed cases fits with the expected temperature range [2,8,18] for the formation
of a gas (assumed to be air)-filled gap at the outer mold wall. In the higher temperature range showing
stable behavior, variations in the impact factor value can mostly be explained by a combination of the
limited data available for analysis and the small differences in process and handling during casting
inherent in the single-part mold casting process [6]. The same reasons are probably responsible for the
occurrence of small impacts for variables outside of the otherwise observable behavior.
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Comparison of the Mold-Casting and Core–Casting Interface

An explanation for the differences in behavior at the interfaces for core and mold can be sought
in the different cooling conditions, since cooling channels are only present in the outer mold, and in
the different contact conditions at the interfaces created by the shrinking of the casting onto the core
leading to contact pressure, while creating a gap with the mold wall. Furthermore, the development of
the temperature distribution in the core cannot be assumed to be quasi one-dimensional like near the
center of the mold wall due to heat transfer from multiple directions into the core simultaneously.

The development of a more complex temperature state is assumed to lead to higher fluctuations
in the influence of the various parameters. This leads to the observed changes in the behavior of low
impact factors for a high number of influencing variables.

The behavior of the mold and core wall interfaces at 460 ◦C differs significantly from the behavior
at higher temperatures, as previously described. The impact factors for the interface temperature
460 ◦C for the two contact cases are shown in Figure 6. The significant change in contact condition
at or above this temperature, experienced in different ways by the two contact zones, leads to the
replacement of thermal conductivity of the wall material (km, kc) with parameters dependent on the
contact conditions as the most impactful factors influencing the HTC. For the mold wall, the newly
important parameter is the thermal conductivity of air (kair), followed by the nearly unchanged impact
of the distance of the cooling channels to the interface (cc) and increasing impact of the gap width
(wg). This can be attributed to the formation of a gap between casting and mold wall, replacing the
previously active mechanisms for heat flow with the one dominated by the air-filled gap. In contrast to
this, the significant impactful parameters at the core-side interface are more widespread, but with a
smaller overall impact for the dominating influence, which is the age of the coating (ac). The second
highest influence at the core interface is the heat capacity for air (cpair). This is probably due to the
formation of a gap at the outer mold wall severely limiting the heat flow in that direction, dependent
on the air’s heat capacity. The impact of gap width (wg) and heat capacity of the mold material (cpm)
can be considered to affect the heat flows in a similar way. The impact of the age of the coating,
on the other hand, is directly connected to the contact condition at the core interface and becomes the
most dominating influence. The increasing pressure induced by a shrinking casting leads to a higher
influence on the overall heat flow at the interface as influencing parameters such as surface roughness
come into account [14]. Since the analysis of variance is based on linear models, a possible attenuation
of the effect with more worn coatings cannot be found with this analysis.
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5. Conclusions

The results of the current work improve the understanding about the factors influencing the HTC
in the permanent mold casting process. They allow for a weighting of these factors dependent on the
prevailing contact conditions between mold wall and casting in the investigated temperature range.
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Differentiated contact conditions include the formation of a gap and the increase in contact pressure
during the cooling process.

• For areas with gap formation, changes of the mold material show the highest impact on the HTC
before the gap forms.

• After the formation of a gap, some influence can be achieved by changing the layout of the
cooling channels.

• Should an increase in contact pressure be observable at the interface, the mold material again
shows a strong influence on the HTC at higher temperatures, while at lower temperatures the
condition of the coating increases in influence. For this last case, the overall state of the heat flow
in the casting also must be considered.

• The influence of the overall temperature and heat flow distribution may be reducible by facilitating
heat transport away from the mold wall using active cooling even under pressure.

For future work, several approaches can be identified. To verify and improve the findings of
this work, further experiments are required. This will improve the accuracy of the results, reduce
the fluctuations still present, and allow further analysis based on the combined effect of multiple
parameters. An expanded data base and more accurate results allow for the formulation of an empirical
model for the HTC under a high number of process conditions.
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