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Abstract: Investment casting is a widely utilized casting technique that offers superior dimensional
accuracy and surface quality. In this method, the wax patterns are employed in the layer-by-layer
formation of a shell mold. As is customary, the patterns were created through the injection of molten
or semi-solid wax into the die. The quality of the final casting is affected by the quality of the wax
pattern. Furthermore, the filling of the die with wax can be associated with die-filling challenges,
such as the formation of weld lines and misruns. In this study, the injection filling of the fluidity
probe die with RG20, S1235, and S1135 pattern waxes was simulated using ProCast software. The
thermal properties of the waxes, including thermal conductivity, heat capacity, and density across a
wide temperature range, were determined with the assistance of a laser flash analyzer, a differential
scanning calorimeter, and a dynamic mechanical analyzer. A favorable comparison of the acquired
properties with those reported in the literature was observed. The Carreau model, which corresponds
to non-Newtonian flow, was employed, and the parameters in the Carreau viscosity equation were
determined as functions of temperature. Utilizing the thermal data associated with the wax patterns
and the simulation outcomes, the interfacial heat transfer coefficients between the wax and the die
were ascertained, yielding a value of 275–475 W/m2K. A strong correlation was observed between the
experimental and simulated filling percentages of the fluidity probe across a wide range of injection
temperatures and pressures. The analysis of the simulated temperature, fraction solid, viscosity,
and shear rate in the wax pattern revealed that viscosity is a crucial factor influencing the wax
fluidity. It was demonstrated that waxes with an initial high viscosity exhibit a low shear rate, which
subsequently increases the viscosity, thereby hindering the wax flow.

Keywords: casting simulation; fluidity probe; thermal properties; investment casting; pattern wax;
viscosity; wax injection

1. Introduction

Investment casting presents several distinct benefits over other casting methods,
including superior dimensional accuracy and a high standard of surface quality for the
resulting castings [1–5]. The investment casting process begins with the creation of patterns
by injecting molten or semi-solid wax into a mold. These patterns are used to form ceramic
shell molds layer by layer. Subsequently, the wax was removed from the mold through a
process known as dewaxing.

In the process of pattern production, the wax should fill the thinnest sections of the die.
However, the fluidity properties of the pattern waxes differ due to the diverse composition
of waxes, which are mixtures of a variety of components, including natural or synthetic
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wax and resin, organic solid fillers, water, and other constituents. The injection parameters
also exert a significant influence on the die filling by wax. As is customary, wax injection
is conducted in two states of the wax: a paste semi-solid state or a liquid state. Paste
injection occurs at low wax temperatures and enables the production of patterns with lower
shrinkage and higher strength. However, it necessitates considerably higher pressures and
specialized equipment. The liquid injection of pattern wax into the dies is also employed,
for instance, for large patterns [4,6,7]. Unfortunately, the high initial temperature of the
wax required for wax injection in a liquid state resulted in higher linear shrinkage of the
pattern, higher temperature gradients within the pattern, and an increase in the volumetric
shrinkage of the wax [8].

Bemblage et al. [9] employed a wax-filling simulation utilizing a transparent die for the
visual verification of the wax flow. Pradyumna et al. [1] employed Moldex3D software to
predict potential issues that may arise during the injection of pattern wax into a die, such as
short shots, the formation of weld lines, and so forth. Consequently, the existing literature
on the injection simulation of pattern wax into the die was limited, and the issue of die filling
was largely overlooked. In general, the adjustment of injection parameters is achieved
through a trial-and-error methodology [10]. The investment casting method is capable
of accurately reproducing the intricate details of the wax pattern, thereby ensuring that
any imperfections, such as misruns and welding lines, present in the original wax pattern
are faithfully replicated in the final casting. Die-filling simulation, however, can prevent
the formation of misruns and welding lines in the thin sections of wax patterns [9,11].
Furthermore, the injection parameters exert an influence on the degree of linear shrinkage
and the quality of the surface finish of the wax pattern [6,7].

The primary challenge in simulating wax filling lies in the intricate rheological properties
of waxes, which vary significantly between their liquid, paste, and solid states [12]. In the
case of paste and solid conditions, waxes display the characteristics of an elastic–viscoplastic
material [13]. In the liquid state, which is well above the melting point, waxes behave
as relatively low-viscosity Newtonian fluids [9]. Thus, the rheological behavior of wax
in the liquid state differs from that of metallic melts due to the non-Newtonian nature of
waxes [14,15].

Previously, a novel probe for fluidity testing was developed, which allows the wax to
flow steadily through the die channels due to the barrier effect of the pins, which impede
the velocity of the wax [16]. If one of the dies were made from transparent material, it
would be beneficial for wax flow observations.

The aims of this study were as follows: (i) determine the waxes’ thermal and rheo-
logical properties, (ii) obtain the interfacial heat transfer coefficient (IHTC) between the
wax and the die, (iii) simulate the effect of injection temperature and pressure on die filling,
and (iv) compare the fluidity probe filling simulation results and the experimental probe
filling results.

2. Materials and Methods

In this study, three commercial waxes were utilized: RG20, S1235, and S1135 (Technopark,
Moscow, Russia). The characteristics of the waxes supplied by the vendor are outlined in
Table 1. It can be observed that all waxes contain cross-linked polystyrene particles, with
the fraction differing between the waxes. Moreover, in the S1135 wax, the cross-linked
polystyrene is partially replaced by terephthalic acid.

The die for fluidity determination, which was previously utilized [16], underwent
minimal modifications. The configuration and dimensions of the die are presented in
Figure 1. The front plate was constructed from acrylic glass, with a thickness of 5 mm. The
backplate, made from 5251 aluminum alloy, featured a cavity for a fluidity probe, which
was identical to the previous iteration and is described in detail elsewhere [16]. The front
acrylic glass plate was drilled and the K-type thermocouple was installed in the mold cavity
for the purpose of measuring the temperature of the wax during and following the filling
of the die.
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Table 1. Wax properties provided by the supplier.

Wax RG20 S1235 S1135

Additives Cross-linked polystyrene
particles

Cross-linked polystyrene
particles

Cross-linked polystyrene
particles/terephthalic acid

Additives content (%) 18 35 22/13
Drop melt point (◦C) 71 77 75

Viscosity at 100 ◦C (mPa·s) 310 400 350
Linear shrinkage (%) 0.65 0.65 0.7

Ash content (%) 0.02 0.04 0.03

Figure 1. The scheme of die utilized for the fluidity test: (a) the top and cross-sectional views, and
(b) a three-dimensional representation of the probe and die.

Fluidity probe patterns were produced at injection temperatures of 60, 70, 80, and
90 ◦C, and injection pressures of 49, 98, 147, and 196 kPa. The injection was conducted
on a digital vacuum wax injector D-VWI-1 (DING XIN, Shenzhen, China) depicted in
Figure 2a,b. The injector wax pot and nozzle temperature were set to be identical. The
injection time was 3 s. To guarantee temperature equilibrium, the wax pot was maintained
for a period of two hours following a modification in the injection temperature. This was
due to the low thermal conductivity of the wax and the challenges associated with mixing
the wax in the wax pot [17]. The die was lubricated with oil and maintained at room
temperature prior to injecting the wax.
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Figure 2. Digital vacuum wax injector (a) front view, (b) view without top showing wax pot
configuration, and (c) mesh used for wax-filling simulation with set boundary conditions.

The injection process was filmed at 300 frames per second with a Casio EXILIM EX-F1
high-speed camera. Frames corresponding to 1, 2, and 3 s were extracted from each video.
To measure the filled area, each exported frame was placed behind a vector image of
the mold cavity and scaled (Figure 3a). The filled probe profile was then traced, and a
Boolean intersection operation was used to obtain the filled area from the entire mold cavity
(Figure 3b). The filling percentage of the fluidity test was calculated as the area filled by
wax relative to the total area of the probe, expressed as a percentage. The ImageJ software
(version 1.52a, National Institutes of Health, Bethesda, MD, USA) was used to determine
the filled and total areas of the fluidity probe.

In order to determine the interfacial heat transfer coefficient (IHTC) between the wax
and the die the temperature of the wax when the fluidity probe was filled and after the
solidification and cooling stages was logged using a BTM-4208SD (Lutron, Taipei, Taiwan)
temperature monitoring device with 12 channels and a recording frequency of 1 s. For all



J. Manuf. Mater. Process. 2024, 8, 213 5 of 18

waxes, the injection temperature was 90 ◦C. The injection pressure for the S1135 and S1235
waxes was 196 kPa and for RG20 wax was 147 kPa.

Figure 3. (a) The exported frame with a vector image of the mold cavity after scaling; (b) experimental
probe profile after tracing and Boolean intersection operation used for filled fraction calculation,
and (c) the simulated wax fluidity probe filling results. All data (experimental and simulated)
correspond to 1 s of filling the probe of RG20 wax at injection pressure and temperature of 196 kPa and
80 ◦C, respectively.
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3. Simulation Procedure and Wax Properties Determining

The ProCast 2022.0 commercial simulation software was employed for the simulation
of wax fluidity probe filling and solidification. A methodology based on the finite element
method was utilized for the heat flow calculations, which entailed solving the Fourier
thermal conduction equation, and for the calculation of the filling, which involved solving
the Navier–Stokes equation [18]. The specific details and the equations utilized can be
found in the referenced literature [19–21]. The tetrahedral mesh of the probe, die, and pot
with wax was prepared and contains 1.2 M elements (Figure 2c). A pressure-driven filling
algorithm was used for the die-filling simulation. The typical image showing the filling
simulation results is shown in Figure 3c.

The Carreau–Yasuda model, which corresponds to non-Newtonian flow, was em-
ployed in this study, as it allows for the viscosity to be dependent upon the shear rate [12,22].
The apparent viscosity (ηa) was calculated using Equation (1):

ηa = η∞ + (η0 − η∞)
[
1 + λa .

γ
a
](n−1/a)

(1)

where
.
γ is the shear rate, η∞ is the infinite shear rate viscosity, η0 is the zero shear rate

viscosity, n is the degree to which the viscosity is affected by changes in the shear rate,
a is the Yasuda coefficient, and λ is a time constant. In previous works [10,12,13], a special
case of the Carreau–Yasuda model was employed for the simulation of wax flow behavior
because it provided an excellent description of the experimental wax viscosity data. This
special case is referred to as the Carreau model, and it is characterized by the Yasuda
coefficient a = 2. The rheological data from our previous work were used to calculate the
η0, η∞, λ,

.
γ, and n parameters [16]. In this study, the parameters η0, η∞, λ,

.
γ, and n have

been defined as a function of temperature. The waxes’ phase transition temperatures and
transition enthalpies also were taken from our previous work [16].

Room-temperature (25 ◦C) density of the wax samples (ρ) was determined via hy-
drostatic weighing in ethyl alcohol. The density of RG20, S1235, and S1135 waxes was
0.98, 0.99, and 1.01 g/cm3, respectively. Using the thermal expansion coefficients, obtained
with a DMA 800Q (Texas Instruments, Dallas, USA) Dynamic Mechanical Analyzer, the
temperature dependence of ρ was calculated. The laser flash analyzer LFA 447 (NETZSCH,
Selb, Germany) was used for determining the thermal diffusivity (a). The heat capacity
(CP) was determined with the help of the DSC 204F1 Phoenix (NETZSCH, Selb, Germany)
calorimeter. The mean error for the apparatus used for thermal properties measurements is
2–3%. Third-order polynomials were employed to describe the temperature dependence of
the thermal diffusivity, density, and heat capacity, which were then used to calculate the
thermal conductivity (K) with the aid of Equation (2):

K = aρCP. (2)

The thermal properties of the 5251 aluminum alloy, which was used for one of the die
halves, were calculated using the CompuTherm LLC thermodynamic database in ProCast
2022.0 and shown in Figure 4a–c. The thermal properties of the acrylic glass form literature
are presented in Figure 4d–f. Because of the close values of the thermal properties provided
in the literature, the properties from ref. [23] are the average, among others, and are used
for simulation.
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Figure 4. Thermal properties of the die: (a–c) 5251 aluminum alloy calculated via ProCast thermody-
namic database and (d–f) acrylic glass properties from references: Ameri (2021) [23], McCabe (2008) [24],
and Al Sarheed (2022) [25]. (a,d) density; (b) enthalpy; (c,f) thermal conductivity; (e) heat capacity.

In order to ascertain the IHTC between the wax and the die, a trial-and-error approach
was employed. The temperature of the wax, as measured by a thermocouple in the fluidity
probe, was compared to the simulated wax temperature at varying IHTC values. The error
function, which serves as a measure of the discrepancy between the experimental and
simulated temperatures, was utilized to fit the IHTC [26].

4. Results
4.1. The Waxes Thermal Properties

Figure 5 shows the thermal conductivity, heat capacity, and density of RG20, S1235,
and S1135 waxes obtained in this work and the thermal properties of other waxes found
in the literature [12–14,27–31]. The thermal conductivity of most waxes as provided in
the literature is in the short range of 0.15–0.3 W/mK. The thermal conductivity obtained
in this work for RG20, S1235, and S1135 waxes are in this range. Our results provide
near-linear temperature dependence of the wax’s thermal conductivity because the thermal
diffusivity measurements were carried out in the solid state of the wax only. Some data
from the literature demonstrate a change in the thermal conductivity of wax during the
liquid–solid transition. However, this difference is close to 20%, which can be considered
insignificant for the purposes of wax flow simulation [12,14,28,29]. In accordance with the
obtained results, the thermal conductivity of the S1135 and S1235 waxes are the same and
near 0.2 W/mK. A slightly higher thermal conductivity of ~0.26 W/mK is observed for
RG20 wax.
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Figure 5. Thermal properties of the waxes obtained in this work (strength lines) and provided in the
from references: Gebelin (2004) [12], Gebelin (2003) [13], Wang (2012) [14], Bonilla (2001) [27], Sabau
(2003) [28], Sabau (2002) [29], Burlaga (2022) [30], Ukrainczyk (2010) [31] (dashed lines). (a) thermal
conductivity; (b) heat capacity; (c)density.

The mean values of heat capacity of RG20, S1235, and S1135 waxes are 1.75, 1.53, and
1.46 J/gK. Thus, the heat capacity of RG20 wax is also higher than for other investigated
waxes. With increasing temperature, the heat capacity of waxes also slightly increased.
The same trend is observed for other wax heat capacities provided in the literature. A
comparison of the heat capacity obtained in this study with that provided in the literature is
challenging. In numerous articles, the heat from transitions that occur when wax crystallizes
are illustrated in the heat capacity curves, without the requisite subtraction. Nevertheless,
in some works proper data where transition heat was subtracted is provided, and heat
capacity is in the range of 1.7–2.8 J/gK, which was a little higher than obtained in this work.
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The density of the waxes under investigation is decreased with temperature increas-
ing. For RG20 wax, a greater difference between low- and high-temperature density is
observed than for S1235 and S1135 waxes. At the same time, the obtained values of density
(1.00–0.81 g/cm3) are in the range of typical density for the other waxes provided in the
literature (0.97–0.75 g/cm3).

4.2. The Waxes Rheological Properties

Figure 6a–c shows the influence of temperature on the parameters η∞, η0, n, λ in the
Carrea–Yasuda viscosity equation (1) fitted by experimental viscosity data from ref. [16] for
RG20, S1235, and S1135 waxes. The viscosity at an infinite shear rate (η∞) and at zero shear
rate (η0) are increased with decreasing temperature and higher values of η∞, η0 is observed
for the S1235 wax. The phase shift (λ) from which the transition between η0 and η∞ starts
is increased with decreasing temperature. This parameter is in connection with the η∞
and η0 values. The sensitivity of the viscosity to the shear rate (n) is the only parameter
that decreases with decreasing temperature. At temperatures between 75 and 90 ◦C, the
dynamic viscosity of the wax remains relatively constant and is not influenced by the shear
rate, and the value of n is observed to be between 0.8 and 0.9. As the temperature of the
wax is decreased, the wax’s rheological behavior transitions to a non-Newtonian behavior,
and the value of n shifts to a range between 0.4 and 0.6. This behavior agrees with the data
from the literature [10,12–15].

Figure 6. Cont.
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Figure 6. Influence of temperature on the parameters η∞, η0, n, λ in Carrea viscosity equation fitted
by experimental viscosity data form [16] for (a) RG20, (b) S1235, and (c) S1135 waxes.

In Figure 7a–c, the experimental viscosity data from ref. [16] and fitted by the Carrea
equation dependence of viscosity on shear rate for RG20, S1235, and S1135 waxes were
shown. As can be observed, the Carreau model equations provide an accurate description
of the experimental viscosity data. The viscosity curves for RG20 and S1135 waxes are very
close, and the viscosity values are lower than for S1235 wax.

Figure 7. Cont.



J. Manuf. Mater. Process. 2024, 8, 213 11 of 18

Figure 7. The fitted Carrea viscosity curves and experimental viscosity data form [16] for (a) RG20,
(b) S1235, and (c) S1135 waxes at various temperatures.

4.3. The IHTC between the Waxes and Die

The measured temperatures of the waxes from the moment when the fluidity probe
started to fill up to 140 s are demonstrated in Figure 8. It can be seen that after 140 s, the
probe temperature is in the range of 25–35 ◦C; that is, very close to room temperature.
Experimental points and simulated curves obtained after IHTC fitting are very close for all
investigated waxes. The fitted IHTC values for RG20, S1235, and S1135 waxes are 425, 275,
and 475 W/m2K, respectively. It can be seen that IHTC between S1235 wax and die is a
little lower than for RG20 and S1135 waxes. Sabau et al. [29] determine the IHTC value in
the interface between wax and die was 250 W/m2K, which is close to the values obtained in
this work. The low thermal diffusivity of the wax results in a nonlinear temperature profile
near the interface, necessitating a more sophisticated heat transfer analysis to accurately
determine the IHTC [29].

Figure 8. Cont.



J. Manuf. Mater. Process. 2024, 8, 213 12 of 18

Figure 8. The experimental and simulated cooling curves obtained for (a) RG20, (b) S1235, and
(c) S1135 waxes. The simulated cooling curves were obtained at IHTC, determined by comparison of
experimental and simulated temperatures.

4.4. The Comparison of Experimental and Simulated Fluidity Probe Filling

Figure 9 illustrates the impact of injection temperature and pressure on the experi-
mental and simulated fluidity probe filling fraction vs. time of injection of RG20, S1235,
and S1135 waxes. For all waxes that were investigated, the linear dependence of injection
time vs. filled fraction is observed both in the experiment and simulation results. Also, the
experimentally observed trend of increasing the fluidity with increasing injection pressure
and temperature is confirmed by simulation results. The lowest fluidity at all injection
temperatures and pressures is observed for S1235 wax. It is supported by the fact that, for
S1235 wax, the mold was not fully filled by 100%. However, a lot of injection conditions
can be found for the full filling of the probe when the RG20 and S1135 waxes are injected.
Thus, the fluidity at identical injection conditions differs for the waxes under examina-
tion due to their distinctive properties, and this phenomenon will be subjected to further
rigorous examination.

Figure 9. Cont.
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Figure 9. Experimental and simulated fluidity (filled fraction of the probe) of (a,d,g,j) RG20, (b,e,h,k)
S1235, and (c,f,i,l) S1135 waxes, depending on the time after filling start and injection temperatures at
injection pressures. (a–c) P = 49 kPa, (d–f) P = 98 kPa, (g–i) P = 147 kPa, and (j–l) P = 196 kPa.

A good comparison between the simulated filling percentage of the fluidity probe
when the injection temperature was 70 ◦C and higher for all wax compositions and injec-
tion pressures was observed. A little discrepancy between experimental and simulated
fluidity probe filling percentage for RG20 and S1135 waxes is observed when the injection
temperature is 60 ◦C. This discrepancy can be associated with the lack of experimental
viscosity data for the waxes at low temperatures.

5. Discussion

Analysis of waxes’ thermal properties shows that the S1235 and S1135 waxes have
the same thermal properties, but RG20 has slightly different thermal properties. This
difference in heat capacity, thermal conductivity, and density of the RG20 wax, as well as
the S1235 and S1135 waxes, is due to the content of additives (cross-linked polystyrene
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and terephthalic acid). The content of additives in RG20 wax is only 18%, but in S1135 and
S1235 waxes, its content is 35%.

A Carreau model was employed to elucidate the influence of temperature and shear
rate on the viscosity of the waxes under investigation. The viscosity plateau for both the
higher and lower shear rates, as well as the transition between them, is discernible for the
waxes in examination. This phenomenon aligns with the predictions of a Carreau model. In
our previous research, we identified the congealing point, at which the rheological behavior
transitions from Newtonian to non-Newtonian, to be within the range of 70–80 ◦C [16].
The change of sensitivity of the viscosity to the shear rate (n) value is also observed at
temperatures of 75–80 ◦C. In accordance with supplier information (Table 1), the drop
melt points for RG20, S1235, and S1135 waxes are 71–77 ◦C. The temperature at which the
sharp change in n is observed correlates with the waxes’ drop melt points. This is due
to the fact that, in contrast to other chemically homogeneous compounds, wax does not
melt instantaneously upon heating but rather undergoes a series of intermediate states,
including solid plastic, semi-plastic, semi-liquid, and liquid [14,15].

In our previous work, we demonstrated that the parameters influencing the fluidity of
the waxes are distinct from those observed in metallic alloys. The latent heat of crystalliza-
tion, which typically offsets the cooling of the solidifying melt, is up to ten times lower for
waxes than for metallic alloys. Additionally, the heat released during the crystallization of
wax occurs at low temperatures, where the wax is in a semi-solid or solid state and does not
influence on wax flow process. The primary proposed reason for the observed differences
in wax flow behavior and fluidity is the difference in the viscosity of the waxes [16]. Prior to
the onset of solidification, the viscosity of the wax can increase markedly, reaching values of
up to 30,000 mPa·s at the liquidus temperature. This is a four-order-of-magnitude increase
compared to the viscosity of metallic alloys, which ranges from 0.5 to 6.5 mPa·s [32]. The
liquid wax behavior is also related to the non-Newtonian nature of the wax rheological
behavior, as previously described in references [10,14,15].

The correlation between wax viscosity and fluidity has been previously established in
the literature (see references [33,34]). As demonstrated in our previous research [16], the
effect of wax viscosity on fluidity is also evident in the case of the waxes under examination.
The higher viscosity of S1235 wax in comparison to RG20 wax can be attributed to its higher
cross-linked polystyrene content. The cross-linked polystyrene content of the S1235 and
RG20 waxes is 35% and 18%, respectively.

The good convergence between the simulated and experimental filling percentage of
the fluidity probe in the high range of injection temperatures and pressures confirms the
high accuracy of the obtained wax flow model. This, in turn, allows the model to be used for
a deeper analysis of wax flow behavior in the die during the pattern wax injection process.
Hereafter, the die-filling simulation was used to provide insight into the discrepancies in
the RG20 and S1235 waxes’ flow behavior and fluidity.

Figure 10 illustrates the temperature, fraction solid, viscosity, and shear rate for the 1
and 2 s of RG20 and S1235 waxes injection simulation at injection temperature and pressure
of 90 ◦C and 196 kPa, respectively. As illustrated in Figure 10a,b, it is evident that following
the initial one-second interval of die filling, the temperature of the RG20 wax fluidity
probe pattern undergoes a more pronounced decline than that of the S1235 wax. After two
seconds (Figure 10c,d), the situation remains unchanged, with the S1235 pattern exhibiting
a higher temperature. The first reason is the difference in wax/die IHTC, which for RG20
and S1235 waxes was 425 and 275 W/m2K, respectively (Figure 8). Additionally, another
contributing factor is the higher filling fraction and contact area of the wax with the die for
RG20 wax.
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Figure 10. Simulated (a–d) temperature, (e–h) fraction solid, (i–l) viscosity, (m–p) shear rate for
(a,c,e,g,i,k,m,o) RG20, and (b,d,f,h,j,l,n,p) S1235 waxes for filling time (a,b,e,f,i,j,m,n) 1 s and
(c,d,g,h,k,l,o,p) 2 s. The injection temperature and pressure were 90 ◦C and 196 kPa, respectively.

The fraction of solid for both wax patterns after one second of die filling (Figure 10e,f)
is nearly zero. However, at the two-second point, a high fraction of solid, up to 0.3, is
observed in RG20 wax (Figure 10g,h). In the S1235 wax pattern, the areas of solidification
are also visible, albeit to a lesser extent. In accordance with the final results of die filling,
the RG20 wax pattern exhibited complete filling, whereas the S1235 pattern was filled to
only 60% (Figure 9). This suggests that solidification is not a determining factor for wax
fluidity and that at a high fraction of the solid phase, the die was continued filling by wax.

The viscosity of the RG20 wax is observed to be lower than that of the S1235 wax
after one second of filling, as illustrated in Figure 10i,j. These observations resulted in
the determination of a lower shear rate for the S1235 wax in comparison with the RG20
wax (Figure 10m,n) and a lower filled die area. Following a two-second filling period, the
viscosity of the RG20 wax increased (Figure 10k), yet the shear rate remained similar to
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that observed during the first second (Figure 10o). In contrast, the behavior of the S1235
wax was markedly different. At the two-second point in time, the highest viscosity (up to
100,000 mPa·s) and lowest shear rate are observed. It is established that the viscosity of
a wax, which affects its fluidity, is dependent upon both temperature and shear rate. As
evidenced in the literature, a reduction in shear rate from 100 to 0.01 s−1 has been observed
to result in an increase in wax viscosity up to 104 times [35]. Therefore, the reduced fluidity
of S1235 wax is linked to its elevated viscosity, which in turn results in a low shear rate and
reduced flow magnitude. The high viscosity, in turn, leads to a further reduction in shear
rate and an additional increase in viscosity.

The analysis of the simulation results also provides insight into the effect of injection
pressure on the wax fluidity. As the injection pressure increases, the shear rate of the wax
increases, while its viscosity decreases and its fluidity increases.

6. Conclusions

i. The thermal properties of RG20, S1235, and S1135 pattern waxes were determined.
At room temperature, the waxes were found to have a thermal conductivity of
0.18–0.26 W/mK, a heat capacity of 1.36–1.64 J/gK, and a density of 0.97–1.00 g/cm3.

ii. The following parameters, namely η∞, η0, n, and λ, from the Carrea viscosity equation
were determined as functions of temperature. These parameters enabled us to predict
the viscosity of the RG20, S1235, and S1135 pattern waxes both at varying shear rates
and temperatures. The sensitivity of the viscosity to the shear rate (n) corresponds
well to the values of the drop melt point of waxes.

iii. The IHTC for the pattern wax/die pairs was determined. The fitted IHTC values
for RG20, S1235, and S1135 waxes are 425, 275, and 475 W/m2K, respectively. The
simulated temperatures obtained using the determined IHTC values in this study
exhibited a satisfactory correlation with the experimental temperatures.

iv. The filling fraction of the fluidity probe was determined through experimental analysis
and simulated in ProCast software for the RG20, S1235, and S1135 pattern waxes. At
varying injection temperatures and pressures, a satisfactory comparison was obtained
between the experimental and simulation results, confirming the high accuracy of the
waxes’ thermal and rheological properties, as well as the wax/die IHTC values.

v. It was established that the primary factor influencing the fluidity of the wax is its
viscosity, which exhibits a significant increase at both decreasing temperatures and
shear rates. The lowest fluidity of S1235 wax is associated with its initial high viscosity,
which results in a reduced flow magnitude and thereby leads to further increases in
viscosity due to low shear rate.
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