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Abstract

This current work considers six specialized castable photopolymers from different man-
ufacturers that are promising for the formation of a process map for casting using burnt
models: Harz Labs Dental Cast Cherry; Gorky Liquid Castable; Gorky Liquid Dental
Castable; JAMG HE Ultra Cast UV Resin (90% WAX); JAMG HE Jewelry Casting Resin
(25% WAX); Siraya Tech Cast Royal Blue. The additive growth parameters of the structures
were selected to provide quality indicators of photopolymer models. Thermogravimetric
analysis and dynamic mechanical analysis were chosen as the main methods of experi-
mental analysis. Thermogravimetric analysis was performed at temperatures up to 700 ◦C.
Thermal decomposition of castable photopolymers has several stages of decomposition
with different rates of destruction. Gorky Liquid Castable has the fastest thermal decompo-
sition. The material has less than 1% of the residual weight at 530 ◦C. The minimum ash
content is in Siraya Tech Cast Royal Blue (less than 0.1%). Dynamic mechanical analysis was
performed at temperatures up to 225 ◦C for samples grown in different printing directions.
The printing direction affects the storage modulus, loss modulus, and tangent of the angle
of mechanical losses of photopolymer materials, on average by no more than 35%. Glass
transition temperatures of materials and zones of relaxation transitions are established.
The glass transition temperatures depend little on the direction of printing of the samples.
JAMG HE Ultra Cast UV Resin (90% WAX), a photopolymer with a maximum wax content,
has the minimum glass transition temperature of 30–32 ◦C. JAMG HE Ultra Cast UV Resin
(90% WAX) does not have a pronounced relaxation transition zone.

Keywords: photopolymer resin; castable resin; process parameters; additive production;
thermophysics; thermomechanics; destruction; ash content; temperature dependencies;
storage modulus; loss modulus

1. Introduction
Additive manufacturing (AM) is commonly known as 3D printing. This is a set of

technologies for the layer-by-layer creation of three-dimensional objects based on digital
models [1]. AM is characterized by almost unlimited freedom of design, significantly
reduced consumption of raw materials, and the ability to reproduce geometrically complex
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shapes without the use of forming equipment [2]. These are important and basic differences
between AM and traditional subtractive methods. Additive technologies are divided into
seven basic groups, according to the ISO/ASTM 52900 classification. Vat photopolymeriza-
tion (VPP), combining methods such as laser stereolithography (SLA), projection digital
light processing (DLP), and printing using liquid crystal matrices (LCD), is distinguished
separately [3]. The operation of VPP systems is based on the selective curing of a layer of
a liquid photosensitive composition under the influence of radiation of a certain spectral
range (in most cases, 385–405 nm). DLP provides a higher printing speed compared to
SLA due to the possibility of simultaneous curing of the entire layer, while maintaining a
high resolution (up to 10–50 µm in the XY plane) [4,5]. LCD technology, being a further
development of DLP, offers an even lower cost of equipment with a comparable surface
quality [6].

Initially, VPP was used exclusively for rapid prototyping using acrylate resins with
limited mechanical properties [7]. Over the past ten years, there has been intensive progress
in the creation and production of materials for photopolymer additive printing. High-
strength engineering photopolymers, elastomeric compositions, biocompatible hydrogels,
and materials filled with ceramic, metal particles, or carbon nanostructures have appeared,
along with traditional compositions [8]. The range of applications of VPP technologies
has expanded due to this, including functional units of aerospace and automotive engi-
neering [9], biocompatible implants and matrices for tissue engineering [10], microfluidic
chips [11], etc. Investment casting is one of the most popular areas. Additively synthesized
models made of specialized photopolymer resins replace classic wax blanks. This opens up
the possibility of manufacturing casting molds of increased complexity while reducing the
production cycle and costs. This solution is especially relevant for dentistry, the jewelry
industry, and the aircraft industry.

The effective implementation of investment casting imposes a number of specific
requirements on photopolymer materials. These include residual ash content at a level of
not more than 1%; the predictable nature of thermal destruction [12,13], which excludes
the formation of defects in the casting mold; low thermal shrinkage [14]; and sufficient
strength properties of the cured polymer, which guarantee the preservation of the geometry
of the model when applying shell mixtures. However, the expansion of the nomenclature of
materials is associated with a number of fundamental and applied problems. The addition
of fillers leads to scattering and absorption of light, which affects the depth and width of
curing and also increases the viscosity of suspensions, making it difficult to recoat [15]. The
production of ceramic and metal products with high relative density is associated with
the need for multi-stage heat treatment, including the removal of the polymer matrix and
subsequent sintering [16]. In the case of castable photopolymers, the key step is precisely
the destruction of the polymer binder system, which must occur completely and with
a minimum residue. The nature of the decomposition (temperature range, speed, step)
directly affects the integrity of the ceramic shell and the quality of the resulting casting.

Despite the growing use of castable photopolymer resins, systematic studies of their
thermomechanical behavior and thermal degradation after curing remain fragmentary.
Pszczółkowski et al. [17] note the need to study the mechanical properties of cured pho-
topolymer resin. Rudnik et al. [18] note that the mechanical behavior of photopolymer resin
structures remains poorly understood. Manufacturers often provide only limited data (for
example, the total percentage of ash content at one temperature), but do not disclose the
full thermogravimetric (TG) and dynamic mechanical (DMA) characteristics. Moreover, the
parameters of additive cultivation (exposure time of the base and working layers, printing
orientation), which significantly affect the internal structure, defectiveness, and, as a result,
the properties of the finished material, are often recommended by manufacturers without
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sufficient justification. As shown in a number of papers [19,20], the optical properties of
the resin (the presence of dyes, pigments, fillers) radically change the depth of radiation
penetration and the critical energy of polymerization, which requires individual adjustment
of printing parameters for each composition. Meanwhile, the effect of these parameters
on the subsequent thermomechanical behavior during heating (up to the decomposition
temperatures) is practically not studied. There are no comparative data on the viscoelastic
properties of castable resins of different manufacturers, on the dependence of the glass
transition temperature and storage modulus on the orientation of the layers, or the nature of
mass loss in a wide temperature range (from room to 700 ◦C). Such information is necessary
for building correct burnout flow charts, selecting heat treatment modes, and preventing
defects such as cracking of the shell, the formation of pores, and carbon residue.

Thus, the purpose of this work is a systematic experimental study of three key as-
pects of the casting technology using castable photopolymer resins: (1) the selection of
rational parameters of layer-by-layer DLP-growth for six commercial resins of Russian
and foreign manufacturers, (2) the evaluation of thermal destruction of cured samples by
thermogravimetric analysis (TGA) with determination of the temperatures of the beginning
of rapid decomposition and residual ash content, and (3) the analysis of thermomechanical
properties (storage modulus, loss modulus, mechanical loss angle tangent) by dynamic
mechanical analysis (DMA) in the range from 0 to 200 ◦C, including evaluation of the effect
of printing orientation in the Cartesian coordinate system. In addition, for one of the resins,
the effect of printing at an angle of 45◦ was investigated using supporting structures. The
obtained data are intended to form the basis for optimizing the process of burning models
in the manufacture of high-quality casting molds, as well as to become the basis for digital
analogs of materials and stages of the technological process of investment casting.

2. Materials and Methods
The formation of a complete investment casting process flow chart requires additional

data on technological parameters, thermophysical, and thermomechanical properties of
photopolymer resins:

1. Selection of rational parameters for layer-by-layer growth of photopolymer models,
including taking into account thin and curved elements.

2. Assessment of the thermal degradation of photopolymer materials after curing and
determination of the residual ash content of the materials.

3. Analysis of the thermomechanical properties of materials within a continuous
medium, before significant thermal destruction.

4. Determination of the dependencies of thermal expansion coefficients of photopolymer
materials within a continuous medium on temperature.

This article is devoted to the first three areas of research necessary for the formation of
a database of modern specialized photopolymer materials and the rationalization of the
casting process. The rational parameters (parameters that achieve printing without loss of
quality in minimal time) of the additive growing process and data on the thermomechanics
and thermal physics of materials are determined for a sample of six modern specialized
castable photopolymer resins from different manufacturers.

2.1. Specialized Castable Photopolymer Resins

The list of photopolymer materials considered in the current study includes the de-
velopments of the Russian companies Scientific and Production Enterprise 3D Additive
Technologies LLC (Nizhny Novgorod, Russia) and Harz Labs LLC (Moscow, Russia), as
well as foreign manufacturers Yongchanghe Technology Co., Ltd. (Shenzhen, Guang-
dong Province, China) and Siraya Tech (Los Angeles, CA, USA). Specialized castable
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photopolymer resins, which can be used in the frames of the technology of investment
casting, have been considered. Six castable photopolymer resins are considered: Harz Labs
Dental Cast Cherry (Harz Labs LLC); Gorky Liquid Castable (Scientific and Production
Enterprise “3D Additive Technologies”); Gorky Liquid Dental Castable (Scientific and
Production Enterprise “3D Additive Technologies”); JAMG HE Ultra Cast UV Resin (90%
WAX) (Yongchanghe Technology Co., Ltd.); JAMG HE Jewelry Casting Resin (25% WAX)
(Yongchanghe Technology Co., Ltd.); Siraya Tech Cast Royal Blue (Siraya Tech). Figure 1
shows the liquid (viscous) phase of photopolymer materials before curing.

     
(a) (b) (c) (d) (e) (f) 

Figure 1. Liquid phase of photopolymer resin. (a) HARZ Labs Dental Cast Cherry; (b) Gorky Liquid
Castable; (c) Gorky Liquid Dental Castable; (d) JAMG HE Ultra Cast UV Resin (90% WAX); (e) JAMG
HE Jewelry Casting Resin (25% WAX); (f) Siraya Tech Cast Royal Blue.

Harz Labs Dental Cast Cherry is positioned as a specialized castable resin. The resin
is used for direct metal casting and, according to the manufacturer, has low ash content
(<0.1%) and low thermal shrinkage (<1%). The material has been widely used in dentistry
for casting crowns, bridges, and implants. The scope of application can be extended to high-
tech foundries in the aircraft industry, automotive industry, and mechanical engineering.
The material is a translucent viscous liquid of red color before curing.

Gorky Liquid Castable is a castable photopolymer resin used to create castings and
molds. Ash content is less than 1%, according to the manufacturer. The material is used
for casting dental implants and jewelry. The resin has high viscosity and density. At the
same time, the material provides high detail and accuracy of printing. The material is a
translucent viscous liquid of pale yellow color before curing.

Gorky Liquid Dental Castable is a translucent yellow/blue material. The material is a
translucent blue liquid before curing, as seen in our procurement batch. The material is
distinguished for its high strength, elasticity, flexibility, density, and viscosity. The material
is considered stable to external force influences and aggressive environments. The material
is initially positioned as castable; the manufacturer notes the ash content (1%). Gorky
Liquid Dental Castable behaves like a regular injection wax when burned. The material is
intended for printing castable models in dentistry.

JAMG HE Ultra Cast UV Resin (90% WAX) is positioned as a castable resin. According
to the manufacturer, it has zero ash content due to the high content of wax (approximately
90%). The photopolymer resin is used for investment casting of metals and alloys. The
material is intended for 3D printing of jewelry blanks, dental prostheses, and engineering
blanks. Thermal shrinkage of the material is 0.3–0.6%; viscosity is 80–150 MPa·s. The
material is also suitable for injection molding and veneer molding. The material is a
translucent viscous liquid of yellow color before curing.

JAMG HE Jewelry Casting Resin (25% WAX) is used for the investment casting of
metals and alloys. The wax content is 25%, and it has a low ash content (<0.1%) and low
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thermal shrinkage (0.2–0.5%). In its chemical composition, the resin is close to melting wax
and has found wide application in casting jewelry and engineering blanks. The resin makes
it possible to print thin-walled products and minimize post-treatment due to low thermal
shrinkage. The material is a translucent viscous liquid of light green color before curing.

Siraya Tech Cast Royal Blue is designed for 3D printing and investment casting.
The wax content is 20%. According to the manufacturer of the material, it combines the
properties of Cast Purple and Cast True Blue resins, creating the optimal balance for casting.
The resin provides a good surface quality and volume of the material, has easy printing, and
has a low ash content. The percentage of ash content is not represented by the manufacturer.
The material is a translucent viscous liquid of blue color before curing.

2.2. Additive Growth of Photopolymer Structures

A standard photopolymer DLP printer Anycubic Photon Mono M7 Pro (wavelength
405 nm) was used to determine the rational printing parameters of photopolymer resins.
The test model of the printer was used to determine the main printing parameter—the
exposure time (the time taken to cure one layer, 0.05 mm thick). The initial printing time
was set as the minimum value specified by the manufacturer. Eight test models (Figure 2)
with different exposure times were printed simultaneously in one technological cycle for
each resin separately. This helped to quickly determine the rational time, or the individual
value at which quality printing was performed for each resin. The test model includes print
accuracy indicators: holes of different diameters, columns of different thicknesses, sphere,
bridge, etc. The quality indicators of the selected test model are comparable with models
used in other studies [21]. The parameters of the technological process of the additive
layer-by-layer growth of structures were also worked out on models such as a ladder
and cubes of different sizes. Ladder-type models were printed with height increments of
1 mm and 5 mm in 10 steps, so as to determine the amount of model shrinkage during
printing. The ladder-type model revealed that shrinkage occurs only in the base layers due
to over-curing of the material. Therefore, shrinkage will always be the same, regardless of
the model size. Cube-type models were printed with sides of 5 mm, 10 mm, and 15 mm.
This allowed us to determine that shrinkage occurs only along the Z-axis. Measurements
were taken using calipers with an accuracy of 0.01 mm. The selected rational parameters of
the technological process of layer-by-layer cultivation are presented in Table 1.

Table 1. The rational parameters of the production process.

Photopolymer Resin
3D Printing Process Parameters

Exposure Time, s Base Layer Time, s Shrinkage, mm

HARZ Labs Dental Cast Cherry 4.00 100 0.05
Gorky Liquid Castable 6.00 50 0.02

Gorky Liquid Dental Castable 9.00 15 0.05
JAMG HE Ultra Cast UV Resin (90% WAX) 6.25 30 0.05

JAMG HE Jewelry Casting Resin (25% WAX) 25.00 150 0.05
Siraya Tech Cast Royal Blue 10.75 20 0.00

Gorky Liquid Dental Castable photopolymer resin has a lower viscosity, which leads to
an increase in material consumption. JAMG HE Jewelry Casting Resin (25% WAX) showed
poor adhesion to the platform on which the model is formed. This leads to difficulties in
growing models with a small platform interface.

Test samples of materials after curing obtained within the selected rational printing
parameters are shown in Figure 2.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Photopolymer resin after curing: (a) HARZ Labs Dental Cast Cherry; (b) Gorky Liquid
Castable; (c) Gorky Liquid Dental Castable; (d) JAMG HE Ultra Cast UV Resin (90% WAX); (e) JAMG
HE Jewelry Casting Resin (25% WAX); (f) Siraya Tech Cast Royal Blue.

Plastic structures with varying degrees of transparency and brittleness represent all
photopolymer materials after curing.

When testing the current sample of photopolymer materials, there were no problems
with the selection of parameters for the additive growth of structures. The rationalization
of the technical process parameters made it possible to eliminate or minimize the main
defects: sagging of bridge elements, bending and warping of thin-walled elements, parasitic
illumination, “elephant foot” effect, etc. Rational printing parameters established as part of
the development of the technological process of layer-by-layer growth of photopolymer
models have significant differences from the recommendations of manufacturers (if any).

The analysis of the influence of the parameters of the production process of pho-
topolymer printing is noted as an important factor for the development of materials and
technologies [22]. Print parameters ensure the high quality of the grown model and min-
imize post-processing. The final selection of parameters depends on the properties and
composition of the resin. However, the printing parameters offered by manufacturers often
do not allow us to obtain a high-quality model of the product and the structure of the
material [23–25]. This leads to the need for additional surveys in the field of working out
the production process of growing products and adjusting the parameters of the production
process recommended by the manufacturer. In this current study, the deviation of the
parameters of the additive production process from the manufacturer’s recommendations
was established by a maximum of several times. It is worth noting that the parameters of
the production process also affect the formation time of additive products. This means that
the correct selection of process parameters makes it possible to minimize time factors.
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2.3. Experimental Research
2.3.1. Thermogravimetric Analysis

An analysis of the change in the mass of the sample over time with a change in
temperature was performed as part of the first experiment. TGA for photopolymer resins
was performed on the Discovery TGA device (TA Instruments, New Castle, DE, USA) in
an oxidized medium (Figure 3). A small mass of material after curing, which is separated
from samples of any geometric configuration, is used within the TGA.

 

a b c d 

e 

Figure 3. Thermogravimetric analysis of photopolymer resins after curing. (a–c) Experimental plant
of Discovery TGA. (d) Sample before thermal destruction. (e) Sample after thermal destruction (the
sample is Harz Labs Dental Cast Cherry).

During the experiment, the samples were heated to approximately 700 ◦C at a constant
speed of 10 ◦C/min. The experiment was carried out in accordance with the international
standard ISO 7111:1987 “Plastics. Thermogravimetric analysis of polymers. Temperature
scanning method”.

Dependencies of the residual mass of the samples with a change in temperature were
obtained as part of the experiments.

2.3.2. Dynamic Mechanical Analysis

The next stage of the study was a series of DMA experiments. Studies were conducted
using DMA Q800 (TA Instruments, New Castle, DE, USA), a three-point bending exper-
iment scheme (Figure 4). The investigations were conducted in accordance with ASTM
D790-10 for composite polymers using flat bending tests. The oscillating frequency was
1 Hz. The heating rate was 5 ◦C/min over a temperature range from 0 ◦C to 225 ◦C.

Rectangular samples of 60 × 12 × 3 mm were grown within the selected rational
process parameters. The samples were subjected to standard post-polymerization for
30 min. Samples were grown with different printing directions within the Cartesian
coordinate system for the main material sample. Harz Labs Dental Cast Cherry samples
were also grown at 45◦ using supports. Different printing directions were chosen to evaluate
their effect on the viscoelastic properties of the materials.

For the study, at least five samples were grown in each direction. The samples did
not have visual defects and pores (visual analysis with translucent materials is possible).
Three samples were taken from the lot for the experimental study. DMA makes it possible
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to obtain data without leaving the zone of linear viscoelasticity. This makes it possible to
describe the material with simple models—for example, a generalized Maxwell body.

   
(a) (b) (c) 

Figure 4. Dynamic mechanical analysis of photopolymer resins after curing: (a) experimental
installation of DMA Q800; (b,c) three-point bending (different angles). The sample is Harz Labs
Dental Cast Cherry.

3. Results and Discussion
3.1. Thermogravimetric Analysis

Thermogravimetric (TG) curves are obtained within the TGA. The TG curves show
the dependence of the residual weight of the material on temperature (Figure 5).

(a) (b) 

0    100   200   300   400   500   600   700 
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75 

50 

25 

0 
600        625       650       675        700 

1.00 

0.75 

0.50 

0.25 

0 T, °C T, °C 

Weight, % Weight, % 695 °C 

HARZ Labs Dental Cast Cherry 

Gorky Liquid Castable 

Gorky Liquid Dental Castable 

JAMG HE Ultra Cast UV Resin (90% WAX) 

JAMG HE Jewelry Casting Resin (25% WAX) 

Siraya Tech Cast Royal Blue 

Figure 5. Thermogravimetric analysis. (a) The full temperature range. (b) Temperatures over 600 ◦C.

Thermal destruction of all considered materials begins at temperatures of 50 ◦C. At
temperatures of up to 225 ◦C, the mass of the samples varies slightly, and the residual mass
of the material is within 95%. Kavun et al. note that mass losses up to 7% correspond
to the loss of moisture and volatile components [26]. In the temperature range from 225
to 400–450 ◦C, a rapid decrease in the mass of the samples is observed. It can be noted
that the range of decomposition temperatures of the organic components of the castable
photopolymers coincides with ceramic photopolymer composites [26]. However, they
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have a much higher rate of destruction. At temperatures above 410 ◦C, the process of
thermal decomposition of materials slows down. A more uniform thermal decomposi-
tion of photopolymer resins produced by Yongchanghe Technology Co., Ltd. and Siraya
Tech can be noted. Russian photopolymer resins have lower onset temperatures of rapid
degradation with higher decay rates but longer ranges of relatively rapid thermal degrada-
tion. At a temperature of 600 ◦C or more, all materials have less than 1% of the residual
weight. This confirms their specialization for casting technologies. Thermostable photopoly-
mer materials at temperatures of 600 ◦C and more have more than 20% of the residual
weight [26,27]. The castable photopolymers have destruction start temperatures five or
more times less than thermostable materials.

The first derivatives of thermogravimetric curves (DTG) were obtained to analyze
the decomposition rate of cured photopolymer resins. DTG curves show mass loss per
unit temperature. The TG and DTG curves are shown in comparison for the entire set of
materials in Figure 6.

It can be noted that Russian materials are less stable within the framework of tempera-
ture destruction. A non-linear abrupt change in the rate of thermal decomposition of the
material is observed in Harz Labs Dental Cast Cherry and Gorky Liquid Dental Castable.
This may be due to chemical reactions in the material, requiring additional analyses. The
remaining materials considered have a pronounced peak in the decomposition rate of the
material: 375 ◦C for Gorky Liquid Castable; 415 ◦C for JAMG HE Ultra Cast UV Resin (90%
WAX); 380 ◦C for JAMG HE Jewelry Casting Resin (25% WAX); 400 ◦C for Siraya Tech Cast
Royal Blue. The DGT peaks correspond to the thermal decomposition and oxidation of
organic substances [26]. The rapid decomposition temperature range has strong differences
between materials. The minimum temperature range for rapid thermal destruction is JAMG
HE Ultra Cast UV Resin (90% WAX), approximately 100 ◦C [345; 445]. The maximum
temperature range for rapid thermal destruction is the Russian Harz Labs Dental Cast
Cherry material, approximately 200 ◦C ([260; 440] ◦C).

It can also be noted that non-castable photopolymers and composites based on them
have a single-stage decomposition with a pronounced DGT peak [28,29]. In this case, the
thermal decomposition of castable photopolymers has several stages of decomposition with
different rates of destruction. Harz Labs Dental Cast Cherry has the maximum number of
stages of thermal decomposition. If negative effects are detected when burning Harz Labs
Dental Cast Cherry from casting molds, chemical analysis of the material during thermal
destruction may be required.

The indicators of the temperature destruction of the materials under consideration are
presented in Table 2. Start temperature rapid destruction corresponds to the moment when
mass loss becomes greater than 1%. The minimum percentage of residual mass of materials
at the end of the thermal decomposition cycle is shown in Figure 7.

Table 2. Temperature destruction of photopolymer materials.

Photopolymer Resin
Rapid Destruction Weight Less than 1%

T, ◦C Weight, % T, ◦C Weight, %

HARZ Labs Dental Cast Cherry 260 93.97 600 0.964
Gorky Liquid Castable 240 93.92 530 0.831

Gorky Liquid Dental Castable 245 94.74 595 0.968
JAMG HE Ultra Cast UV Resin (90% WAX) 345 87.28 555 0.972
JAMG HE Jewelry Casting Resin (25% WAX) 300 90.24 580 0.768

Siraya Tech Cast Royal Blue 315 86.05 580 0.939
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Figure 6. TG and DTG curves of photopolymer resins after curing: (a) HARZ Labs Dental Cast Cherry; (b) Gorky Liquid Castable; (c) Gorky Liquid Dental Castable;
(d) JAMG HE Ultra Cast UV Resin (90% WAX); (e) JAMG HE Jewelry Casting Resin (25% WAX); (f) Siraya Tech Cast Royal Blue.
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Figure 7. Weight (%) at 695 ◦C.

Less than 1% of the residual weight of the material is observed at temperatures of
530 ◦C and more. Gorky Liquid Castable has the fastest thermal decomposition (less than
1% at temperatures from 530 ◦C) and is one of the materials with a minimum residual
weight of 0.114% at 695 ◦C. The minimum ash content is in Siraya Tech Cast Royal Blue
(less than 0.1%).

Harz Labs Dental Cast Cherry has the following characteristics: a minimum temper-
ature at the beginning of rapid thermal destruction, the maximum length of the zone of
rapid thermal destruction, the maximum temperature of the residual mass is less than
1%, and the maximum residual ash content is 0.278% at a temperature of 695 ◦C. The
experimentally obtained percentage of ash content is greater than that declared by the
manufacturer (approximately 3 times).

Materials of Yongchanghe Technology Co., Ltd. also did not confirm the ash content
declared by the manufacturer. JAMG HE Ultra Cast UV Resin (90% WAX) has 0.132%
residual weight, which does not correspond to zero ash content. JAMG HE Jewelry Casting
Resin (25% WAX) has 0.136% residual weight, which does not correspond to the ash content
of less than 0.1%.

Only one material from the sample under consideration has an ash content of less than
0.1%. This is Siraya Tech Cast Royal Blue produced by Siraya Tech (Los Angeles, CA, USA).

In general, all the materials in question have low ash content but have a different
nature of changing the rate of thermal decomposition. This must be taken into account
when forming a map of the technological process of burning out a photopolymer model
when forming a casting mold and selecting materials for its molding.

3.2. Dynamic Mechanical Analysis

The dependencies of the storage modulus, the loss modulus, and the tangent of the
angle of mechanical losses for samples additively grown in different printing directions
were obtained for all the materials under consideration. The dependence of thermome-
chanical properties on temperature, according to the example of Harz Labs Dental CAST
Cherry (samples printed in the y-axis direction), are shown in the same coordinate axes in
Figure 8. These are curves averaged over three measurements. Average standard deviation
by parameters: 32.64 MPa—storage modulus; 3.54 MPa—loss modulus; 0.004—mechanical
loss angle tangent.

The dependence of the thermomechanical properties of the material on temperature
makes it possible to establish zones of transition from the vitrified state to the highly elastic
one, and with further heating to the viscous one. Harz Labs Dental Cast Cherry begins
to lose stiffness at temperatures of 75 ◦C and reaches a viscous plateau at temperatures
of more than 150 ◦C. As the temperature increases, the storage modulus decreases, which
corresponds to the glass transition and structural α-relaxation. The obtained nature of
the change in the viscoelastic properties of the photopolymer is consistent with the data
obtained by Moharana et al. [30] for the material of the same class.
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Figure 8. Thermomechanical properties of Harz Labs Dental Cast Cherry: black is the storage
modulus E’; red is the loss modulus E”; green is the tangent of the angle of mechanical losses tan δ;
the purple square highlights increases the temperature zone over 150 ◦C.

The softening temperature of the material is approximately 100 ◦C according to the tan
δ signal. These data correlate with the results of Moharana et al. [30] and Musil et al. [31].

The level and nature of temperature dependencies of Harz Labs Dental Cast Cherry
show good compliance with the results obtained for other photopolymer materials [32,33].
A wide range of glass transition temperatures is noted in studies of photopolymer materials
from other manufacturers [34]. This is also observed in the current study.

3.2.1. The Effect of the Printing Direction on the Thermomechanical Properties of
Additively Grown Photopolymer Structures

The analysis of the effect of the printing direction is shown by the example of Harz
Labs Dental Cast Cherry (Figure 9). This is due to the fact that for the material, printing is
considered not only in the directions of the Cartesian coordinate system but also printing
at an angle of 45◦ using supporting structures.

   
(a) (b) (c) 
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Figure 9. Thermomechanical properties of Harz Labs Dental Cast Cherry: (a) is the storage modulus
E’; (b) is the loss modulus E”; (c) is the tangent of the angle of mechanical losses tan δ; black is x-axis;
red is y-axis; blue is z-axis; green is 45◦.

The main effect of the image printing direction is observed when the loss modulus
and the tangent of the angle of mechanical losses change in the temperature range up to
75 ◦C. The nature of the distribution of parameters is uniform. At temperatures of more
than 150 ◦C, some samples show insignificant fluctuations in the tangent of the angle of
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mechanical losses. This effect may be associated with the presence of additive growth
defects that were not observed during visual inspection: lack of conjugation between layers,
pores, etc. Figure 9 shows the averaged data for each printing direction. The glass tran-
sition/softening temperature according to the loss angle tangent signal is observed near
100 ◦C. However, according to the signals of the storage modulus and the loss modulus, the
relaxation processes in the materials cover a fairly wide range from 50 to 150 ◦C. The print-
ing direction affects the storage modulus and the loss modulus (x > y > z) at temperatures
up to 100 ◦C. The printing direction has a small effect on the glass transition/softening tem-
perature of the material according to the signal of the tangent of the loss angle. This shows
a strong dependence of the glass transition on the molecular structure of the material and
independence from the orientation of the printing layer. Similar trends were established by
Štaffová et al. when analyzing the temperature and mechanical reactions of photopolymer
structures grown in different printing directions [35].

The quantitative influence of the printing direction on the viscoelastic characteristics
of the material is presented in Table 3 within the relative percentage deviation (reference
value of the printing on the coordinate x) and the standard deviation.

Table 3. The analysis of the effect of the printing direction on the thermomechanical characteristics of
additively grown structures.

Parameter Evaluation
Measure ∆x,y, % ∆x,z, % ∆x,45, % σ

E’, MPa
Average 12.127 10.969 10.932 39.237

Maximum 48.384 32.968 19.558 158.245

E”, MPa
Average 15.339 15.477 11.192 3.260

Maximum 67.427 96.601 85.685 10.661

tan δ
Average 18.402 12.962 13.909 0.005

Maximum 77.346 98.225 79.897 0.009

The comparison of results was carried out using the Formulas (1)–(3):

∆x,y =
∣∣Ax−Ay

∣∣/Ax×100 (1)

∆x,z = |Ax−Az|/Ax×100 (2)

∆x,45 = |Ax−A45|/Ax×100 (3)

where Ax is the value of thermomechanical parameters obtained during printing along the
x-axis; Ay is the value of thermomechanical parameters obtained during printing along the
y-axis; Az is the value of thermomechanical parameters obtained during printing along
the z-axis; A45 is the value of thermomechanical parameters obtained when printing at an
angle of 45◦; A is storage modulus E’, loss modulus E” and loss tangent tan δ (comparison
was performed for each parameter separately).

The average deviation of thermomechanical parameters when changing the printing
direction is not more than 20%. The maximum deviations of thermomechanical parameters
when changing the printing direction can differ by almost 2 times and are observed at the
maximum values of the parameters. It is worth noting that Shim et al. [36] determined the
level of deviation of about 30% of the flexural strength at three-point bending of samples
grown within the printing direction of 0 and 90◦. This correlates with the data of the
current study.
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3.2.2. Comparative Analysis of the Thermomechanics of Photopolymer Materials

The maximum temperature of DMA for materials varied from 205 to 225 ◦C and
depended on the behavior of the material, as well as the conditions for non-exit from
the zone of linear viscoelasticity. A comparative analysis of the experimental data on
the thermomechanics of a set of photopolymer materials is shown in the temperature
range from 0 to 200 ◦C (Figure 10). The data is shown for the printing direction on the
x coordinate.
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Figure 10. Thermomechanical properties of photopolymer materials: (a) the storage modulus E’;
(b) the loss modulus E”; (c) the tangent of the angle of mechanical losses tan δ.

Russian photopolymer resins Harz Labs Dental Cast Cherry, Gorky Liquid Castable,
and Gorky Liquid Dental Castable with printing directions within the Cartesian coordinate
system have an initial storage modulus of 3000 MPa. As the temperature increases, the
storage modulus decreases at different rates. The temperature of the beginning of the
decrease in the stiffness of materials can be estimated from the signal of the loss modulus:
20–30 ◦C for Gorky Liquid Castable and Gorky Liquid Dental Castable; 75 ◦C for Harz
Labs Dental Cast Cherry. Exit to the rubber plateau is observed at 80 ◦C for Gorky Liquid
Castable and at 150 ◦C for Harz Labs Dental Cast Cherry and Gorky Liquid Dental Castable.
Gorky Liquid Castable has a maximum loss modulus in the temperature range from 0
to 40 ◦C. This means that the material at temperatures up to 40 ◦C dissipates mechanical
energy more efficiently during deformation and has more pronounced damping properties.
The increase in the Liquid Dental Castable loss modulus in the range of 0 to 20 ◦C is
characterized by structural changes in the materials and may be associated with an increase
in the crosslinking density. A similar but less pronounced effect is observed in Gorky Liquid
Dental Castable up to a temperature of 30 ◦C. Harz Labs Dental Cast Cherry remains in a
vitrified state until approximately 75 ◦C. This is the maximum indicator of all the materials
considered. The glass transition temperature, according to the tan δ signal, is 52 ◦C for
Gorky Liquid Castable, 84 ◦C for Gorky Liquid Dental Castable, and 100 ◦C for Harz Labs
Dental Cast Cherry.

The maximum level of the JAMG HE Jewelry Casting Resin (25% WAX) and Siraya
Tech Cast Royal Blue storage modulus is about 1000 MPa less compared to Russian pho-
topolymers. The temperature of the beginning of the decrease in stiffness of JAMG HE
Jewelry Casting Resin (25% WAX) and Siraya Tech Cast Royal Blue is comparable to Gorky
Liquid Castable and Gorky Liquid Dental Castable: approximately 25 ◦C. The effect of
increasing the crosslinking density of JAMG HE Jewelry Casting Resin (25% WAX) and
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Siraya Tech Cast Royal Blue is observed at temperatures up to 25 ◦C. JAMG HE Jewelry
Casting Resin (25% WAX) and Siraya Tech Cast Royal Blue reach a viscous plateau at a
temperature of 100 and 125 ◦C, respectively. The glass transition temperature of JAMG
HE Jewelry Casting Resin (25% WAX) and Siraya Tech Cast Royal Blue is observed at
approximately 65 and 75 ◦C, respectively. JAMG HE Jewelry Casting Resin (25% WAX)
and Siraya Tech Cast Royal Blue have small differences in terms of thermoviscuity. This
may be due to a close wax percentage of 20–25%.

The minimum values of the storage modulus and the loss modulus are observed in
JAMG HE Ultra Cast UV Resin (90% WAX). The maximum level of the storage modulus is
approximately 300 MPa. The maximum level of the loss modulus is approximately 62 MPa.
This is the softest material from the sample of photopolymers under consideration. The
signals of the storage modulus and the loss modulus, as well as the tangent plateau of the
mechanical loss angle, in the temperature range from 0 to 30 ◦C JAMG HE Ultra Cast UV
Resin (90% WAX) indicate the achievement of a stable crosslinking density of the material
and stabilization of dynamic properties. As the temperature increases, the material begins
to lose stiffness. This may be due to a high wax content. The glass transition temperature of
JAMG HE Ultra Cast UV Resin (90% WAX) is observed at approximately 30 ◦C. Fluctuations
in the tangent of the angle of mechanical losses are observed at temperatures of more than
150 ◦C. This may be due to the onset of structural degradation due to the high content
of wax.

The nature of the change in the modulus of material losses has differences. According
to the signals of the loss modulus, relaxation processes in materials occur at different
temperature ranges: Harz Labs Dental CAST Cherry and Gorky Liquid Dental Castable
at a temperature of 150 ◦C, Gorky Liquid Castable and JAMG HE Jewelry Casting Resin
(25% WAX) at a temperature of 100 ◦C, and Siraya Tech Cast Royal Blue at a temperature of
125 ◦C. JAMG HE Ultra Cast UV Resin (90% WAX) does not have a pronounced relaxation
transition zone.

The effect of the printing direction on the thermomechanical properties of the entire
set of castable photopolymer materials within the range of glass transition temperatures
and the average standard deviation of the storage modulus, the loss modulus, and the
tangent of the angle of mechanical losses is shown in Table 4.

Table 4. Thermomechanics of photopolymer materials.

Photopolymer Resin Tg, ◦C
Influence of Printing Direction *

∆σ (E’, MPa) ∆σ (E”, MPa) ∆σ (tan δ)

HARZ Labs Dental Cast Cherry 94–100 32.641 3.538 0.004
Gorky Liquid Castable 45–55 23.304 3.563 0.005

Gorky Liquid Dental Castable 84–88 33.849 2.894 0.003
JAMG HE Ultra Cast UV Resin (90% WAX) 30–32 3.826 0.400 0.014

JAMG HE Jewelry Casting Resin (25% WAX) 65–68 7.414 2.931 0.007
Siraya Tech Cast Royal Blue 74–78 29.695 2.818 0.002

* includes only three directions of printing samples within the Cartesian coordinate system.

It can be noted that the printing direction has a minimal effect on the glass transition
temperatures of materials. The minimum glass transition temperature is observed in JAMG
HE Ultra Cast UV Resin (90% wax), a photopolymer with a maximum wax content. The
maximum glass transition temperature is Harz Labs Dental Cast Cherry.

The minimum average standard deviation of the storage modulus and the loss mod-
ulus is observed in JAMG HE Ultra Cast UV Resin (90% WAX), while the material has a
maximum average standard deviation of the tangent of the angle of mechanical losses. The
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maximum average standard deviation is observed in Harz Labs Dental Cast Cherry. The
maximum average standard deviation is observed in Gorky Liquid Castable. The minimum
average standard deviation of the tangent of the angle of mechanical losses is observed in
Siraya Tech Cast Royal Blue.

In general, all materials of the sample showed fairly stable thermomechanical prop-
erties. The thermomechanics of materials are important factors for the formation of the
technological process of burning a photopolymer model when obtaining high-quality
casting molds.

As part of the development of the work, it is required to analyze the influence of the
direction of printing of all photopolymers at angles of inclination—taking into account
the supporting structures—as well as to determine the dependence of the coefficients of
thermal expansion of materials on temperature.

4. Conclusions
Within the framework of this work, six modern specialized castable resins of differ-

ent manufacturers were selected to assess the possibility of their implementation in the
framework of industrial processes of investment casting.

A significant difference between the parameters of the additive growth process of
material structures recommended by the manufacturer and those established as part of
the development of the technological process is confirmed. The exposure time for Harz
Labs Dental Cast Cherry was reduced by a factor of 4, and the curing time for base layers
was reduced by a factor of 3.6. The exposure time and curing time for base layers were
reduced by a factor of 2 for JAMG HE Ultra Cast UV Resin (90% WAX). The exposure time
and curing time for base layers were reduced by a factor of 1.5 for the remaining materials.

TGA and DMA were chosen as the main methods of studying the material. TGA was
performed at temperatures up to 700 ◦C. DMA was performed up to temperatures of the
rapid destruction of materials, not more than 225 ◦C.

As part of the TGA, the following were established:

• Thermal destruction begins at temperatures of 50 ◦C. In the temperature range from
225 to 400–450 ◦C, a rapid decrease in the mass of the samples (rapid destruction) is ob-
served. Less than 1% of the residual weight of the material is observed at temperatures
of 530 ◦C and more.

• Harz Labs Dental Cast Cherry has a maximum residual ash content of 0.278% at a
temperature of 695 ◦C. The minimum ash content is Siraya Tech Cast Royal Blue (less
than 0.1%).

TGA showed that, according to manufacturers, the ash content of materials can be
greatly underestimated.

As part of the dynamic mechanical analysis, the following were established:

• The average deviation of thermomechanical parameters when changing the printing
direction is not more than 35% for the entire set of photopolymer materials.

• Russian photopolymer materials have an increase or a plateau of the loss modulus at
temperatures up to 75 ◦C, characterized by structural changes in the materials, and
may be associated with an increase in the crosslinking density.

• Harz Labs Dental Cast Cherry has the highest glass transition temperature of
94–100 ◦C.

The data on the thermal physics and thermomechanics of photopolymer materials
after curing will be used in the formation of a numerical analog necessary for predicting
the stages of the technological process of investment casting. The formation of data on
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the temperature dependencies of the thermal expansion coefficient is also one of the main
directions of the study.
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