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Abstract: Three-dimensional printing technology continues to evolve, enabling new applications in
manufacturing. Extensive research in the field of biomimetics underscores the significant impact of
the internal geometry of building envelopes on their thermal performance. Although 3D printing
holds great promise for improving thermal efficiency in construction, its full potential has yet to be
realized, and the thermal performance of printed building components remains unexplored. The
aim of this paper is to experimentally examine the thermal insulation characteristics of prototype
cellular materials created using 3D additive manufacturing technologies (SLS and DLP). This study
concentrates on exploring advanced thermal insulation solutions that could enhance the energy
efficiency of buildings, cooling systems, appliances, or equipment. To this end, virtual models of
sandwich composites with an open-cell foam core modeled after a Kelvin cell were created. They were
characterized by a constant porosity of 0.95 and a pore diameter of the inner core of the composites of
6 mm. The independent variables included the different material from which the composites were
made, the non-uniform number of layers in the composite (one, two, three, and five layers) and
the total thickness of the composite (20, 40, 60, 80, and 100 mm). The impact of three independent
parameters defining the prototype composite on its thermal insulation properties was assessed,
including the heat flux (q) and the heat transfer coefficient (U). According to the experimental tests, a
five-layer composite with a thickness of 100 mm made of soybean oil-based resin obtained the lowest
coefficient with a value of U = 0.147 W/m? K.

Keywords: 3D printing; AM technology; thermal insulation; cellular composites; Kelvin structure

1. Introduction

The construction sector faces significant challenges, driven by both the need to de-
carbonize and the need to build new facilities, especially in rapidly developing regions of
the world. In addition, a significant proportion of buildings in developed countries do not
meet modern energy standards. Their refurbishment and renovation are therefore crucial.
It should be noted that it is difficult to apply thick layers of traditional insulation materials
in older buildings [1]. It is therefore important to develop thin, high-performance materials.
In addition, the need to preserve the appearance of historic buildings requires the use of
unobtrusive technologies and methods [2], such as internal insulation and transparent
insulation layers. Importantly, in many developing countries there is a growing demand
for new buildings that must be both low cost and energy efficient [3]. This calls for innova-
tive materials that are easy to manufacture, inexpensive, and yet meet energy efficiency
standards. These challenges are driving researchers to search intensively for innovative
solutions, particularly in the areas of building materials and thermal insulation [2,3].

One of the key issues pointing to the need for innovative approaches is certainly the
decarbonization of construction. Reducing CO, emissions has become one of the most
important challenges for the construction sector [1]. The construction sector is responsible
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for a large proportion of global greenhouse gas emissions, mainly through the production of
materials such as cement and steel, but also through the operation of buildings. In addition,
and very importantly, modern buildings need to be much more energy efficient, so thermal
insulation plays a key role in reducing the energy needed to heat and cool buildings,
which also has a direct impact on CO; emissions [4]. Recently, there has also been a
noticeable increase in demand for insulation materials with a low carbon footprint, which
can include wood wool, hemp, or insulation based on industrial waste [5,6]. In addition,
the development of materials that can be produced locally from available resources, namely
the aforementioned materials from agricultural or industrial waste, can significantly reduce
the cost and carbon footprint of transportation.

New approaches to construction are increasingly incorporating the principles of a
closed-loop economy [7]. Insulation needs to be designed with material reuse in mind,
meaning that the materials used should be easy to disassemble and recycle. Biodegradable
and non-toxic materials are also becoming increasingly important. To meet all these
challenges, technologies such as 3D printing are being developed to create personalized,
precisely tailored insulation solutions [8]. This has the potential to revolutionize the way
buildings are insulated, both during construction and renovation [9]. With the capabilities
of additive manufacturing (AM) or 3D printing, it is possible to achieve complex internal
material geometries that would be difficult to achieve with conventional construction
techniques [10]. This flexibility in design, as well as the significant decrease in the cost of
3D printing, has led researchers around the world to take an interest in this technology
as a tool [11]. Three-dimensional printing has been identified as a future development in
the construction sector due to its potential to support sustainable design [12] and the fact
that it can be used to produce polymers and products based on recycled polymers [13].
By adjusting the internal geometry and varying the percentage of infill, 3D printing can
optimize thermal conductivity while producing lighter components that can be used, for
example, in energy-efficient building renovations [14,15]. Since the building envelope
accounts for 50-60% of the total heat transfer, improving thermal insulation is a cost-
effective strategy for improving energy efficiency [16].

1.1. The Potential of 3DP for Energy Efficiency in Buildings

The energy efficiency of buildings is mainly related to the energy loss due to heat
transfer through exterior walls, including opaque elements (although a large amount of
heat penetrates through thermally weaker transparent elements, this is not the subject of
this article). Measures to improve the thermal efficiency of exterior walls focus on reducing
the heat transfer coefficient (U-value), which is a key thermophysical characteristic of a
building’s energy balance. By using insulation materials with low thermal conductivity, it is
possible to achieve high thermal resistance (R-values) and consequently low U-values. The
total thermal resistance of a building component is the sum of the conduction resistance
(Rj) and the internal and external surface resistances (R, ; and Rs, respectively) according
to Equation (1) [17].

Riot = Rs; + Zj Rj+ Rs, 1)

where the conduction resistance is determined by the ratio of the thickness (sj) and the
thermal conductivity (1)) of the j-th material, as shown in Formula (2):
5j
Rj=+ 2)
]
Therefore, the U-value can be obtained as the inverse of the total thermal resistance
(Equation (3)):
1
Riot

Heat transfer processes can be significantly influenced by both the structure and
materials of the building envelope. Researchers have demonstrated in their studies [18-21]

u

(3)
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that 3D printing is an extremely effective tool for creating nature-inspired shapes that can
significantly affect the thermal efficiency of a building’s exterior walls.

Given this, it may be interesting to integrate the benefits of 3D printing with those of
low-carbon-footprint insulation materials. The research proposed in this article could be a
starting point for future developments in the field of energy conservation in buildings, for
example. The problems associated with the need for effective thermal insulation are not
unique to the construction industry. The benefits of reducing heat flow through partitions
are also measurable in other industries. Consider cold rooms, both domestic refrigerators
and industrial cold stores [22]. High-performance wall insulation allows the desired internal
temperature to be reached more quickly and with less cooling power required to maintain it.
Another example is the thermal insulation of spacecraft and probes sent into space [23,24].
Extreme conditions in space, ranging from a few Kelvins to several thousand and more,
threaten the proper functioning of electronic components and sensitive instruments.

In such cases, the demands on insulation are very high—it is necessary to ensure
minimal heat transfer while maintaining low weight and high mechanical strength.

The above examples show that the demand for effective thermal insulation in many
areas of engineering is high and shows no sign of changing. The desire to increase the
energy efficiency of equipment and buildings, coupled with the possibility of achieving
significant environmental and economic benefits, combined with an analysis of the ther-
mal insulation solutions currently available on the market, is driving the search for new
insulation materials and the improvement of existing ones [25]. The range of possible
applications for 3D-printed insulation structures is broad.

Three-dimensional printing is also a promising new technology for building construc-
tion. While 3D printing of houses is still in the distant future, 3D printing of prefabricated
structures (shafts, chambers, supports, and columns), functional architecture (benches, ta-
bles, and fountains), or decoration (monuments, facade ornaments, and stucco) is currently
within reach. For these forms, 3DCP technology is already beginning to establish itself on
the market [24], as seen in Table 1.

Table 1. A summary of the analyzed works regarding 3D printing.

. 3DP Optimizelljiorcl1 Strategy Thermal
Research Object Process se Parameters Values Reference
Used Topology Material
R; =5.04 m? K/W,
R, =5.74m? K/W,
DT _ 2 .
3D-printed walls, CP brick wall—concrete v X Rs =545m° K/W; Kaszynka et al. [26]
concrete walls

U; =02 W/m?K,
U, =0.17 W/m?K,
Us =0.18 W/m2K

U; =143 W/m?K,
3D-printed blocks FDM—PLA v X U, = 1.25 W/m?K, de Rubeis et al. [21]
U; =1.22 W/m?K

U; =1.22 W/m?K,
U, = 0.65 W/m2K

3D-printed blocks FDM—PLA v X Us = 053 W/m2K de Rubeis et al. [18].
Uy = 0.66 W/m2K
U, = 1.22 W/m2K
_ 2
3D-printed blocks FDM—PLA v X Upp = LIS W/m'K, de Rubeis et al. [18]

U, =1.18 W/m?K,
Us = 1.08 W/m?2K

U =219 W/m?K,
3D-printed blocks FDM—PLA v X U; = 1.24 W/m?K, de Rubeis et al. [19]
Us = 0.69 W/m?2K
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Table 1. Cont.

Optimization Strategy

. 3DP Used Thermal
Research Object Process se Parameters Values Reference
Used Topology Material
. U; =122 W/m?K, .
3D-printed blocks FDM—PLA v X Uy = 1.13 W/m2K de Rubeis et al. [27]
3D-printed insulation FDM—ABS X v 0.12 <A <0.18 W/(m-K) Chung et al. [28]
Adaptive facade FDM—PLA, PETG v X 0.09 <A < 0.1 W/(mK) Sarakinioti
panel etal. [29]
. . 36 < Tg < 55°C, Mihalache
3D-printed tiles FDM -PLA v X 32 < T < 50 °C etal. [23]
3D-printed Concrete CP v X U =118 W/m2K Nemova et al. [30]
enclosures
3D-printed walls A1 =0.37 W/ (m-K), .
with cavities LWEFC, HPC CP v X A = 1.1 W/(m-K) Marais et al. [31]
. 0.59 < U; < 0.83W/m?K
3D-printed walls Concrete CP v X 02 < Uy < 0.58 W/m2K Cuevas et al. [22]
3D-printed concrete 5 .
walls EPLA CP v X 0.34 <U <3.16 W/m“K Sutharalingam et al. [32]
3D-printed salt _ > El-Mahdy
blocks Sand, EVA RC/DIW v X U=0.94W/m°K etal. [33]
3D-printed concrete CP v x Qum = 3.94 W/m2K He et al. [34]
walls
3D CS-LCC Polymer SLA X v 021 < A < 033 W/(m-K) S‘”}%;f al
3D-printed concrete 0.35 <A < 0.74 W/m?K
samples LWC CP X v 0.35 < C < 0.94 M /m3K Cuevas et al. [36]
. . 0.87 <A <0.99 W/(m-K);
3D Ps;‘rrr‘\tefe :“Ck PETG FFF x v 0.61 < « < 0.69 um?/s; Malek et al. [37]
p 131 < C < 1.64 MJ/m3K
9171.29 < TSE < 10,390.47 kWh;
3D-printed RMC . 5398.13 < El < 5419.5 kWh; ..
concrete Concrete with CSA, CP X v 3036.42 < DC< 4192.14 kWh; Ebrahimi et al. [38]
609.58 < DH < 915.24 kWh
3D-printed objects . - A1 =0.09 W/(m-K),
DIW Wood DCW, binder Injection X v Ap = 0.05 W/(m-K) Kam et al. [39]
. 0.27 < EA <1.10kJ;
3D-printed CFRCHS SMP FFF X v 22 < SEA < 14.00 K /kg Zeng et al. [40]
3D-printed polymer .
mesh embedded in ABS X v C=57.55]/g°C Maier et al.
. [41]
cement-based matrix
MEPCM integrated 6.40 < AH <24.74]/g; Rahemi
with GPP for 3D GPP x v 18.30 < Tm < 27.27 °C; o iﬁi’;}or
printing 038 < A < 0.84 W/mK etak

Suntharalingam et al. [32] determined the heat transfer coefficient U for 32 differ-
ent 3DPC wall configurations (with and without cavity insulation) using verified finite
element models. In papers [43—47], the authors used additive manufacturing to create
layered structures with architectural cores. They showed that the properties of cellular
materials are determined by the solid components and the spatial configuration of voids
and solids, i.e., the cellular architecture. Changing the cellular architecture provides un-
limited possibilities to achieve desired material properties [47]. Composites with a layered
structure are commonly used [46,48], with a low-density core and rigid layers outside the
core. The core can be formed into closed or open foam structures or periodic structures.
They can have a vacuum inside or be filled with air, liquid, phase change materials (solid or
liquid), waste, and biodegradable materials [49]. Islam et al. [50] investigated PLA filament
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thermal insulation materials using FDM printing technology. The authors showed that they
have good insulating properties as evidenced by the thermal conductivity values obtained
in thermal tests ranging from 0.037 W/(m K) to 0.070 W/(m K). De Rubeis et al. [18-21]
investigated the insulating capacity of blocks printed from PLA filaments using FDM
technology. They showed a significant effect of the complexity of the internal geometry
of the block structure and the type of waste material used (polystyrene, wood sawdust,
wool, and hemp) placed inside the printed blocks on their thermal properties. Of all
the internal structures tested, the most complex honeycomb structure showed the best
insulating properties (U =1.22 W/ (m?-K)). In addition, filling the honeycomb block with
waste insulation materials significantly improved its insulating properties, reducing the
transmission coefficient to 0.53 W/(m?2-K), or about 57%.

The structure of cellular and porous bodies is the subject of continuous research by
scientists and engineers. Modern analytical techniques allow a better understanding of
their properties. The range of materials from which they can be made is also constantly
expanding, offering new possibilities for their application [49].

1.2. A Virtual Model of a Sandwich Composite with a Kelvin Cell Foam Core

The study of the structure of cellular materials began in the 1760s when Robert Hook
used the term “cell” to describe the structure of cork [51]. Later, William Thomson (Lord
Kelvin) defined a single cell of a cellular material structure as a tetracahedron, which was
later named Kelvin's tetrahedron [51]. Kelvin's tetrahedron is shown in Figure 1a. Itis a
solid consisting of six square faces and eight regular hexagonal faces, where each edge has
the same length [52]. In order to satisfy the minimum area condition and fill the space well,
the solid must be slightly deformed. The square walls must have curved edges, while the
hexagonal walls must have curved faces. Figure 1b shows the Kelvin structure [51].

Figure 1. Tetrahedron (a) and Kelvin structure (b). Based on [47,49].

To create a model of the open-cell foam, two parameters were used to define it, namely
I, which corresponds to the length from node to node (the length of the edge of the Kelvin
tetrahedron), and dp, which is the diameter of the pores (the sphere that cuts the tetrahedron
from the inside), as seen in Figure 2 [51]. In the model, the parameters that determine the
shape, size, and curvature of the struts connecting the nodes have been omitted. To obtain
the structure of the foam, a sphere with a diameter d, equal to the diameter of the pores
was cut into the tetrahedron (Figure 2a), and the resulting solid was multiplied to form an
open-cell foam model (Figure 2b).

Porosity ¢ is used to describe open-cell foam materials. It is defined as the ratio of
the volume V of the fluid inside the Kelvin tetrahedron to the volume V of the entire
tetrahedron [51]:

€= g (4)

Its volume V can be written with the following formula [51]:

vV =8v2.® (5)
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Figure 2. Kelvin's tetrahedron cut with a sphere (a) and the resulting open-cell foam structure (b).

In order to determine the porosity ¢, it is still necessary to know the relations that
allow the determining of the volume Vf. It can be described as the volume of the sphere
that cuts out the tetrahedron Vsp, excluding the parts that are outside the area of the Kelvin
tetrahedron (Figure 3) [51]:

Va

Figure 3. A designed, single tetrahedron cut by a sphere of a 6 mm diameter (a) and a visualization
of the spherical sections of the sphere cutting the Kelvin tetrahedron that is outside its surface (b).

In practice, porosity can be determined by directly reading the volume Vs of a single
cell in Inventor’s iProperties tab, or by creating functions to determine the volume Vf [51].

The microscopic structure of open-cell foams has a significant impact on their thermo-
physical properties. The solid matter in cellular insulation is only 2% to 4% of the volume.
Therefore, the way it is distributed in the foam material greatly affects the physical prop-
erties. Pore size plays an important role in determining thermal properties. Large pore
sizes increase the contribution of convection and radiation to heat transfer and therefore
increase the thermal conductivity coefficient (A). As cell dimensions are reduced, the A
coefficient decreases. However, there is a minimum pore size, beyond which an increase in
the coefficient is observed due to an increase in the contribution of solid conduction [18].

To determine the properties of open-cell foams, viral models and correlations are
being developed that take into account their geometry [52]. However, currently developed
models that relate the geometry of foams to their properties are not yet perfect. Many
studies are limited to a small range of porosities. In addition, these models are not always
fully consistent with actual structures. Establishing a correct description of foam geometry
is of great importance for the evaluation of heat transfer in these materials [11]. The thermal
properties of foams can be improved by manipulating the distribution of material in their
structure. This is very difficult to do with conventional manufacturing techniques, which is
why additive techniques are seen as having great potential. Three-dimensional printers
can print with high accuracy the optimal open-cell foam structures created by precisely
controlling the geometry of the struts. As a result, CAD files can be generated that are
ready for additive manufacturing, where there are no geometric limitations imposed by
current manufacturing techniques [11].

The literature review presented here shows that there is still a lot of research potential
in the use of additive technologies for the production of printed building components.
Therefore, the authors of this article focused on the search for advanced thermal insulation
solutions that could contribute to improving the energy efficiency of buildings, cooling
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systems, equipment, or installations. Therefore, the objective was to experimentally study
prototypes of cellular materials produced by 3D additive technologies (SLS and DLP), and
based on this, to perform an analysis of their thermal insulation properties. Based on the
analysis, which of the tested materials could be used as thermal insulation was determined.

2. Materials and Methods
2.1. Materials

Autodesk Inventor was used to model the structure of the prototype open-cell mate-
rials. Equations (4) and (5) were entered so that the value of the material porosity ¢ was
automatically calculated when the node spacing 1 and the pore diameter d were set. Based
on previous studies by the authors [45,48], materials with a pore diameter d = 6 mm and
a porosity € = 0.95 produced by SLS technology from PA12 polymer (Synterit, Cracow,
Poland) and by DLP technology using UV resins (Shenzhen Anycubic Technology Co.,
Shenzhen, China) with different emissivity, gray, black, transparent, and white based on
soybean oil, were selected. In addition to the above independent variables, additional
parameters such as the number of layers in the composite and its total thickness were used.
In the end, 40 variants of prototype cellular composites were produced, each in triplicate,
for a total of 120 samples tested. Single-layer, double-layer, and triple-layer samples were
prepared with a composite thickness of 20 mm (analogous to thermal packaging or window
frames; as seen in Figure 4, the total number of variants was 15 pieces in 3 replicates, i.e.,
a total of 45 samples), as well as single-layer composite samples with a thickness of 40,
60, and 80 mm. This made a total of 45 samples (analogous to typical window frames,
whose thickness varies from 50 to about 80 mm). Single-layer and five-layer samples with a
composite thickness of 100 mm (analogous to thermal insulation in buildings, refrigeration
equipment, etc.)—as shown in Figure 5. The total number of specimens was 10 pieces in
3 replicates, for a total of 30 samples. Figure 6 shows the printed inner cores of the samples.
On the other hand, the printed specimens also had both external and internal flat surfaces,
with the layering of the composite structure made of the same material as the cellular
composite cores themselves, as seen in Figure 7. A detailed description of the specimen
fabrication method can be found in the authors’ previous publications [45,48].

\l\l\'\l\l\l!
(&) L TAITATAY
\'\l\'\l\l\l'
N A AOIAILALAL

'&O\O\O\O\'\l!

] YAl
YAVIVIVIVIVE
",""""‘:

2 ) ATATAY
‘l‘l VIVIVIVS
TAOIAIAIALA L
\’\0\'\0\0\0!
PRAONININININ
YA YA YA VAT A YA
.\‘\l\l‘.\l.
OIAIALIALS
"‘\‘\0\0\0“
VONONINONININ
! PUONONOINOINON
50\0\'\0\‘\01 YAYIVIVIVYIY]

N2N2

Figure 5. Layering of 100 mm thick samples: (a) one layer and (b) five layers.
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Figure 6. Example cores of printed open-cell composites: (a) black, (b) transparent, (c) gray, (d) SLS
gray, and (e) white soybean oil-based.

Figure 7. An example of a cellular composite sample with an internal core structure based on a
tetrahedral Kelvin model produced by 3D printing; SLS gray, 20 mm thick samples: (a) one, (b) two,
and (c) three layers and (d). Based on [45,47].

2.2. Experimental Procedure

The tests were conducted following the ISO 9869-1:2014 standard [53,54] using a test
bench available at the Faculty of Mechanical and Power Engineering, Wroclaw University
of Science and Technology, within the Department of Energy Conversion Engineering. The
setup included an Aisberg LP15 C15 freezer (MELIS, Poznan, Poland), an FHF04SC heat
flux sensor (Hukseflux Thermal Sensors B.V., Delft, The Netherlands), 4 thermocouples
(K-type thermocouple), as well as a temperature and heat flux recorder. A diagram of the
setup is presented in Figure 8.

Heat flux sensore

Thermocouples

Sample ///

Freezer L /// 0

5
[ \ e W' Recorder

\"\,\;J

Figure 8. Diagram of the test setup for thermal insulation evaluation [46,47].

The values of thermal resistance coefficient (R) and heat transfer coefficient (U) were
calculated according to the “average method” proposed in ISO 9869 [54]:

Z?=1 (Ts,in,j - Ts,Dut,j)
R = T
j=149j

(6)

n
i=14j
Z;‘l=1 (Ts,in,j - Ts,out,j)

where 27=1 (Ts,in,]' - Ts,out,j) is the average temperature difference between the inner and

U=

@)

outer surfaces, and Y7, g; is the average heat transfer density.

Based on ISO 6946 [53], the heat transfer direction was assumed to be horizontal. This
assumption allowed the selection of the corresponding thermal resistance coefficients for
the inner air layers Rg; = 0.13 (on the negative ambient temperature side) and the outer
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air layers R,, = 0.04 (on the positive ambient temperature side). In this way, the total heat
transfer coefficient was determined, taking into account the external conditions on both
sides of the cellular composite sample tested on the test bench.

Each test lasted approximately 24 h with a recording time step of 5 min. Measurements
were taken after thermal equilibrium was reached. This state was considered achieved
when the temperature fluctuation on the surface of the samples did not exceed 0.5 °C for
1 h during successive measurements. This was recorded by monitoring the stability of the
measured values (g, Ty, Ty). In addition, each measurement performed was repeated three
times to obtain more accurate results. Samples of prototype sandwich composites were
tested in boxes printed in the same manner and made of the same material as the composites.
The measurement uncertainties for the samples tested were 0.03~0.04 W/ (m?-K) for the
coefficient heat transfer coefficient (U).

3. Results and Discussion

The purpose of the study was to evaluate the thermal properties of the printed com-
posites for the potential use of the materials as thermal insulation, according to ISO 9869-
1:2014 [54]. The results obtained were compared according to the type of resin, the number
of layers, and the thickness of the composite. In each case, three series of measurements
were taken and averaged under stabilized temperature conditions. The average tempera-
ture difference between the outside and inside of the cooling chamber was 10 °C.

Statistical analyses were performed using tools provided by STATISTICA 13 (TIBCO
Statistica, Palo Alto, CA, USA). A significance threshold of p < 0.05 was used, in accordance
with common practice in thermal insulation research. The measures of position and
dispersion were determined first, and their summary results are shown in Tables 2—4.

Table 2. Descriptive statistics for the heat transmission coefficient (U) for single-, two-, and three-layer
composite specimens, 20 mm thick (M—mean; Me—median; Min—minimum; Max—maximum;
SD—standard deviation; Sk—skewness; and K—kurtosis).

M Me Min Max SD Sk K
U, (m2-K)/W 1.47 1.55 1.04 1.87 0.25 0.33 1.09
Table 3. Descriptive statistics for the heat transmission coefficient (U) for single-layer composite
specimens from 20 to 100 mm thick (M—mean; Me—median; Min—minimum; Max—maximum;
SD—standard deviation; Sk—skewness; and K—kurtosis).
M Me Min Max SD Sk K
U, (m?2-K)/W 0.59 0.55 0.14 1.15 0.34 0.44 1.13
Table 4. Descriptive statistics for the heat transmission coefficient (U) for single- and five-layer
composite specimens with a thickness of 100 mm (M—mean; Me—median; Min—minimum; Max—
maximum; SD—standard deviation; Sk—skewness; and K—kurtosis).
M Me Min Max SD Sk K
U, (m2-K)/W 0.19 0.20 0.14 0.24 0.02 0.56 0.62

As shown in Table 2, the values of the heat transfer coefficient (U) of single, dou-
ble, and triple layer composite samples with a thickness of 20 mm ranged from 1.04 to
1.87 W/(m?-K). The mean value was 1.47 W/(m?K) and the standard deviation was
0.25 W/ (m?2-K). The value of the heat transfer coefficient for half of the tested samples did
not exceed 1.55 W/(m?-K). The tested samples had a high kurtosis value of K = —1.09,
which means that the results were clustered around the mean.
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For single-layer samples with composite thicknesses ranging from 20 to 100 mm, the
values of the heat transfer coefficient (U) varied from 0.14 to 1.15 W/(m?-K), with a mean
of 0.59 W/(m?-K) and a standard deviation of 0.34 W/(m?-K). In this case, the value of the
heat transfer coefficient for half of the tested samples did not exceed 0.55 W/(m?-K). The
tested samples reached a high kurtosis value of K = —1.13, which means that the results
were clustered around the mean.

On the other hand, the heat transfer coefficient (U) for single and five-layer samples
with a composite thickness of 100 mm (Table 4) varied from 0.14 to 0.24 W/(m?-K), with a
mean of 0.19 W/(m?-K) and a standard deviation of 0.02 W/(m?-K). The value of the heat
transfer coefficient for half of the tested samples was 0.20 W/ (m?-K).

Another test was to evaluate the significance of the effect of the input quantities on
the insulation performance. A multi-criteria ANOVA analysis of variance was used to
determine this effect. The results are presented in Tables 5-7.

Table 5. A quantitative assessment of the main effects and the effects of interactions; the identification
of the impact of dominant and statistically significant input factors on the dependent variable U for
single-, two- and three-layer composite specimens, 20 mm thick (S5—Sum of Squares, df—Degrees of
Freedom, MS—Mean Square, F—F Ratio, p—Significance Level (p-values)).

The Symbol That Identifies

the Input Factors and Their Interactions SS df MS F P
U, (m?2-K)/W
absolute term 91.1426 1 91.1426 3463.097 0
m 0.90322 3 0.30107 11.44 0.000
n 0.90124 2 0.45062 17.122 0.000
m*n 0.14499 6 0.02416 0.918 0.494
absolute term 0.8685 33 0.02632

m*n—the interaction between the applied of material type, composite layering of the structure and the values of
the output data obtained in the experiment.

Table 6. Quantitative assessment of the main effects and the effects of interactions; the identification
of the impact of dominant and statistically significant input factors on the dependent variable R and
U for single-layer composite specimens from 20 to 100 mm thick (55—Sum of Squares, df—Degrees
of Freedom, MS—Mean Square, F-F Ratio, p—Significance Level (p-values)).

The Symbol That Identifies

the Input Factors and Their Interactions 5§ df MS F P
U, (m2-K)/W
absolute term 20.6292 1 20.6292 556,028.9 0.000
m 0.03455 3 0.01152 310.4 0.000
5 6.88062 4 1.72016 46,364.3 0.000
m*d 0.02633 12 0.00219 59.1 0.000
absolute term 0.00148 40 0.00004

m*d—the interaction between the applied of material type, composite thickness of the structure and the values of
the output data obtained in the experiment.

The analysis of Significance Level (p) values in Tables 5-7 shows that values less than
0.05 indicate a significant effect of material type and composite layering (Table 5) and
material type, composite thickness, and layering (Tables 6 and 7) on the value of heat
transfer coefficient (U) of the tested materials produced by 3D DLP printing technology.

The results of the analysis of variance (Tables 5-7) showed that there was an effect
of the material type, the composite thickness, and the number of layers on the thermal
performance of 3D-printed composites, as evidenced by the value of the p parameter. Based
on the high value of the strength of the influence (F), the statistical significance of the
interaction of linear factors was also demonstrated. It can be concluded that the thickness
of the composite and the number of layers used in the experiment is a highly dominant
factor compared to other input factors.
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Table 7. Quantitative assessment of the main effects and the effects of interactions; the identification
of the impact of dominant and statistically significant input factors on the dependent variable R
and U for single-layer and five-layer composite specimens with a thickness of 100 mm (SS—Sum of
Squares, df—Degrees of Freedom, MS—Mean Square, F-F Ratio, p—Significance Level (p-values)).

The Symbol That Identifies

the Input Factors and Their Interactions 5§ df MS F P
U, (m?2-K)/W
absolute term 1.127252 1 1.127252 41,534.62 0.000
m 0.003398 4 0.00085 31.3 0.000
n 0.010684 1 0.010684 393.67 0.000
m*n 0.002871 4 0.000718 26.45 0.000
absolute term 0.000543 20 0.000027

m*n—the interaction between the applied of material type, composite layering of the structure and the values of
the output data obtained in the experiment.

A graphical analysis of the obtained results of heat flux density (q) of the tested
samples is shown in Figures 9-13.
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Figure 9. The variation of the heat flux (q) over time for samples made from PA12 (gray) using the
SLS 3D printing technology.
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Figure 10. The variation of the heat flux (q) over time for samples made from soybean oil-based UV
white resin using the DLP 3D printing technology.
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Figure 11. The variation of the heat flux (q) over time for samples made of gray UV resin using the
DLP 3D printing technology.
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Figure 12. The variation of the heat flux (q) as a function of time for samples made of UV black resin

using the DLP 3D printing technology.
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Figure 13. The variation of the heat flux (q) over time for samples made from a UV-transparent resin

using the DLP 3D printing technology.
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In addition, to better illustrate the effect of the material used to make the samples on
the values of the heat flux (q), Figure 14 shows the variation of the heat flux (q) over time
for five-layer samples with a thickness of 100 mm. The lowest values of heat flux density,
from 3 to 5 W/m?, were obtained for this type of composite, which had the best energy
efficiency compared to other composites.

Heat Flux Density, W/m?

0 200 400 600 800 1000

Time, s

——transparent —black ——gray DLP white soybean oil-based ——SLS gray

Figure 14. Heat flux (q) versus time q for a five-layer, 100 mm thick structure made of different materials.

From the results shown in Figures 9-14 for 20 mm thick single, double and triple
layer composites, it can be seen that gray resin samples prepared by DLP technology
(Figure 11) had a lower value of heat flux density (q = 41 W/m?) than gray nylon samples
prepared by SLS technology, i.e., = 48 W/m? (Figure 9). By far the lowest values of heat
flux density were characterized by soybean oil-based resin triple layer samples (Figure 10)
and amounted to q = 36 W/m?. Thus, the highest value of heat flux density compared
to the gray and white resin samples was characterized by the transparent and black resin
samples. From the results shown in Figures 9-14, it can be further concluded that there is a
relationship between the number of layers (n) in the composite and the heat flux density
values obtained. Samples with n = 3 layers had lower heat flux density values than samples
with n = 2 and samples with n = 1. For a single layer sample with a thickness of 40 mm,
the heat flux density values are in the range of q = 27.8-35.7 W/m?, while for composite
samples with thicknesses of 60 mm, 80 mm, and 100 mm, the heat flux density values
were in the ranges of q = 13.8-23.2 W/m?, q = 8.8-12.7 W/m?, and q = 5.7-8.7 W/m?,
respectively. The best insulation was obtained for the white resin composite and the worst
for the transparent resin samples. Figure 14 shows a comparison of the variation of heat
flux (q) over time for five-layer samples with a thickness of 100 mm. The lowest values of
heat flux density were obtained for the soybean oil-based resin samples, which amounted
to q = 3.17 W/m?2. On the other hand, the highest value of heat flux density was obtained
for the black resin samples, q = 5.30 W/m?.

A graphical analysis of the obtained results of heat transfer coefficient (U) values is
shown in Figures 15-20.

To better illustrate the effect of the material used to make the specimens on the values
of the heat transfer coefficient (U), Figure 20 shows the variation of the heat transfer
coefficient (U) for five-layer specimens with a thickness of 100 mm. The lowest values of
the heat transfer coefficient (U), from 2.4 to 1.4 W /(m?-K), were obtained for this type of
composite, demonstrating its best energy efficiency compared to the other composites.
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Figure 15. The heat transfer coefficient (U) versus time for the PA12 (gray) samples made using the
SLS 3D printing.
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Figure 16. The heat transfer coefficient (U) versus time for the soybean oil-based UV white resin
samples using DLP 3D printing technology.
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Figure 17. The heat transfer coefficient (U) versus time for the gray UV resin samples using DLP 3D
printing technology.
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Figure 18. The heat transfer coefficient (U) versus time for the UV black resin samples using DLP 3D
printing technology.
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Figure 19. The heat transfer coefficient (U) versus time for the UV transparent resin samples using
DLP 3D printing technology.
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Figure 20. The heat transfer coefficient (U) as a function of time for a five-layer, 100 mm thick structure
made of different materials.
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From the results shown in Figures 15-19 for 20 mm thick single, double, and triple
layer composites, it can be seen that the gray resin samples prepared by DLP had a lower
heat transfer coefficient (U = 1.10 W/(m?-K)) than the gray nylon samples prepared by
SLS (U = 1.41 W/(m?-K)). On the other hand, the soybean oil-based resin samples had the
lowest heat transfer coefficient (U = 1.04 W/(m?-K)) and thus the highest thermal resistance
(R) coefficient compared to the gray, black, and transparent resin samples. The transparent
(U = 1.53 W/(m?-K)) and black resin composites had the highest thermal transmittance and
thus the lowest thermal transfer coefficient. This indicates that the soybean oil-based resin
composite produced by DLP technology had the best insulating properties for a 20 mm
thick sample. From the results shown in Figures 15-19, it can be further concluded that
there is a relationship between the number of layers (n) in the composite, the obtained
values of the heat density flux, and the thermal transfer coefficient. Samples with the
number of layers n = 3 had a lower heat transfer coefficient and a lower heat flux density
value than samples with n = 2 and samples withn = 1.

Analyzing the results shown in Figures 15-20), it can also be concluded that for the
fabricated cellular composites with an inner core structure based on the 3D-printed Kelvin
structure, the energy efficiency improved when the number of layers was increased at the
same thickness of the composites (e.g., at the studied thicknesses of 20 mm and 100 mm), as
evidenced by the decreasing of the heat transfer coefficients (U). In addition, the tendency of
the thermal properties of the composites to change depending on the type of material from
which the insulation was made was shown. The values of the heat transfer coefficients (U)
for different materials as a function of the thickness of the composites were as follows. For
20 mm thick composites, they were in the range of U = 1.04-1.65 W /(m?-K), with the lowest
value for a composite sample made of white soybean oil-based resin (U = 1.04 W/(m?-K))
and the highest value for a composite made of transparent resin (U = 1.53 W/(m?-K)).
For the 40 mm thick sample, the values of the heat transfer coefficient were in the range
of U = 0.70-0.82 W/(m?-K), with the lowest value obtained for the sample with oil-based
resin (U = 0.70 W/(m?-K)) and the highest value for those made of transparent resin
(U = 0.82 W/(m?2-K)). This was also the case for for composite samples with a thickness of
60 mm (U = 0.46-0.58 W /(m?-K)), 80 mm (U = 0.270-0.33 W/(m?-K)), and 100 mm (U = 0.14
to 0.21 W/(m?-K)) with the same combination, i.e., the best insulation was obtained for
the white resin composite and the worst for the transparent resin samples. The good
insulating properties of the soybean oil-based resin composites are mainly explained by
the value of the emissivity coefficient (e) for the white resin. White-colored samples have a
relatively low emissivity coefficient. In addition, they effectively reflect light, resulting in
lower energy absorption and heat emission. However, although the best U-value in each
test was obtained for the soybean oil-based resin samples, all materials were near to the
requirements of ISO 9869-1:2014 [54], where the U-value for the building envelope should
not exceed U = 0.2 W/ (m?-K).

Comparing the obtained thermal parameters with typical building materials [17,53,55],
it can be concluded that the proposed 3D-printed composites have similar or even better
(lower) heat transfer coefficients, among others, than materials used as typical thermal
insulation in buildings (polystyrene, mineral wool). It is also worth mentioning the use
of 3D-printed materials for thermal insulation in the production of window frames. In
the case of windows, their thermal insulation depends on both the glazing set and the
window frame. Typical window frames are tens of millimeters thick and range from 50 to
about 100 mm [56]. For such geometries, the heat transfer coefficient (U) of typical PVC
window frames ranges from Ug = 0.8 to 1.4 W/ (m?-K) [56]. If the analyzed 3D-printed
composites were used to fill window frames or fabricate entire window frames using 3D
printing technology, the estimated Ug would be in the range of U = 0.14 to 0.21 W /(m?-K)
(for a 100 mm thick frame) to U = 0.46 to 0.58 W/(m?-K) (for a 60 mm thick frame).

The results indicate a great potential for the use of thermally tested cellular composites
as window frame fillers. However, the design and selection of window frames must meet a
number of requirements other than a low heat transfer coefficient (U) to minimize energy
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loss. One of the most important features, specifications, and barriers associated with
window frames is mechanical resistance. Window frames must be able to withstand a
variety of loads, including wind pressure, especially in taller buildings and high wind
climates; accidental impacts, such as during cleaning; and temperature changes. Window
frames must be able to withstand the expansion and contraction of materials under the
influence of temperature, which can cause deformation. Barriers can include the difficulty
of achieving appropriate standards while maintaining an attractive appearance and price.
Durability and weather resistance are also important parameters, according to the authors.
Therefore, the next step will be to determine the mechanical properties of such structures
and to investigate the thermal stability of the composites using DSC/TG testing.

Currently, the 3D printing of large industrial equipment faces some difficulties, mainly
related to technological limitations such as printing speeds and production costs. However,
with the rapid development of the industry, it is expected that printing speeds will increase
and production costs will decrease in the near future. This will open up opportunities for the
use of 3D printing in new industries and for more complex projects, such as the construction
of large industrial equipment, infrastructure, or advanced engineering structures.

4. Conclusions

Based on the research, it was shown that the use of 3D printing has a high potential
for improving the thermal properties of insulating materials. The obtained values of heat
transfer coefficients indicate the possibility of producing energy-efficient biodegradable
thermal insulations and their wider use, not only in construction but also in other industries
and packaging.

Based on the conducted research and analysis, the following conclusions were drawn.

1. The lowest thermal transmittance (U) was obtained for prototype insulating parti-
tions with a core structure based on the Kelvin foam model produced by 3D DLP printing
technology from a soybean oil-based resin with a pore diameter of 6 mm and porosity of
0.95 for a composite thickness of 100 mm-0.147 W/ (m?K).

2. Increasing the number of layers (for the same material thickness) significantly
increased the thermal insulation of the printed structure. For a 20 mm thick sample,
a reduction in U-value of approximately 20% was observed for three-layer composites,
resulting in a value of U = 1.06 W/m?-K. For a composite thickness of 100 mm, increasing
the number of layers from one to five reduced the U-value by 30%, giving a U-value of
0.147 W/m? K for the five-layer variant.

3. The best choices for resin color were white and gray, which have the lowest heat
transfer coefficients of U = 0.147-0.20 W/m?K (for a sample thickness of 100 mm). On
the other hand, the worst thermal properties were characterized by samples made of
transparent and black resin, for which the U-value ranged from 2.11 to 2.21 W/ m?2-K for
five-layer samples of 100 mm thickness.

The results obtained prompted the authors to plan further studies on the cellular
composites analyzed in the paper, such as determining their mechanical properties (in-
cluding their compressive strength and impact strength). In addition, it seems important
to investigate the thermal stability of the composites by performing DSC/TG tests. The
authors’ future research directions also include optimizing the thermal and mechanical
properties of 3D-manufactured insulation materials using renewable or biodegradable raw
materials. In order to lead the innovation of multifunctional and smart insulation materials,
the improvement of printing processes seems to be the key in this field at the moment.
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