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This study examines factors associated with the cavities formed in 3D-printed porous ther-
moplastics, and establishes their relationship with the thermal conductivity of bulk material.
The research has examined two porous thermoplastics, specifically poly-lactic acid (PLA) and
acrylonitrile butadiene styrene (ABS). Certain categories have been used for the cavities based
on their shapes (sphere, cube and diamond), sizes (0.5 to 1.9 mm), numbers (200 to 500), and
distributions (in-line or staggered). Specific findings indicate that the optimal thermal con-
ductivity value can be achieved by utilizing samples with 500 pores of 1.5 mm pore diameter.
It is shown, the pores could be in the shape of diamonds and distributed in a staggered man-
ner in order to have minimum thermal conductivity. The thermal conductivity values for the
most favorable specimens were determined to be 0.13 W/m-K for PLA and 0.12 W/m-K for
ABS. The observed values demonstrate a decrease of 40-45% in comparison to the non-porous
samples of the same materials.
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INTRODUCTION Natural or synthetic

Polymers can be classified into two categories: naturally Homo-polymer or copolymer

occurring polymers and synthesized polymers. Cellulose
and natural rubber are well known as natural polymers.
Conversely, a considerable array of synthetic polymers,
which are artificially produced, can be observed in diverse
manifestations such as fibers, elastomers, plastics, adhe-
sives, and other forms. Every family inherently consists of

Linear, branched or cross-linked.
Amorphous or crystalline
Thermoplastics or thermosets

M .

A thermoplastic is a polymer which exhibits the property
of being flexible or capable of being shaped when exposed
to a specific higher temperature, and then reverts to a solid

numerous subgroups. Polymers can be categorized based
on their structure or behavior, as outlined in references [1]
and [2].
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state when subjected to lower temperatures. This kind of
materials undergoes a phase transition in which it melts
upon heating and subsequently solidifies upon cooling.
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This implies that they possess the potential for reuse and
can undergo the process of recycling. Thermoplastics
encompass a diverse array of polymers that often exhibit
a common set of characteristics and capabilities. The pri-
mary categories of thermoplastics consist of polymers
derived from polyethylene or polystyrene. Thermoplastics
can be categorized based on their structural character-
istics as either crystalline or amorphous, or based on the
composition of their components as either homo-poly-
mer or co-polymer. Moreover, these entities can be cate-
gorized based on their molecular structures, namely into
two distinct types: linear and branched. Thermoplastics
are utilized in the production of a diverse array of objects,
including tools, frames, channels, panels, containers, bags,
and buckets [3, 4].

The thermal conductivity of a substance is a quanti-
tative representation of its capacity to conduct thermal
energy. This statement elucidates the mechanism through
which thermal energy is conducted within the solid com-
ponent. The aforementioned characteristic is widely recog-
nized in academic literature as the k-value of the material.
A material with a low k-value is indicative of its favorable
thermal insulating properties. The thermal conductivity of
a material is influenced by various parameters, including
temperature, density, porosity, wetness, degree of crystal-
linity, chain structure, grain orientation, molecular size,
and presence of impurities [5, 6].

Porosityisa crucial property that has a significant impact
on the thermal conductivity value of porous materials. The
morphology of a material and its accompanying thermal
properties are directly influenced by the quantity, size, and
form of its pores [7, 8]. The presence of significant poros-
ity within the material is a method employed to obtain an
adequate thermal insulation material [9]. The inclusion of
pores in the polymeric material leads to a reduction in bulk
density, resulting in fewer thermal bridges. Additionally,
the presence of pores contributes to the repulsion of heat
flow due to the lower thermal conductivity of air (or gas)
in the vacancies compared to the core solid materials [10].
Hence, a decline in the overall thermal conductivity of the
bulk material has been observed [11, 12]. The inclusion
of nano-scale pores in a porous material leads to a further
drop in its effective thermal conductivity. This phenome-
non can be attributed to the significant diffuse scattering of
heat that occurs within the nano-cells [13]. Nano-porous
materials have pore diameters that are in close proximity to
the mean free path of the fill gas, resulting in a reduction in
molecular collisions [14]. The Knudsen effect is observed
in nano-materials, where it leads to a significant decrease in
the thermal conductivity of the bulk core. This drop occurs
when the size of the cavity is less than the mean free path of
the air (or gas) present within the material. In this particular
scenario, it can be observed that the gas particles will come
into contact with the surfaces of the cavities, but they lack
the capacity to effectively transfer heat [15, 16]. Conversely,
previous studies have indicated that the composition of the

gas within the pore significantly influences the thermal

insulation capabilities of the material [17-19]. Nevertheless,

the primary characteristics that contribute to super-insu-
lation include low density, high porosity, tiny cell size, and
solid interruptions that impede the transfer of phonons

[20].

The utilization of 3D printing, which is a form of addi-
tive manufacturing, has emerged as a sophisticated tech-
nique for fabricating three-dimensional items through the
translation of digital 3D models into physical structures.
The task can be accomplished by two methods: material
deposition or the process of melting and subsequent solid-
ification, both of which are executed under computer con-
trol. The addition of filling materials, such as polymers or
powders, can be facilitated by a designated port [21]. The
filaments utilized in the casting procedure may exhibit
variations in their geometries, although they are typically
obtainable as circular-shaped rolls of plastic wires with spe-
cific diameters ranging from 1.75 to 3 mm [22]. The major-
ity of utilized plastic filaments include PLA, ABS, PA and
PET [23, 24]. Usually, the plastics in use consist of virgin
ingredients, but in limited cases a certain amount of recy-
cled plastics may be involved [25]. Thermoset polymers
can also be utilized in conjunction with appropriate curing
techniques [26]. The utilization of polymer-based compos-
ites presents a viable option in specific applications, as it
offers the potential to boost mechanical strength [27, 28]
and improve heat conductivity [29]. According to existing
literature, the prevailing techniques employed in the field of
3D printing are as follows [30]:

1. Fused deposition modeling (FDM) is one of the most
prevalent forms of 3D printing. In this manufacturing
process, a nozzle extrudes molten plastic material in
layers to compose the sample.

2. Stereolithography (SLA) is a common technique in
which a laser-assisted mechanism is utilized, usually
for the printing of thermosetting polymers. The laser is
responsible for the process of curing the material after
casting, known as “photo-polymerization”

3. Selective laser sintering (SLS) is a manufacturing pro-
cess that utilizes a laser beam to induce the fusion of
plastic material, which is initially in a powdered form.
This technique has the capability to produce highly
accurate products in suitable costs.

Lately, it has been a growing interest in the utilization
of 3D printing technology for the production of polymeric
components with diverse features. This interest stems from
the wide range of applications, such as: construction, elec-
trical and many thermal purposes especially those related
to thermal insulation. Table 1 shows the available studies
that related to the current study as a literature, or involved
in understanding design parameters under study. The
selection is based upon the contribution of these studies
in elaborating the value of thermal conductivity (k-value).
Most of these studies have involved 3D-printing in devel-
oping the material for the thermal insulation purpose. Note
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Table 1. Contribution of previous studies within parameter affecting thermal conductivity

Ref. Materials Application Effective parameters Range of
k-value
(W/m-K)
[31] PLA & ABS Cryogenic temperatures Printing resolution and layer thickness 0.05-0.2
[32] Thermoset (DCPD) Thermal insulation Ink viscosity and curing temperature 0.08-0.12
[33] Resin + NPs Thermal conduction Content ratio of fillers 0.6-0.7
[34] Thermoplastic composites ~ Thermal insulation Blending ratio and printing temperature N/A
[35] PA-12 Hollowed window frame Number of cavities (100-1000), diameter 0.06-0.11
of cavity (4-10 mm) and shape of cavity
(quadratic, hexagonal, and triangle
[36] Composite Nylon/CFRP Heat exchanger Content ratio of fibers and distribution 1-4
[37] Silica-aerogel ink Thermal insulation Content ratio of porous aerogel and distribution 0.03-0.05
[38] Thin solid PLA Thermal insulation The thickness of the sample and exposure time N/A

39]  General materials
40]  Composite PLA/CB particles
41]  PLA reinforced by copper wire

Many applications

Heat exchanger

42]  PLA Thermal insulation
43] PC Thermal insulation
Concrete Insulated walls

45]  Polymeric nano-composites ~Conductive polymers

46]  Nano-porous polymers Thermal insulation
47]  PLA/CF composites

48]  Cellulose/ aerogel composite

Conductive polymers
Thermal insulation
49]  General polymers Fire retardant

50] PLA

Conductive polymers for sensors

Thermal and acoustic insulation ~ Porosity, density and sample thickness

to temperature

Material’s anisotropy General
Filament orientation and sample temperature N/A
Wire volume fraction and sample thickness ~ 0.22-9.4
Sample thickness, cooling time and filler content 0.06-0.22
In-fill ratio and printing temperature 0.06-0.18
Configuration of enclosures and filling material Less than 0.7
Content ratio of fillers Upto5
Porosity and mean temperature Down to 0.02
Content ratio of fillers Up to 37
Content ratio of aerogel 0.03-0.05
Content ratio of additives N/A
0.037-0.2

that parameters of cavities have been focused on, in case
of porous materials. However, the references have been
arranged in order of chronological precedence [31-50].
However, the previous studies are mostly focused upon
the developing of the thermal conductivity using different
materials and techniques, but with a limited concentration
upon the role of cavities in controlling the desired k-value.
Therefore, the present study aims to link the behavior of
thermal conductivity with the configuration of cavities
in porous thermoplastics produced through 3D printing,
for the purpose of thermal insulation. The originality of
this study is to examine the impact of cavities’ parameters
(quantity of cavities, size of each cavity, configuration of the
cavity, and the arrangement of the cavities) on the effec-
tive thermal conductivity for 3D-printed porous plastics.
The current study presents experimental data and guide for
optimal design parameters for such kind of materials.

MATERIALS AND METHODS

The present study necessitates the production of certain
samples utilizing 3D printing technology, employing vari-
ous configurations. Subsequently, the thermal conductivity

values (k-values) of these samples are to be measured. The
experimental investigations were carried out from January
to April of 2023. The samples were developed and fabricated
within the Laboratory of Polymers, whereas the k-value
tests were conducted within the Laboratory of Testing.

Materials

This study focuses on the utilization of two commonly
used filament materials, namely PLA and ABS, manufac-
tured by Zhuhai Sunlu Industrial Co. Ltd. in China. The
materials are being delivered in the form of bundles of
plastic filaments. The materials in question are classified as
virgin thermo-plastic homo-polymers. The thermal char-
acteristics of the aforementioned materials are presented in
Table 2.

Design

The initial stage in the production of the specimens
involves the design of the sample shapes according to the
specified configuration, utilizing appropriate software.
The 3D models have been meticulously crafted utilizing
SOLIDWORKS Premium 2020 in order to get accurate
structures for the specimens, including the cavities. The
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Table 2. Thermal properties of selected thermoplastic materials’

Material Manufacturer Melting point (°C) Density (g/cm’®) Filament diameter (mm)
PLA (Gray) Zhuhai Sunlu Industrial Co. Ltd 190 1.25 1.75
ABS (Black) Zhuhai Sunlu Industrial Co. Ltd 240 1.05 1.75

"Provided by the data sheet

design can afterwards be converted and utilized by a 3D
printer for the production of the necessary samples.

Configurations

The samples exhibit variations in the morphologies
and distribution of cavities within their solid core. Several
characteristics have been investigated in relation to these
cavities, including their shape, size, quantity, distribution,
as well as the overall porosity and bulk density. Table 3
enumerates the characteristics of the cavities. In the pres-
ent investigation, three distinct cavity forms have been
chosen, specifically: spherical, cubical, and diamond. A
selection of pore sizes ranging from 0.5-1.9 mm has been
chosen for the spherical form. This range has been cho-
sen to ensure better distribution of the pores through the
entire sample, and to satisfy the limit of the 3D-Printer for
any miss-filling, intersection or overlapping. Each sample
in the study consists of four layers of cavities arranged
across its thickness. The distribution of cavities catego-
rized as either in-line or staggered. In the inline mode,
the distribution of the four layers is same. In the staggered
mode, there is a shift applied to the inner layers (2 and
4) to evenly distribute the pores across areas that were
not previously covered by the preceding layers (1 and 3).
The size of a cavity is determined by its diameter in the

1.25

case of a spherical cavity. However, for cavities with cubi-
cal or diamond geometries, the size reflects a dimension
that ensures an equivalent volume to that of a sphere. It
should be noted that the sample exhibits a total of 204,
348, or 500 cavities, each possessing specific internal dis-
tances, as depicted in Figure 1. Two distinct samples will
be produced, one for PLA and another for ABS, with the
intention of achieving the optimal k-value. This will be
determined by analyzing the optimal outcomes obtained
from varying the thermal conductivity with respect to fac-
tors such as pore diameter, distribution type, number of
pores, and pore shape. Therefore, the overall number of
samples will amount to 24, as indicated in Table 4, which
provides detailed information for each individual sample.

Table 3. Features of the cavities

Value

sphere, cube, diamond

Feature

Shape of cavity
Distribution of cavities in-line, staggered
0.5,1.0,1.5,1.8, 1.9

204, 348, 500

Size of cavity (mm)

No. of cavities

1.25 1.25
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Different views of the sample with precise dimensions (500 spherical pores of 1 mm diameter).



230

J Ther Eng, Vol. 11, No. 1, pp. 226-239, January, 2025

Table 4. Details of samples

Type of sample

Details

No. of
samples

Spherical

PLA solid sample without cavities as a reference one

PLA porous sample with 0.5 mm diameter, 500 cavities and in-line
PLA porous sample with 1.0 mm diameter, 500 cavities and in-line
PLA porous sample with 1.5 mm diameter, 500 cavities and in-line
PLA porous sample with 1.8 mm diameter, 500 cavities and in-line

PLA porous sample with 1.9 mm diameter, 500 cavities and in-line

PLA porous sample with 1.0 mm diameter, 500 cavities and staggered

PLA porous sample with 1.0 mm diameter, 348 cavities and in-line
PLA porous sample with 1.0 mm diameter, 204 cavities and in-line
ABS solid sample without cavities as a reference one

ABS porous sample with 0.5 mm diameter, 500 cavities and in-line
ABS porous sample with 1.0 mm diameter, 500 cavities and in-line
ABS porous sample with 1.5 mm diameter, 500 cavities and in-line
ABS porous sample with 1.8 mm diameter, 500 cavities and in-line

ABS porous sample with 1.9 mm diameter, 500 cavities and in-line

ABS porous sample with 1.0 mm diameter, 500 cavities and staggered

ABS porous sample with 1.0 mm diameter, 348 cavities and in-line

ABS porous sample with 1.0 mm diameter, 204 cavities and in-line

Cubic PLA porous sample with 1.0 mm equivalent size, 500 cavities and in-line
ABS porous sample with 1.0 mm equivalent size, 500 cavities and in-line
Diamond PLA porous sample with 1.0 mm equivalent size, 500 cavities and in-line
ABS porous sample with 1.0 mm equivalent size, 500 cavities and in-line
Optimum PLA porous sample with 1.5 mm equivalent size (diamond), 500 cavities and staggered

Optimum ABS porous sample with 1.5 mm equivalent size (diamond), 500 cavities and staggered

Total

— b e e e e e e e e e e e e e e e e e e e e e e

Manufacturing

The specimens were manufactured using the Anet ET4
3D printer, which utilizes Fused Deposition Modeling
(FDM) printing technique. Table 5 presents an overview
of the primary characteristics of the printer. The printing
machine has been equipped with the necessary design
models and operated to produce samples in batches under
appropriate conditions. Figure 2 depicts a series of samples
during the printing process.

Table 5. Features of 3D printers’

Feature Value
Type Anet ET4
Nozzle diameter (mm) 0.1
Operating temperature (°C) 100-300
Layer thickness (mm) 0.2
Printing speed (mm/s) 50

"Provided by the data sheet

Measuring the Thermal Conductivity Value

The thermal conductivity values were determined
using the MED-103 thermal conductivity equipment (Fig.
3), following the guidelines provided in the ASTM C177
standard. The specimens used for testing had a diam-
eter of 40 mm and a thickness of 8.5 mm. The apparatus
is comprised of a chamber, heater, heated disc, cold disc,
and thermometer. The heater is an electrical apparatus
that operates with regulated voltage and current. A pair of
K-type wires is affixed to the hot and cold sides respectively,
for the purpose of measuring temperature differentials.
The specimens ought to be placed into the space that exists
between the discs. The measurements supposed to record
the steady-state readings for the temperatures. Where, they
have been inserted into the one-dimensional heat equation
(Fourier equation) to calculate the thermal conductivity,
which has been validated for use with the current device. It
should be noted that the experiments were conducted mul-
tiple times in order to achieve accurate and precise mea-
surements. In order to ensure accurate measurement, the
gadget underwent calibration by the Central Organization
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Figure 2. Samples under printing (PLA in gray, and ABS in black).
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Figure 3. Thermal conductivity apparatus (actual view to the left, and a scheme to the right).
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for Standardization and Quality Control (COSQC), result-
ing in a variance of +8%.

RESULTS AND DISCUSSION

The study analyzes the thermal conductivity behavior of
porous thermoplastics for thermal insulation purposes. The
aim is to examine the following effects: number of pores,
size and shapes of pores and the distribution of pores. This
study provides experimental data, and provides guidance
for optimizing the design of porous plastics produced by
3D printing process.

Note that the study supposed no magnetohydrody-
namic (MHD) effects since there is no flow, where the
application is not assigned for nano-fluids or conductive
polymers [51-53].

General Results

The obtained data presents the thermal conductivity
values (k-values) for porous plastic panels that were fab-
ricated using 3D printing technology. Table 6 displays the
operational circumstances.

In order to understand the impact of cavities on ther-
mal conductivity values, it is advisable to initially examine
the individual influence of each parameter on the k-value.
Subsequently, the collective effects can be analyzed to assess
the combined impact of all parameters, and determine the
minimum k-value in overall. Then, a desired sample can be
composed to achieve the optimal configuration.

In porous media, heat transport occurs primarily
through the interactions of phonons and electrons within
the solid or gas components, as well as through convection
and radiation modes [54]. The consideration of the convec-
tion term is typically omitted in the analysis of small pores
due to the limited efficacy of the material’s apertures in
facilitating air movement under a pressure gradient [55].
According to a publication, the significance of photonic
radiation in the overall thermal conductivity of porous
media is observed mostly at elevated temperatures [56].

The initial set of findings shows the behavior of the
k-value in relation to the quantity of pores, as shown in
Figure 4. Generally, any increase in the quantity of pores
results in a decrease in the thermal conductivity due to the

Table 6. Operational conditions

Item Value or description

Materials PLA & ABS

Dimensions of panels Disc (40 mm diameter & 8.5 mm thickness)
No. of pores 204-500

Pore diameter 0.5-1.9 mm

shapes of pores Sphere, cube and diamond

Distribution of pores In-line & staggered

Gas in pores Air at standard ambient conditions

increased air content ratio. Consequently, this results to a
higher thermal resistance [54].

Moreover, it has been observed that the augmentation
of pore density exhibits a significant impact on the reduc-
tion of phonon transport and its associated mean free path
[57]. Hence, the sample containing 500 holes exhibits a
lower k-value, ranging from 15% to 25% less, in compari-
son to the sample with 204 pores.

Additionally, the subsequent set of findings pertains to
the fluctuation of the k-value in relation to the pore diame-
ter, as illustrated in Figure 5. Overall, the findings indicate
that the k-value exhibits a decreasing trend as the pore size
increases, reaching an optimal diameter. Beyond this diam-
eter, the value of k exhibits an upward trend once more.
The observed decline in the k-value can be attributed to the
concurrent increase in air volume inside the matrix, result-
ing in larger porosity [57-59]. This is due to the fact that air
possesses lower heat conductivity compared to polymeric
materials. The optimal results for the k-value of PLA and
ABS materials were observed at a thickness of 1.5 mm, with
values of 0.17 and 0.14 W/m-K, respectively. Subsequently,
the k-value has exhibited a marginal rise as a result of the
heightened involvement of the gas component in the over-
all thermal conductivity within the pore, hence facilitating
a greater occurrence of gas-gas interactions in comparison
to gas-crystal interactions [60]. Conversely, there is a grow-
ing prevalence of radiation heat transfer in the context of
big holes [61, 62] or high porosity [63]. Additionally, it has
been observed that the impact of phonon scattering on the
reduction of the k-value diminishes as the width of the pores
increases [58, 64]. Furthermore, it is worth noting that nat-
ural convection plays a significant role within this particular
range of pore size. However, it is important to highlight that
its contribution does not surpass 5% of the effective thermal
conductivity value, as mentioned in reference [65].

From the standpoint of the porosity impact, it can be
observed that an increase in pore size corresponds to an
increase in porosity, resulting in an overall decrease in ther-
mal conductivity [66-68]. Where, the porosity (¢) is the
ratio between the volume of air to the overall volume occu-
pied by the bulk material. This can be expressed in terms of
densities as:

pb—””‘)x 100% (1)

°= (1 B Psolid

The density of the aerated sample can be calculated by
displacing the amount of air cavities from the original solid
mass. Mass of air can be determined by calculating the vol-
ume of one pore multiplied by number of cavities, and then
multiplying by the air density.

The present investigation revealed a notable rise in
porosity, as evidenced by the data presented in Table 7.
Specifically, the porosity rose from 1% for the sample with
a pore size of 0.5 mm to 18% for the sample with a pore size
of 1.9 mm.



J Ther Eng, Vol. 11, No. 1, pp. 226-239, January, 2025

233

Table 7. Effect of porosity on the thermal conductivity value

Pore size (mm) Porosity of the sample (%)

0.0 0
0.5 1
1.0 3
1.5 8
1.8 15
1.9 18

The relationship between the k-value and porosity
exhibits similarities to the findings reported by Zulkarnain
et al. [66]. According to their results, there is a significant
fall in thermal conductivity value when the pore volume
fraction increases by up to 10%. The thermal conductivity
exhibits a gradual reduction within the range of 10-20%.
Once the value reaches 20%, it exhibits minimal reduction
or remains rather steady.

Additionally, the third set of findings pertains to the
fluctuation of the k-value based on the specific distribu-
tion type, as illustrated in Figure 6. The findings indicate
that the k-value associated with the staggered distribution
is lower compared to that of the in-line distribution, exhib-
iting a decrease of approximately 10-15%. The decrease
in thermal conductivity can be due to the improved dis-
persion of air holes, which are distributed more evenly
throughout the material. This distribution allows for more
effective heat dissipation in a unidirectional manner,
resulting in fewer thermal bridges. According to a study
conducted by Fang et al. [57], it was observed through a
simulation that the thermal conductivity of a nano-struc-
tured material with a zigzag arrangement exhibited lower
values compared to other arrangements. This reduction
in thermal conductivity was attributed to the impact of
this particular distribution, which effectively hindered the
movement of heat. Ordonez-Miranda and Alvarado-Gil
[59] have demonstrated that an improved distribution of
pores leads to a significant decrease in thermal conductiv-
ity, particularly when considering a high aspect ratio (the
ratio between the longer and shorter dimensions of the
pores). In addition, Skibinski et al. [68] have proposed the
utilization of non-homogeneous distribution in the con-
text of insulation materials.

The fourth set of findings pertains to the fluctuation of
the k-value in relation to the shape of the pore. The find-
ings, as depicted in Figure 7, indicate that the diamond
form yields a lower k-value in comparison to other shapes,
followed by the cubical shape, and lastly the sphere, which
exhibits a higher heat transmission capability. The rationale
for this phenomenon might be attributed to the enhanced
heat reflection and resistance exhibited by multi-planar
geometries compared to curved shapes [69]. The findings
in the present study align with those reported by Wang et al.
[70], who investigated the thermal conductivity of various

pore shapes, including spheres, cubes, and T-shapes. The
researchers have conducted an investigation on a silicone
matrix material containing isolated pores that are filled with
air. The findings of the study indicate that T-shaped pores
had the lowest effective thermal conductivity, followed by
cubical pores, while spherical pores demonstrated the high-
est effective thermal conductivity. The increased effective
contact area of the T-shape was linked to this phenomenon,
in comparison to other shapes. In a study conducted by Luo
et al. [63], a comparison was made between the effective
thermal conductivity of two geometric shapes, namely a
cube and a triangle. The researchers observed that the ther-
mal conductivity values of these geometries were found to
be quite similar, with insignificant differences. Moreover,
the assertion derived from the present findings may be
incongruent with the one posited by Ordonez-Miranda and
Alvarado-Gil [59]. In their study, the researchers have pre-
sented a thermal conductivity model based on a power law
formulation. They have observed that the power exponent
is at its lowest when considering spherical pores, while it
increases for pores with non-spherical shapes. Nevertheless,
it has been postulated that the aforementioned formula is
more applicable to spherical and elliptical geometries as
opposed to multi-planar configurations. Additionally, the
formula fails to consider the anisotropy of the pore shape.
Lietal. [67] have provided evidence that the k-value, which
pertains to the geometry of the pore, is influenced by both
the aspect ratio and the saturation degree. In addition,
Babaei et al. [60] conducted a comparative analysis of the
thermal conductivity across pores of varying shapes (cubic,
triangular, and hexagonal) in terms of their anisotropy. The
researchers also examined two distinct ways for calculation,
namely parallel and perpendicular orientations. It has been
discovered that the k-value exhibits its minimum value for
a hexagonal form when the direction is perpendicular to its
length, and its maximum value when the direction is paral-
lel to it. Moreover, spherical pores show higher thermal dis-
turbance propagation rate [71]. Also, the surface radiation
greatly affects the heat transfer in the trapezoidal porous
cavity [72].

In the current study, each figure in the results represents
a certain category for one of the parameters under study,
such as: quantity, size, shape and arrangement. However, it
has been assumed that this procedure is effective, economic
and easier to determine which case among all leads to the
optimum k-values. As a result of the current analysis for
the mentioned parameters, it can be noticed that in order
to achieve a lower k-value (optimal value) under the given
conditions, the specimen should possess 500 pore with pore
diameter of 1.5 mm, characterized by a diamond shape and
a staggered distribution. For this purpose, new specimens
have been composed that have these characteristics, and
tested for their k-values. The thermal conductivity values
of these specimens yield 0.13 W/m-K for PLA and 0.12
W/m-K for ABS, as shown in Table 8. The observed values
exhibit a decrease of around 40-45% in comparison to the
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Figure 7.

non-porous samples of the same materials. Note that ref-
erence values are 0.24 W/m-K and 0.2 W/m-K for PLA and
ABS, respectively.

Comparison with Previous Studies

In order to validate the findings of the present investi-
gation, a comparison was made with the data obtained in
prior studies, as presented in Table 9. The majority of the
research included in this analysis focus on a limited range of
design parameters, despite some variations in attributes or
methodologies. The results of the study indicate that porous
3D printed samples exhibit greater efficiency compared to
solid core samples, with a potential reduction in k-value of
up to 75% in cryogenic temperature applications [31]. The
use of hexagonal-shaped closers has been observed to yield
certain enhancements [35]. Additionally, it has been shown
that the sample exhibits a significant increase in strength,
as well as enhanced thermal insulation capabilities, when

Table 8. Minimum k-values for different cases

EPLA
m ABS

Diamond

Results of thermal conductivity according to the shape of pore (500 in-line pores of 1 mm equivalent size).

a 30% in-fill density ratio is utilized [43, 73]. However, the
majority of these investigations have indicated that there
exists a restricted range of variance in the k-value (10-
20%). This limited variation can be attributable to both the
inaccuracies in the actual measurements and the precision
of the theoretical assumptions. It should be noted that the
data obtained in this study are applicable to specimens that
are subjected to standard ambient conditions and possess
adequate heat resistance. Nevertheless, the implementation
of a reflecting layer has been proposed as a potential solu-
tion to reduce the elevated radiation rate [74]. Note that, the
incorporation of nano-porous structures has a significant
influence in reduce the k-value of polymer-based materi-
als [46, 48]. Finally, when the air in the pores is replaced
by vacuum, a notable decrease in the heat transfer can be
achieved [75].

It. Case Minimum k-value (W/m-K) % Reduction in reference value
1 500 pores, spherical shape, diameter of 1 mm, in-line 0.16 for ABS 20
0.18 for PLA 25
2 500 pores, spherical shape, diameter of 1.5 mm, in-line 0.14 for ABS 30
0.17 for PLA 29
3 500 pores, spherical shape, diameter of 1 mm, staggered  0.14 for ABS 30
0.15 for PLA 38
4 500 pores, diamond shape, diameter of 1 mm, in-line 0.14 for ABS 30
0.15 for PLA 38
5 500 pores, diamond shape, diameter of 1.5 mm, staggered ~ 0.12 for ABS 40
0.13 for PLA 45
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Table 9. Comparison with previous studies

Study  Materials and specifications

Results

Current Materials: PLA and ABS (porous samples)
No. of cavities: 200-500
Diameter of cavity: 0.5-1.9 mm
Shape of cavity: sphere, cube and diamond
Distribution: in-line and staggered
Conditions: standard air conditions

[31] Materials: PLA and ABS (solid samples)

Conditions: very low temperatures

[35] Materials: PA-12 (continuous closures used as hollowed

window frame)

No. of cavities: 100-1000

Diameter of cavity: 4-10 mm

Shape of cavity: quadrangle, hexagonal, and triangle
Distribution: fully

Conditions: standard air conditions

(38] Materials: PLA (solid samples) of parallelepiped-shaped

parts have 2-4 mm thicknesses.
Conditions: standard air conditions
[43] Materials: PC (solid samples)

Conditions: standard air conditions

[50] Materials: PLA with porosity of 40-70%.

Conditions: standard air conditions

[73] Materials: EVA (hollow samples) with porosity of 50-70%.

Conditions: standard air conditions

Optimum k-value when the sample has 500 pores of 1.5 mm
diameter, diamond shape and staggered distribution. The
optimum k-value was 0.13 W/m-K for PLA and 0.12 W/m-K
for ABS. These values are lower by 40-45% comparing to that of
solid core samples.

Optimum k-value was 0.05 W/m-K when the sample has very
low temperature, where there is 75% reduction in k-value.

Optimum k-value when the sample has 300 closers of 6 mm
diameter, hexagonal shape and fully distributed. The optimum
k-value was 0.06 W/m-K.

The main factors affect the thermal insulation capacity are the
distance between the heat source and the test sample, as well as
the thickness of the test sample.

Suitable insulation and strong sample has achieved a k-value
of 0.065 W/m-K when the sample has 30% in-fill ratio, where
there is 60% reduction in k-value.

There is a reduction in k-value down to 0.037 W/m-K. Energy
saving by 45-65%.

Suitable thermal insulation and fire-resistant material when the
sample has 30% in-fill ratio.

CONCLUSION

The study investigates many effective parameters on the
behavior of thermal conductivity of porous plastic mate-
rial related to cavities, such as: number of cavities, shape,
size and distribution. The utilized thermoplastics were
poly-lactic acid (PLA) and acrylonitrile butadiene styrene
(ABS), fabricated by 3D printing technology. The results
gained from the study yielded the following observations:
1. The increasing of number of pores leads to decreasing

of the k-value.

2. The k-value decreases by the increasing of the pore size
until an optimum diameter. Beyond this diameter, the
k-value turns up again.

3. The k-value for the staggered distribution is less than
that of in-line distribution.

4. The sample of diamond pore shape has k-value com-
paring to other shapes, then cubical shape and lastly the
sphere pore shape.

5. The analysis for minimum k-values revealed that opti-
mum k-value, for the conditions applied in the current
study, achieved when the 3D printed sample has 500

pores of 1.5 mm diameter, diamond shape and stag-
gered distribution.

6. The lower thermal conductivity for optimum spec-
imens results in a value of 0.13 W/m-K for PLA and
0.12 W/m-K for ABS. These values are lower by 40-45%
comparing to that of solid core samples.
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