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Abstract: The research presented in this article concerns the thermal properties of multilayer protec-
tive clothing, specifically, the impact of phase-change material (PCM) incorporation on the occurring
heat transfer. Multilayer textile assemblies with PCM inserts (macrocapsules containing n-octadecane)
and reference assemblies with PP inserts (macrogranules from polypropylene) with very similar
geometry and the same textile layers were tested. The spatial geometry of tested assemblies was
examined using high-resolution X-ray microtomography (micro-CT). The heating process of the
assemblies was examined under the conditions of exposure to contact heat (using thermography)
and radiant heat (using a copper plate calorimeter, according to EN ISO 6942). PCM-containing
assemblies achieved a temperature rise of 12 ◦C in a longer period than the reference assemblies; for
the contact heat method, the time was longer by 11 and 14 min, and for the radiant heat method by
1.7 and 2.1 min.

Keywords: phase-change materials; PCMs; heat transfer; contact heat; radiant heat; thermography;
micro-CT

1. Introduction

One of the many ways of storing heat is by phase change. A phase transition is
an isothermal thermodynamic process caused by a change in ambient temperature or
pressure. As a result of the change in state aggregation (e.g., melting–solidification), phase-
change materials (PCMs) can absorb, store, and release energy in the form of latent heat
at a constant temperature, called the phase transition temperature. The amount of heat
absorbed (and stored) during the heating of a typical material (non-PCM) is much less
than the amount of heat absorbed (and accumulated) during the phase transformation
(melting) of this material. When analyzing the possibility of using a given type of PCM
as a material that absorbs and accumulates heat, four key essential properties should be
taken into account: (1) Heat capacity, i.e., the ability to accumulate heat of PCM materials,
depending primarily on the heat of phase transition; (2) Phase transition temperature, i.e., the
temperature at which the PCM absorbs the largest amount of energy (and accumulates and
releases it to the environment). The type of phase-change material should be selected so
that its phase-change temperature is within the temperature range of the environment in
which it will be used; (3) Thermal conductivity, i.e., the ability of PCMs to effectively absorb
and release heat, even in conditions of small temperature differences between the system
and the environment. This condition is met by PCMs with high thermal conductivity;
(4) Thermal property stability. For the PCM to work effectively multiple times, it should
retain its thermal properties over many melt–solid cycles [1–3].

For decades, PCMs, due to their useful properties, have been widely used as heat
accumulators in installations using renewable energy sources (in particular solar
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radiation energy-photovoltaic modules) [4–7]; heat insulators in structural elements of
buildings [8–13]; temperature stabilizers of food products or medicines (isothermal con-
tainers) [14–16]; temperature stabilizers of road surfaces [17–19]. The use of these materials
in multilayer wall structures results in a reduction in daily temperature amplitudes inside
the building and a delay in releasing the stored heat. In the case of building applications,
the PCMs used possess a phase-change temperature within the temperature range out-
side the building (extreme temperatures in a daily cycle) and the temperature range of
thermal comfort inside the building. PCMs are also commonly and successfully used in
heat-insulating clothing, designed especially for work in extreme thermal conditions. Both
in very low and very high ambient temperatures, an important problem is to simultane-
ously ensure effective protection against the harmful effects of the cold/heat and ensure
the ergonomics of clothing [20–30]. This clothing is usually made of thick, multi-layered
textile systems, which significantly reduces the user’s freedom of movement and prevents
him from effective and precise work [31]; in addition, during intense physical exertion,
these garments often become wet due to the secretion of sweat by the wearer, which in turn
reduces their thermal insulation and increases the feeling of discomfort [32–37]. Figure 1
shows a schematic comparison of the PCM vs. non-PCM heating process.
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Figure 1. Comparison of PCM and non-PCM heating processes.

The process starts at time t0, when the initial temperature of both materials is T0. At
time t1, both materials reach the temperature T1, which for the PCM is the phase transition
temperature. At time t1, melting of the PCM starts and continues until time t3 is reached.
During this time, the temperature of the PCM does not rise because all the heat supplied
to the material is converted into a change in state of the PCM. At time t3, the PCM is
completely melted, and its temperature starts to rise again to reach the value of T2 at time
t4. In the case of non-PCM, the heating process is faster and reaches the temperature T2
at time t2. The scheme shows the time gain, ∆t = t4 − t2, i.e., the difference in the heating
time of both materials needed to reach T2. From a practical point of view, temperature T2
may be a critical value that should not be exceeded. For example, T2 can be the maximum
temperature:

• Of the internal wall of a building, for which the temperature inside is within the range
ensuring the thermal comfort of the residents;

• At which food or drugs can be stored, and the use of PCMs in their packaging can
extend the transport time without the risk of deterioration of their properties;

• Of the inner layer of clothing containing PCMs for which the skin of the wearer will
not burn.

The ∆t may take different values because it depends on the type and amount of PCM
used in the tested system.
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The aim of the research described in this current article was to investigate the potential
use of inserts containing PCM macrocapsules in multilayer protective clothing. The results
of the PCM efficiency evaluation were compared with analogous multilayer clothing as-
semblies with similar geometry with PP macrogranules (non-PCM). The research involved
the analysis of heat transfer through textile assemblies under conditions of exposure to
contact heat and radiant heat.

2. Materials and Methods
2.1. Materials

The subjects of the research were PCM macrocapsules (Microtek Laboratories, Moraine,
OH, USA). The macrocapsules were spherical in shape, with a diameter: 4 ± 0.5 mm.
According to the manufacturer’s information, the outer shell of the macrocapsules was
polyurethane (PU), while the PCM material was n-octadecane. Based on high-resolution
X-ray tomography, micro-CT (SkyScan 1272; Bruker, Kontich, Belgium), and scanning
electron microscopy, Nova NanoSEM 230 (FEI, Eindhoven, The Netherlands), the internal
structure of macrocapsules was characterized. Both applied techniques showed that PCM
macrocapsules are formed from multiple PCM microcapsules (with maximum diameter of
about 50 µm); moreover, PU, which constitutes 21% of volume of the macrocapsule, forms
both the outer shell of the macrocapsules (with maximum thickness of 155 µm) and the
outer shell of the microcapsules. The remaining 79% of volume of the macrocapsule is
n-octadecane. Figure 2a presents a micro-CT image of macrocapsule’s cross section and
the SEM cross-section image of macrocapsule’s interior with visible microcapsules. As a
reference material for the tested PCM macrocapsules, macrogranules of similar geometry
made of PP were used (the obtained cross-section image using micro-CT was presented in
Figure 2b).
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Both PCM macrocapsules and PP macrogranules are characterized by low porosity.
In the case of macrocapsules, air (white color) constitutes 4% of their volume, filling
micropores of a maximum size of 175 µm. In the case of macrogranules, air constitutes 3%
of their volume and fills the micropores of a maximum size of 65 µm. As can be seen in
the presented cross sections, the spatial distribution of pores is more homogeneous in the
case of PCM macrocapsules. N-octadecane used as PCM in the tested macrocapsules is
characterized by a melting temperature of 28 ◦C, heat of fusion of 185 J·g−1, with specific
heats of 1.9 kJ·kg−1·K−1 (solid phase), and 2.2 kJ·kg−1·K−1 (liquid phase). Since the aim of
the work was to test the thermal insulation properties of PCM macrocapsules for potential
use in thermal protective clothing, an insert containing a monolayer of these macrocapsules
(arranged next to each other wrapped in white polyester mesh) was created. Additionally,
reference insert containing PP macrogranules was made. Photos of both inserts are shown
in Figure 3, while their structural and thermal parameters are presented in Table 1.
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Table 1. Structural and thermal properties of tested inserts.

Insert Insert
Composition Raw Material Specific Heat

[kJ·kg−1·K−1]

Melting
Temperature

[◦C]

Heat of
Fusion

[kJ·kg−1]

Thickness
[mm]

Porosity
[%]

PCM

macrocapsules n-octadecane (79%)
polyurethane (21%)

1.9 (solid)/2.2
(liquid)

1.1

28
250 185 4.47 4

PES mesh polyester (100%) 1.4 260 not
applicable 0.31 87

macrogranules polypropylene (100%) 1.7 165 not
applicable 4.13 3

PP
PES mesh polyester (100%) 1.4 260 not

applicable 0.31 87

As can be seen in Figure 3, both inserts were approximately 5 cm × 5 cm large and
consisted of about 160 macrocapsules/macrogranules. The PCM macrocapsules were
opaque white, while the PP macrogranules were colorless.

Thermal barriers in protective clothing are most commonly made of nonwoven fabrics.
In their place, a PCM insert was used, in two multilayer textile assemblies (A and C), due
to its high usefulness in thermal insulation systems. As references for assemblies A and
C, assemblies B and D were created, respectively, identical in terms of the structure of
all layers, except for their thermal barriers, where instead of PCM macrocapsules inserts,
inserts with PP macrogranules were used. All four assemblies, the full characteristics of
which are presented in Table 2, consisted of four basic layers: (1) outer shell, (2) moisture
barrier, (3) thermal barrier, and (4) lining. The outer shell is most resistant to mechanical
impact and protects the wearer against hot and toxic substances. The moisture barrier
provides protection against the permeation of water and other liquids, including volatile
chemicals that could penetrate the outer shell. The moisture barrier also provides a key
role in the breathability and insulation of the entire multilayer assembly. It usually consists
of two parts, a vapor-permeable membrane and a substrate (e.g., nonwoven fabric, woven
fabric), with which the membrane is bonded. The thermal barrier, due to its high porosity
and greatest thickness, provides the best thermal insulation of all layers. The smooth lining
ensures easy and quick dressing and undressing.
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Table 2. Characteristics of four tested assemblies.

Assembly Layer
Type Textile Weave Raw Material Thickness

[mm]

Surface
Mass

[g·m–2]

Porosity
[%]

Yarn
Porosity

[%]

A

Outer
shell

Woven
fabric 1 plain aramid 0.495

6.269

199 67

75

31

Membrane 1 - polyurethane 0.066 0.05 -Moisture
barrier Nonwoven

fabric 1 - aramid 0.830
155

90 -

Thermal
barrier PCM insert -

polyurethane
n-octadecane

polyester
4.467 1548 67 -

Lining Woven
fabric 2 plain aramid 0.411 192 47 12

Outer
shell

Woven
fabric 1 plain aramid 0.495 199 67 31

Membrane 1 - polyurethane 0.066 0.05 -
Moisture
barrier

Nonwoven
fabric 1 - aramid 0.830 155 90 -

Thermal
barrier PP insert - polypropylene

polyester 4.438 1308 70 -

B

Lining Woven
fabric 2 plain aramid 0.411

6.240

192 47

78

12

Outer
shell

Woven
fabric 1 plain aramid 0.495 199 67 31

Membrane 2 - polyurethane 0.032 0.07 -
Moisture
barrier

Nonwoven
fabric 2 - aramid 0.486 115 79 -

Thermal
barrier PCM insert none

polyurethane
n-octadecane

polyester
4.467 1548 67 -

C

Lining Woven
fabric 2 plain aramid 0.411

5.891

192 47

70

12

Outer
shell

Woven
fabric 1 plain aramid 0.495 199 67 31

Membrane 2 - polyurethane 0.032 0.07 -
Moisture
barrier

Nonwoven
fabric 2 - aramid 0.486 115 79 -

Thermal
barrier PP insert - polypropylene

polyester 4.438 1308 70 -

D

Lining Woven
fabric 2 plain aramid 0.411

5.862

192 47

74

12

Figure 4 shows the optical microscopy (Delta Optical Smart 5MP PRO made by Delta
Optical, Warsaw, Poland) images of both sides of the textiles forming the 4 tested assemblies,
while Figure 5 additionally shows 3D micro-CT images of the same textiles as well as 3D
micro-CT images of the 4 tested assemblies: A, B, C, and D.

On this basis, the plain weave of both fabrics forming the outer shell (woven
fabric 1) and the lining (woven fabric 2) can be clearly identified (Figures 4a–d and 5a–d). In
addition, both figures clearly show two-sided openings in the nonwoven fabric 1, forming
a moisture barrier in assemblies A and B (Figures 4e and 5e). These openings increased
nonwoven fabric 1 porosity (90%), which resulted in thermal insulation increase.

Based on the 3D micro-CT images of the 4 tested assemblies (reduced to a surface
size of 1 cm × 1 cm to improve the identification of all layers), shown in Figure 5 and
the data in Table 2, it can be seen that the assemblies containing PCM inserts (A and C)
and the reference assemblies with PP inserts (B, D) differ only in the moisture barrier. In
assemblies A and B, the moisture barrier was formed of a membrane 1 and a nonwoven
fabric 1, while in assemblies C and D, the moisture barrier was formed of a membrane 2
and a nonwoven fabric 2. The above selection of textiles forming the moisture barrier in the
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tested assemblies was intended to clearly distinguish the pair of assemblies A and C from
the pair of assemblies B and D in terms of spatial structure. Nonwoven fabric 2 forming
the moisture barrier in assemblies C and D was 52% thinner and 12% less porous than the
nonwoven fabric 1, forming the moisture barrier in assemblies A and B.
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2.2. Methods

To assess the potential application of PCM macrocapsules in multilayer thermal insu-
lation protective clothing, assemblies A and C were subjected to two independent experi-
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ments, in which heat transfer was induced through the tested assemblies (by contact heat
and radiant heat). The test results were compared with the experiment results performed
for reference assemblies (B and C) containing PP macrogranules. Schemes of the measure-
ment systems for both applied experimental methods are shown in Figure 6. The physical
phenomena that are the basis of these methods correspond to the actual thermal hazards to
which the wearer is exposed (contact with hot bodies or exposure to intense thermal radia-
tion), which makes it possible to properly assess the basic properties of thermal protective
clothing.
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2.2.1. Contact Heat

The experiment was carried out with a constant ambient temperature Ta = 24 ◦C.
In this method, the tested assemblies were placed (with the outer shell facing down)
on a flat horizontal surface of a hot plate (e-G51HP07C Guardian 5000 model, OHAUS
Europe GmbH, Nänikon, Switzerland) with a constant temperature: Tp = 60 ◦C. As a
result of direct contact of the outer layer of the assembly with the hot plate’s surface,
all layers of the assemblies gradually heated up, starting from the outer layer (being in
direct contact with the hot plate), then through the moisture barrier, thermal barrier, to the
lining (farthest from the hot plate). The process of heating the upper surface of the lining
was measured over time using a thermal imaging camera (FLIR SC 5000 model made in
Wilsonville, OR, USA) placed above the hot plate and recorded in form of thermograms by
Altair—Thermal Image Analysis Software, version 5.90.001. To unify the measuring method
of lining temperature (with a thermal imaging camera), the lining of each tested assembly
was always the same textile material (i.e., woven fabric 2; see Table 2) with the same
emissivity (resulting from the identical microstructure and raw material composition).
The temperature range (24–60 ◦C) in which the experiment was run included the melting
point of the phase-change material used (28 ◦C); in addition, the selected temperature
range allowed us to observe the similarity of the heating process of the tested assemblies
containing the PCM insert to the scheme shown in Figure 1 and allowed to clearly observe
three stages of heating of the PCM macrocapsules (as solid, as solid and liquid, as liquid).
Moreover, according to medical knowledge, heating the human skin to a temperature
above 55 ◦C causes discomfort or pain, and after a few minutes skin damage; therefore, the
standards regarding thermal hazards in any environment, e.g., in the workplace, in the
home (EN 563 [38], EN ISO 13732-1 [39]) provide temperature threshold values for burns
that occur when human skin is in contact with a hot solid surface. The threshold value for
burns for metal smooth surfaces it is determined at the level of approx. 60 ◦C.

The experiment was carried out until a steady state was reached by all assemblies
when the temperature of the lining TL reached the maximum possible and constant value
over time.
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2.2.2. Radiant Heat

The experiments were carried out according to EN ISO 6942 [40] under the same
ambient conditions as the contact heat experiment. In this method, the tested assemblies—
oriented in a vertical position—were exposed to thermal radiation, which was emitted by
a source generating a heat flux of 5 kW·m−2 and fell on the outer shell of the assembly
causing it to heat up. The 5 kW·m−2 relatively low radiation intensity is at the level of
incident heat flux density to which industrial workers and fire fighters may be exposed. As
a result, the process of heating subsequent layers took place through the moisture barrier,
through the thermal barrier, to the lining. The process of heating the lining was measured
over time using a copper sensor of the calorimeter connected to a digital, computer-driven
thermometer. To unify the measuring method of lining temperature (with a calorimeter),
for each tested assembly the lining was always the same textile material (i.e., woven fabric
2; see Table 2) with the same surface microstructure, ensuring identical contact with the
copper plate. Results of measurements of the average temperature of the lining were
recorded in 1 s intervals until its temperature increased to 50 ◦C.

3. Results and Discussion
3.1. Contact Heat

In Figure 7, the temperatures displaying the tested linings’ dependence on the exposure
time of the outer shell to the contact heat are presented.
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This chart shows a clear difference in the heating process of assemblies based on
phase-change materials (A and C) and assemblies based on reference materials (B and D).
The first difference between the above-mentioned kinds of samples is already visible in
the initial stage of the heating process (in the first 4 min). In this stage, the temperature of
all tested assemblies increases linearly over time. Assemblies containing PCMs heat up
more slowly than their counterparts containing PP macrogranules. The temperature rise
rate RT

0–4 during this stage is 1.46 ◦C·min−1 (assembly A) and 1.56 ◦C·min−1 (assembly C),
while for assemblies B and D are 2.39 ◦C·min−1 and, 3.23 ◦C·min−1, respectively. It should
be assumed that the observed lower RT

0–4 values for PCM-containing assemblies are due to
the fact that already after about 1 min of exposure time, some amount of the n-octadecane
content in PCM macrocapsules warms up to melting temperature (28 ◦C). As a consequence,
a slow isothermal melting process of n-octadecane begins. It should be noted that the lower
parts of the PCM macrocapsules (closest to the hot plate) are heated to melting temperature
(28 ◦C) earlier than the lining is. As can be seen in Figure 7, the lining of the PCM-containing
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assemblies reaches 28 ◦C in the third minute of exposure time. After the fourth minute
of exposure time, a clear difference in the temperature increase between PCM-containing
assemblies and PP-containing assemblies was observed. In contrast to assemblies A and
C, for which a second slower heating stage can be distinguished, assemblies B and D heat
up at a rate comparable to that of the first stage. This means that, in PCM-containing
assemblies, when the entire amount of n-octadecane reaches the melting temperature,
intensive melting of the octadecane occurs as a result, which absorbs a significant part of
the heat flux generated by the hot plate. In this stage of the heating process, the temperature
rise rate of the lining is milder than in the previous heating stage, RT

4–17 = 0.25 ◦C·min−1

for assembly A and RT
4–12 = 0.29 ◦C·min−1 for assembly C. For assembly A, this stage

lasts from 4 min to 17 min, while for assembly C from 4 min to 12 min. The five-minute
difference is due to the different construction of the nonwoven fabric in these assemblies.
Assembly A, in which there is a thicker and more porous nonwoven fabric (1) than in
assembly C (nonwoven fabric 2), due to its greater thermal insulation, created a more
effective barrier to the heat flux passing from the thermal barrier to the lining. The third
stage of the heating process (starting for assembly A at the seventeenth minute while for
assembly C at the twelfth minute), is characterized by a higher temperature rise rate of
the lining compared to the second stage. At this stage, the entire amount of n-octadecane
has melted, and the heat generated by the hot plate is not absorbed for the n-octadecane
phase transition but is entirely converted into a temperature increase in the assemblies.
To compare the effectiveness of thermal insulation of the assemblies containing PCMs
inserts (A and C) with the reference assemblies containing PP inserts (B and D), the time
gains ∆tAB and ∆tCD—the time difference in which the respective assemblies reached the
temperature of 36 ◦C—were calculated (indicated in Figure 7). An important parameter of
thermal protective clothing quality is the parameter expressing the clothing exposure time
in which the temperature of the inner layer of clothing increases by 12 ◦C (EN ISO 6942);
therefore, on the basis of the course of the curves in Figure 8, the values of ∆tAB and ∆tCD
(14 and 11 min, respectively) were calculated for the increase in lining temperature based
on the curves from Figure 8. As can be seen in the chart presented in Figure 7 and on the
thermograms (Figure 8), in the ninth minute of the exposure time of assemblies A (with
PCMs insert) and B (with PP insert), the highest difference in the lining temperature ∆TL

AB

was obtained (10.5 ◦C).
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Figure 8. Thermograms of assemblies A and B obtained in ninth minute of the heating process.

Both thermographs show the central fragment of the lining surface (a square with a
side length of about 3 cm), inside which the thermal imaging camera measured the average
temperature of the lining during the process of heating of tested assemblies. The square
area was chosen in such a way as to avoid the adverse influence of the boundary conditions
(visible on the side edges of the lining resulting from the cooling of the samples by the
ambient air) on the temperature measurement.
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3.2. Radiant Heat

In Figure 9, the temperatures of tested linings’ dependence, t, on the exposure time of
the outer shell to radiant heat are presented.
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The chart shows a pronounced difference in the heating process of assemblies con-
taining phase-change materials (A and C) and reference assemblies (B and D). As one can
easily see, the assemblies with inserts containing PP macrogranules heat up much faster.
The course of the curves showing the temperature increase in assemblies containing PCM
inserts can be divided into two stages. The first stage lasts for about 2.5 min of the experi-
ment. At this stage, a significantly lower temperature rise rate RT

0–2.5 of these assemblies
can be observed (2.12 ◦C·min−1 for assembly A, 2.49 ◦C·min−1 for assembly C) compared
to the corresponding reference samples (6.86 ◦C·min−1 for assembly B, 8.43 ◦C·min−1 for
assembly D). The reason for the slower heating of the PCM-containing assemblies was the
isothermal phase transition (melting) of n-octadecane, which was ongoing at this stage
of the experiment. Due to the significantly higher heat flux in the radiant heat method
compared to the contact heat method, in Figure 9, the two-stage process of the temperature
increase during the phase transition of n-octadecane was not revealed (which was revealed
in Figure 8). As one can see in Figure 9, the applied radiant heat flux (5 kW·m−2) used
in this method caused— after about 15 s (0.25 min), in both assemblies (A, C)—the entire
amount of n-octadecane to reach the melting temperature. As a result, intensive melting
of the n-octadecane occurred. The time interval (0–0.25 min) is the time taken for the heat
to transfer from the outer shell (exposed to radiant heat) to the lining. Similarly, for the
contact heat method on the basis of the course of the curves, the values of time gains, ∆tAB
and ∆tCD (2.12 and 1.75 min, respectively), were calculated and are marked in Figure 9.

4. Conclusions

This article presents an attempt to use inserts containing macrocapsules with a phase-
change material—n-octadecane with a melting point of 28 ◦C—in multilayer textile assem-
blies used in thermal protective clothing. The results obtained for both applied methods
to assess the effectiveness of using PCM-macrocapsules as a thermal barrier allow us to
formulate the following conclusions:

• Both applied test methods (contact heat and radiant heat) showed that the use of PCM-
containing inserts clearly slows down the heating process of multilayer textile assem-
blies in comparison to the reference assemblies containing PP macrogranules;
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• According to the results of the contact heat method, the use of PCM inserts in a certain
period of exposure to heat, leads to a ten-fold slowdown in the rate of assemblies
heating compared to reference assemblies. As a result, the PCM-containing assemblies
reached a temperature increase of 12 ◦C in a longer time (11 min or 14 min) compared
to the PP macro-granular assemblies. As can be seen on the chart (Figure 8), the
temperature increase time of the PCM-containing assemblies by 12 ◦C is about 270%
longer compared to the reference assemblies;

• Results of the radiant heat method show that the use of PCM inserts in a certain period
of exposure to heat leads to a ten-fold slowdown in the rate of assemblies heating
compared to reference assemblies. As a result, the PCM-containing assemblies reached
a temperature increase of 12 ◦C in a longer time (1.75 min or 2.12 min) compared
to the PP macro-granular assemblies. As can be seen on the chart (Figure 9), the
temperature increase time of the PCM-containing assemblies by 12 ◦C is about 100%
longer compared to the reference assemblies;

• Based on the obtained temperature increase characteristics of tested assemblies, one
can observe the high efficiency of PCM macrocapsules as a means of improving
thermal insulation. The tested PCM macrocapsules could be successfully used in
thermal protective clothing and provide the wearer with thermal comfort and effective
protection against skin burns.
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