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ABSTRACT

The purpose of this work is to manufacture a thermoregulating textile fabric based on the incorporation
of melamine-formaldehyde microcapsules containing a n-alkane mixture. A series of fabrics contain-
ing different mass ratios of polyurethane binder to microcapsules were prepared by a padding process.
This research was conducted to clarify the influence of the amount of microcapsules and binder on
the thermal response using hot guarded plate, differential scanning calorimetry and hot disc measure-
ments. MicroPCMs were incorporated into cotton fabric by using polyurethane binder without drastically
modifying air permeability property. It was observed by DSC that the main endothermic peak of these
composites was shifted to higher temperatures. The results indicate that the polymeric binder plays a
main role during the 30 s of a cold to warm transition allowing to delay the temperature increase. Further-
more, the thermoregulating response depends on the surface deposited weight and the mass ratio binder
to microcapsules. Thus, an interesting cooling effect is found for 20 g/m? of binder and from 40 g/m? of
microPCMs. And a mass ratio binder to microPCMs taken between 1:2 and 1:4 is suitable to manufacture
thermoregulating textile.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the end of the 1980s, functional textiles have been devel-
oped to enhance textile performances according to the consumers’
demand and to include a large range of properties with a higher
added value. One of possible way to manufacture functional or
intelligent textile products is the incorporation of microcapsules
or the use of microencapsulation processes for textile finishing.
Many of substances are encapsulated for potential textile appli-
cations [1-6]. One of these substances, phase change materials
(PCMs), has been used to manufacture thermoregulated textiles to
improve thermal comfort of the wearer [7]. PCMs are entrapped
in a microcapsule of a few micrometers in diameter to protect
them and to prevent their leakage during its liquid phase. These
compounds possess the ability to absorb and store large amounts
of latent heat during the heating process and release this energy
during the cooling process.

The selection of a PCMs formulation depends typically on the
required phase change temperature depending on end use. Indeed,
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PCMs should react to changes in temperature of both the body
and the outer layer of the garment when they are incorporated
in the textile substrate. Thus, for textile applications, PCMs with a
phase change within the ambient temperature and comfort range
of humans are suitable, i.e. in a temperature range from 18°C to
35°C. To avoid any liquid PCMs diffusion within a fibrous substrate,
these compounds need to be contained in a capsule. At the current
state of the microencapsulation technology, the choice of suitable
PCMs for the manufacture of a textile containing microencapsu-
lated PCMs was restricted to n-alkane. Furthermore, paraffin waxes
were preferred due to their high latent heat, and they are chem-
ically inert, non-toxic, non-corrosive and non-hygroscopic. Thus,
n-eicosane [8], n-octodecane [8-16] and n-hexadecane [8,9,11] are
the most PCMs chosen to be applied. In these studies, pure com-
pound was used as PCM material and therefore the phase change
occurs in a narrow temperature change at the melting temperature
of the n-alkane. The use of binary mixture of n-alkanes allows to
adjust the melting point (or phase change temperature) by modi-
fying the composition, that also leads to a decrease in the overall
latent heat of fusion [17]. Furthermore, some of the binary mixture,
i.e. hexadecane/octadecane [18], octadecane/hexadecane [18], or
tetradecane/hexadecane [19] have a solid/liquid or a solid/solid
transition which takes place in a relatively narrow temperature
change. The use of the binary mixture of hexadecane/eicosane
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allows to widen this temperature change and can be suitable for
textiles application [20,21]. Nevertheless, this widening is accom-
panied by a decrease of the latent heat which can be caused by the
formation of a concentration distribution in the liquid film due to
small scale segregation [17].

The binary mixture of n-hexadecane/n-eicosane was also stud-
ied by Sarier and Onder [8], they concluded that to enhance the
thermal capacity of fabrics it should be better to use a combination
of microcapsules containing different types of PCMs rather than
those including a mixture of them. They have observed that the
mixture was satisfactory to provide a buffering effect against tem-
perature changes and to regulate the temperature at the target of
desired value. In fact, the main problem to design a thermoregu-
lated textile is to define which kind of PCM should be incorporated
onto each layer of fabric.

The step of encapsulation allows to manufacture textile contain-
ing microcapsules by various ways to fix the microcapsules within
the fiber structure permanently, to embed them into a binder or to
mixed them into foam [7,22]. They will remain thermally effective
as long as the coating or the fibers stay intact [23]. The incorpora-
tion of PCMs into the matrix of artificial or synthetic fibers can be
achieved either by wet spinning for e.g. polyacrylonitrile [24,25],
polyacrylonitrile-vinylidene chloride [15], acrylic fiber [26], or by
melt spinning [27] for polypropylene [28] or polyethylene fiber
[15]. Although, the touch, drape, softness and color were not mod-
ified by the spinning process, the thermal heat capacity of the
obtained fiber was limited to a low microPCMs loading content
(5-10%). Moreover, the processing conditions may damage the
microcapsules shell and the formation of clusters of particles can
alter the thermo-mechanical properties of the fibers. The applica-
tion of a foam pad allows the incorporation of greater amount of
microcapsules and to realize a mixture of different PCMs to give a
wide range of regulation temperature. These composites contain-
ing microPCMs in the range from 20% to 60% by weight were found
to be leak-resistant with enhanced thermal properties [11,29,30].
The third way investigated to apply microPCMs to fabric is all com-
mon coating process [31-33], such as knife over roll [31,34], screen
printing [10,35], pad-dry-cure [33], knife over air, and gravure and
dip coating [36,37]. The method for manufacturing coating compo-
sition was widely described in the patent literature, nevertheless
few papers published in the literature give account of the formu-
lation of coating, finishing of fabrics and therefore the evaluation
of their characteristics more specially thermal and durability prop-
erties [16,37]. The choice of the conditions process influences the
microencapsulated fabric behaviour and the yield [38]. Thus, Choi
et al. [10] have observed that the heat capacity of the microen-
capsulated fabrics decreased as the curing temperature increased.
Furthermore, the efficiency of a binder to link microcapsules on a
textile surface depends on the compatibility of the different inter-
faces of the products involved by the coating process. The choice of a
binder adapted to the microcapsules can be determined by the com-
parison of the surface energy components induced by the contact
angle measurement method and washing tests [39]. In our previ-
ous work, we have found that a polyurethane based binder was the
most suitable to link melamine-formaldehyde microcapsules [39].
Furthermore, the adhesion of microcapsules was closely dependent
on the chemical nature and structure of the textile support. Nev-
ertheless, the use of polymeric binds presents some drawbacks,
since the incorporated amount should be enough to obtain perma-
nent linkage which can alter the fabric properties such as drape, air
permeability, breathability, thermal resistance, softness and ten-
sile strength can be affected adversely as the percentage of binder
add-on increases. Thus, Pushaw [30] have reported the difficul-
ties to maintain durability, moisture vapour permeability, elasticity
and softness of coated fabrics when the coating was loaded with a
sufficiently high content of microPCMs. However, the influence of

binder/microPCMs ratio on thermal capacity of thermoregulating
fabric has not been reported in detail.

In this study, we intended to report on how to manufacture a
thermoregulating textile containing microPCMs applied by a coat-
ing technique.

The first aim was to determine the influence of the binder con-
centration in the mixing ratio of binder and microcapsules on
the formation and the thermal behaviour of binder/microPCMs
composite by scanning electron microscopy (SEM), and differen-
tial scanning calorimetry (DSC) analysis. Prior their incorporation,
the surface morphology, chemical structure and thermal proper-
ties of microcapsules were investigated using scanning electron
microscope (SEM), Fourier-transform infrared spectroscope (FT-
IR), and DSC, respectively. Second, thermal properties, i.e. thermal
resistance, thermal conductivity and thermal storage/release prop-
erties, were also investigated by hot-disk measurement and using
a guarded hot plate inside environmental chambers to find out the
enhanced buffering effect of the fabric.

2. Experimental
2.1. Materials

n-Hexadecane (CygH34), n-eicosane (CygHg) and tetraethyl
orthosilicate (Si(OCyHs)4) (TEOS) used as PCMs formulation were
purchased from Acros organics and used as core material. Arkofix
NM used as shell-forming was kindly supplied by Clariant (France).
Arkofix NM is a melamine-formaldehyde precondensate in aque-
ous solution (68 wt.%). Nonionic surfactants, Tween 20 and Brij
35 (Acros Organics) were used as emulsifiers. For pH control, tri-
ethanolamine and citric acid were used (Aldrich). The commercial
binder used in this study was Dicrylan PMC (polyurethane from
Ciba Specialty Chemicals).

A 100% cotton fabric (566 dtex warp and 564 dtex weft yarns at
densities of 26 ends/cm x 16 picks/cm, weighing 270 g/m?2, thick-
ness of 0.50 mm), labelled COTTON, was chosen as the specimen.

2.2. Preparation of the microcapsules

The preparation of the microcapsules was carried out in an IKA
Labor Pilot 2000/4 machine equipped with a mechanical stirrer via
an in situ polymerization according to the method described pre-
viously [20]. Two solutions were prepared separately. In solution I,
100 g of Brij 35, 100 g of Tween 20 and 630 g of Arkofix NM were
dissolved in 2200 mL of distilled water. The solution I was adjusted
to pH 4 with 10.0 wt.% citric acid solution. In solution II, 480 g of
n-hexadecane, 480 g of n-eicosane and 40 g of TEOS were mixed
in a 2000 mL beaker at 40 °C. Solution Il was poured into the reac-
tor containing the solution I under stirring at 10000 or 13 500 rpm
during 20 min at 50 °C. The stirring speed was decreased to 400 rpm
with an anchor stirrer after 20 min. The reaction system was kept
at the stirring state for 4 h at 55 °C. Then the pH of the solution was
adjusted to 9 with 50 wt.% triethanolamine solution to complete the
reaction. After 30 min of continuous agitation, the regulation batch
and the stirrer were switched off. Once cooled to room temperature,
the suspension of microcapsules was collected.

2.3. Binder/microPCMs composite film preparation

To compare and examine the influence of binder/microPCMs
ratio on the morphological observations and thermal properties of
the composite, solution cast film were also prepared. 10 films were
cast by making a binary mixture of binder at various concentrations
(from 10 to 100 wt.%) and microPCMs. This solution was cast in a
Teflon mold and then placed in an oven at 100 °C for 4 min to ensure
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Table 1
Textile specimens prepared and their specifications and properties.

Specimen Weight deposited? Add-on (%) MasSpinger t0
(g/mZ) MasSmicrorcM ratio

COTref - - -
COT1/0-(54) 54 20.0 1:0
COT1/0-(64) 64 23.7 1:0
COT1/0-(81) 81 30.0 1:0
COT4/1-(49) 49 18.1 4:1
COT3/2-(29) 29 10.7 3:2
COT3/2-(40) 40 14.8 3:2
COT3/2-(62) 62 23.0 3:2
COT2/3-(46) 46 17.0 2:3
COT1/2-(17) 17 6.3 1:2
COT1/4-(17) 17 6.3 1:4
COT1/4-(102) 102 37.8 1:4
COTO0/1-(210) 210 77.8 0:1

2 Weight deposited = total amount of binder + MPCM deposited on each fabric.

complete removal of water and subsequently at 150 °C for 4 min to
obtain a crosslinked composite.

2.4. MicroPCMs coating on textile substrate

The textile impregnation of the cotton fabric was made under
the different baths containing the binder and the microcapsules at
different concentrations (Table 1). It has been carried by immersion
of the fabric at 2 m/min in the different formulation baths. Once
impregnated, the samples were pressed by a BENZ vat padding
device without pressure in order to keep the microcapsules intact.
Then the drying treatment step was done in a BENZ frame under
ventilation at 0.5 m/min speed during 4 min at 100 °C (to evaporate
the water)and 4 min at 150 °C(to insure adequate binder crosslink-
ing). The add-ons for treated fabrics were calculated according to

Eq.(1):
a-b

Add-on (%) = o (1)
where a is the weight of specimen after treating, and b, the weight
of specimen before treating.

2.5. Analytical methods

2.5.1. DSC measurements

The thermal behaviour of the binder and the microparticles
was recorded using a TA instrument type DSC 2920 piloted on
PC with TA Advantage control software. Indium was used as stan-
dard for temperature calibration and the analysis was made under
a constant stream of nitrogen. Samples were placed in aluminum
pans which were hermetically sealed before being placed on the
calorimeter thermocouples. The sample space was purged with
nitrogen at a constant flow (50 mLmin~1) during the experiments.
Transition temperatures and enthalpies were obtained from a least
fourindependent experiments on 4.0 + 0.1 mg samples with a scan-
ning speed of 2 Kmin~1.

The specific heat of n-alkanes formulation was a constant in the
measured temperature range. The content of PCMs in the micro-
capsules can be estimated according to the measured enthalpy:

AHI’CM in microcapsules
x 100 (2)
AHpcms

where AHpcwm in microcapsules a0d AHpeyis are the melting enthalpy
of PCMs in microcapsules and the binary mixture of n-alkanes for-
mulation (PCMs formulation), respectively.

In order to determine the thermal stability of the reversible
phenomena of phase change, the microcapsules were subjected
to repeated cycles of melting and crystallization by increasing the
isothermal temperature of 10°C at each test. The temperature rose

PCMs content =

circulation
fan

[ fabric specimen

cold plate
hot plate, guard

hot plate, test

Fig. 1. Schematic diagram of guarded hot plate apparatus.

and fell at 10 Kmin~!. The explored temperature range was chosen
in order to take all possible phase changes into account, and the
enthalpies were measured between —15 °C and 45 °C. Furthermore,
standard two-hole vented pan covers were used for this test.

2.5.2. Microscopic examinations

The microcapsules and the binder/microcapsules composites
surface morphologies were observed with optical microscopy
(Axioskos Zeiss) equipped with a camera (IVC 800 12S) and with
electronic scanning microscopy (Philips XL 30 ESEM) (SEM). SEM
was also used to check the presence of the microcapsules and their
dispersion into the textile.

2.5.3. Hotdisk

The thermal conductivities of fabrics containing microcapsules
were measured by the hot-disk method thermal analyzer (TDA-
501). The hot-disk method utilizes a thin disk-shaped sensor
(hot-disk sensor) to measure thermal conductivity. The measure-
ment time was kept at 20 s, and the output power to the hot-disk
sensor was set to 40 mW. The sensor radius was 3.189 mm. At least
five measurements were performed for each material to ensure the
repeatability of the results. During the measurement, the hot-disk
sensor was sandwiched between the two samples.

2.5.4. Guarded hot plate apparatus

Since, there is no standard method for measuring the thermal
regulating properties of heat-storage and thermoregulated textiles
and clothings, we choose to use a protocol test developed at the
French Institute of Clothing Textiles (IFTH, Lyon).

The test apparatus consisted of a guarded hot plate assembly
enclosed in a climatic chamber (32 °C, air speed was 1 m/s) (Fig. 1).
The device consists of a plate heated to a constant temperature
matching the human skin temperature, i.e. 35°C. The test section
is in the centre of the plate, surrounded by the guard and lateral
heater that prevents heat leakage. The fabric sample is placed on the
plate surface and the heat flux from the plate to the environment
is measured. Once the specimen was placed onto a heating plate
and covered by a cold plate (at 8°C, 11°C or 13 °C) until it reached
a stationary state. Then, the cold plate was pulled off to generate
a temperature gradient through the fabric. The changes of surface
temperature and heat loss of the hot plate are then recorded and
used to characterize the thermal regulatory properties of the PCM
fabrics.

For the determination of thermal resistance of the sample, the
air temperature was set to 20 °C and the relative humidity was con-
trolled at 65%. Air speed generated by the air flow hood was set to
1+0.05m/s. After the system reached steady state, total thermal
resistance of the fabric was calculated using (Eq. (3)):

I-Ta

Re=A (3)

where R¢; (m2 KW~1) is the total thermal resistance of fabrics plus
the boundary air layer, A the area of the test section (m?), Ts the sur-
face temperature of the plate (K), T, the temperature of the ambient
air (K), and Q the electrical power (W).
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Fig. 2. Optical micrographs (64x) of microcapsules obtained with a stirring rate of 10000 (a) and 13 500 (b) rpm, respectively.

2.5.5. Air permeability

The air permeability of textile fabrics is determined by the rate
of flow of air passing perpendicularly through a given area of fab-
ric is measured at a given pressure difference across the fabric test
areaover a given time period. Transverse air permeability was mea-
sured with FX3300 (Textest, Switzerland) with a pressure applied
of 196 Pa, according to ISO 9237 [40].

3. Results and discussion

3.1. Microencapsulation of a n-hexadecane/n-eicosane binary
mixture

Before examining the thermal properties of the fabrics, we focus
on the chemical and thermal characteristics of the microPCMs syn-
thesized from an in situ polymerization to determine the optimum
treatment conditions to coat them.

The formation of microcapsules containing phase change mate-
rials occurs in four consecutive steps. The first step is the
liquid/liquid dispersion of binary mixture of n-hexadecane/n-
eicosane in continuous phase containing the amino pre-polymers,
surfactant and water at pH 4. The dispersion of the binary mix-
ture of n-hexadecane and n-eicosane in the continuous phase is
the determining step in establishing the size distribution of the
final particles, having the desired physical properties. Thus, from
the results obtained in the laboratory scale study [43], the pH was
adjusted during the emulsion step to 4 to reduce surface tension of

the continuous phase, which allows the reduction of intermolecular
distances between surfactant molecules, and therefore leading to
enhanced emulsification. The phase volume ratio of the dispersed
organic phase to the continuous phase was fixed to 0.42 to obtain
narrow size distribution and a mean diameter of the dispersed
particles within the range from 1 to 2 wm after 20 min of stirring
(Fig. 2).

3.1.1. Structure of microPCMs

The FT-IR spectra of n-hexadecane and n-eicosane binary mix-
ture (a), melamine-formaldehyde shell (b) and microcapsules (c)
are presented in Fig. 3 to allow the identification of various
core and shell microcapsules via known characteristic wavenum-
bers. According to the FT-IR spectra (Fig. 3), hydroxyl, imino
and amino stretchings are located on both sides of 3370 cm™!
in the spectra of the microcapsule shell and microencapsulated
PCMs (b and c). As seen in the figure, the spectra (a) and (c)
show also a strong absorption band at 2952-2823cm~! associ-
ated with the aliphatic C-H stretching vibrations of the n-alkanes.
Furthermore, the in-plane rocking vibration of the CH, groups is
observed at 717 cm~!, and C-H bending vibration in CH, is found
at 1468 cm~! and 1368 cm~!. Additional characteristic absorption
bands of melamine-formaldehyde resin appear at 1550 cm~! and
1488cm~! due to the C-N multiple stretchings in the triazine
ring. Characteristic triazine ring bending at 810 cm~! can also be
observed. On the one hand, C-H bending vibration in CH, is found at
1483 cm~! and 1371 cm™! due to methylene bridges. On the other
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2952
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Fig. 3. FT-IR spectra of PCMs formulation (a), melamine-formaldehyde shell (b) and microencapsulated PCMs with melamine-formaldehyde shell (c).
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Fig. 4. SEM micrographs of microcapsules with different stirring rates, 10000 (a) (10kV, 10000x) and 13500 (b) (25kV, 10 000x ), respectively.

hand, C-O-C stretching due to ether bridge at 1075cm™! is also
present. The characteristic absorption bands of aliphatic C-N vibra-
tion appeared between 1200 and 1170 cm~!. The absorption peaks
of the core material at 2952-2823cm~1, 1468cm1, 1368 cm™!,
and 717 cm~! and amino resin can also be clearly distinguished in
the spectrum (c), which confirm the encapsulation of the n-alkane
binary mixture by melamine-formaldehyde resin [41].

3.1.2. Morphology of microPCMs

Fig. 4 shows a scanning electron micrograph of the micro-
capsules. The resulting core-shell microcapsules have relatively
uniform sizes and a regular spherical shape. No difference on
the mean diameter between the two syntheses realized with two
different stirring rates applied during the emulsion step is signif-
icant. On the other hand, it seems that the stirring rate applied
during the emulsion influences the surface of the microcapsules.
Thus, a higher stirring promote the formation of smooth sur-
face, whereas a rough surface and the presence of tiny solid
particles deposed on it can be observed in Fig. 4(a), due to pre-
cipitation of higher molecular weight melamine-formaldehyde
pre-polymer in the continuous medium. Furthermore, no destruc-
tion of the capsules walls due to mechanical stirring was
perceivable.

3.1.3. Phase change properties of microPCMs

The phase change temperature and the latent heat of fusion
and crystallization of PCMs formulation and microencapsulated
PCMs were obtained using differential scanning calorimeter and
presented in Fig. 5. It can be observed (thermogram a) that two
strong endothermic peaks appear at 18.51°C and 26.11 °C, respec-
tively. The first peak is preceded by a shoulder at 11.91°C. This
is due to different stage melting, as different n-alkane fractions
are present in this formulation. In our previous work [20], we
have attributed the multiple endothermic and exothermic peaks
to the solid-solid and the solid-liquid transitions of the paraffin.
The total latent heat, 224]/g, included the solid-solid transitions
as well as the solid-liquid one. The onset temperature of the main
peak is found at 15.50°C. Furthermore, 75% of the latent heat of
fusion was found in the 15-30°C range. Therefore, this formulation
is quite satisfactory to be used in thermal comfort requirements
in textile field. Endothermic and exothermic enthalpy changes of
microcapsules are also given in Fig. 5, and measured during their
heating and cooling at the rate of 2°C/min between —30°C and
50°C or 60°C. This thermogram (b) also shows the same transi-
tion than the core material, which implies that these materials are
chemically inert during the microencapsulation process [8]. Fur-
thermore, the measured PCMs content, according to Eq. (2), in the
microcapsules synthesized is approximately 77%, which is slightly
higher than the theoretical content (70%), undoubtedly due to the
water and formaldehyde releases occurring during the reaction

of hydromethyl group of the melamine-formaldehyde resin and
the partially removal of surfactant during the washing treatment.
Fig. 5(b) also shows that the exothermic phase change tempera-
tures have shifted to higher temperatures, whereas the onset point
of the integrated exothermic peak is close to that of the PCMs for-
mulation one. The increase in temperature can be correlated to the
low thermal conductivity of the coating material, which affects
the heat transfer rate from the outside to the PCMs inside the
melamine-formaldehyde shell, and therefore influenced the phase
change temperature of the microencapsulated PCMs.

3.1.4. Thermal and mechanical stabilities of microPCMs

Mechanical and thermal stabilities of microcapsules are some
of the most important properties to consider in order to introduce
them onto textile fabric. The increase of mechanical strength or
heat treatments increases the leakage possibility of the core and
therefore decreases the thermal properties and the heat-storage
capacity. SEM micrographs of heat-treated microPCMS at 150°C,
160°C, 180°C, 190°C and 200°C are shown in Fig. 6. Until 160°C,
the morphology change is not significant; on the other hand from
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Fig. 5. DSC thermograms of PCMs microcapsules: (a) n-hexadecane/n-eicosane
binary mixture and (b) encapsulated PCMs.
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Fig.9. SEM micrographs of microPCMS/binder films: 100 wt.% microPCMs (a) (15 kV,3000x ); 90/10 wt.% microPCMs/binder (b) (15 kV,3000x ); 70/30 wt.% microPCMs/binder
(c) (12kV, 3000x ); 60/40 wt.% microPCMs/binder (d) (12 kV, 3000x ); 40/60 wt.% microPCMs/binder (e) (12 kV, 3000x ).

shell shrinkage, which allows the diffusion of PCMs out of the par-
ticles. The heat treatments are also monitored by DSC (Fig. 7), and
it is found that the melting enthalpy of microcapsules decreases
with increasing the heat treatment temperature. Thus, the melting
enthalpies are found to be equal to 158, 142, 115, 90 and 62 J/g for
a temperature of heat treatment of 150°C, 160°C, 180°C, 190°C
and 200°C, respectively. Furthermore, the DSC curves also show
that the main endothermic peak is shifted to the higher temper-
ature, and thus for a heat treatment at 200 °C close to n-eicosane
one. Therefore, microcapsules are sensible to the temperature of
heat treatment, the thermal properties remain intact until 160 °C;
but from 160 °C, n-hexadecane diffuses or degrades first and the
loading content decreases.

The mechanical stability is evaluated from centrifugal tests for
1h in water at 3 x g; afterward the phase change properties and
the particles morphologies are monitored by DSC and SEM (Fig. 8),
respectively. Interestingly, the wall of the microcapsules main-
tained enough thickness and strength for retaining the spherical
shape, even ifthe particles seem to be deformed under this mechan-
ical strength (Fig. 8(a)). No PCMs droplets have been observed
visually, which was confirmed by the latent heat measured by DSC
(Fig. 8(b)). Nevertheless, the two main endothermic peaks have
been shifted to the higher temperatures close to the n-eicosane
melting point. This observation is in accordance with the study
of Domanska and Morawski, who have observed that the freez-
ing and melting temperatures at a constant composition increase
monotonically with pressure [42]. Therefore, the microcapsules are
sufficiently resistant and stable to be applied onto textile fabrics if
the temperature does not exceed 150°C.

3.2. Effect of binder ratio on thermal properties of
microPCMs/binder composite

Thermal characteristics of thermoregulated textiles depend on
the amount of microcapsules deposited onto them related to the
ratio microPCMs/binder composite. The morphology of the sur-
face of the linked microcapsules via PU binder was examined prior
to their incorporation onto textile to determine the influence of
microPCMs/binder ratio. Fig. 9 shows SEM micrographs of some
microPCMs/binder composites films after curing. Differences on
the surface were observed from these micrographs. Thus, at low

binder amount (Fig. 9(b)), most of microcapsules are coated by PU
binder to form an opened cell structure at the surface resulting from
the water evaporation during the crosslinking. The increase of the
binder amount allows to obtain a more smooth film surface with an
amount of still air entrapped in the inner structure. Furthermore, it
can be noticed that the size and the number of open cells present on
the film surface tend to decrease with increasing binder amount.
In addition, the phase change temperatures and latent heat of
these films depend on the binder amount (Figs. 10 and 11). The DSC
melting behaviour does not change with the increase of the binder
amount; the curve shows the two main endothermic peaks. The
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Fig. 10. DSC cooling (a) and heating (b) curves of binder/microcapsules
(x wt.%/y wt.%) composites.
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Fig. 11. Influence of the binder amount on the latent heat and the onset temperature of the main endothermic peak.

latent heat measured is close to the theoretical one, even if a light
deviation is observed at low binder content. This variation can be
due to solvent removal. Interestingly, the onset temperature of the
main peak changes according to the binder amount. Thus at low
concentration (from 10 to 30 wt.%), it is close to 16°C, whereas it
shifts gradually to the higher temperature underlining the influ-
ence of the binder on thermal response of this composite (Fig. 11).
The DSC heating scan of the binder used in this study (Fig. 12),
a polyester urethane, exhibits an exothermic peak at —38.7°C, a
broad melting endotherm between 0°C and 30°C with a melting
enthalpy of 23.03]/g. This exotherm is linked to the soft segment
crystallization on heating, whereas the melting endotherm can
be associated with crystalline soft segment. It can be noted that
crystallization occurs on cooling trace from —7.77 °C. Therefore,
this binder is a segmented polyurethane, composed of alternating
soft segment, i.e. polyester with low glass transition temperature,
and urethane hard segment. Thus, the binder should improve the
thermal storage and release properties of the microPCMs/binder
composite.

3.3. Properties of treated fabrics

Thermal comfort refers to the state of mind that expresses satis-
faction with the thermal environment. The thermal comfort feeling
of the human body is influenced by various parameters, in which
the thermal properties of clothing materials play an important role.
Therefore, it involves the heat transfer between the skin and the
environment. The air permeability of the textile is one of the most
important factors in thermal comfort. This factor depends mainly
upon the construction, the fabric’s weight and can vary accord-
ing to the finishing treatment. The air exchanges are influenced
by the microclimate, and then the larger the volume of air par-
ticipating, the greater the potential for the removal of heat from
the wearer. Thus, the manufacture of a thermoregulated textile
should be a compromise between the breathability and the thermal
transfer of the fabric. Since the structural factors influence the air
permeability, the spacing between yarns is one of the main param-
eters influencing the openness of the treated fabric structure when
flow takes place through the inter-yarn pores. The air permeability
of the various specimens (Table 2) depends mainly to the binder
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Fig. 12. Thermogram of PU binder.
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Table 2
Thermal properties and air permeability of various samples.

Specimen Add-on (%) Re® (M2 KW-1) AP (Wm-1K1) Air permeability (Im? s)
COTref - 0.044 0.20 1344 +£ 5.9
COT1/0-(54) 20.0 0.044 0.19 10.0 + 6.1
COT1/0-(64) 23.7 0.044 0.19 5.6 + 1.0
COT1/0-(81) 30.0 0.042 0.20 3.1 +£0.1
COT4/1-(49) 18.1 0.056 0.18 331+ 0.6
COT3/2-(29) 10.7 0.055 0.19 84.5 + 6.0
COT3/2-(40) 14.8 0.057 0.17 80.8 + 0.6
COT3/2-(62) 23.0 0.060 0.16 45.2 + 4.1
COT2/3-(46) 17.0 0.061 0.19 98.7 + 7.0
COT1/4-(17) 6.3 0.058 0.17 1174 £ 3.2
COT1/4-(102) 37.8 0.062 0.15 79.1 + 2.9
COTO/1-(210) 778 0.066 0.18 96.7 + 11.6

2 R is the total thermal resistance of fabrics.
b ) is the thermal conductivity of the fabrics.

amount introduced. The binder coverage and penetration on the
fabric surface govern the extent of air permeability. Thus, without
microPCMs, air permeability decreases drastically with the increase
the binder add-on until obtaining an impermeable substrate. Thus,
the binder filled the inter-fibers and the inter-yarn spaces. This is
mainly due to the action of the binder that seals the cloth pores of
the fabrics, or fills the voids in the space between fibers when it pen-
etrates into the fabric to decrease the air volume though the fabric.
Furthermore, a formulation containing only microcapsules results
in a decrease of air permeability from 134.4 to 96.7 1m? s, because
the microcapsules fill in the space between fibers and in the space
left in the inter-yarn (Fig. 13(a)). As illustrated in Fig. 13(c and d),
the coating formulation covers the fabric surface and at high add-
on, the voids and interstitial cavities are covered, which decreases
the air permeability of the treated fabric. We can also note, that
whatever the coating formulation containing microcapsules, the
fabric air permeability does not decrease drastically as for samples
without microcapsules. Thus, breathability of the fabric is insured

tMagn Det WD F—1

1000x  GSE 10.1 1.0mBar R

by the fact, that the binder links efficiently microcapsules to the
fibers rather than to fill the interlaced spaces.

The thermal resistance and conductivity of the treated fabrics
with or without microcapsules are shown in Table 2. The differences
between the thermal resistances of the various treated fabrics were
significant. It was found that as the add-on gets higher the thermal
resistance increases whereas the thermal conductivity decreases.
On the other hand, as previously observed by Zuckerman et al. [44],
the thermal resistance of treated fabrics with PCMs is higher than
the one of untreated fabrics. The fact can be correlated to the pres-
ence of microcapsules linked in the inter-spaces until to cover the
entire fabric surface.

3.4. Thermoregulating response of cotton fabric

In this investigation, PCMs are enclosed in microcapsules and
then coated on the surface of cotton fabric to prevent any leakage
of the material during the phase change transition. When, the fabric

Fig. 13. SEM micrographs of microPCMs treated fabrics: samples COT0/1-(210) (a) (15kV, 1000x); COT1/4-(61) (b and c) (20kV, 1000x; 15kV, 100x); COT1/4-(102) (d)

(20kV, 100x).
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Fig. 14. Variation of heat flow versus time for treated fabrics at different binder amounts (20.0%, 23.7% and 30.0% of add-on) (a) and microcapsules (77.8% of add-on) (b).

is heated, microPCMs can absorb heat energy to go from a solid state
to aliquid state producing a cooling effect in the textile layer similar
as a buffering effect. In this part, we propose to study the influence
of coating formulation, i.e. binder and microPCMs contents, on the
thermoregulating response of the treated fabric where the neces-
sary heat to maintain the guarded hot plate at 35°C is measured
during a cold to warm transition.

Thermal characteristics of the fabric would depend mainly
on the coating formulation. The influence of binder is shown in
Fig. 14(a). Under steady-state conditions, heat data collected are not
exactly identical due to the difference between the thermal resis-
tance and conductivity at low temperature. For the samples treated
without microPCMs, the heat evolution is composed of four stages:

(1) from O to 65, the power supply, or the heat loss, is decreas-
ing linearly with a higher slope for binder sample than the
reference;

(2) from 6 to 12s, the curves present a “sinusoidal aspect”, due to
the melting of the soft segments of the PU binder;

(3) from 12 to 60s, the heat is decreasing with a lower slope than
the first stage; during this stage, the PU binder can store the
heat and therefore act as a thermal barrier;

(4) for t=60s, the heat has reached a steady state.

The difference in heat between the binder layer fabric and the
reference is graphed in Fig. 14(a). The response of these samples to
a cold to warm transition is interesting to characterize the time lag
due to the binder. Of course, the presence of binder allows to delay
the heat temperature increase (as long as the temperature varies
within the phase change range of the compound).

The difference of heat behaviour between the reference and a
sample containing only microPCMs is shown in Fig. 14(b). The heat
evolution is divided in two stages, in which firstly, the power sup-
ply is decreasing linearly during the first 30s; and secondly when
the temperature in the fabric has reached the phase change tem-
perature of the PCMs, the microPCMs can store the heat which is
characterized by a slope lower than the reference’s one until the
steady state has been reached.
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Fig. 15. Variation of heat flow versus time for microPCMs treated fabrics at different binder contents (37.8%, 17.0% and 10.7% of add-on) (a) and microcapsules content (6.3%,

10.7% and 18.1% of add-on) (b).

The influences of microPCMs and binder content on the ther-
moregulating response of cotton fabric are shown in Fig. 15(a) and
(b), respectively. For all the formulation tested with a similar con-
tent of binder (~20g/m?), the three curves have the same trend.
Thus, the heat evolution curves have a break of slope of about
30s, which corresponds to an outer surface fabric temperature of
about 26 °C. From this point, the slopes are much lower when the
microPCMs content increases. Furthermore, the changes of heat
loss for samples having a low add-on of microPCMs, i.e. 12 g/m?
and 27 g/m? for COT3/2-(29) and COT2/3-(46), respectively, are
insignificant; which suggests that the microPCMs effect is com-
pensated by the binder effect. The data collected for the samples
(COT3/2-(29, 40, 62)) having the same ratio binder to microPCMs
(results do not present) have shown that at low add-on the heat
evolution was similar to the reference one, and the cooling buffer-
ing effect increased with increasing the add-on. Thus, a minimum
add-on related to the ratio binder to microPCMs is required to
obtain a cooling effect. On the other hand, COT1/4-(102) shows a
good cooling buffering effect until it reaches the steady state from
180ss. For a similar microPCMs content (~10-12 g/m?) (Fig. 15(b)),

the three curves have the same trend until 30s. From 30 to 120s,
samples with low ratios binder to microPCMs show a better cool-
ing effect. Therefore, the effect of binder is limited from a deposited
mass of about 20 g/m?.

The influence of the starting temperature on the heat evolu-
tion is shown in Fig. 16. The sample labelled COT3/2-(62) was
studied from a steady state established at 8°C, 11°C and 13°C.
The heat variations between the curves at 8°C and 11°C are
not significant during the first step (from 0 to 165s) even if the
melting phenomenon related previously is more pronounced for
the lower temperature. Furthermore, for a starting temperature
of 13°C, this phenomena disappears. The temperature measured
on the outer surface versus time varies according the starting
temperature. Thus, the data collected for 11°C and 13°C are
quasi-identical. Beside, for a starting temperature about 8°C,
a shift about 2°C was observed during the test producing a
longer cooling effect until 150 s since more microPCMs were acti-
vated. Then, the more heating excitation is rapid, the more the
microPCMs textile fabric is efficient for slowing down the temper-
ature increase.
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Fig. 16. Influence of the starting temperature on the thermoregulating response of textile fabric (COT3/2-(62), 23% of add-on).

4. Conclusion

MicroPCMs were produced by an in situ polymerization pro-
cess to obtain narrow size particles having a mean diameter within
the range of from 1 to 2um and containing 77wt% of a n-
hexadecane/n-eicosane binary mixture in their core. The DSC and
MEB investigations have shown that these particles were thermally
stable until 160 °C; on the other hand, mechanical stability was also
performed furthermore to confirm the possibility to apply them
onto textiles substrate by a coating process.

It was found that the thermal behaviour of the
microPCMs/binder composites was linked to the thermal proper-
ties of the polyurethane binder showing a melting endothermic
from 0°C to 30°C. Thus, at higher binder content, the main
endothermic peak of these composites was shifted to higher
temperatures.

When microPCMs were incorporated onto cotton substrate, this
textile structure produced a small temporary cooling effect in a
transition from a cold environment to a warm environment. Nev-
ertheless, the thermoregulation response depends on the textile
properties and more specially on the air permeability modifica-
tion and the add-on deposited onto the fabric. Furthermore, the
results show the preponderant action of the binder during the
30s when its surface weight deposited was higher than 20 g/m?.
The main contribution of the microPCMs from 30s appeared from
40 g/m2, meaning when the outer surface temperature of the tex-
tile structure reaches 25 °C; whereas the main endothermic peak
of the PCMs formulation was found at 16°C by DSC measure-
ments. Therefore, during the 30s, we have obtained a synergetic
effect of the binder and the microPCMs limiting the calorific loss
due to the modification of the contexture. Thus, a good ther-
moregulating effect without altering the air permeability property
can be obtained for the coating fabrics with 20-40 wt.% of binder
related to coating formulation and a minimum of add-on about
17%.

Finally, the cooling effect of our treated textile is more important
when the starting temperature is low, which allows to activate both
binder and microPCMs containing the n-alkane mixture.
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