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In this study, cotton fabrics were treated with temperature-water responsive nanocomposites
consisting of shape memory polyurethane (SMPU) and cellulose nanowhiskers (CNWs) for smart
crease recovery/retention functions besides breathability. The smart crease recovery/retention
functions were determined in air/water at different temperatures and relative humidities simulating
laundry and drying processes. Smart breathability function was tested by water vapour permeability
tests under different temperatures-relative humidities and air permeability tests at different fabric
temperatures. Physical-mechanical properties and washing fastness properties were also investigated.
Fourier-transform infrared (FT-IR) and scanning electron microscope (SEM) analyses confirm the
SMPU-CNW nanocomposite presence on fabric. Test results show that the treated cotton fabrics have
not only dual responsive permeability as a result of dynamic pore structure, but also dynamic crease
recovery/retention with enhanced mechanical properties. It is thought that suggested method can
contribute to both ecological and economic aspects of sustainability as a result of less energy and
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polymer consumptions besides smart comfort enhancement and mechanical functions.

1. INTRODUCTION

Cotton is one of the most commonly used textile materials
for garments worldwide by virtue of its comfort,
hydrophilicity, mechanical strength, softness, availability,
cost competitiveness, and biocompatibility attributes [1].
Nevertheless, practical usage of pure cotton in garments is
restricted by wrinkle and crease tendencies, a disadvantage
sourced from slippage movement of the cellulose molecular
chains during usage and/or repetitive laundering [2]. Wrinkle
and crease tendency of the garments, associated with easy
care properties [3], causes a costly and time-consuming
ironing process and deterioration of aesthetic appearance
during wearing [4]. Recently, expectations of consumers
about  multi-functionality  including  easy-care, low
maintenance, clothing comfort features, and sustainability
issues have increased, especially with COVID-19 pandemic
and recent natural events. Correspondingly, crease recovery
of the garment, namely, the ability of a fabric to recover from
fold deformation, is a desired property especially after
laundry cycles. There are also some end uses such as pleating
of a garment part (skirt, trouser etc.), where crease retention,

recovery/retention

namely, the ability of a fabric to maintain folded appearance,
is required [5].

To achieve easy-care performance, especially for crease
recovery and retention, different commercial finishing
methods and chemicals were developed such as
formaldehyde-based  easy-care finishes  (dimethylol-
dihydroxy-ethylene urea-DMDHEU) [6], ether derivatives
of DMDHEU [7], formaldehyde-free finishes with
polycarboxylic acids (1,2,3,4-butane tetracarboxylic acid,
citric acid, maleic acid, succinic acid etc.) [8], carboxyl
polyaldehyde sugars [9] applied by finishing treatment,
foaming [1], and sol-gel technology [10]. But these
commercial finishing chemicals and methods have
problems with formaldehyde release, a probable human
carcinogen, during manufacturing, wearing, and storage
[11]. Moreover, other disadvantages of these applications
are strength loss [12], poor comfort [13], deterioration in
fabric hand [14], high cost [15], and colour changes [16].
The mentioned concerns and disadvantages motivated
researchers to develop multifunctional, garments with smart
comfort and easy care features while providing
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sustainability during production and usage periods by using
environmentally non-hazardous materials and single-stage
finishing procedures [1].

An alternative smart method by using shape memory
polymers (SMPs) was suggested to obtain novel shape
memory effect upon body temperature, home laundry,
steaming, and hot wind tumble drying processes which
enables environmentally adoptable crease recovery and
retention behaviours [17-21], dimensional stability, pattern
keeping and bagging recovery [22-25]. Among the reported
SMPs, thermally responsive shape memory polyurethane
(SMPU) has paved the way for developing smart garments
which have adaptability to dynamic environmental and
body physiological changes in the form of films [26-28],
fiber/yarn to produce fabrics [29-44], fabric coating/
finishing applications [45-52]. Despite obtained smart
thermal comfort features based on dynamic permeability
[52], SMPU has not achieved much commercial adoption in
textile processing because of the disadvantages such as the
necessity of excessive polymer concentration for sufficient
shape memory effect leading to poor fabric hand [53],
insufficient response time, and high activation temperature.
Besides, temperature and moisture/water have a decisive
effect on both human physiological phenomena affecting
thermal comfort besides textile production and end-use
parameters [25]. To tackle the highlighted issues,
simultaneous temperature and water/moisture responsive
materials have been developed by modifying SMPU with
hydrophilic nanoparticles such as CNWs [54]. SMPU-
CNW nanocomposites enable water-responsive shape
memory effect depending on the plasticization and
percolation network formed by CNWSs whose hydrogen
bonds can be reversibly regulated by water molecules [55-
58] beside temperature-induced shape memory effect
originally existing in SMPU. These nanocomposites were
applied to wool [24, 52, 53] and polyester fabrics [25] as
finishing applications and the results are convincing for
dynamic crease recovery/retention and porosity changes of
fabrics enabling smart breathability. In this context,
mentioned dual smart function of SMPU-CNW
nanocomposites may be a tool for crease recovery and
retention functions during standard laundry and drying
procedures without the need for ironing besides smart
permeability in dynamic conditions. A single stage of
SMPU-CNW nanocomposite finishing application can
enhance both thermal comfort and end-use performances
while decreasing environmental impacts of the product.

Therefore, in this study, cotton fabrics were treated with
nanocomposite solutions prepared by modification of SMPU
with CNWs for smart crease recovery and retention functions
under temperature or moisture environments (laundry and
tumble drying processes) besides smart permeability with
dynamic porosity stimulated by the temperature and relative
humidity of the body/environment. Moreover, physical-
mechanical properties (weight, thickness, bending rigidity, and
strength) and washing fastness properties were also evaluated
to determine the performance and formability of the treated
fabrics.

2. MATERIAL AND METHOD
2.1 Material

100% cotton woven fabric with an areal density of 117
g/m?, yarn density of 58 warp/cm and 38 weft/cm, was
kindly supplied by Soktas Group, Turkey. Temperature and
water-responsive nanocomposite suspensions were prepared
by using commercial SMPU (SMP Technologies Inc.,
Japan) (MM-3520, pellet type) having appropriate Tgiass
transition () Of 32°C [53] as matrix/thermo-responsive switch
and CNWs (Grafen Co, Turkey) (150-200 nm length, 20
nm width, and 98.98% crystallinity) as water/humidity
responsive switch. Homogenous dispersion of hydrophilic
CNWs in a hydrophobic SMPU matrix was ensured by
using a non-ionic surfactant (Tween®80, Sigma Aldrich,
USA). N, N-dimethylformamide (DMF) (Sigma Aldrich,
USA) was used as the solvent. A commercial polyether
type polyurethane (Pulcra HPU®, Pulcra Chemicals)
without shape memory function, was used as a control
finishing agent for comparison. Before the finishing
process, cotton fabric was washed 5 times according to TS
EN ISO 6330:201, followed by drying at room temperature.

2.2 Method
2.2.1 Nanocomposite treatment onto cotton fabrics

A series of temperature and water-responsive hanocomposite
suspensions were prepared by nanoreinforcing 10 wt%
SMPU-DMF solutions with CNWs (5, 10, and 20 wt% of
SMPU) in DMF with Tween®80 at 1:2 w/w of the
nanoparticle by mixing two aqueous suspensions
homogeneously under ultrasonic stirring for 1 h. After that,
cotton fabrics were impregnated with these nanocomposite
solutions at an average pick-up ratio of 90% by pad-dry-
cure process at a speed of 2 m/min and pressure of 3 bars on
the foulard, dried at 85°C for 3 min and cured at 120°C for
2 min. Moreover, cotton fabrics were treated with Pulcra
HPU® according to the manufacturer's recommendation at
8 wt% concentration, dried at 120°C for 3 min and cured at
170°C for 30 s. The treated cotton fabrics were coded as
CO-SMPU-CNWHx where x represents CNW concentration.

2.2.2 Characterizations

Presence of the SMPU-CNW nanocomposite and surface
morphology of the fabrics were detected using a SEM (Fei
Quanta FEG 250, Thermo Scientific) with 20 kV and 10
PA at high magnification of up to 2500 for textile fabrics.
Elemental content of the fabrics was investigated by X-ray
spectroscopy (EDX) analysis. Spectroscopic analyses of the
polymers and fabrics were carried out on KBr disks by using
an FT-IR spectroscopy instrument (Perkin Elmer Spectrum
BX) with 4 cm? resolution, 2 cm? intervals, and 16 scan
numbers in the range of 400-4000 cm™. Physical (weight,
thickness) and mechanical (bending rigidity, tear strength)
features were determined according to TS 251:2008, ASTM D
1777-96, ASTM D 1388-92:2002, and 1SO 13937-2 standards,
respectively to identify effects of the treatments on fabric
properties.
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For determining dynamic permeability function, water
vapour permeability (WVP) of the fabrics was measured
regarding the standard ASTM E96-80 with plastic cups.
Tests were conducted at different ambient temperatures
(20°C, 40°C, and 65°C) and relative humidities (20%, 40%,
65%, and 80% for constant temperature of 20°C) with three
replicates. To visualize the change trends of permeability
with temperature and moisture, ratios of WVP values for
different temperatures and relative humidity values
(WVPgs:c/WVP20ec, WVPAoec/\WVP20:c, WVPg096 MWV P 205,
WVPessWVP20y, etc.) were also calculated. Air
permeability was also tested according to ASTM D737-
04:2012 at different fabric temperatures with ten replicates.
Selected fabric temperatures (20°C, 40°C, and 65°C) were
arranged with a hotplate and controlled by a thermal camera
(Fluke Ti100 Thermal Imager).Smart crease recovery and
retention functions, an indicator of the shape recovery
ability, were carried out in different media (air and water at
different temperatures and relative humidity) simulating
laundry and drying processes according to AATCC 66:1998
by angle measurements. The test procedure was illustrated
in Figure 1 and explained in the following steps:

(i) Evaluation of original shape: First, the flat original
shape for crease recovery (Figure 1(a)) was prepared by
ironing both sides of the samples for 30 s at 120°C with 100
g/m? pressure then fixing at 120°C for 2 min. The creased
original shape for retention (Figure 1(b)) was also prepared
by folding the samples, then ironing both sides of folded
samples for 30 s at 120°C with 100 g/m? pressure and
fixing at 120°C for 2 min. Subsequently, the original angles
of the flat (Oorigina=180°) and creased (Oorigina=0°) fabrics
(40 mmx15 mm) on both warp and weft directions were
measured.

(i) Shape deformation: The samples were then pressed
with 100 g/m? pressure for 24 h for temporary shapes
(creased samples for crease recovery (Opressed, 1oat=0°) and

()

i Ooriginal

Flat original shape for crease recovery

pressing

. e

Creased original shape for crease retention

Temporary shape for crease recovery

i (= po——

Temporary shape for crease retention

flat samples for crease retention (Opressed, loac=180°). Then,
all of the samples were stuck on L-shaped hangers.

(iii) Recovery process: Recovery abilities were tested in
water and dry air for 5 min and 30 min, respectively at
20°C, 40°C, and 65°C to simulate laundry and drying
conditions. Recovery abilities were tested also at different
relative humidity values (20%, 40%, and 65%) for a
constant temperature of 20°C. For the shape recovery
process in water media, the hangers with samples were
immersed in a water bath at temperatures of 20°C, 40°C,
and 65°C for 5 min. Then, samples were conditioned within
a drying frame for 24 h at 65% RH, 20°C. For the shape
recovery process in air and relative humidity media, the
hangers with the samples were kept in the oven for 30 min
under the specified temperature and humidity conditions.

(iv) Evaluation of shape recovery: The smart crease
recovery and retention performances were determined by
angle measurements in the final state (Osinal) and ratios were
calculated according to Equation (1). In each case, the
average warp and weft recovery angles and the sum of the
recovery angle from the warp and weft were calculated.

0 - Hfinal
C, = x100
- Horiginal (1)

pressed,load
' epressed JJoad
For determining the washing fastness of the treated fabrics, the
samples were washed repeatedly according to TS EN 20105-
C06:2001/A2S program at 40°C for 30min by using a
washing machine (James H. Heal, Gyrowash Model 415). The
samples were washed 1, 5, 10, and 20 cycles in an aqueous
solution having a liquor ratio of 1:50 with a 4 g/l of ECE
standard detergent solution and then the presence of
nanocomposite material in the fabric structure after washing
was determined by weight changes according to Equation (2).

W, (%) _Wo W,

WO

x100 2

. eﬂnal

Recovered shape for crease recovery

water and dry air with
different temperature

M

relative humidity

| ..

Recovered shape for crease retention

Figure 1. The test procedure of smart crease recovery and retention based on shape memory function
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Where W, Wy, and W; are the weight change, weights of
the samples before and after washings, respectively.

SPSS Statistics 22.0 for Windows statistical software (IBM,
Armonk, USA) was used to analyse test results statistically.
Univariate and Multivariate analysis of variance (MANOVA)
at 95% confidence level were conducted to determine the
effect of finishing agent type, media, and temperature on the
breathability and crease recovery/ retention characteristics,
respectively. Parameters were evaluated statistically also with
Univariate Analysis of Variance within groups. Student-
Newman-Keuls (SNK) tests were used to examine the
differences among the measured fabric parameters.

3. RESULTS AND DISCUSSION

3.1 Morphology and Elemental Analysis of
Cotton Fabrics

In order to investigate the presence of nanocomposite
treatment, fabric morphological change, and elemental
content, SEM analysis was performed. SEM images and
EDX spectra of the selected samples were given in Figure
2. From Figure 2(a)-(b), it can be seen that, the raw sample
demonstrates the characteristic convolution structure and
smooth surface of the cotton fiber as expected. As shown in
Figure 2(c)-(d), Pulcra HPU solution, polyurethane without
shape memory property, did not form a film layer on the
surface of the fibers. Besides, for the SMPU and also
SMPU-CNW nanocomposite treated fabrics, fiber/fabric
surfaces were covered with relatively uniform, smoother,
and thicker coatings. Moreover, SMPU and SMPU-CNW
nanocomposites filled the gaps between the fibers, and
bridged the adjacent fibers through adhesion providing
fiber-fiber bonding. The nanoparticle distribution on the
cotton fabric surface and increased thickness for SMPU-
CNW nanocomposite treated fabrics increasing with CNW
concentration (e.g. CO-SMPU-CNW?20) can be realized in
Figure 2(9)-(j).

According to EDX spectra, giving idea about the elemental
contents of the investigated fabrics (Figure 2), 54.76% C
and 45.24% O elements were detected on the surface of the
raw samples. The finishing treatments with Pulcra-HPU,
SMPU, and SMPU-CNW nanocomposites caused a
decrease in the O/C ratio, an indicator of better wettability,
as compared to the raw cotton fabric (0.83). Pulcra-HPU
treated fabrics had a higher O/C ratio (0.80) due to the
hydrophilic nature of the commercial polyurethane polymer
used when compared with the ones treated with SMPU
(0.72) and the SMPU-CNW nanocomposites (0.73).
Although a small difference, the O/C ratios of SMPU-CNW
nanocomposite and SMPU-treated fabrics demonstrate an
enhancement in wettability of the fabrics that can be
attributed to the hydrophilic nature of CNW particles.

FT-IR analysis was conducted to determine the chemical
structures and interactions of the polymers with cotton
fabric. FT-IR spectrums of the polymers, raw, and treated

cotton fabrics were given in Figure 3. According to FT-IR
spectrums in Figure 3;

v/ The commercial polyurethane (Pulcra HPU) and SMPU
showed their characteristic bands. Pulcra-HPU exhibited
peaks at 3435 cm (-NH absorption peak) and 1102 cm
(-C-O-C-) (Figure 3(b)). SMPU exhibited peaks at 3449
cm® (urethane stretching vibration), 2861 cm™ and 2927
cmt (-CH; stretching), 1463, 1406, 1345, and 1294 cm'!
(other modes of -CH vibrations), 1737 cm?® (C=0
stretching), and 1544 cm™ (-NH), and 1051 cm™ (-CaHa-
0O-C;H4- ether group) [24, 25, 52, 53] (Figure 3(d)).

v When the fabric-polymer interactions were evaluated
according to FT-IR spectrums, there are no sharp peaks for
Pulcra-HPU treated cotton fabrics since it is present in
very small amounts within the fabric structure confirming
SEM images. After treatment with Pulcra-HPU, a slight
gradual decrease in the intensity of (-OH) stretching band
at 3200-3400 cm™ of the raw cotton samples due to the
interaction between the cellulose (-OH) group and the (-
NH) bonds of Pulcra HPU, was observed as expected.
This can be evaluated as proof of the Pulcra HPU presence
on the fabric surface. Moreover, a transmittance descent of
(HNC=0) amide group bands at 1500 cm™ and carbonyl
groups of urea at 1750 cm™ in the Pulcra-HPU treated
fabrics compared to Pulcra-HPU polymer, is another proof
of the Pulcra HPU bonding.

On the other hand, the peak at 1737 cm™ for the SMPU
polymer can be attributed to the free urethane (C=0) groups
(Figure 3(c)), while the peak at approximately 1700 cm™
for SMPU treated cotton samples indicates the hydrogen-
bonded urethane (C=0) groups [24, 25, 52, 53, 59].
Besides, a decrease in the intensity of (-OH) stretching
band in the wavelength range of 3200-3400 cm™ was
observed after SMPU treatment. This may occur with the
reaction of the free isocyanate groups of polyurethane,
which may be formed as a result of thermal decomposition
with the effect of temperature during the drying and curing
processes, and the (-OH) group of cellulose [60].
Furthermore, the decrease of (-OH) in-plane stretching
band in the range of 900-1200 cm for treated fabrics when
compared with the raw ones indicates that the SMPU
polymer reacts with the (-OH) groups of cotton. Different
from the raw cotton fabric, (-CHy) stretching peak at 2975
cm® and the characteristic (-CoHs-O-C2H4-) ether peak at
1049 cm™ in the treated fabrics (Figure 3(e)) prove the
existence of SMPU in the fabric structure. On the other
hand, different from SMPU-treated fabrics, SMPU-CNW
nanocomposite-treated ones exhibited a broader and more
intense peak of hydrogen-bonded urethane (C=0) groups at
1703 cm* with the increase of CNW content (Figure 3(f)-
(9)). This is an indicator of the SMPU-CNW
nanocomposite treatment presence in the cotton fabric
structure.
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Figure 2. SEM images of cotton fabrics at 1000x and 2500x; raw cotton fabric (a, b), CO-Pulcra HPU (c, d), CO-SMPU (e, f), CO-SMPU-CNWS5 (g, h),
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Figure 3. FT-IR spectra of raw cotton fabric (a), Pulcra HPU
emulsion (b), CO-Pulcra HPU (c), SMPU polymer (d),
CO-SMPU (e), CO-SMPU-CNW5 (f), CO-SMPU-
CNW?20 (g)

3.2 Physical and Mechanical Features of Cotton Fabrics

The physical and mechanical features of the cotton fabrics
with their statistical analysis results are given in Table 1.
According to the results, while SMPU and SMPU-CNW
nanocomposite treatments created significant areal density
differences proportional to CNW concentration, is not the
case for CO-Pulcra HPU. A similar trend was observed for
bending rigidity and tear strength properties that SMPU-
CNW10 and SMPU-CNW20 fabrics have lower bending
rigidities than SMPU-treated ones, a positive result for
fabric hand. Statistically insignificant thickness changes
with both SMPU (0.27 mm) and SMPU-CNW (0.25 mm)
treated fabrics also confirm bending rigidity values.
Besides, tensile strength of the fabrics increased by
approximately 21.26% compared to the raw ones with
SMPU-CNW20 nanocomposite treatment.

3.3 Shape Memory Features of Cotton Fabrics
3.3.1 Dynamic water vapour permeability

Water vapour permeability is the main indicator of
breathability, affecting the comfort properties of clothing
systems besides air permeability in both daily life and
extreme conditions. Hence, dynamic WVP or breathability
features of the raw and treated cotton fabrics, based on the
simultaneous temperature and water/moisture responsive
shape memory functions, were measured as well.
Univariate ANOVA analysis results show that WVP values
changed significantly with the treatment type (CNW
concentration), temperature/relative humidity, and two-way
interactions of the mentioned parameters (p=0.00<0.05),
meaning dynamic breathability based on temperature and

water/moisture responsive shape memory function. The
WVP values of the fabrics were plotted in Figure 4(a) and
Figure 4(b) according to different temperatures and relative
humidity values. According to Figure 4(a), at temperatures
(20°C) below Tg of SMPU (32°C) [53], WVP values of the
treated fabrics, especially values of the SMPU and SMPU-
CNW nanocomposite treated ones were lower than the raw
fabric as expected due to the polymer covering spaces
among yarns. When the effect of temperature is considered,
there is an apparent increase trend directly proportional to
temperature. As in the air permeability, at higher
temperatures above Ty of SMPU (40°C and 65°C), Pulcra—
HPU treated samples had the minimum WVP value which
is significantly different from the other samples. The
temperature-responsive performances of the SMPU and
SMPU-CNW nanocomposite treatments were apparent for
the temperatures above Ty of SMPU (40°C and 65°C) and
there are increase trends for all samples, SMPU-CNW20
being the highest. Moreover, increase trends of WVP
values calculated from ratios of WVP for different
temperatures show that there are surely increase trends for
WVP4o°c/WVP2()°c and WVPgsec /WVPZ()OC and the
maximum increment was for CO-SMPU-CNW?20 (5.86 and
13.46, respectively). According to the mentioned results, it
can be concluded that, the dynamic WVP feature mainly
originates from the fact that SMPU polymer chains act as a
smart gate changing pore size and structure reversibly due
to temperature-sensitive free volume [61] and micro-
Brownian motion [50, 51]. Moreover, adding CNW
nanoparticles into the SMPU matrix promotes dynamic
water vapor permeability function by the occurrence of
additional permanent micro-voids and probable stretching
and distorting of hydrogen bonds formed among CNWs
with temperature [62].

WVP values differing according to relative humidity values
as seen in Figure 4(b), changed significantly with relative
humidity and finishing treatment (p<0.05), indicating
water/moisture-responsive function of the nanocomposite.
WVP reached the maximum value for SMPU-CNW20 at
40% relative humidity, a moderate value for a comfortable
zone [61]. These findings can be evaluated as an indicator
of moisture-sensitive water vapour permeability obtained
by strong hydrogen bonding of CNW percolation network
which can be broken by moisture molecules [61] within
SMPU matrix leading opening of channel for water to pass
through. When the mentioned phenomenon occurs, pores
form or their number increase for more water vapour
transfer. For higher relative humidity levels than 40%, the
permeability of all fabric samples decreased as a result of
water vapour concentration gradient reduction between the
microclimate and environment [63]. It is thought that the
mentioned dynamic changes of water vapour permeability
values with body/environment temperature and relative
humidity could improve thermoregulation by supporting the
insulation effect at low temperatures and heat transfer at
high temperatures as well as low and high humidity values.
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Table 1. Physical and mechanical features of the cotton fabrics

Weight
Samples (g/m2)
Raw cotton fabric 1172+£2.05
CO-Pulcra HPU 119%+0.61
CO-SMPU 121°+0.03
CO-SMPU-CNWS5 124bc+1.22
CO-SMPU-CNW10 126¢+0.40
CO-SMPU-CNW20 127°+0.23

Bending rigidity

Tear strength (N)

(mg.cm) Warp Weft
171.213+3.41 4.61%+0.35 4.122+0.19
160.45%+13.27 5.28°+0.15 4.222+0.18
501.47°+£22.26 5.30°+0.10 4.222+0.11
487.55°+32.88 5.345¢+£0.22 4.58°+0.45
442.28°+13.29 5.58+0.20 4.61P+0.26
437.13°+20.05 5.59+0.16 5.18°+0.06

Note: Superscripts show significant differences among the results (p<0.005)

(a)
20,000 Samples
s B Raw cotton fabric (CO)
CO-Pulcra
F o s
& L] CO-SMPU-CHW10
T 1 CO-SMPU-CHW20
S 15.000-]
=
F=3
£
& 10.000-]
5
2
£
£ 000
=
20 0 65
Temperature (°C)
(b)
».000-{
]
bl
>
é e
; 1.0
£
wo

“o
RH (%)

Figure 4. Water vapour permeability values according to

temperature (a) and relative humidity (b)

3.3.2 Dynamic air permeability

Air permeability, the measure of air that the fabric allows to
pass through due to its porous structure, facilitates
convective heat transfer besides influencing water vapour
permeability [64]. This function can be passively improved
by fiber and yarn properties, fabric structure, as well as
finishing processes by managing the shape and volume of
airflow channels within the fabric [65, 66]. The dynamic air
permeability results were summarized in Figure 5.
According to the results, the air permeability of the raw
cotton fabric was 122.66 I/m?/s at 20°C and did not change
significantly at 40°C and 65°C, as expected. On the other
hand, nanocomposite treatment (CNW concentration),
temperature and their interactions have statistically
significant effects (p<0.05) on air permeability. At
temperatures below Ty of SMPU (32°C), air permeability
values of all the treated fabrics were lower than the raw
fabric as expected due to the polymer covering spaces
among yarns confirming SEM images. However, as the
temperature was raised above Ty of SMPU such as 40°C
and 65°C, there were apparent increase trends for SMPU

and especially for SMPU-CNW nanocomposite treated
fabrics, proportional to CNW concentration. On the
contrary, although not statistically significant (p>0.05), air
permeability values of CO-Pulcra HPU decreased with
temperature increase due to the polymer structure of Pulcra
HPU, which is not temperature sensitive. Air permeability
comparisons with the values for 20°C (differences), given
in Figure 5(b), supported these results that SMPU-CNW
nanocomposite treated fabrics are notably sensitive to
temperature. It is clear that adding ceratin amount of CNW
nanoparticles into the SMPU matrix promotes dynamic air
permeability function by the occurrence of additional
permanent micro-voids, increasing in size and in number
[67] as a result of probable stretching and distorting of
hydrogen bonds formed among CNWs beside free volume
increasing of the polymer (SMPU matrix) amorphous phase
with temperature. Considering both water and air
permeability results, it can be concluded that the adaptive
comfort properties in cotton fabrics could be obtained with
SMPU-CNW nanocomposite treatment.

(a)

B Raw cotton fabric (CO)
HPU

200~

IPU.CH

NWS
LICO.SMPU.CNW10
B CO-SMPU.CNW20

Air permeability (Um2is)

40
Temperature (“C)

1: Raw cotton fabric (CO)
2: CO-Puicra HPU

3: CO-SMPU

90 { 4: CO-SMPU-CNW5

5: CO-SMPU-CNW10

6: CO-SMPU-CNW20

# AP(40°C)- AP(20°C)

wAP(65°C)- AP(20°C)

30

Air permeability difference (Vm?s)

1 3 El 5 6
Samples

-30
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3.3.3 Smart crease recovery and retention

Fabrics are often subject to repeated crease and bending
deformations, like elbow movements, and crease recovery
or retention abilities of fabrics are important for end-use
and formability of the garments. Crease recovery is always
a desired property, especially for natural-fiber fabrics like
cotton, which has a higher tendency to crease, and crease
retention may be required for some garment formations
such as pleated skirts. Thus, the crease recovery and
retention functions of the SMPU-treated cotton fabrics were
determined under different media simulating home
laundering and/or tumble drying without the need for
ironing or another extra energy-expending procedure. The
crease recovery and retention ratios of the cotton fabrics in
air and water media under different temperatures and
relative humidity values were presented in Figure 6 and
Figure 7, respectively. MANOVA test results show that
crease recovery and retention values increased significantly
with the treatment type (CNW concentration), temperature/
relative humidity, type of test media (water/air), and all
double and triple interactions of the mentioned parameters
(p<0.05), meaning a smart shape memory function. The
crease recovery and retention functions were enhanced for
SMPU and SMPU-CNW nanocomposite treated fabrics
increasing with CNW concentrations, better than the
increment for Pulcra-HPU (Figure 6). CO-SMPU-CNW20
has the highest crease recovery ratio at 65°C; 59.72% in dry
air and 88.05% in water. This result showed that cotton
fabric crease that occurred during wear conditions can
recover better during the laundry process with the dual
responsiveness of the SMPU-CNW nanocomposite
treatment and a further recovery can be enabled during
home drying. Better performance of water than air under
the same temperatures can be explained by the higher
thermal conductivity of water [18] providing the trigger of
shape memory ability. Crease retention results showed a
similar trend that CO-SMPU-CNW20 has the highest
values such as 68.52% in dry air and 69.44% in water at
65°C, showing an environmental adaptable memory effect
that may be a solution for setting pleated skirts. These data
imply that shape memory characteristics were imparted to
cotton fabric probably through grafting onto or between
fibre surfaces, reducing the residual stress in both warp and
weft yarns and increasing the elasticity [18]. SMPU and
SMPU-CNW nanocomposite distribution on the surface of
the cotton fabric/fiber seen in SEM images and FT-IR
analyses (grafting SMPU and SMPU-CNW nanocomposite
on the fabric surface) supported this assumption.
Furthermore, thicker polymer film formation with SMPU-
CNW nanocomposites especially at 20% nanoparticle
content, as can be seen in SEM images, resulted in
recovery/retention enhancement. The thermo-responsive
viscoelastic behaviour and molecular mobility of SMPU
polymer chain, hence dimensional change of the coated
film on fabric/fiber surface resulted in smart crease
recovery/retention functions. This thermo-responsiveness

segregates classical wrinkle-free finishes with DMDHEU,
polycarboxylic acid etc. from shape memory finish [18, 67].
Probable stretching and distorting of hydrogen bonds
among CNWs by temperature in dry air [62] and
plasticization based on reversibly regulating hydrogen
bonds among CNWs by water/moisture molecules in an
aqueous medium are thought to promote smart crease
recovery and retention functions. On the other hand, Pulcra
HPU solution did not form a film layer on the surface of the
fibers and penetrated into the fiber resulting in induced
residual strain inside the fibers hence elasticity and also
complete recovery [18].

As can be seen in Figure 7, SMPU and SMPU-CNW
nanocomposite treated cotton fabrics have higher recovery
and retention ratios increasing with CNW concentration and
relative humidity but ratios are lower than the ones obtained
for temperature in air/water. With relative humidity
increasing, the crease recovery and retention functions
reached maximum ratios for CO-SMPU-CNW20 (37.5%
and 58.80%, respectively). CO-Pulcra HPU has lower
crease recovery and retention ratios than raw fabric.
Water/moisture  responsiveness of the SMPU-CNW
nanocomposite finishing process depending on reversibly
broken and rebuilt hydrogen bonding among CNWs was
confirmed for relative humidity. All these results show that
SMPU-CNW nanocomposite treatment can meet the
current demand for wrinkle-free/shape adaptable cotton
fabric during standard laundry and drying procedures
without needing ironing along with smart comfort,
acceptable hand and mechanical properties. The
conservation of energy with this method contributes to
ecological and economic aspects of sustainability besides
being functional [68].

In addition, the lifetime of the materials coated onto the textile
materials is a crucial property during usage and should be stable
and not easily removed from the textiles. Otherwise, the special
functions established by the coated materials will be eliminated.
Therefore, the washing fastness properties of the treatments were
determined by weight loss after several washing cycles. As seen in
Figure 8, the maximum weight loss was observed for CO-Pulcra
HPU after 1, 5, 10, and 20 washing cycles, reaching up to 6.089%.
Raw cotton fabric follows the CO-Pulcra HPU with a weight loss
of 5.772%. The small amount of Pulcra HPU treatment on the
fabric surface seen in SEM images could not prevent fiber loss
with washings. On the other hand, the weight loss with washing
decreased for SMPU and SMPU-CNW nanocomposite treated
fabrics. For SMPU-CNW nanocomposite treated cotton fabrics,
the weight loss changed inversely with CNW concentration and
decreased to 1.47% at 20% CNW content. It can be concluded that
the washing fastness of the cotton fabric was enhanced with
SMPU-CNW nanocomposite treatment probably through grafting
of the polymer onto the fiber surface to form inter-fiber and inter-
yarn bonds as seen in FT-IR analysis. Lower weight loss after
several washings with SMPU-CNW nanocomposite treatment,
meaning less microfiber and polymer release to the aqueous
environment is another environmental advantage in decreasing
chemical footprint.
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4. CONCLUSION

In this research, cotton fabric with dynamic permeability
and multifunctional easy-care features was successfully
developed using a simultaneous temperature and
water/moisture responsive  SMPU-CNW nanocomposite
finishing treatment. Results indicated that cotton fabrics
with SMPU-based nanocomposite treatments had not only
dual responsive shape memory properties providing smart
permeability, but also dynamic crease recovery/retention
with enhanced or acceptable mechanical properties. It can
be concluded that SMPU-CNW nanocomposite structures,
especially with 20% CNW content are thought to be
suitable materials for smart and multifunctional garments
that can be used for both daily and functional clothing such
as sports and protective.

246

©10SI0

TEKSTIL ve KONFEKSIYON 33(3), 2023



Additionally, this method offers a more environmentally

friendly approach with

less energy and polymer

consumption due to non-ironing property and treatment
procedures.
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