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In this study, vacuum oxygen plasma was applied to enhance the comfort properties of polyester/
cotton (P/C) blend fabric (65/35%) for tropical climatic conditions. In addition, air and argon plasma
were used to examine the aging effect by TEGEWA drop test. Taguchi method was employed to
design the experiment and analyze the largest influential variable as well as optimal parameter levels.
More attention was given to the evaluation of wickability, water vapour permeability/resistance, air
permeability and surface characterization. Results revealed that all plasma treated comfort properties
enhanced except air permeability of experimental runs at 10, and 70,. Specifically, wickability of
fabric increased at least by 43.25% and 37.63% in warp and weft directions, correspondingly, within
5 min of wicking time, whereas the thermal resistance reduced at least by 20.16%. The SEM images
depicted the formation of cracks, grooves, nanostructures and high degree of roughness on plasma

treated surfaces.
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1. Introduction

In the textile industry, polyester/cotton (P/C) blend
covers 58.45% of the world’s market share'. The P/C is the
most common blend fabric and has been used extensively in
apparel, home furnishing and other household applications.
The main reason for this is due to its desired properties
of user friendly, functional performance, aesthetic value,
printability and affordability; more difficult to attain all
these characteristics merely either in polyester (polyethylene
terephthalate) or cotton fabric*®. Specifically, the cotton
fibre provides wear comfort due to the presence of hydroxyl
groups in its cellulose structure that imparts hydrophilicity
to the fibres which leads to the higher moisture absorption
and wettability®. The polyester fibre also contributes to
the blend fabric by offering high thermal stability, good
strength, dimensional stability, good chemical resistance
and acceptable easy-care properties®. However, the polyester
fibre hinders the hydrophilic characteristics of the P/C blend
fabric; especially when the polyester proportion is higher
than cotton®.

Regardless of the aforementioned excellent P/C blend
fabric properties, the hydrophobic surface of its polyester
portion affects the comfort properties of the blend fabric
when served for apparel purposes’. Particularly, the thermal
comfort of the blend fabric depends on the abilities of heat and
moisture vapour transmission as well as the absorption of the
body sweats. The heat can be transferred through clothing by
means of conduction, convection, radiation, and latent heat
transfer by diffusion of water vapour and sweat (liquid). In

*e-mail: berhanu.baye9@gmail.com

addition, the thermal insulation and evaporative resistance
of clothing can regulate the exchange of heat between the
body and the environment. In the case of the tropical climate
and high level of physical activity, the sensible perspiration
occurs in the form of liquid, namely sweat. Consequently,
the skin is wet and feels discomfort®®. Similarly, when
wearing a garment made from P/C blend fabric with a higher
proportion of polyester, it tends to hold the perspiration in
between the skin and the cloth due to the low water vapour
absorbability of polyester compared to cotton'’. Therefore,
the P/C blend fabric needs surface modification due to the
presence of polyester fibre.

In this regard, several surface modification techniques
have been applied on the fabric, aiming to the enhancement
of'its surface to be more hydrophilic. These methods include
alkaline hydrolysis®, aminolysis'', applying natural biopolymer'?,
gas treatment'3, silanization, UV treatment, flame treatment,
and tethering molecules in bioconjugation'*. However, the
surface modification through wet chemical processes is
non-specific, changing the bulk property, consuming high
amounts of water and energy, and releases hazardous effluent
to the environment'. In addition, flame and UV treatment
affects the optical properties of the polymer'. To resolve
these problems, cold plasma surface modification is an ideal
option. Cold plasma can be made in a low pressure under
vacuum or at atmospheric pressure in an open air, both of
which are used for textile surface modification. Regarding
the effectiveness of treatment, low pressure plasma is more
preferred due to the high concentration of reactive species,
the superior chemical selectivity, high controllability, the
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uniformity of a large surface area, and reproducibility of
the results'®!”.

Plasma is one of the states of matter and consists of a
mixture of electrons, charged particles, neutral atoms and
molecules®. The activated electrons and photons initiate
the physical and chemical reactions through physical
bombardment and plasma polymerization at the surface
of the textile materials'®. Plasma is a unique and gaseous
treatment media for surface modification of textile substrate'.
Compared with the classical chemical processes, plasma
only modifies the outermost of the material surface layers by
retaining its bulk property. In addition, it is cost effective and
eco-friendly processes®. Due to the uniqueness of plasma,
it has been widely used for surface modification of textile
in order to impart the specific functional properties into the
surface of the fabric!®.

Recently, a few studies have been done by means of
plasma surface modification to improve the comfort properties
of certain textile fibres/fabrics. Particularly, some of the
comfort properties of polyamide?®!, wool??, polyester?>,
bamboo viscose® and cotton®** fibres have been enhanced
after plasma treatments. However, not only a few studies
have been done to this topic but also the thermal comfort
properties of P/C blend fabric have not been investigated
yet via plasma surface modification.

In this study, the effect of low pressure oxygen plasma
treatment on thermal comfort properties of P/C blend fabric,
such as wickability, thermal resistance, air permeability,
water vapour permeability and water vapour resistance were
investigated. The Taguchi method was applied to design the
experiment and analyze the data. In addition, the surface
morphology and surface chemistry of the blend fabric were
studied by using the surface characterization techniques.

2 Experimental Methods

2.1 Materials

The fabric sample used for this research is 65% polyester
and 35% cotton blend fabric (Carrington textiles, UK) of
plain weave ready to make shirt garment. The count of warp
and weft yarn is 44 Ne. The fabric weight, thickness, warp
and weft yarn densities are 115 g/m?, 0.22 mm, 144 EPIand
72 PPI, respectively. The fabric samples were conditioned,
before and after plasma treatment, according to ASTM
D1776. The size of the sample depends on the dimension of
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the subsequent plasma effect measurement instruments. In
this work, atmospheric air, oxygen and argon (Westfalen AG,
Germany) gases were used for plasma surface modification.
All gases were laboratory grade and used as received.

2.2 Plasma Surface Modification

The plasma surface modification was carried out by using
a laboratory scale vacuum plasma reactor (Tetra 30 PC, Diener
Electronic GmbH + Co. KG, Germany). This plasma reactor
consists of a rectangular vacuum chamber, approximately the
volume of 34 L, along with a movable sample holder over
the ground electrode. The capacitive coupled low frequency
(LF) power supply (frequency of 40 kHz) produced the total
power up to 1000 W in a continuous or pulsed regime. The
vacuum pump and suction from Leybold with the approx.
volume of 80 m*/h also were the parts of the plasma reactor.

The samples were exposed to plasma surface modification
using different combinations of plasma parameters. In the
case of oxygen plasma treatment, the plasma process was
designed and analyzed by employing the Taguchi method
in order to investigate the thermal comfort properties of
the blend fabric such as wickability, thermal resistance, air
permeability, water vapour permeability and water vapour
resistance. The experimental runs were set by using four
factors and three levels, as presented in Table 1. On the other
hand, in order to evaluate the aging effect through wettability,
the blend fabric samples were treated using argon, air and
oxygen plasmas, separately, at the condition of 500 W,
30 Pa, 10 min and 1.0 x 10 Nm?/s. All plasma processes
were carried out under the base pressure of 0.5 Pa and the
pump pressure of 20 Pa at room temperature. In addition,
all plasma treatments were fully automated.

2.3 Determination of water-vapour and thermal
resistance or permeability

The Permetest Skin Model (Sensora, Liberec, Czech
Republic) was used to determine the relative water vapour
permeability P (%), water vapour resistance R , (m*Pa/W)
and thermal resistance R, (m*K/W) of the blend fabrics. The
measurement of the device was very similar to the ISO standard
11092%. This skin simulator consists of the measuring head,
semi-permeable layer, heating elements, fan, temperature
and relative humidity sensors. The working principles of the
Permetest is given diagrammatically in Figure 1.

During the measurement of water vapour permeability
and resistance, the measuring head was first masked with

Table 1. The experimental runs of oxygen (O,) plasma with 4 factors and 3 levels.

Runs Runs ID Flow rate (Nm’/s) Pressure (Pa) Power (W) Time (min)
1 10, 6.667 x 107 20 600 5
2 20, 6.667 x 107 40 700 10
3 30, 6.667 x 107 50 800 20
4 40, 8.333x 107 20 700 20
5 50, 8.333 x 107 40 800 5
6 60, 8.333x 107 50 600 10
7 70, 1x10° 20 800 10
8 80, 1x10°¢ 40 600 20
9 90 1x10° 50 700 5
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Figure 1. The working principle of Permetest, adapted from?.

semi-permeable foil to retain the measured garment to be
dry. Then, 10 ml of distilled water was inserted through a
special orifice under the measuring head. A little curved
metallic porous surface along with a semi-permeable foil layer
was moistened and exposed in a wind channel to a parallel
air flow with the velocity of 2 m/s. Special hydrophobic
polypropylene reference fabric was used for calibration.
The temperature of the measuring head also remained at
room temperature for isothermal working conditions. The
Permetest was used to measure the amount of heat loss when
evaporation of water escaped from the porous measuring
head surface without (u ) and with the fabric sample (u,),
respectively. Both values were used to calculate the mean
value and standard deviations. The sizes of the samples were
11 x 11 cm?, but the measured area was 8 cm in diameter.
The mean of six readings has been taken for relative water
vapour permeability and water vapour resistance tests. At the
time of testing, the outer layer of sample was exposed to the
air flow and the opposite side also overlapped to the porous
humid surface, which was used to simulate the underwear
garments filled with the liquid sweat.

The relative water vapour permeability P (%) of the
sample indicates the permeability of free measuring head
surface and it can be calculated by using the following equation:

Pwv (%)=100Xu5 /uo (1)

The water vapour resistance R (m*Pa/W) can also be
expressed in the following equation:

Ret :(wat _Pwo)(l/us _I/MO)ZC(100_¢)(1/”.V _I/MO) (2)

Where P and P are the values of water vapour saturation
partial pressure in pascals, valid for ambient temperature,
and the actual water vapour partial pressure in the laboratory,
respectively. In addition, C is the value of the reference fabric
for water vapour resistance (provided by the company as a
standard) and ¢ is the relative humidity.

The thermal resistance R (mK.m*W) of the dry blend
fabric was measured by the Permetest. The whole procedure
followed similar to that of water vapour resistance measurement,
except the measuring head was kept dry. The temperature of
the measuring head was kept 10 °C above the temperature of
the air in the measuring channel. The thermal resistance R,
has been worked out by the steady state electrical voltages
with a fabric sample (u) and without a fabric sample (u,)
as well as by the sensitivity constant K (20.5 mK.m*»W). It
can be determined by using the following equation:

Rt :K(ZHfta)(]/usil/ua) (3)

Where t,, and t_are the temperature of measuring head and
the temperature of the laboratory air, respectively.

2.4 Measurement of wickability

The effect of oxygen plasma treatment on the wickability
of P/C blend fabric was evaluated by measuring the wicking
height in the warp and weft directions according to DIN
53924. The samples size of 250 x 30 mm? were cut along
the warp and weft directions. A strip sample was vertically
suspended and 15 mm of its lower end was immersed inside
areservoir of distilled water with 1% reactive blue dye. The
dye was used for tracking the movement of water against
gravity on the strip. An average of three readings of the
wicking height was taken for each sample from the clamped
ruler after 5 min wicking time.

2.5 Evaluation of water absorbency and aging

effect

TEGEWA drop test, similar to AATCC Test method 79, was
used to determine the water absorbency of plasma treated and
untreated P/C blend fabric. A size of 150 x 150 mm? samples
and 2 g/L of patent blue V dye solution were prepared. The
sample was tensioned horizontally on the tensioning device
without contact underneath. Then, the glass funnel was placed
on the sample to hold the drop pipette at a distance of 40 mm.
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The amount of 0.05 mL £10% solution was dropped from
the pipette towards the sample once. The reading of sink-in
time was started as soon as possible the drops landed on the
sample. It was also stopped when the bright and the shiny
surface of the drop disappeared. The diameter of the color
spot was also measured when the sample was completely
dried. In addition, the aging effect of air, argon and oxygen
plasma treated samples were investigated by conditioning
them for 1, 7 and 14 days under standard conditions of
20 £2 °C and 65 £2% RH. The mean of the three readings
was taken for each sample.

2.6 Air Permeability

The air permeability of plasma treated and untreated
blend fabric samples were tested on SDL ATLAS M021A air
permeability tester at an air pressure of 100 Pa and 20 cm?
of test area, in the standard conditions of 20 +2 °C and
65 +2% RH, according to EN ISO 9237. The value of the air
permeability was displayed in the pre-selected unit (dm?/s/
m?). An average of ten readings was taken for each sample.

2.7 Surface characterization

The P/C blend fabric surface morphology was examined
by Scanning Electron Microscopy SEM (FE-SEM: Zeiss
Sigma VP, Germany) using secondary electrons. The samples
were coated with 2-3 nm of gold for 12 min in the vacuum
conditions before measurement in order to avoid charges on
the surface. The analysis was done at the voltage of 5 kV
and the magnification of 10,000X.

On the other hand, the surface chemistry of the blend
fabric was studied by Attenuated Total Reflection Fourier
Transform Infrared (ATR-FTIR) spectroscopies. ATR-FTIR
analysis was carried out with Thermo Scientific iIS10 FTIR
spectrometer (Thermo Fisher Inc., USA) driven by the
OMINIC™ spectra™ software to identify the functional
groups found in the surface of plasma treated and untreated
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Figure 2. Effect of oxygen plasma on wickability of fabric in warp (a) and weft (b) directions.
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samples. It consists of a KBr beam splitter and a Deuterated
Triglycine Sulfate (DTGS) detector. The spectra were found
in the range of 650-4000 cm™ wavenumber using 16 scans
along with 4 cm! resolutions.

2.8 Data analysis

Experimental runs and optimization of oxygen plasma
processes, for thermal comfort properties, were designed and
analyzed by Taguchi method (Minitab software, version 18).
Taguchi method is a special form of a statistical technique
and mainly used by engineers and quality assurance
professionals for process optimization and solving production
problem?’. In addition, one-way-ANOVA was used to find the
significance effect of oxygen plasma treatment on thermal
comfort properties of P/C blend fabric. If the p-value is less
than 0.05 at 95% confidence interval, the plasma treatment
has a significant effect on the thermal comfort properties
of the blend fabric.

3 Results and Discussion

3.1 Influence of oxygen plasma on wickability of
fabrics

Wickability (vertical wicking) of oxygen plasma treated
and untreated P/C blend fabrics are presented in Figure 2.
By observing the bar graphs, it can be depicted that the
wicking heights were raised in the range of 57.3 to 64.3 mm
compared to 40 mm (00,) in the warp (Figure 2a) and 52.3
to 60 mm compared to 38 mm (00,) in the weft (Figure 2b)
directions during 5 min wicking time. That means, wickability
of treated fabrics increased by the range 0f 43.25 to 60.75%
and 37.63 to 57.89% compared to untreated fabric in the
warp and weft directions, respectively. In plasma treated and
untreated P/C blend fabrics, the wicking height in the warp
was higher than that of weft directions due to the difference
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in yarn twist. This result depicts that types of fibre and yarn
property can play a crucial role in wickability of the fabric.

Plasma etching altered the surface morphology of cotton
and polyester fibres as shown in Figure 3a and 3c. After
plasma bombardment, the hydrophobic layer of polyester
fibre modified and also hydrophilicity improved due to
introduction of polar groups. In addition, cracks, roughness
and nano-voids correspondingly developed on the surface of
both fibres. These kinds of surface morphology can increase
the capillary pressure of the liquid. In other words, the
movement of liquid through the fabric governed by capillary
force?. Therefore, oxygen plasma treatment can improve
the wickability of P/C blend fabric.

Optimization of the oxygen plasma process parameters
for wickability of blend fabric was analyzed by Taguchi
method. In this study, the plasma process primarily depends on
flow rate, discharge power, operating pressure and exposure
time, since other parameters are constant. As could be seen
from Table 2, the discharge pressure has brought the largest
influence on the wickability of the blend fabric both in warp

Polyester

Polyester

and weft directions according to the delta values of S/N
ratios, by selecting the “Larger is better”, from Minitab 18
software. The optimum parameter levels were also found at
6.667 x 107 Nm?/s, 40 Pa, 800 W and 20 min for the warp
direction. Similarly, it occurred at 8.333 x 107 Nm?/s, 20 Pa,
800 W and 5 min for the weft direction.

3.2 Effect of plasma treatment on water-vapour
permeability and resistance

The bar graphs of water vapour permeability and water
vapour resistance from oxygen plasma treated and untreated
P/C blend fabrics are shown in Figure 4. The relative
water vapour permeability P (%) of plasma treated fabric
increased in the range of 71.8 to 74.8% compared to 71.4%
ofuntreated fabric. This improvement is most likely related
to the formation of cracks and grooves over the surface of
blend fabric. These developed cracks and grooves on the
surface of fibres would reduce the capillary pressure and
assist water vapour permeability?. On the other hand, water
vapour resistance of plasma treated fabric decreased in the

Polyester

1.0 pm
b=

Cotton

Figure 3. SEM images of untreated (a), argon (b), oxygen (c) and air plasma (d) treated fibres.
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Table 2. Response table for mean of S/N ratio to optimize wickability of fabric.

Runs Level Flow rate (Nm’/s) Pressure (Pa) Power (W) Time (min)
Average 1 35.72% 35.16 35.51 35.41
S/N*, dB 2 35.34 35.95% 35.49 35.52
3 35.48 35.43 35.53* 35.61*
Larger is Delta 0.38 0.79 0.05 0.20
better Rank 2 1 4 3
Average 1 34.63 35.25% 34.75 34.88*
S/N*, dB 2 34.95% 34.67 34.81 34.65
3 34.81 34.47 34.84%* 34.86
Larger is Delta 0.31 0.78 0.09 0.23
better Rank 2 1 4 3
*Optimum parameter level; *Wickability in warp direction; "Wickability in weft direction.
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Figure 4. Oxygen plasma on water vapor permeability (a) and resistance (b) of fabric.

range of 1.73 to 1.98 m*Pa/W compared to 2.02 m*Pa/W of
untreated blend fabric.

In fact, surface topography and pore structure of the
fibre surfaces have a significant influence on water vapour
transmission of the fabric. As a result of this influence,
plasma-treated P/C blend fabric had better comfort property
by regulating water vapour that comes from the body than
untreated fabric?’*%. Moreover, better comfort property
could be achieved by increasing water vapour permeability
and decreasing the water vapour resistance through oxygen
plasma treatment for tropical climatic conditions. Otherwise,
moisture is trapped between the skin and clothing then, it
leads to wet skin and discomfort®.

The optimum parameter levels and influential factors
on water vapour permeability and water vapour resistance
of plasma treated P/C blend fabric are described in Table 3.
Here, similar methods and factors were used like that of
wickability analysis. As displayed in Table 3, oxygen flow
rate had the greatest effect on water vapour permeability and
water vapour resistance of plasma treated fabric. With respect

to the response table of S/N ratio, the optimum parameter
levels attained at 8.333 x 107 Nm?/s, 40 Pa, 600 W and
10 min, by choosing “Larger is better”, for water vapour
permeability (S/N?), while for water vapour resistance (S/
NP) it achieved that, by selecting “Smaller is better”, at
the levels of 1 x 10 Nm?¥/s, 50 Pa, 800 W and 20 min. In
warm conditions, releasing water vapour (body sweat) to the
surrounding environment is necessary to maintain the body
at a comfortable level. This is a reason for the selection of
“Larger is better” and “Smaller is better” for water vapour
permeability and water vapour resistance of plasma treated
fabric, respectively.

3.3 Thermal resistance and air permeability of
fabric

Figure 5 shows the thermal resistance and air
permeability of plasma treated and untreated fabrics.
According to the results, the plasma treated samples
had lower insulation property compared to untreated
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Table 3. Response table for mean of S/N ratio to optimize water vapour permeability (S/NV“) and resistance (S//V?) of the fabric.

Runs Level Flow rate (Nm®/s) Pressure (Pa) Power (W) Time (min)
Average 1 37.20 37.27 37.33% 37.25
S/N#, dB 2 37.38%* 37.28%* 37.22 37.32%
3 37.22 37.24 37.24 37.23
Larger is Delta 0.18 0.04 0.11 0.09
better Rank 1 4 2 3
Average 1 -5.490 -5.416 -5.252 -5.504
S/N*, dB 2 -5.113 -5.276 -5.606* -5.121
3 -5.534* -5.446* -5.280 -5.512%*
Smaller is Delta 0.421 0.171 0.353 0.391
better Rank 1 4 3 2
*Optimum parameter level; *water-vapour permeability; water-vapour resistance.
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Figure 5. Effect of oxygen plasma on thermal resistance (a) and air permeability (b) of the fabric.

samples. Particularly, the thermal resistance decreased
at least by 20.16%. This may be due to the cleaning
and activation effect of the plasma treatment. Since
the effect of plasma is in nanometer depth onto the
surface. That means, only the thin layer becomes more
hydrophilic and adsorbs moisture mainly on the surface
of polyester fibers. As a result, the thermal resistance
of the fabric becomes decreased after plasma treatment.
When the thermal resistance of clothing decreases in a
hot climatic environment, the thermal energy is more
easily dissipated and the body is cooled. Therefore, this
type of treatment can be an option to change the thermal
resistance of produced fabric and/or garment.
Regarding air permeability, two kinds of results were
observed after plasma treatments. Specifically, the results
revealed that the air permeability at experimental runs
of 10, and 70, had lower than control samples, whereas
others were higher than untreated samples. Many reasons
may be taken into consideration to explain it. However,
the surface roughness of cotton fiber plays a great role to

determine the air permeability. When the degree of roughness
increases, the air is trapped and cannot escape easily from
the fabric®. On the other hand, air permeability of the fabric
would improve when the degree of roughness decreased.
Surprisingly, previous research works have also shown
different outcomes regarding air permeability of cotton
fabric’>*. In this study, the composition of P/C blend fabric is
65% polyester and 35% cotton. Hence, surface modification
depends on the amorphicity and crystallinity of each fibre.
As can be shown in Figure 3c, the formation of more voids
and cracks on the cotton fibre surface probably would lead
to the reduction of air permeability of the blend fabric like
experimental runs of 10, and 70,* However, the degree of
roughness on the surface of polyester fiber is higher than the
formation of voids. Probably, it facilitates the circulation of
the air through the fabric rather than storing air in grooves
like cotton*. Therefore, the overall air permeability of the
blend fabric mainly depends on the surface modification of
polyester and cotton fibres.
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Nevertheless, thermal resistance and air permeability
of the blend fabric were governed by types of fibre, fabric
construction and plasma conditions. The optimum parameters
and influential variables of blend fabric thermal resistance
and air permeability are indicated in Table 4. As per the delta
values, discharge power on thermal resistance and operating
pressure on air permeability had the greatest effect in the
oxygen plasma process. The optimum results of thermal
resistance (S/N?) scored at 1 x 10 Nm?/s, 50 Pa, 600 W
and 10 min by selecting the “Smaller is better”, whereas
optimum outcomes of air permeability (S/N®) found at
8.333 x 107 Nm?/s, 50 Pa, 700 W and 20 min by choosing
the “Larger is better” during the analysis of the response
with Taguchi method.

The results of One-way ANOVA for each thermal comfort
property of oxygen plasma treated and untreated blend fabrics
are summarized in Table 5. It clearly reveals that the means
of experimental runs for each thermal comfort property is
significantly different (p<0.05) at 95% confidence level.
Therefore, oxygen plasma treatment had a significant change
on the comfort properties of P/C blend fabric.

Materials Research

3.4 Effect of aging on wettability of plasma
treated fabric

The effect of aging on wettability of air, argon and
oxygen plasma treated and untreated P/C blend fabric was
performed by TEGWA drop test method. All treated, at the
condition of 500 W, 30 Pa, 10 min and 1 x 10° Nm?/s, and
untreated samples were stored under standard condition for
1, 7 and 14 day/s. The results of drop solution sink-in time
and spread area are given in Figure 6. The dye solution on
untreated fabric sunk-in within 28.6 sec, whereas for all
treated samples, it was absorbed and disappeared in less than
10 seconds. After a 14 days aging period, the absorption time
of plasma treated samples increased from 5.36 to 7.75 sec
for oxygen, 5.74 to 8.92 sec for air and 6.36 to 9.72 sec for
argon plasma treatments as shown in Figure 6a. On the other
hand, the spread area of the completely dried colour spot on
untreated fabric was 1240 mm?2. However, the spread area of
plasma treated samples decreased from 1741 to 1570 mm? for
oxygen, 1684 to 1543 mm? for air and 1610 to 1500 mm? for
argon plasma treatments as depicted in Figure 6b. Although

Table 4. Response table for mean of S/N ratio to optimize thermal resistance and air permeability of the fabric.

Runs Level Flow rate (Nm’/s) Pressure (Pa) Power (W) Time (min)
Average 1 -11.85 -12.25 -13.68* -11.75
S/N#, dB 2 -11.14 -11.16 -11.37 -12.24*

3 -12.79* -12.38* -10.73 -11.79
Smaller is Delta 1.65 1.22 2.95 0.49
better Rank 2 3 1 4
Average 1 41.02 40.82 40.93 41.08
S/N*, dB 2 41.28* 41.29 41.39* 41.03
3 41.14 41.33* 41.11 41.32%
Larger is Delta 0.26 0.51 0.45 0.29
better Rank 4 1 2 3
*Optimum parameter level; *thermal resistance; Pair permeability.
Table 5. One-way ANOVA on thermal comfort properties of the P/C blend fabric.
Source of variation DF Sum of Squares Mean Square F-Value Prob>F
Between groups 9 1247.87 138.65 19.26 5.44E-8°
Within groups 20 144 7.2
Total 29 1391.87
Between groups 9 966.83 107.43 21.78 1.87E-8°
Within groups 20 98.67 4.93
Total 29 1065.5
Between groups 9 54.57 6.06 2.17 0.04¢
Within groups 50 139.69 2.79
Total 59 194.26
Between groups 9 0.39 0.04 2.81 0.01¢
Within groups 50 0.77 0.02
Total 59 1.16
Between groups 9 49.44 5.49 190.30 0°
Within groups 50 1.44 0.03
Total 59 50.88
Between groups 9 1763.49 195.94 12.35 1.60E-12f
Within groups 90 1428.20 15.87
Total 99 3191.69

“Wickability in warp direction; *Wickability in weft direction; “water vapour permeability; ‘water vapour resistance; °thermal resistance; fair permeability.
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Figure 6. Evaluation of aging effect on plasma treated fabric by sink-in time (a) and drop spread area (b).

all treated samples had a much better hydrophilic behaviour,
oxygen plasma was more effective compared to air and argon
plasma treatments. This can be explained by the formation
of more polar groups for instance, hydroxyl and carboxylic
on the blend fabric surfaces®.

As itis shown clearly in Figure 6, the rate of aging sharply
increased in the first 7 days, whereas it slowly decreased
for the last 7 days. This indicates that the stability of active
species generated on the blend fabric significantly depends
on the aging time*®. Nevertheless, the wettability of plasma
treated fabric was better than untreated fabric even after two
weeks. Similarly, after 14 days, the spread area of plasma
treated samples were smaller compared to freshly treated
fabrics, which revealed that the hydrophilicity of the treated
fabrics reduces after longer storage times. When the treated
P/C blend fabrics were placed in standard condition for some
days, the surface energy decreased due to the reorientation
of the polar groups in the bulk matter and migration of low
molecular weight segments to the surface®.

3.5 Surface characterization

SEM images of plasma treated and untreated blend fabrics
are shown above in Figure 3. The individual fibres were
scanned at the size of 1 um and magnification of 10,000X
with 5 kV to analyze the surface morphology. It can be
seen that after argon, oxygen and air plasma treatment for
10 minute, the etching took place and developed roughness,
cracks and grooves on the surface of polyester and cotton
fibres compared to untreated fibres. That means, untreated
fibres (Figure 3a), in the P/C blend fabrics, have comparatively
smooth and flat surfaces.

Plasma bombardment with high energetic particles such
as UV photons modified the surface morphologies of the
fibers. Specifically, argon plasma (Figure 3b) formed cracks,
channels and roughness on cotton fibres, and etched and
rough surface of polyester fibres®”. However, oxygen plasma
(Figure 3c) produced a high degree of roughness and a number
of void spaces on cotton fibres, as well as solidified nano-
spots on the surface of polyester fibres compared to argon
plasma. In addition, air plasma (Figure 3d) also developed
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Figure 7. ATR-FTIR spectra of plasma treated and untreated P/C
blend fabrics.

similar topography to that of oxygen plasma treatment, but
the influence of air plasma is more pronounced compared
to oxygen plasma treatment®. In all plasma treated samples,
some solidified nano-spots are formed on the surface of
polyester fibre*. These confirmed that plasma treatments
have a potential to change the surface of P/C blend fabric.

The ATR-FTIR spectra of untreated, oxygen, argon and
air plasma-treated P/C blend fabric at the condition of 500 W,
30 Pa, 10 min and 1 x 10° Nm?®/s are presented in Figure 7.
Due to 65% of polyester fiber, the emerging peaks on the
surface of blend fabric are similar to the peaks of 100%
polyester fabric**. In particular, the developed peaks at
1712, 1409, 1241, 1017 and 722 (872) cm' can be assigned
to the chemical nature of polyester and corresponding to
the functional groups of carboxylic (C=0), aromatic ring,
carboxylic (C-0O), ester (O=C-O-C) and aromatic (C-H),
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Table 6. The absorbance ratio on P/C blend fabric surface

Materials Research

Sample AL A, ALLA
Untreated P/C 0.623 0.547
Ar-plasma treated 0.589 0.448
0O,-plasma treated 0.659 0.599
Air-plasma treated 0.736 0.656

respectively*. On the other hand, peaks observed at 3330,
2889 and 1339 cm™! would be associated with the chemical
groups of hydroxyl (O-H), aliphatic (C-H) and alkane (CH,)
in the cotton fiber, correspondingly*'*>. As seen in Figure 7,
the spectra of plasma treated and untreated samples are
similar. It does not show remarkable difference on the surface
chemistry of the blend fabric?.

However, the absorbance ratio revealed some intensity
differences among untreated, oxygen, argon and air plasma-
treated samples as depicted in Table 6. It was calculated by
taking 722 cm! in order to normalize 1712 and 1241 cm!
peaks. According to the intensity ratio, argon plasma treated
spectra is less than untreated and other plasma treated
samples. On the other hand, the absorbance ratio of oxygen
and air plasma treatments are higher than that of control
sample. Most likely, this shows the formation of more polar
groups on the surface of blend fabric due to those plasma
treatments*®. As a result, all plasma treated blend fabric is
more hydrophilic than the untreated fabric. Peak intensity
at 722 cm™! for aromatic C-H out of plane vibrations was
used for normalization.

Generally, the absorbance ratio of ATR-FTIR peaks does
not indicate a significance difference among the samples. In
fact, plasma treatment only modifies the uppermost surface of
a textile material in the depth of a few nanometers. However,
the ATR-FTIR analysis is not appropriate to detect a very
thin layer and percentage of elemental analysis. In order
to resolve this limitation, more sophisticated analytical
techniques are needed to analyze the surface chemistry of
plasma treated textile materials®#*.

4 Conclusions

In this paper, the influence of plasma surface modification
on thermal comfort properties of P/C blend fabric was
illustrated and discussed. The non-thermal plasma treatment
was conducted on the samples of 65% polyester and 35%
cotton blend fabric using argon, oxygen and air as working
gases. In particular, optimization of the vacuum oxygen plasma
process was designed and analyzed by the Taguchi method.
After oxygen plasma treatment, the blend fabric thermal
comfort properties were remarkably improved. The results
revealed that wickability of treated fabrics increased in the
range 0f 43.25 to 60.75% and 37.63 to 57.89% compared to
untreated fabric in the warp and weft directions, respectively.
On the other hand, the relative water vapour permeability
P_ (%) improved 71.8 to 74.8% after treatment. In addition,
water vapour resistance of plasma treated fabric reduced in
the range of 1.73 to 1.98 m?Pa/W compared to 2.02 m*Pa/W
of control sample. The thermal resistance also decreased at
least by 20.16%, whereas regarding air permeability, two
kinds of results were observed. At the experimental runs of

10, and 702, their results were reduced, while in the other
experimental runs enhanced. Probably, the reasons may be
related to the blend ratio of the fiber in the blend fabric. The
surface morphology of plasma treated and untreated blend
fabric depends on the amorphicity and crystallinity of each
fibre as the SEM images confirmed.
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