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2 Introduction

Nowadays, many people are, because
of the nature of work they do, exposed
to different cold and hot environmental
conditions. For them, the importance to
wear appropriate protective clothing,
with the establishment of a satisfactory
level of comfort, is extremely significant.
Clothing plays an important role in pre-
serving the balance of heat and moisture,
and one of the major goals of researchers
is to define the mechanisms of their trans-
mission and influential factors.

The effect of different environmental
conditions and physical activity of indi-
viduals was investigated in a series of pa-
pers [1 - 7]. Much effort has been made in
the research of the parameters of textile
structures that affect different properties
essential for the assessment of overall
comfort. Research conducted by textile
experts has shown that there are certain
differences in resistance to the transfer of
heat and water vapour [8], but the ques-
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tion is whether these are large enough to
change the perception of the subjects.

The diffusion of mass through a tex-
tile material can be only accomplished
through the fibre, the space between fi-
bres or through cavities in the structure
of the textile fabric. Bearing in mind the
above, recent studies have shown that the
type of yarn in the manufacture of cer-
tain fabrics (such as terry fabrics) has
great importance for the properties of the
static absorption of water [9]. In a series
of studies, the essential parameters of
fabrics that significantly affect heat and
water vapour resistance were pointed out.
The mass per unit area, thickness and po-
rosity are the parameters to be primarily
distinguished [10 - 14].

The finishing process also has a positive
impact on the mass transfer through fab-
rics. For this reason, in the final stages
of finishing fabrics, the product is often
finished using additional agents enhanc-
ing handle but also allowing the transfer
of heat and water vapour. As far as the

impact of finishing is concerned, Yasuda
et al. showed in their study that the type
of finishing has no significant effect on
the diffusion of water vapour through
the textile structure [15]. Tzanov et al.
showed that finishing with softeners, de-
pending on their concentration, affect the
permeability of water vapour but not the
permeability of heat [16].

This paper explores the impact of finish-
ing on heat and water vapour transfer
through materials made from natural cel-
lulose fibres (cotton) and fibres of natural
cellulose polymers (viscose, modal, lyo-
cel). To understand the impact of proc-
ess modifications, tests were performed
on raw samples,, samples finished in ac-
cordance with a commercial recipe, and
samples additionally finished with a sil-
icone-based agent. Based on the results,
a comparison of the effect of the finish-
ing procedures is carried out and possible
impacts on the establishment of the total
thermophysiological comfort are stated.

RAW MATERIAL I:> YARN I:> EABRIC E> MEOAFSlI-:JARBEg:ENT
SELECTION FINISHING |:>
PRODUCTION PRODUCTION PROPERTIES
I [ I
I Cotton | Single, combed Weft knitted, Treatment | Structural
| yarns, fineness plain jersey, parameters
l Cotton/modal | 20 tex 20 £ 0.5 stitches/cm Treatment II |
- ] Heat and vapour
l Viscose | resistance
[
Lyocel

Figure 1. Production stages.
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PREBLEACHING
Imersol JSF 0.5 g/l
NaOH 2.0 g/l
H20, 4.0 mi/l

Washing hot/cold

Neutralisation
Phosphate acid 1.0 ml/I
Sirrix 2UD liquid 0.5 mi/I

U

DYEING WITH LS COLOURS

Salt 10 g/l
Cibacel DS 1.0 g/I
Cibacron orange/red/blue
Ca sodium 5.0 g/I
NaOH 1.0 ml/I

v

FINAL FINISHING

Washing out
Neustralisation
Soaping
Washing out
Softening

Figure 2. Recipe of finishing treatment I.

B Experimental

Materials

The research presented in this paper was
carried out on a series of samples of knit-
ted structures. For the study knitted struc-
tures intended for making garments posi-
tioned directly on the skin were chosen
(underwear, lightweight summer cloth-
ing). The process of fabric production
consisted of 5 stages: selection of raw
material, yarn production, fabric produc-
tion and finishing treatments I & II (Fig-
ure 1, see page 61).

Among the fibres chosen were cotton, as
100% natural cellulose fibre and modal,
and viscose and lyocel as natural cellu-
lose polymers.

From these fibres, single combed yarns
of 20 tex fineness were manufactured.
The yarns produced were used for mak-
ing weft-knitted plain jersey fabrics on
a circular knitting machine - Relanit E,
gauge E28 with 48 knitting systems,
made by the manufacturer Mayer & CIE.
When designing, all knitted fabrics had
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a defined vertical density of 20 + 0.5
stitches per 1 cm. Therefore the machine
was adjusted to allow the production of
knitted fabric of this density. After re-
laxation, from each knitted fabric a piece
was cut and made ready for testing in a
raw state.

Material treatments

The remaining amount of material was
finished according to a recipe that in-
cludes pre-bleaching, dyeing and fin-
ishing. The above finishing treatment is
hereinafter referred to as finishing treat-
ment I. The recipe of the treatment is
shown in Figure 2.

After finishing I, the knitted fabrics were
additionally treated with agent Ultraphil®
HMS (hereinafter finishing treatment II).
Ultraphil® HMS is an auxiliary which
improves the regulation of the transport
of sweat through the textile material. The
agent is based on a mixture of silicone,
and it is suitable for the treatment of ma-
terials made from natural fibres, cellulose
regenerated materials and their blends
with synthetic fibre [17]. Table I lists the
parameters of finishing treatment I1.

Table 2 shows the marks of individual
knitted fabrics concerning the raw mate-
rial composition, yarn fineness and fin-
ishing treatment type.

Measurements of the knitted fabrics

For each knitted fabric, the basic struc-
tural parameters were determined: coef-
ficient of knitted fabric density, knitted
fabric thickness, mass per unit area, cover
factor and fabric porosity. Measurements
were carried out as follows:

The density coefficient (C) is the ra-

tio between the horizontal and verti-

cal fabric density, and is defined as

Table 2. Knitted fabrics and their properties.

Table 1. Parameters of finishing treatment
1L

Ultraphil® HMS

Amount in solution 1-4%
pH of solution 5-5,5
Time of finishing 20-30 min
Temperature 30-40°C

Treatment after finishing Dry on flat area

the ratio of the number of stitches in a
course and wale of the knitted fabric,
The fabric thickness (t) was experi-
mentally determined using a fabric
thickness gauge with a pressure of
10 ¢cN cm-2,

The mass per unit area (m) was deter-
mined by weighing samples of knitted
fabrics with an area of 1 dm2 on an
analytic scale,

The cover factor (Cy) was determined
as the ratio between yarn fineness and
thread consumption in a stitch,

Fabric porosity (¢) was determined as
the ratio of fabric density and density
of the yarn forming the knitted fabric.

To test the resistance of the fabric to the
transfer of heat (R¢;) and water vapour
(Rep), @ hotplate was used. The hotplate
simulates the processes close to the hu-
man skin. It consists of three parts which
are heated separately: the plate used for
testing and two insulation rings to pre-
vent radial heat flow. The heating regu-
lator maintains the temperature of the
heating unit constant with a deviation of
+ 0.1 °C. During the testing of water va-
pour resistance, additional water is sup-
plied from the dosing feeder to the porous
plate through channels which are located
in the heater. The plate is covered with a
foil or micro porous film to prevent the
contact of water with the fabric, allowing
only water vapour transfer.

Nr. Designation Raw material Finishing treatment
1 Cr 100% cotton -
2 CMr 50/50% cotton/modal -
3 Vr 100% viscose -
4 Lr 100% lyocel
5 Cf1 100% cotton |
6 CMf1 50/50% cotton/modal |
7 V1 100% viscose |
8 Lf1 100% lyocel |
9 Cf2 100% cotton 1l
10 CMf2 50/50% cotton/modal 1l
1 V{2 100% viscose 1l
12 Lf2 100% lyocel I
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Tests were conducted in accordance with

the ISO standard [18]. In accordance with

the standard mentioned, the following

conditions were established and main-

tained in the air-conditioning chamber:
during the testing of heat resistance:
20 °C and 65% relative air humidity
during the testing of water vapour re-
sistance: 35 °C and 40% relative air
humidity.

The air flow velocity in both cases was
Il ms-l.

I Results and discussion

Knitted fabric structural parameters

The coefficient of fabric density, which
represents the ratio of horizontal and ver-
tical density, ranges from 0.6 to 0.7 for
the raw knitted fabrics. After finishing
treatment I, a significant increase in the
coefficient of density of all test samples
occurred. The reason for the significant
change in the coefficient should be in-
terpreted as a significant variation in the
dimensions of the knitted fabric after
finishing treatment I. After the finish-
ing treatment of the knitted fabric, a di-
mensional change occurs in such a way
that the horizontal density of the knitted
fabric increases (the number of stitches
in a course per unit of length increases),
while the vertical density decreases (the
number of stitches in a wale of the knit-
ted fabric decreases) per unit of length.
In other words, after finishing, the fab-
ric shrinks in width and stretches in
length. Thus the density coefficients of
the finished fabrics (ranging from 0.8 to
0.9) were obtained, which are closer to
Dalidovi¢’s recommended ideal value,
which for optimal end-use of knitted fab-
ric is defined by his stitch model, equal
to 0.87 [19]. The finishing process car-
ried out according to recipe II caused a
decrease in overall densities for all fab-

Cotton Cotton/modal Viscose

Figure 3. Results of the coefficient of fabric density.
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Table 3. Microscopic images of knitted fabrics tested.

Raw

0,
50/50% cotton/ 100% cotton
modal

100% viscose

100% lyocel

rics investigated. However, all the val-
ues are still around 0.8, which is close to
Dalidovi¢’s value.

The effects of chemical processes per-
formed on the material structure are
clearly seen from microscopic images of
the raw knitted fabrics and those finished
by finishing treatments I and II (7able 3).
It is evident that after finishing treat-
ment I, relaxation of the knitted fabric
occurred, which allowed the formation
of a uniform structure and ‘opening’ of
courses that were suppressed in the raw
knitted fabric. This increases the pores
within stitches of the suppressed courses,

0.48
0.46

0.44

mm

Cotton

Finishing |

Cotton/modal

Finishing Il

while simultaneously reducing pores in
the dominant wales of stitches. The re-
sult is a uniform structure in which the
equal distribution of pores is in all wales.
As stated earlier, finishing treatment II
caused additional minor changes in the
coefficient of density, which could also
be seen in the microscopic images pre-
sented (7able 3).

Determination of the knitted fabric
thickness is relatively complex due to
the structure of the fabric, which con-
sists of parts filled with yarn as well as
pores within and between the stitches.
The thickness of the raw knitted fabric

N Raw
Finishing |

M Finishing Il

Viscose Lyocel

Figure 4. Results of fabric thickness.
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Figure 5. Results of fabric mass per unit area.
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Figure 7. Results of fabric porosity.

measured ranges from 0.40 to 0.45 mm.
As can be seen in Figure 4, finishing
treatment [ causes a significant reduc-
tion in the fabric thickness compared to
that of the raw fabrics. The changes in
thickness are up to 14%, with the biggest
being measured for the fabric produced
from lyocel fibres. Finishing treatment
II increases the thickness of the fabrics
again, values of which are close to those
obtained for raw fabrics. The change in
fabric thickness leads to the conclusion
that the geometrical shape of the stitch
changes significantly after finishing, es-
pecially considering yarns of different
raw material (extremely low values are
obtained for viscose).

5.0
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yocel
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NRaw 165

Finishing |
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16.0
W Finishing Il
16.5
15.0
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<
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Figure 6. Results of fabric cover factor.
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Figure 8. Heat resistance.

The mass per unit area of knitted fabric is
a significant technological and economi-
cal parameter thereof because it unifies
almost all significant parameters of the
knitted fabric structure, such as yarn fine-
ness, yarn consumption for the formation
of a stitch, and the horizontal and verti-
cal density of the knitted fabric. Figure 5
shows that after finishing, the mass per
unit area of all the knitted fabrics increas-
es. The mass per unit area of knitted fab-
ric is largely a function of the horizontal
and vertical density of the fabric. There-
fore one of the reasons for the previously
mentioned change in mass, in addition to
the chemical processes of binding mol-
ecules of the substances used to treat the
fabric, is a significant change in the hori-
zontal fabric density after finishing. Fin-

sRaw

4.0

Finishing |

35

___________

3.0

Re, m?°Paw-!

25

20

___________

15

\

1.0

Cotton Cotton/modal Viscose

64

®Finishing Il

%

Lyocel

Figure 9. Water va-
pour resistance.

ishing treatment II additionally increases
the mass per unit area in comparison to
that of the knitted fabric treated accord-
ing to recipe I; those changes are even
higher (up to 11%).

As seen from the Figure 6, finishing
treatment [ changes the cover factor of
the test samples, and the increase contin-
ues after the finishing treatment II.

The results for fabric porosity, as a prop-
erty that indicates the portion of pores in
the structure of knitted fabrics, indicate
that the structures observed are very
porous (the porosity values range from
0.72 to 0.82). The finishing treatments
conducted reduce the porosity of the
samples, as a result of earlier discussed
significant changes in the density of the
material.

Heat and water vapour resistance

From the results shown in Figures 8 and
9, it is evident that finishing treatment |
reduces both heat and water vapour re-
sistance for all the knitted fabrics inves-
tigated. However, it should be stated that
there is a difference between the intensity
of reduction: While the reduction in heat
resistance is up to 6% (for the viscose
fabric), that of water vapour resistance
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reaches up to 14% (for the cotton knitted
fabric). Such a reduction is considerably
high. It is to be expected that such change
may affect the comfort perception of a
person wearing clothing produced from
the fabric observed. The reason for this
decrease in both resistances (heat and
water vapour) after finishing should be
sought in changes in the structure of the
fabric that are caused by chemical proc-
esses carried out. Namely, as discussed
in the previous section, after finishing
treatment I, stabilisation of the structure
occurred. Observing all the results, it
should be concluded that the changes in
the coefficient of fabric density described
and the considerable reduction in fabric
thickness surely affected the reduction in
heat and water vapour resistance of the
knitted fabric measured.

By reducing the thickness and mass
per unit area, the porosity of the fabric
and portion of pores in the structure in-
creased. This higher portion of pores in
the fabric structure is the main reason for
the reduction in heat resistance. It may
be observed that changes in water va-
pour resistance after finishing treatment
I are significantly higher for samples
made from natural fibres and blends with
natural fibres (changes up to -16%) than
in those made from natural polymers
(changes to -3%). The above leads to the
conclusion that the process of finishing
according to the recipe defined is more
suitable for fabrics made from natural
cellulose fibres than those made of poly-
mers. Considering the fact that the knit-
ted fabrics observed are intended for the
production of light summer wear, the de-
crease in water vapour is very welcome
as such fabrics are usually worn in warm
weather conditions when water vapor
resistance definitely should be reduced.
The remark stated should be taken into
account when fabrics are commercially
produced in order to apply the finishing
recipe to a preferred group of materials
(those produced from natural fibres). At
the same time, the use of such a recipe for
fabrics made of natural polymers should
be reexamined.

As can be seen from Figure 8, the heat
resistance of the knitted fabrics treated
according to recipe II is smaller than that
of both raw fabrics and those treated ac-
cording to recipe I; in comparison to the
raw knitted fabrics, it means a reduction
up to 20%. The biggest change in resist-
ance is measured for the fabric made of
cotton yarn. The results for linear regres-
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Table 4. Regression analysis results;, Legend: a - constant, b - regression coefficient, r -
correlation coefficient, 12 - coefficient of determination.

Independent variable

Dependent variable a b r r2
Heat resistance of finished

Heat resistance of raw fabric e -0,0014 1,029 0,9866 | 0,9734
fabric (finishing 1)
Heat resistance of finished Heat resistance of finished
fabric (finishing 1) fabric (finishing Il) 0,0015 | 0,8083 | 0,9631 | 0,9276
Water vapour resistance of Water vapour resistance of
raw fabric finished fabric (finishing 1y | 9411 | 0,453 10,7748 10,6003
Water vapour resistance of Water vapour resistance of
finished fabric (finishing 1) | finished fabric (finishing Iy | ~>0383 | 16722 | 0.8618 | 0,7427
Table 5. Test of Spearman’’s ranks.
Variable 1 Variable 2 Correlation coefficient
Fibre conduction Fabric heat resistance 0.32
Moisture regain Fabric water vapour resistance 0.74

sion also show a positive correlation
between both the heat and water vapour
resistance of the knitted fabrics treated,
as well as the additionally treated knitted
fabrics (7Table 4).

Considering the results shown in Table 4,
the following models are established:

Ret; =-0.0014 + 1.029 Rety (1)
Rety = 0.0015 + 0.8083 Ret;  (2),

where: Rcty - heat resistance of raw fab-
rics, Rty - heat resistance of finished fab-
rics (finishing 1), Ret; - heat resistance of
finished fabrics (finishing II).

By comparison of the heat resistance of
the samples made of yarns of the same
fineness but of different raw material
composition, minor differences between
the knitted fabrics made of natural fi-
bres and blends (cotton, cotton/modal)
and those made from natural cellulose
polymer fibres are perceived. However,
it is difficult to conclude with certainty
whether these differences were caused by
fibre conductivity or by differences in the
structure of the fabric.

Therefore the non-parametric test of
Spearman’s ranks was used to determine
the correlation between fibre conductiv-
ity and fabric heat resistance (Table 5).
The analysis of the ranks showed that
the value of Spearman’s correlation co-
efficient is 0.3. According to the value
obtained, it could be concluded that the
correlation between fibre conductivity
and heat resistance is rather weak. Con-
sidering the results obtained, it can be
concluded that the knitted fabric heat re-
sistance basically does not depend on the
fibres themselves, but on the air that oc-
cupies the holes within the stitches.

From the literature, it is known that at
a relative humidity of 40%, the mois-
ture regain (the amount of water a com-
pletely dry fibre will absorb from the air
at a defined condition) of viscose fibre is
8 - 9%, 5% for cotton fibres and about
0.2% for polyester fibres [20]. Compar-
ing the values of water vapour resist-
ance of the knitted fabrics of the same
fineness,but of different raw material
composition, it is observable how the raw
samples made of viscose fibres (which
have the highest moisture regain among
the samples) on average offer much
lower water vapour resistance than those
produced from the remaining raw materi-
als studied. This shows that the raw mate-
rials or fibre type from which the knitted
fabric is made, to some extent, affect the
change in water vapour resistance. Fur-
thermore the correlation between mois-
ture regain and water vapour resistance
of the knitted fabric is much stronger
than that between conductivity and heat
transfer resistance (correlation coeffi-
cient of Spearman’s ranks Rc = 0.7). The
above mentioned leads to the conclusion
that raw materials affect the change in
water vapour resistance of the knitted
fabrics. The conclusion is in conformity
with the outcomes of the series of papers
named in the Introduction.

To compare the resistance of the raw and
finished as well as finished and further
treated samples, linear regression analy-
sis was used. The analysis resulted in the
establishment of the following models:

Ret; = 1.9411 + 0.453 Rety  (3)
Rety =-3.0383 + 1.6722 Ret; (4)

where: Ret( - water vapour resistance of
raw fabrics, Ret; - water vapour resist-
ance of finished fabrics (finishing I), Ret;
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- water vapour resistance of finished fab-
rics (finishing II).

M Conclusion

Since the purpose of the knitted fabrics
manufactured is to produce garments
which are mostly worn at temperatures of
20 - 35 °C, it is expected that the finished
knitted fabrics mentioned, due to lower
heat resistance, contribute to an increase
in total comfort. It may be observed that
changes in the water vapour resistance
of the fabric are significantly higher for
the samples made from natural fibres and
blends of natural fibres than those pro-
duced from natural polymers. The above
leads to the conclusion that the processes
of finishing according to the recipes de-
fined are more suitable for the samples
made from natural fibres. Such finished
fabrics will reduce water vapor resistance
in warm environmental conditions, in
which it is necessary to allow the transfer
of large amounts of sweat from the skin to
the environment, and finally to positively
affect an individual’s perception of com-
fort. Bearing in mind the above, knitted
fabric manufacturers should make calcu-
lations of the profitability of additional
finishing treatment of the fabric and its
application in the production process in
order to increase the wear comfort of the
knitted garment.
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