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INTRODUCTION

Microcapsules (MC) are used in many fields, such as medicine, food industry,
textile industry. In all these areas, the capsules are attractive because of the ability
to release the material embedded in them at a specific location and at the right
time. In medicine, capsules are beginning to be used as drug delivery systems for
treatment of various diseases, even cancer. They are used in food industry to
embed fats, vitamins, minerals, flavors, dyes, and other substances. In textile
industry, microcapsules are particularly widely used, because when applied to a
textile product, they provide new properties, such as fire resistance, antibacterial,
insect repellent, and fragrance. Cosmetic textiles is another use of capsules in the
textile industry, where textiles, due to the active substance incorporated in the
capsules, which is gradually released, can soften the skin, supply vitamins, tone
the body, or emit odor. The capsules with embedded essential oils allow enjoying
aromatherapy constantly. In addition, some essential oils as well have antibacterial
effect, which is very important for products used in humid environments, where a
favorable medium for the growth of bacteria and fungi appears.

Due to special structure of terry fabrics, they are most often used in humid
environments (bathrooms, saunas, or kitchens), as their terry surface is able to
absorb a larger amount of water, compared to the flat fabrics. Various textile
finishing processes are used to create value-added products, one of which is the
coating of terry cloths with scented microcapsules. For the products to be high
quality, it is important to analyze how the finish of the microcapsules changes the
structure and geometrical parameters, physical and mechanical properties of the
terry fabric. One of the most important physical properties of terry fabrics is
absorption and air permeability, as it depends on how comfortably the user will
wear the product, how it will suit the environment in which it is intended to be
used. Long lastingness, durability and appearance of the product depend on the
mechanical properties.

The aim of the doctoral dissertation is to create ramie/cotton terry fabrics with
flavor and investigate the influence of microcapsule finishing on the structure and
properties of the terry fabrics.

The objectives of the research were the following:

— to evaluate the efficiency of attaching microcapsules to different type of fibers:
cotton, ramie, artificial bamboo, linen, and bleached linen yarns;

— to determine the influence of microcapsule finishing on the structure and
geometrical parameters of terry fabrics and bending rigidity;

— to determine the abrasion resistance and weight loss during the abrasion of terry
fabrics that are treated with microcapsules with essential oil as well as resistance
by applying the washing process.

—to evaluate the air permeability of terry fabrics treated by microcapsules and the
air permeability of fabrics with microcapsules after the abrasion and washing
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process; to determine the dependence between the air permeability and weft
density of fabrics that are treated with microcapsules at different binder
concentrations, as well as the number of abrasion cycles;

— to investigate the resistance to the pile loop extraction of terry fabrics after the
finishing and washing process of microcapsules; to determine the dependence
between the loop extraction force and binder concentration;

— to determine the influence on the static and dynamic absorption of fabrics, water
vapor absorption, and water evaporation process of terry fabrics after the finishing
and washing process of microcapsules; to determine the dependences between the
spot area and inspected period and between the remained water ratio and the drying
time.

Scientific novelty and practical importance. With the growing interest of
consumers in the added value of textile products that are made of natural fibers,
the dissertation analyzes natural fiber yarns and ramie/cotton terry fabrics treated
with microcapsules with eucalyptus essential oil. There is almost no literature on
the microcapsule coating of different natural fiber yarns; the microcapsule-coated
cotton fabrics are the most commonly analyzed. Therefore, it is important to
investigate the possibilities of attaching microcapsules to yarns of different fibrous
compositions. Ramie is a very soft and gentle fiber; thus, the products made from
ramie yarn are light and comfortable. It is similar to flax fiber in its morphological
structure and sorption properties and is more valued for the low creepiness and
surface gloss. However, ramie fiber break cyclically flexed; therefore, it is often
used with other natural, artificial, or synthetic fibers. In textile products, the
combination of ramie fiber with cotton achieves better physical and mechanical
properties. Cotton fiber has good sorption and strength properties. The terry
fabrics with the most suitable fiber composition for microcapsule insertion were
selected for the study. In order to create added value fabrics, ramie/cotton terry
fabrics were treated with microcapsules with a core material of eucalyptus
essential oil. There is no literature on terry fabrics treated with fragrant
microcapsules; therefore, it is especially important to analyze the physical and
mechanical properties of ramie fiber, which is rarely used in the production
process. The qualitative indicators of terry fabrics with microcapsules were
investigated in the dissertation. It is possible to predict the properties of fabrics
with a complex structure by using the results of the research and mathematical
dependencies. The results of the work can be applied to the prediction of quality
indicators of other, similarly structured textile products with microcapsules and
the development of new textile materials.

Approbation of the research results. The results of this research were presented
in 7 scientific publications, including 4 articles published in Clarivate Analytics
Web of Science listed journals with a citation index (IF/AIF>0.2), 3 of them in the
international scientific conference proceedings. The results were presented at 5
international conferences.
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Structure of the doctoral dissertation. This doctoral dissertation consists of an
introduction, including objectives, literature overview, experimental part, 3
chapters of results and discussion, conclusions, a list of references (136 entries),
and a list of scientific publications on the topic of the dissertation. The material of
the dissertation is presented in 102 pages, including 7 tables and 55 figures.

CONTENT OF THE DISSERTATION

Introduction presents the relevance of the study, defines the aim and the research
objectives, outlines the defended statements, and discusses the scientific novelty
as well as practical significance of the doctoral dissertation.

The first chapter, Literature Review, introduces general information about the
properties of microcapsules, manufacturing, coating possibilities of textile
materials, analyzes methods of microcapsules loaded on textile materials and
properties of terry fabrics.

The second chapter, Research Methodology, describes the object of the research
and the methodologies of the experimental investigations.

Experimental materials

The spun yarns of five different fibers were selected for the impregnation with
microcapsules: cotton (50 tex), bleached linen (50 tex), grey linen (68 tex),
artificial bamboo (74 tex), and ramie (67 tex). Terry fabrics (Table 1) that were
analyzed in the experimental work were made from ramie/cotton yarns. The
impregnation of yarns and terry fabrics was performed under conditions shown in
Table 2 of commercial microcapsules, containing eucalyptus essential oil (LJ
Specialities, UK). The terry fabrics with MC were affected by domestic washing
and drying procedures, investigating 5-25 cycles (for Ss2sR10,5160l50 Samples).
The domestic washing procedure was performed according to 1ISO 6330:2012
standard.

Table 1. Characteristics of ramie/cotton terry fabrics

Fabric Pile Nominal linear density, tex Fabric density,
variant  high, dm?

mm Ground Ground warp ~ Pilewarp Pileand Weft

weft ground
warp

R6s0 80
R6100 100
R6120 6 cotton, 50 plied cotton, ramie, 67 250 120
R6140 2x25 140
R6160 160
R10,5160 10.5 160




Table 2. Conditions of microcapsule impregnation

Prepared Concentration of Binder Drying and fixation
samples the concentration, g/l temperatures, °C
microcapsule, g/l
cotton, drying fixation
bleached 120
linen, 130
grey linen, 80 140
bamboo, 150
ramie 160
yarns 30 100-110 170
ramie/cotto 20
n terry 35
fabrics 50 150
65
80
95

Experimental methodology

All samples were conditioned under standard atmospheric conditions according to
standard LST EN I1SO 139:2005, e.g., 20£2 °C temperature and 654 % relative
humidity for 24 h before the experiments.

The surface and morphology of microcapsules as well as the yarns and terry fabrics
that were treated were examined by scanning electron microscopy (SEM) Hitachi
S-3400N (USA) and Quanta 200 FEG (USA) at the acceleration voltage of 5-
20 kV.

The mass and linear density of the yarns were determined by using electronic
scales KERN EW 150-3M (KERN & Sohn GmbH, Germany) at the accuracy of
0.001 g.

In order to identify the properties of terry woven fabrics, the following structural,
physical, and mechanical parameters of these terry woven fabrics have been
investigated:

Structural and geometric parameters of terry woven fabrics

Area density of woven fabrics. The woven fabric area density has been identified
referring to LST EN 12127:1999 standard (“Textiles - Fabrics - Determination of
Mass per Unit Area Using Small Samples™).

Thickness of fabric was set according to the standard LST EN 1SO 5084:2000 by
Textil-Dickenmesser DPT 60 digital instrument (Hans Schmidt & CO GMBH,
Germany).



Physical properties of terry fabrics

Static water absorption was measured according to method BV S1008 “Bureau
Veritas Consumer Products Service BV S1008”. The static water absorption was
calculated according to the following equation:

w

Tw — M o 100; @
mg
where Wq is the static water absorption, %; m,, is the weight of wet sample, g; mq
is the weight of dry sample, g.
Dynamic water absorption experiments were performed by Petrulyté and
Baltakyté (2009) methodology, using SMZ 800 Nikon Stereoscopic Microscope
and Coolpix 4500 Digital Camera. The absorption process was filmed from the
start moment until the last moment, i.e., from the moment when the drop of
distilled water (of 0.110 g) fell onto the surface of the fabric, until it was absolutely
absorbed by the fabric. The experiments were performed by filming from the upper
side of the fabric. The areas of the liquid spots were measured by investigating the
pictures of video records, and the changes in the spots areas over the time were
calculated according to the following equation:

Wse =

Wdin = %
where Wiin is the change in spot area, %; M is the change in the spot area at
intermediate moment, mm?; PM is the change in the spot area at the start moment,
mm2,

Water vapor absorption in Woven Fabrics. The water vapor absorption
investigation was conducted referring to LST EN 13515:2004 standard.

Water evaporation from Woven Fabrics. The water vapor evaporation
investigation was carried out referring to FTTS-FA-004 standard, in which the
information on the investigation of the fluid evaporation process by using the drop
method is provided.

Air permeability of woven fabrics. The air permeability testing was conducted
by referring to LST EN ISO 9237:1997 standard, defining the method of
measuring air permeability in flat textile fabrics. The air permeability testing was
performed by using the LI4DR instrument (Karl Schroder KG, Germany). The air
permeability was calculated according to the following equation:

x 100; )

R =%x167; 3

where LO is the air permeability, dm3/(m?-s); qv is the airflow rate, dm¥/min; A
is the tested area, cm?; 167 is the calculation from dm3/(cm?-min) to dm3/(m?-s)
coefficient.



Mechanical properties of terry fabrics

Bending rigidity was investigated by using a standard non-contact device,
referring to standard methodology that is corresponding to 1SO 9073-7 standard.

Resistance to pile loop extraction of Terry Fabrics. The experiments were
performed according to LST EN 15598:2008 standard. The resistance to pile loop
extraction was assessed by using the Zwick/Z005 (Zwick GmbH & Co. KG,
Germany) stretch testing machine and testXpert® software.

Abrasion resistance of Woven Fabrics: Specimen Mass Loss. This method is
based on the following standard: “Textiles - Determination of the Abrasion
Resistance of Fabrics by the Martindale Method - Part 3: Determination of Mass
Loss” - LST EN SO 12947-3:2001.

The third chapter, Results of Investigations, presents the results of the
experimental investigations and their analysis.

Investigations of possibilities to graft microcapsules with eucalyptus
essential oil on natural fibers

Traditionally, the fixation of microcapsules (MC) onto textiles is achieved by
applying a binder and the thermal curing procedure, during which the binder is
converted into a tough polymer that forms a network on the textile to hold the
microcapsules. In this work, the yarn samples that were grafted with eucalyptus
microcapsules were analyzed by SEM: mass and linear density of the yarns were
determined. SEM micrographs with MC that were adhered on cotton, bleached
linen, grey linen, ramie, and bamboo yarns are shown in Figure 1. It could be seen
that the impregnation on all yarns and microcapsules that was investigated was
effective on the surface of the fibers as well as in the deeper layers between the
fibers.
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Figure 1. SEM micrographs of different yarns at different thermos-fixation temperatures
(Te) (magnification x5000): a) cotton yarn, when T is 120 °C; b) cotton yarn, when Tk is
170 °C; c) bamboo yarn, when Tr is 150 °C; d) grey linen yarn, when Tr is 150 °C; €)
ramie yarn, when Tr is 140 °C; f) ramie yarn, when Tk is 170 °C; g) bleached linen yarn,
when Tr is 140 °C; h) bleached linen yarn, when Tk is 160 °C

The presence of obviously unchanged eucalyptus MC could be seen on the yarns
that were investigated when they were treated with a thermo-fixing temperature
(Te) of 120-140 °C. As it can be seen from Figures 1 a, c-¢, g, the MCs have
regular spherical shape and have no deformations in their shell. A thermo-fixing
temperature of 120-150 °C caused no changes in the MC on yarns of various
fibers, since the soft and smooth surface of eucalyptus MC could be observed.
Moreover, it has been noticed that generally, the MC are distributed individually
without significant agglomeration. As surfaces of grey and bleached linen fiber
and ramie fiber are not smooth enough, the MCs are deposited on specific contact
surface. Because of their specific structure, cotton fibers adhered to MCs on the
surface and between fibers as well as in the inner fiber cavities and sags (see Figure
1 a). Bamboo fibers were attached to the MCs well, but the smooth surface of the
fibers conditioned the enveloping character of the fixation. The Figures 1 c, d show
that few misshapen microcapsules could be seen when the Tr was increased up to
150 °C. Meanwhile, Figures 1 b, f show yarns that are heated to 170 °C, in which
surface damage to MCs is clearly noticed, being a typical appearance for many
items; some MC were deflated and cannot be observed as spheres. Besides this,
some MCs were broken entirely and became empty after such treatment,
confirming that MCs remained on the fibers and even inner fiber cavities; but the
fragrance had partly gone, and in single cases, even absolutely gone. From the
SEM analysis, it has been determined that with an increase in T, generally, the
larger MCs were damaged faster and then the smaller ones hardly at all. It is very
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relevant to investigate what changes happen in the fiber mass after the treatment
with MCs and the binder. The add-on as a significant index for textile impregnated
with MCs was analyzed by other authors as well (Marti et al., 2012; Salaun et al.,
2010), investigating the amount of capsules and active agents in fibers and
quantifying them by the weight changes between the untreated and treated with
MCs fabrics.

This study shows that there is an increase in the mass (Am) of different fiber
composition yarns: cotton, grey linen, bleached linen, ramie, and bamboo yarns
after treating with eucalyptus MCs at different Tr. It has been found that the mass
of cotton yarns after the treatment with MCs changed by 2.7-3.9 %. The Am of
bleached linen and ramie yarns after the treatment changed by 7.1-17.3 % and
10.1-13.0 %, respectively. The change in the mass of bleached linen and ramie
yarns is important with the highest increase at 160 and 140 °C T, respectively.
Whereas the change in the mass for cotton yarns has the lowest value (2.7 %) at a
thermo-fixing temperature of 170 °C. Additionally, a substantial difference in the
increase in the mass was found by analyzing both linen yarns: the Am of bleached
linen yarns was 11.1 % higher compared with the grey ones, when the Tr was 160
°C. The microcapsule shell material cannot interact with the surface of the fiber;
hence, a polymeric binder is used to attach MCs to the fiber surface, making a thin
layer, which holds MCs for a longer time. Since the Am of ramie yarns were found
to be higher compared to the grey linen, bleached linen, and bamboo yarns, and
bearing in mind the well-known advantages of ramie for loop making (highly
absorbent, comfortable to wear, especially in a warm and damp environment,
durable, resistant to rotting and mildew, withstanding high water temperatures
during laundering, etc.) and the popularity of cotton for ground sets, the
ramie/cotton fiber combination was used for weaving terry fabrics.

Investigation of MC treatment on terry fabrics area density and thickness

In this experiment, terry fabrics were treated with MC by using different binder
concentrations. The experimental area density (PT) results were mathematically
determined, and it has been found that the area density of terry fabrics increased
to 282.9-486.3 g/m?, when studying terry fabrics of different weft densities and
impregnated with binder concentration of 20 g¢/l. By treating the binder
concentration with 95 g/l, the PT of terry fabrics increased to 292.6-510.3 g/m2.
The regression analysis was performed, and the informativeness of the design of
the PT of terry fabrics that were treated, taking into account the weft density and
the binder concentration, was investigated. Using the informativeness criteria
(R.A. Fisher's criterion), it has been found that the obtained mathematical models
that are expressing the dependence of the area density of the treated terry fabrics
and the weft density are informative at a binder concentration of 20 g/l and 95 g/l.
The finish of the MCs has an effect on the thickness of the fabric, as the binder
stiffens the loops of the fabric, which remain on the stand during the compression
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and are able to withstand the load. The thickness of the grey terry fabrics varied
from 2.09 to 3.43 mm, whereas for the treated with MCs terry fabrics, this value
ranged from 2.87 to 4.75 mm, depending on the binder concentration and weft
density. When analyzing the influence of the washing process on the fabric
thickness, it has been found that the thickness of terry fabric decreases after 25
washing cycles from 11.57 % to 8.01 % at different compressions.

Investigation of MC treatment on terry fabrics bending rigidity

The bending rigidity (BR) of terry fabrics that were treated with MCs, regarding
the weft density and binder concentration, showed an increase compared to the
grey terry fabrics. The bending rigidity of grey terry fabrics varied from 0.65 to
1.33 Nm? when analyzing the warp direction and from 0.46 to 1.16 Nm? for the
weft direction, regarding all intervals of weft density that were investigated.
Meanwhile, for the treated samples, it has been found that BR increased from 5.57
(R6100l20 Vvariant) to 12.94 Nm? (R614les Vvariant) when analyzing the warp
direction and from 2.35 (R6golso variant) to 10.78 Nm? (R6140les variant) when
analyzing the weft direction. As the binder filled the voids, interstitial cavities,
inter-fiber and inter-yarn spaces, sealing the pores of the fabric, the textile became
rigid. Besides this, the BR increased by 5.3-14.0 times in the warp direction and
by 5.1-12.8 times in the weft direction when varying the binder concentration at
all intervals that were investigated compared with the grey fabrics. It means that
the terry fabrics tended to be considerably more resistant to bending due to the
treatment with MCs and binder (Petrulyte et al., 2017a).

Abrasion resistance of terry fabrics

The influence on the abrasion resistance of ramie/cotton terry fabrics depends on
the binder concentration. By changing the binder concentration from 20 g/l to 95
g/l, the weight loss of the R6glgs variant was found to be 3.78 % lower than R6sol 2o
variant, after 25,000 abrasion cycles.

The research deals with the abrasion properties of grey fabric as well as MC treated
fabrics and washed ones (5—-25 washing cycles). The appearance of the terry fabric
changed after the abrasion, i.e., after 25,000 abrasion cycle loops on the surface of
the terry fabric are removed, the fabric became finer, but no holes appeared in the
fabric. When the number of abrasion cycles increases, the mass loss of the fabric
increases because of the removing of the loops. During all investigated abrasion
cycles, the mass loss of the fabric with MCs without washing decreased up to
88.9 % compared with grey one. After 100-25,000 abrasion cycles, the mass loss
changed up to 5.8 % and up to 16.3 %, investigating fabric with MCs without
washing and the washed fabric (25 washing cycles), respectively. After 25,000
abrasion cycles, the mass loss increases up to 1.33 times and up to 1.97 times when
investigating fabric with grey one and after 5 and 25 washing cycles, respectively.
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Investigation of MC treatment on terry fabrics air permeability

Air permeability is one of the prime factors affecting the thermal comfort of the
wearer in clothing and textiles. The air permeability of each textile sample that has
been performed by using different binder concentration was measured and
compared in this research. The decrease of air permeability after impregnation is
presented in Figure 3. The maximum value of the air permeability treated with
MCs terry fabric was 1146.7+38.7 mm/s (R6goles), and the minimum value was
228.2424.1 dm3/(m?-s) (R61gols0). The results proved that the treatment of fabric
with MCs and binder affects the structure of the fabric. After the treatment with
MCs, the gaps in terry fabric loops and yarns change. The changed structure of the
textile causes air permeability.

R680-160120-95
1400
i 1200
1000 }1 I ! I
800 :
600
400
200
o |

s)

Air permeability, dm?3/(m?

=

inder concentration and weft density, 1/dm

Figure 2. The air permeability of ramie/cotton terry fabrics after MCs treatment

In the investigation of air permeability of terry fabrics after the abrasion, it has
been found that when increasing the number of abrading cycles, initially, the air
permeability decreases. The air permeability of the R6golo and R6golgs variants
reduced by about 40 % and up to 87 % after 1,000 and 25,000 abrasion cycles,
respectively, compared to the non-mechanically exposed fabrics. The air
permeability of R6ieol20-95 variants decreased by 1-30 % and 54-82 %,
respectively, after 1,000 and 25,000 abrasion cycles, compared to the specimens
that were not abraded. When investigating ramie/cotton terry fabrics with different
washing cycles (Ss.25R10,5160l80), the air permeability decreased by 1.8 times,
compared with grey terry fabrics. Investigating the air permeability of terry fabrics
treated with MC after the washing process revealed that the air permeability
decreases with increasing number of washes. When washing terry fabrics treated
with MC, the loops retain their stable shapes, the fabric does not change its
appearance, but it is less air permeable compared to the grey fabrics.
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Resistance to pile loop extraction of terry fabrics

The pile area of terry textile is very significant; thus, the poor resistance of pile
yarns against pullout is one of the most important problems of quality of terry
fabric structures. This study deals with the displacements and forces associated
with pulling a loop from the terry woven fabric, regarding the fabric structure and
treating with aroma-microcapsules. The influence of treatment with MC of terry
textile is visible in the increased stiffness. If to assess the effect of the modification
of the structure of the fabric, the measurements of the resistance to pile loop
extraction were carried out before and after the deposition of aroma-micro-spheres
on the textile. The obtained results proved that the difference between the
resistance to pile loop extraction for the grey and modified terry fabrics depends
on the changed structure. The lower values in the change (by 0.4-1.1 times) of
resistance to pile loop extraction were obtained for the terry fabrics with maximum
weft density, i.e., of 160 dm™, and the differences generally increased with the
increase of binder’s concentration from 20 to 95 g/l. Whereas the higher values in
the changes (even up to 2.8-3.6 times) were determined for the lower weft
densities of the fabric, i.e., 80-100 dm. Finally, it was concluded that the weft
density of terry woven fabric treated with microcapsules and different binder
concentration affected the loop yarn pullout (Petrulyté et al., 2017b).

The resistance of terry fabrics to pile loop extraction is discussed, taking into
account the fabric structure and the effect of washing. The washing with detergent
changed the structure of the fabric because the fabric was affected by a variety of
factors during the washing cycle: chemical, mechanical, and heat impacts. As a
result, after washing, the gaps between the loops and the yarn changed, and the
loops became hairy, bulky, and fluffy. In addition, the fabric structure has become
more compact. The high number of washes resulted in the loss of the loose fibers
from the yarns.

The resistance to pile loop extraction of fabrics treated with MC and washed for
5-25 wash ranged from 694.93 mN (pull distance 5 mm) to 5516.79 mN (pull
distance 25 mm). In addition, a consistent increase in the effect of washing cycles
was found: with the increase of washing to 10, 15, 20, and 25 cycles, the resistance
to pile loop extraction increased by 4.5 and 8.8 %, 40.3 and 47.1 %, 53.4 and
57.6 %, 71.0 and 79.4 %, respectively, compared to the samples washed by 5
washing cycles.

Investigation of MC treatment on terry fabrics sorption properties

One of the main functions of terry textile products is to absorb moisture, which
depends on the fabrics warp and weft density, the height of the loop as well as the
raw material and the impact/finishing. The dynamic and static water absorption,
water vapor absorption, and water evaporation were investigated for ramie/cotton
terry fabrics. The aim of the research was to determine how the dynamic
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absorption of terry fabrics changes after the MC treatment and what effect on the
dynamic absorption has the washing process of fabrics treated with the MC. When
analyzing the dynamic absorption process of ramie/cotton terry fabrics, it has been
observed that the drop applied to the grey fabric loses its round shape in the first
few seconds. A significantly slower process takes place on the fabric treated with
fragrant microcapsules where the drop retains its shape for up to 40 s. The process
of absorption of grey terry fabric proceeds quite rapidly: the drop of water is
absorbed during the first 10 s, but the absorption process up to 30 s of the
observation period is intense as well. The studies showed that by this observation
moment (30 s), the spot area had increased by 38.3 %. The ZR10.5;¢o variant, after
70 s observation time, increased the spot area to 45.3 % from the start moment.
Such dynamic absorption results may have been determined by the loop height
(10.5 mm) and the ability of the ramie fiber to absorb moisture intensively, because
the high loops form larger surface volume absorbing water. The spot area of grey
terry fabric varied from 72.6 to 133.5 mm? throughout the observation period.
The dynamic absorption process of terry fabric with MC treatment is slow, and the
change in the spot area is recorded for up to 600 s. The studies showed that the
change in the spot area up to 10 s is 1.2 % with an increase in the observation time
up to 70 s; the spot area increases up to 7.6 % compared to the start moment. The
spot area of the R10,5160ls0 Variant varied from 38.4 to 78.2 mm? throughout the
observation period.
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Figure 3. The spot area of ramie/cotton terry fabrics after 5, 10, and 15 washing cycles

When determining the changes in the dynamic absorption of terry fabric with MC
treatment after washing (Fig. 3), it has been observed that the dynamic absorption
process is increasing up to 10 washing cycles, and after 15 washes, the absorption
begins to decrease. After 5 wash cycles, the absorption increases by 43.9 % and
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57.3 %, compared to the R10.5160lg0 variant after 10 s and 80 s of observation time,
respectively. After 10 wash cycles, the spot area increased by 41.4 % after 10 s of
observation time, compared to the R10.5160l50 Variant. The spot area of the samples
after 20 and 25 wash cycles increased from 80.9 mm? to 105.9 mm? and from
62.3 mm? to 99.8 mm? after 80 s. During the washing process, terry fabrics are
subjected to water, mechanical, thermal, and chemical effects that affect the
changes in fabric and loop structure.

The static water absorption studies of ramie/cotton terry fabrics showed that the
absorption decreases by 37.4 % after the MC treatment. An increase of absorption
has been observed after the washing process. After 5 wash cycles, the absorption
was increased by 2.9 %, compared to the fabrics with MC treatment. Increasing
the number of wash cycles to 25, the absorption of the terry fabric reduces. The
static water absorption is affected by the washing process, which changes the
porosity and structure of the fabric. During the washing, the fabric under the
influence of mechanical, thermal, and chemical effects changes the shape of the
loops and removes some of the fibers and chemicals that are used in the MC
treatment.

The water vapor absorption studies of ramie/cotton terry fabrics have shown that
the water vapor absorption increases by 10 % after the terry fabric treatment with
MC. The washing process gives fabrics better water vapor sorption properties.
After 25 washing cycles, the water vapor absorption of terry fabrics increased by
25.2 %.

In a study of the water evaporation process of terry fabrics, it has been found that
the evaporation process took up to 120 min from the start moment until the
absolute water evaporation for grey fabric and the treated fabric with MC without
washing. The water evaporation for treated fabrics lasted 10 min shorter (i.e., till
110 min) and then washed after 5 washing cycles, whereas for the fabrics after 10—
20 washing cycles, the water evaporated till 130 and 110 min, respectively. The
moisture transport passed faster when analyzing the terry fabrics, which were
washed 25 washing cycles, i.e., 100 min was the last period. It has been found that
when analyzing 40" minute of the evaporating period of grey terry fabric, the
remained water ratio was 54.83 %, and it is the highest value of all variants.
Furthermore, the remained water ration for terry fabric after the treatment with
MCs without washing was 52.74 %. Whereas when treated terry fabrics were
affected by 25 washing cycles, the remained water ration was the lowest (40.93
%), and the difference was 13.9 %, compared with ZR10.5:6 variant. Analyzing
different fabric structures, the fabrics show similar character of water evaporating
over the time. Meanwhile, the washed terry textile demonstrated different
particularity of water evaporation: the drying rate of R10.5160lgo fabric variant is
the slowest, compared with all other variants, analyzing 10-60 min of the
evaporation period.

17



CONCLUSIONS

1. The attachment of microcapsules to cotton, ramie, bamboo, linen, and bleached
linen fibers was effective.

* The weight of bleached linen yarn after the microcapsule coating increased by
17.3 % at a fixation temperature of 160 °C, but the deformations and damage to
the capsule walls have been observed as well. Due to the high fixation temperature,
the core component of the MC, i.e., the eucalyptus essential oil, can be released.

* The effective attachment of the MC has been established with ramie yarn. The
microcapsules are attached to the surface of the fiber and are inserted into the gaps
in the fiber.

2. The MC treatment of ramie/cotton terry fabrics affects the fabric structure and
bending rigidity.

» The MC treatment of terry fabrics increases the area density. Depending on the
weft density and the binder concentration, the area density of ramie/cotton terry
fabrics increased from 8.2 % to 27.1 %, compared to the grey fabrics. The
relationship between the weft density and surface density were determined by
linear equations (R? up to 0.8937), when terry fabrics were treated with
microcapsules using binder concentrations of 20 and 95 g/I.

» The MC finish increases the thickness of the loop fabrics from 20 % to 45 %,
because the binder stiffens the loops of the fabric, which are able to withstand the
applied load during the compression.

» The MC finish for terry fabrics increases the bending rigidity of terry fabrics.
Comparing terry fabrics with MC treatment with grey fabrics, it has been found
that the bending rigidity increases up to 14 times in the warp direction and up to
12.8 times in the weft direction. The relationship between bending rigidity and the
weft density was determined by a linear equation (R?=0.8100) when terry fabric
was treated with microcapsules at a binder concentration of 80 g/I.

3. The resistance to abrasion of terry fabrics depends on the weft density and the
finish given to the fabric. After MC treatment, the fabrics became more resistant
to abrasion, but the washing process reduces the resistance to mechanical impact.
The weight loss after 5 washing cycles was found to be 1.33 times higher than for
the untreated fabrics and 1.97 times higher than for fabrics treated with MC at
25,000 rpm. A strong relationship has been found between the mass loss of terry
fabric during the abrasion and the number of abrasion cycles, described by the
polynomial equations with a determination coefficient of R? up to 0.9989.

4. When analyzing air permeability of terry fabrics, it has been found that the MC
and binder treatment for terry fabrics has a negative effect on the air permeability
of fabrics. The binder reduces the gaps in the yarns and between the yarn systems,
increasing the area density of the fabrics. The air permeability of the fabrics after
the abrasion process is reduced to 80 %, and after 25 washing cycles, reduced to
70 %, compared to the fabrics with MC treatment. The strong relationship between
the air permeability and weft density was found in terry fabrics that were treated
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with microcapsules at different binder concentrations, and it is described by linear
equations (R2=0.9201-0.9604).

5. The resistance to pile loop extraction depends on the fabric structure properties
and the binder concentration. The MC treatment increases the resistance to pile
loop extraction by 2.1 and 1.5 times at pullout distances of 5 and 25 mm,
respectively. The washing process increases the resistance to pile loop extraction.
It has been found that the extraction force after 25 washing cycles is 3.9-3.4 and
1.9-2.3 times higher, compared to the grey fabrics and the fabrics treated with MC
with an extraction distance of 5-25 mm. The dependence between the pulling force
of pile loop and the binder concentration is described by the linear equations
(R?=0.7620-0.7969).

6. The sorption properties of ramie/cotton terry fabrics are influenced by the
microcapsule treatment and the washing procedure.

* The dynamic absorption process in terry fabric with MC treatment is slower
compared to the grey fabrics. When analyzing the changes in dynamic absorption
after the washing process, it has been observed that the absorption increases up to
10 washing cycles, and after 15 washes, the absorption begins to decrease. The
determined dependence of the change in the spot area at the observation time is
described by logarithmic equations with the determination coefficient R? up to
0.9847.

» The static water absorption of terry fabrics reduces after the microcapsules
treatment by 37.4 %.

« After the MC treatment, the water vapor absorption increased by 10.0 %, and
after 25 wash cycles, it increased by 25.2 %, compared to the grey fabrics.

 The water evaporation studies have shown that the evaporation process is more
affected by the number of wash cycles than the MC treatment. The relationship
between the remained water ratio and the drying time was determined and
described by logarithmic equations (R?=0.9400-0.9983).
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REZIUME

Mikrokapsulés naudojamos daugelyje sri¢iy, tokiy kaip medicina, maisto
pramoné, tekstilés pramoné. Visoms Sioms sritims kapsulés patrauklios dél
galimybés jose jterpta medziagg atpalaiduoti tam tikroje vietoje ir tinkamu laiku.
Medicinoje kapsulés pradedamos naudoti kaip vaistus perneSancios sistemos
jvairioms ligoms gydyti, net ir vézinéms. Maisto pramonéje naudojamos
riebalams, vitaminams, mineralams, kvapams, dazams ir kitoms medziagoms
jterpti. Tekstilés pramonéje mikrokapsulés naudojamos ypacé placiai, nes padengus
jomis tekstilés gaminj, suteikia naujy savybiy, tokiy kaip: atsparumas
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uzsiliepsnojimui, antibakteriSkumas, vabzdziy atbaidymas, spalvos keitimas,
kvapas. Kosmetiné tekstilé gali bti atskira kapsuliy panaudojimo sritis tekstilés
pramongje, kai tekstilés medziagos dél kapsulése jterptos veikliosios medziagos,
kuri palaipsniui atpalaiduojama, gali minkstinti oda, tiekti vitaminus, tonizuoti
organizma ar skleisti kvapa. Kapsulés su jterptais eteriniais aliejais leidzia nuolat
mégautis aromaterapija. Be to, kai kurie eteriniai aliejai turi ir antibakterinj
poveiki, o tai labai svarbu gaminiams, naudojamiems drégnoje aplinkoje, kur
palanki terpé daugintis bakterijoms ir grybeliams.

Kilpiniai audiniai dél savo ypatingos sandaros dazniausiai naudojami drégnoje
aplinkoje (vonios, saunos patalpose ar virtuvéje), nes savo kilpiniu pavir§iumi
geba absorbuoti didesnj kiekj vandens, palyginti su lygiais audiniais. Siekiant
sukurti gaminius su pridétine verte, naudojami jvairas tekstilés medziagy apdailos
procesai, vienas jy — kilpiniy audiniy padengimas kvapiosiomis mikrokapsulémis.
Kad gaminiai biity kokybiski, svarbu iSanalizuoti, kaip mikrokapsuliy apdaila
keicia kilpinio audinio sandaros ir geometrinius rodiklius, fizikines ir mechanines
savybes. Vienos svarbiausiy kilpiniy audiniy fizikiniy savybiy yra absorbcija ir
laidumas orui, nes nuo jy priklauso kaip komfortabiliai vartotojas dévés gaminj,
kaip jis tiks aplinkoje, kurioje yra skirtas naudoti. O nuo mechaniniy savybiy
priklauso gaminio ilgaamziSkumas, patvarumas ir i§vaizda.

Darbo tikslas ir uzdaviniai

Sio darbo tikslas — sukurti aromatinius ramés/medvilninius kilpinius audinius ir
iStirti mikrokapsuliy apdailos jtaka kilpiniy audiniy struktiirai ir savybéms.

Siam tikslui pasiekti buvo iskelti uzdaviniai:

ejvertinti mikrokapsuliy prisitvirtinimo efektyvumg prie natiiraliy pluosty:
medvilnés, ramés, bambuko, lininiy ir balinty lininiy verpaly;

enustatyti mikrokapsuliy apdailos jtaka kilpiniy audiniy sandaros ir
geometriniams rodikliams bei audiniy lenkiamajam standumui;

e istirti kilpiniy audiniy, padengty mikrokapsulémis su eteriniu aliejumi,
atsparumg dilinimui, taip pat audiniy, padengty mikrokapsulémis ir paveikty
skalbimo proceso, atsparuma dilinimui, nustatant masés nuostolius;

o jvertinti kilpiniy audiniy, padengty mikrokapsulémis, laiduma orui, bei audiniy,
padengty mikrokapsulémis, laidumg orui po dilinimo ir skalbimo proceso.
Nustatyti audiniy padengty mikrokapsulémis, esant skirtingoms risiklio
koncentracijoms, priklausomybes tarp laidumo orui ir ataudy tankumo, taip pat
dilinimo cikly skaiciaus;

eisanalizuoti kilpiniy audiniy mikrokapsuliy apdailos ir skalbimo proceso jtaka
puko kilpos atsparumui iStraukimui. Nustatyti priklausomybe tarp kilpos
iStraukimo jeégos ir risiklio koncentracijos;

enustatyti kilpiniy audiniy mikrokapsuliy apdailos ir skalbimo proceso jtaka
audiniy statinei ir dinaminei absorbcijai, vandens gary absorbcijai ir audiniy
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dzitivimo procesui. Nustatyti priklausomybes tarp démeés ploto ir stebéjimo laiko
bei tarp vandens likucio koeficiento ir audinio dzitivimo trukmés.

Darbo mokslinis naujumas ir praktiné verté

Didé¢jant vartotojy susidoméjimui tekstiliniais gaminiais i§ natiiraliy pluosty ir
turinCiais pridéting vertg, disertacijoje pasirinkta analizuoti natdraliy pluosty
verpalus ir ramés / medvilninius Kilpinius audinius, padengtus mikrokapsulémis
su eukalipty eteriniu aliejumi. Literatiiros apie skirtingy natiiraliy pluosty verpaly
padengima  mikrokapsulémis beveik néra, dazniausiai analizuojami
mikrokapsulémis padengti medvilniniai audiniai. Todél svarbu istirti
mikrokapsuliy prisitvirtinimo prie skirtingos pluostinés sudéties verpaly
galimybes. Ram¢ yra labai minkstas ir §velnus pluostas, todél gaminiai i§ ramés
verpaly biina lengvi ir patogilis. Savo morfologine sandara ir sorbcinémis
savybémis panasus j liny pluostg ir labiau vertinamas dél mazo glamZzumo ir
pavirSiaus blizgesio. Taciau ramés pluostas cikliskai lankstomas lGzingja, todél
daznai naudojamas su kitais natiiraliais, dirbtiniais ar sintetiniais pluostais.
Tekstiliniuose gaminiuose ramés pluosta derinant kartu su medvilnés pasickiama
geresniy fizikiniy ir mechaniniy savybiy. Medvilnés pluostas pasizymi geromis
sorbcinémis ir stiprumo savybémis. Tyrimams pasirinkti kilpiniai audiniai, kuriy
pluostiné sudétis labiausiai tinkama mikrokapsuléms jterpti. Siekiant sukurti
pridétinés vertés turinéius audinius, ramés / medvilniniai kilpiniai audiniai buvo
padengti mikrokapsulémis, kuriy Serdinis komponentas — eukalipty eterinis
aliejus.  Literatiros apie kilpinius audinius, padengtus kvapiomis
mikrokapsulémis, nerasta, todél ypa¢ aktualu iSanalizuoti, gamybos procese retai
naudojamo ramés pluosto, kilpiniy audiniy sandaros, fizikines ir mechanines
savybes. Disertaciniame darbe istirti kilpiniy audiniy su mikrokapsulémis
kokybiniai rodikliai. Naudojantis atlikty tyrimy rezultatais ir matematinémis
priklausomybémis, galima prognozuoti sudétingos sandaros audiniy savybes.
Darbo rezultatai gali biiti pritaikomi kity, panasios struktiiros, tekstiliniy gaminiy
su mikrokapsulémis kokybiniy rodikliy prognozavimui ir naujy tekstilés medziagy
ktirimui.

Darbo sandara ir apimtis

Bendra darbo apimtis — 102 puslapiai. Darba sudaro jvadas, literatiiros apzvalga,
darbo metodika ir tyrimo rezultaty skyriai, iSvados bei 136 Saltiniy literatiiros
saraSas. Darbe pateikti 51 paveikslas ir 7 lentelés.

ISvados

1. Mikrokapsuliy prisitvirtinimas prie medvilnés, rameés, bambuko, lininiy ir
balinty lininiy verpaly yra efektyvus.

e Balinty lininiy verpaly masé po padengimo mikrokapsulémis padidéjo 17,3 %,
esant 160 °C fiksavimo temperatiirai, taciau pastebima mikrokapsuliy sieneliy
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deformacijy ir pazeidimy. Dél auk$tos fiksavimo temperatiros gali buti
atpalaiduotas mikrokapsuliy Serdinis komponentas — eukalipty eterinis aliejus.
eEfektyvus mikrokapsuliy prisitvirtinimas nustatytas padengus jomis ramés
verpalus. SEM analiz¢ patvirtino, kad mikrokapsulés prisitvirtinusios prie pluosto
pavirSiaus ir jsiterpusios i pluosto tarpus.

2. Kilpiniy ramés / medvilniniy audiniy padengimas mikrokapsulémis su
eukalipty eteriniu aliejumi turi jtakos audiniy sandarai ir lenkiamajam standumui.
o Kilpiniy audiniy apdaila mikrokapsulémis su eukalipty eteriniu aliejumi padidina
audinio pavirSinj tankj. Priklausomai nuo ataudy tankumo ir apdailos metu
naudotos risiklio koncentracijos, ramés / medvilniniy kilpiniy audiniy pavir$inis
tankis padidéjo nuo 8,2 % iki 27,1 %, palyginti su nepadengtais mikrokapsulémis
audiniais. Audiniy, padengty mikrokapsulémis naudojant 20 ir 95 g/l risiklio
koncentracija, priklausomybé tarp ataudy tankumo ir pavirSinio tankio, apraSoma
tiesinémis lygtimis (R? iki 0,8937).

e Mikrokapsuliy apdaila kilpiniy audiniy storj padidina nuo 20 % iki 45 %, nes
riSamoji medziaga sustandina audinio kilpas, kurios suspaudimo metu geba
priesintis suteikiamai apkrovai.

eKilpiniams audiniams suteikiama mikrokapsuliy apdaila padidina audiniy
lenkiamajj standuma. Lyginant padengtus mikrokapsulémis kilpinius audinius su
zaliais audiniais, gauta, kad lenkiamasis standumas padidéja iki 14 karty metmeny
kryptimi ir iki 12,8 karto ataudy kryptimi. Audiniy, padengty mikrokapsulémis,
esant 80 g/ risiklio koncentracijai, priklausomybé tarp lenkiamojo standumo ir
ataudy tankumo, apraSoma tiesine lygtimi (R?= 0,8100).

¢ Kilpiniy audiniy atsparumas dilinimui priklauso nuo ataudy tankumo ir audiniui
suteikiamos apdailos. Po padengimo mikrokapsulémis audiniai tapo atsparesni
dilinimui, tac¢iau skalbimo procesas sumazina atsparumg mechaniniam poveikiui.
Nustatyta, kad dilinant masés nuostolis po 5 skalbimo cikly yra 1,33 karty didesnis
nei neapdoroty audiniy, ir 1,97 karto nei padengty mikrokapsulémis, po 25000
stikiy skai¢iaus. Nustatytas stiprus rySys tarp audiniy masés nuostolio dilinant ir
dilinimo cikly skaiCiaus, apra§omas polinominémis lygtimis, kuriy apibrézties
koeficientas R? iki 0,9989.

3. I8analizavus kilpiniy audiniy laidumg orui, nustatyta, kad kilpiniy audiniy
padengimas mikrokapsulémis sumazina audiniy laidumg orui. Audiniy laidumas
orui po dilinimo proceso sumaz¢ja iki 80 %, o po 25 skalbimo cikly apie 70 %,
palyginti su padengtais mikrokapsulémis, neskalbtais audiniais. Nustatytas,
stiprus rySys tarp audiniy, padengty mikrokapsulémis, esant skirtingoms risiklio
koncentracijoms, laidumo orui ir ataudy tankumo, tiesiniy priklausomybiy
(R?=0,9201-0,9604).

4. Kilpiniy audiniy ptko kilpos atsparumas iStraukimui priklauso nuo audinio
sandaros, apdailos mikrokapsulémis ir skalbimo proceso. Audinio padengimo MK
procesas puko kilpos atsparumg istraukimui padidino 2,1 ir 1,5 karto, atitinkamai
esant 5 ir 25 mm iStraukimo intervalui. Skalbimo procesas padidina piiko kilpos
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atsparumg iStraukimui. Nustatyta, kad iStraukimo jéga po 25 skalbimo cikly yra
didesné 3,9-3,4 ir 19-23 Kkarto, palyginti su zaliais ir padengtais
mikrokapsulémis audiniais, kilpos iStraukimo intervalui esant 5-25 mm. Nustatyta
priklausomybé tarp ptuko kilpos iStraukimo jégos ir riSiklio koncentracijos,
apraSoma tiesinémis lygtimis (R?= 0,7620-0,7969)

5. Ramés / medvilniniy kilpiniy audiniy sorbcinéms savybéms jtakos turi apdaila
mikrokapsulémis ir skalbimo procesas.

e Dinaminés absorbcijos procesas audiniuose, padengtuose mikrokapsulémis,
vyksta lé¢iau nei Zaliuose audiniuose. Analizuojant dinaminés absorbcijos
poky¢ius po skalbimo, pastebéta, kad iki 10 skalbimo cikly absorbcija didéja, o po
15 skalbimy absorbcija ima mazéti. Nustatyta démés ploto pokyc¢io priklausomybé
nuo stebéjimo trukmés apraSoma logaritminémis lygtimis, kuriy apibrézties
koeficientas R? iki 0,9847.

¢Kilpiniy audiniy padengimas mikrokapsulémis stating vandens absorbcija
sumazina 37,4 %.

¢ Vandens gary absorbcija po padengimo mikrokapsulémis padidéjo 10,0 %, o po
25 skalbimo cikly padidéjo 25,2 %, palyginti su Zaliais audiniais.

o Atlikus audinio dziivimo tyrimus, pastebéta, kad dziGivimo procesui daugiau
jtakos turi skalbimo cikly skaifius nei apdaila mikrokapsulémis. Nustatyta
priklausomybé tarp vandens likucio koeficiento ir dziiivimo trukmés, apraSoma
logaritminémis lygtimis (R?= 0,9400-0,9983).
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