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ABSTRACT

Thermoplastic polymer fabrics are normally heat set to make them dimensionally stable.
These fabrics in garment panel form may again be exposed to heat during the processes such
as rubber print curing and cause to change their dimensions. The key issue addressed in this
study; the thermal shrinkage of heat-set polyester/elastomeric knitted fabrics during post-
heat treatment processes which is a practical and a current problem in the garment industry.

The thermal shrinkage behavior of heat-set polyester knitted fabrics, under a wide range of
conditions, mainly to simulate the post-heat treatment processes, using geometric and
thermodynamic parameters were investigated. The findings present a statistically sound
analysis of different thermal behavior patterns, while examining their causes based on both
material properties and dimensions of the plain knitted fabrics.

The key findings reveal that heat-setting and heat-curing temperatures have a significant
effect on thermal shrinkage behavior. Thermal shrinkage in course direction is highly related
to the width-wise extension applied during heat-setting and the wale direction is highly
correlated to the shrinkage behavior of the yarns in hank form. Noticeable changes in
polyester thermal behavior occur at 160°C and thermal shrinkage is heavily influenced by
thermal history of materials. Taut-end and slack-end conditions maintained while heat-
setting and heat-curing significantly affected thermal shrinkage. The higher percentage of
overfeed during heat-setting leads to lower thermal shrinkages in subsequent thermal
activities.

Thermal shrinkage was evidence of a change in the structural parameters of knitted material.
Structural changes are mainly due to the change of shape of the loop and/or thermal
shrinkage of the stitch length. The introduction of elastomeric yarn to the polyester knitted
structure led to make more thermally stable fabrics. In order to reduce thermal shrinkage
during subsequent heat treatment, a high temperature heat-setting and a moderate percentage
over feed should be retained during thermal setting.

The post heat treatment results revealed that the low temperatures during heat treatments
though have no trend but causes comparatively low thermal shrinkage or expansion, it is safe
and advisable to use low post heat setting temperatures where possible.

Key words: Polyester, Spandex, Plain knitted fabric, Thermal shrinkage, Post-heat
treatments
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1 INTRODUCTION

1.1 Background of the Problem

Polyester, a thermoplastic polymer fibre, which has outstanding mechanical,
physical, and enduring properties, is commonly used in manufacturing fabrics
(Rudolf, Gersak, & Smole, 2011). Polyester is used in both knitted and woven
fabrics as 100% polyester or blended with other fibres. Together with elastane,
polyester is used to produce woven and knitted fabrics with excellent physical,
mechanical and chemical properties. Knitted fabrics have the important advantage of
being flexible and maintaining the ideal structural arrangement during use.
However, both industry practitioners and researchers have found, maintaining the
dimensional stability or resistance to stretch and shrink (Matlin & Nuessle, 1955), as

a challenge in processing, manufacturing and use of polyester in knitted fabrics.

The most important advantage of knitted fabrics is the flexibility to deform the
structure and maintain the ideal arrangement during use. Achieving ideal
dimensional stability of knitted fabrics is yet to be a major concern of textile
manufacturers, garment manufacturers and researchers. Knitted fabrics are
susceptible to external influences due to the looped structure and can cause
dimensional changes. Knitted fabrics made out of thermoplastic materials have an
additional factor that causes dimensional instability. Manufacturing processes that
involve heat causes dimensional changes in thermoplastic materials. Heat-related
deformations are undesired in thermoplastic fibre textiles as they can easily form
creases and wrinkles at moderately high temperatures and retain these creases and
wrinkles at lower processing temperatures because of their thermoplastic character
(Matlin & Nuessle, 1955). The most effective way to preserve dimensional stability
in thermoplastic fibre fabrics has been identified as the heat-setting or heat treatment
at elevated temperature with dimensional control (Matlin & Nuessle, 1955). Heat-
setting requires the fabric to be subject to higher temperatures than those likely to be
met in its subsequent use (Arghyros & Backer, 1982; Liu et al., 2016; Marvin, 1954).

Heat-setting of thermoplastic filaments provides dimensional stability and many

other properties for subsequent processing conditions. The purpose of heat-setting is



to establish molecular configurations by supplying molecular chains with thermal
energy to eliminate instability and relax the filament stresses incurred during earlier
production phases (Venkatesh, Bose, Shah, & Dweltz, 1978). Heat-setting causes to
relax the fibre stresses incurred during spinning, drawing and twisting in order to
maintain twist, crimp, bulk, strength and dimensional stability in subsequent
processes and to establish flat fabric geometry (Arghyros & Backer, 1982). With
the advancements in technology and increased use of thermoplastic fibre materials in
fabrics, new and/or existing processes such as panel printing, heat transfer printing,
bonding are heavily utilized during the manufacturing process of the garments to
impart quality, aesthetic and performance characteristics. Some of them are
performed at high temperatures in specified conditions.  Many of these
embellishment processes are applied during the garment production and on fabrics in

garment panel form.

Although it is expected to have high dimensional stability of the heat-set polyester
plain knitted fabrics, further deformation is observed due to the heat applied during
the above mentioned subsequent processes to heat-setting. Since these processes are
applied on garment panel form, mechanisms to control dimensional stability are not
possible/currently unavailable. The dimensional change cause by these post-heat
treatments is a serious setback as it can cause product rejection or interruption of the
manufacturing process leading to financial losses. Although many researchers have
discussed thermal shrinkage of polyester fibres and yarns (Arghyros & Backer, 1982;
Batra, 1976; Gupta, Majumdar, & Seth, 1974; Marvin, 1954), the thermal shrinkage
behavior due to post-heat treatment processes polyester knitted fabrics were not

covered in previous studies.

Thermal shrinkage of heat-set polyester knitted fabrics, in post-heat treatment
processes are a practical and a current problem in the garment manufacturing
industry. Under highly dynamic and time critical requirements of the textile and
clothing market, failure to ensure dimensional stability of products can pose
unacceptable financial risks. Therefore, it is essential to provide a solution to address
the thermal shrinkage behavior of 100% polyester and polyester/elastane plain
knitted fabrics.



1.2 Introduction to Thermal Shrinkage

Swelling, felting and fibre relaxation are well known to deform hydrophilic fibres
such as cotton, wool and acetate as moisture and steam can easily alter hydrophilic
fibres (Black, 1974; Heap et al., 1985; Onal & Candan, 2003; Van Amber, Niven, &
Wilson, 2010). Moisture has less affect on thermoplastic synthetic fibre materials
due to the hydrophobic nature of these synthetic fibres. Instead heat has effects over
the thermoplastic synthetic fibre materials (Ghosh, 2006; Matlin & Nuessle, 1955;
Rodriguez-Cabello, Santos, Merino, & Pastor, 1996; Stein & Misra, 1980). The
thermal deformation either in thermal shrinkage or thermal expansion of semi-
crystalline, oriented, thermoplastic fibres like nylons and polyesters is well known
(Ribnick, Weigmann, & Rebenfeld, 1973).  When these fibres are exposed to
temperatures above the glass-rubber-transition but still well below the crystalline
melting point, a substantial length decrease have been observed (Ribnick et al.,
1973). Thermal exposure deformations are known causes for the dimensional
distortion and instability of thermoplastic polymer materials (Arghyros & Backer,
1982; Batra, 1976, 2006; Haar, 2011; Marvin, 1954).

Previous findings described the thermal deformation of polyester using multiple
mechanisms. Thermal distortion can be either a thermal shrinkage or a thermal
expansion depending on the physical conditions maintained during thermal exposure
(Rath, Chaki, Khastgir, 2011). Molecular disorganization and rearrangement (Matlin
& Nuessle, 1955; Prevorsek et al., 1974; Ribnick et al., 1973), disorientation of
oriented amorphous chains or extended interfibrillary tie molecules ( Huisman &
Heuvel, 1989; Nobbs et al., 1976; Peterlin, 1977; Prevorsek et al., 1974; Wilson,
1974; Wu, Yoshida, & Cuculo, 1998), crystallization (Ribnick, 1969), chain folding
(Dismore & Statton, 1966; Dumbleton, 1970b; Dumbleton, Bell, & Murayama, 1968;
Prevorsek & Sibilia, 2006; Statton, Koenig, & Hannon, 1970; M. P. W. Wilson,
1974) were identified as the main causes of thermal shrinkage. These investigations
and related structural and other aspects led to the conclusion that the overall process
of deformation depends on the temperature, time and forces applied during the heat-

setting period.



1.3 Impact of Thermal Shrinkage Behavior of Heat-Set Polyester Knitted
Fabrics on Sri Lankan Garment Industry

Sri Lanka is one of the leading garment manufacturers in the Asian region. Design,
manufacture and export of textile and apparel are one of the largest industries in Sri
Lanka and plays a key role in supporting the economy of the country. The
production of sportswear, active wear, leisure wear and intimates apparel have
become highly innovative fields that invest heavily on research and development.
The use of synthetic fibre knitted fabrics has become the key raw material for many
of the popular branded sportswear and active wear produced in Sri Lanka. The
excellent mechanical, physical and chemical properties with excellent stretch and
recovery properties possess by the synthetic knitted materials have become the best
choice for the sportswear, active wear and intimates garments. The trends towards
innovation and creativity have led the textile and apparel industry to intense use of
new technologies. The sportswear and active wear with many localized print
patterns in a single garment have led to the use of technologies like sublimation
printing and rubber printing in garment cut panel form. Maintaining accepted
dimensional stability when garment panels subjected to post-heat-treatments hence
become critical for the Sri Lankan garment manufacturers due to the existing trend of
garment industry towards more synthetic apparels with designer and innovative

technologies.

The post-heat-treatment processes are often used in garment cut panel form in the
garment industry. Printing in garment cut panels is such a process widely and
intensively used in many categories of apparel industry such as sportswear, active
wear and casual wear. The printing process has two distinct stages; print placement
and print curing. Print curing is performed at elevated temperatures to facilitate
proper adhesion and drying of printing paste on the material. Heat treatment during
printing incurred as a curing or intermediate drying process in any graphical
embellishment process. Along with print curing, thermal deformation of the fabric
panels can also occur due to heat, if the material is thermoplastic. Since there is little
awareness of controlling thermal shrinkage in knitted fabrics, additional allowances

are added to the garment panels which are subject to graphic embellishments. This



additional fabric allowance incurred extra material costs and ultimately increases the
cost of production. Despite these precautions, if the garment panel size becomes
smaller than the specified dimensions due to heat, the panel has to be discarded. If
the garment panel expands, then the alteration has to be done in order to get the

required dimensions of the final product.

There are a number of processes to follow when preparing garment panels for
application of embellishment that involve post-heat treatment. The ordering of
fabrics, the making of markers, cutting and bundling are few major steps in the
preparation of the garment panel. The entire process has to be repeated if the panels
of the garment have been deformed during the application of embellishment and the
panels of the garment has to be re-prepared. For this requirement, in the absence of
the requested fabric in the garment factory or in the textile mill causes the required
fabric to be reproduced. This is a long and time consuming process, as well as time
and rework incurred by the value as well as the reputation of fabric and garment

manufacturer.

Due to not having complete understanding on the thermal shrinkage behavior of
polyester fabrics, the inconsistency of the thermal shrinkage between the fabric
rollers in the same production batch is also inevitable. In such a situation it is
necessary to observe critically the thermal shrinkage of each fabric roll. If large
production batches are involved, this monitoring process becomes complicated.
Further, in order to equalize the thermal shrinkage defect, the highest value of
thermal shrinkage must be added to the garment panels for production.

1.4 Research Problem Statement

It is evidence that the key issue addressed in this study - thermal shrinkage of heat-
set polyester knitted fabrics during post-heat treatment processes is a practical and a

current problem in the garment manufacturing industry.
» Main research question

To anticipate the thermal shrinkage of polyester plain knitted fabrics
subjected to heat treatment processes at elevated temperatures subsequent to

heat-setting?



» Partial research questions

The extent of dimensional change in single jersey plain knitted polyester

fabrics when subject to heat treatment processes succeeding to heat-setting

What correlations describe shrinkage to yarn, knitting, structural and thermal
parameters of a single jersey plan knitted polyester fabric subjected to heat

treatment processes?

What are the key recommendations to minimize shrinkage of single jersey
plan knitted polyester fabric during the heat treatment processes subsequent

to heat-setting?

Considering the research problems the following main research aim was decided.

» This research aims at analyzing the thermal shrinkage behavior of polyester

plain knitted fabrics due to post-heat treatment processes subsequent to heat-
setting process and to provide recommendations to minimize thermal

shrinkage.

1.5 Research Objectives

1.

To investigate the thermal shrinkage behavior of commercially used
polyester/elastomeric plain knitted fabrics subjected to heat treatment

processes subsequent to heat-setting.
To develop a testing method to measure thermal shrinkage of knitted fabrics

To investigate thermal shrinkage behavior of single jersey plain knitted

polyester/elastomeric fabrics of different tightness factors.

To identify empirical relationships to predict the thermal shrinkage of

polyester/elastomeric plain knitted fabrics

To provide recommendations to minimize thermal shrinkage upon heat

treatment subsequent to heat-setting process

1.6  Significance of the Study

Heat-setting processes are known to be the most effective ways to reduce or

eliminate thermal distortion of thermoplastic materials (Caihong et al., 2014;



Cullerton, Ellison, & Aspland, 1990; Dennis & Buchanan, 1987; Karmakar, 1999b;
Khandaker et al., 2014; Wang & Hu, 1997a). Therefore, heat-setting has been the
standard practice in the industry to stabilize thermoplastic fibre fabrics. However,
after cutting the heat-set fabrics into garment panels, some of them may have to
undergo through processes that involve heating of the garment panels. This behavior
IS not an accepted standard in the garment as well as textile industry since one of the

main quality parameters; the dimensional stability is mainly affected.

The thermal shrinkage of spun, drawn and textured fibres or yarns has been
discussed at length by varying production parameters and thermal process parameters
by many researchers (Fischer & Fakirov, 1976; Phillips et al., 2003; M. P. W.
Wilson, 1974). Many systems and mechanisms are in place in the industry to
minimize these distortions in textiles and in clothing (Heap et al., 1985; Karmakar,
1999b; Quaynor, Nakajima, & Takahashi, 1999; Rath, Chaki, & Khastgir, 2008).
Due to the structural complexity of knitted fabrics, the thermal shrinking behavior of
heat-set thermoplastic knitted material is still not well understood. However,
researches have been carried out to understand thermo mechanical behavior of
polyester fibres and yarns. The thermal treatments may lead to yarn shrinkage or
distortion of the loop or both to the gross fabric distortion. It would therefore be
crucial to analyze the thermal shrinkage behavior of knitted thermoplastic fabrics, as

the use of such products in the garment industry is enormous.

The finding of this study will contribute to the benefits of the garment manufacturer;
fabric manufacturer and researchers considering that achieving the required
dimensional stability play an important role in textile industry. The key issue
addressed in this study; the thermal shrinkage of heat-set polyester knitted fabrics
during post-heat treatment processes which is a practical and a current problem in the

garment industry.

In this study the thermal shrinkage behavior of heat-set polyester knitted fabrics,
under a wide range of conditions, mainly to simulate the post-heat treatment
processes, using geometric and thermodynamic parameters were investigated. The

findings of this study present a statistically sound analysis of different thermal



behavior patterns, while examining their causes based on both material properties
and geometry of the plain knitted fabrics.

As issues related to thermal shrinkage are among on-going critical issues in textile
industry, the industry related problem addressed in the study will interest a wide

readership of both industry practitioners and researchers.
1.7 Scope and Limitations

In this study the heat-setting process and post-heat treatment processes were
performed under wide range of conditions. The fabric geometry, material properties
and thermodynamic parameters of heat-set and post-heat treated fabrics were
theoretically and statistically analyzed. The main heat-setting parameters which
were taken into study were heat-setting temperature and the overfeed percentage.
Four main post-heat treatments were selected for the initial study and heat-curing

process was selected as the post-heat treatment process for further study.
1.7.1 The following main areas were discussed in this study

» Significance of thermal shrinkages due to post-heat treatment processes

» Effects of panel parameters and heat-setting temperature on thermal
shrinkage

» Thermal behavior of heat treated polyester plain knitted fabrics

» Comparative study on the thermal shrinkage behavior of polyester yarn and
its plain knitted fabrics

» The influence of over feed during heat-setting on the thermal shrinkage
behavior

» Thermal shrinkage behavior of polyester/elastomeric plain knitted fabrics

The effect of heat-setting time duration was not studied under this research and
recommended for further studies. The various fabric panel shapes were not included

and can be performed as a further study.



2 LITERATURE REVIEW

2.1 Use of Polyester in the Textile and Apparel Industry

Polyester is one of the most popular fibres used in the textile and apparel industry.
Terylene® was first synthesized by W.H Carothers. During 1930s and 1940s,
Polyester fibre was developed by DuPont Corporation for mass consumption. It is
difficult to find consumer garments that does not containing at least a certain

percentage of polyester fibre.

The major manufacturers of polyester are China, Taiwan, Korea, India, Japan and
United State of America (USA). Once polyester fibres are produced in China and
other Asian countries, they are mainly used in Asia for the production of polyester
consumables. China accounts for 69% of all polyester fibre production globally,

while India and Southeast Asia add up to 86% of global production.
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Figure 2.1 : The demand of polyester from 1980 to 2030 (Carmichael, 2015)

Figure 2.1 presents the history and forecast of fibre demand in millions of tonnes,
showing the dominant role of polyester in the growth of fibre demand. The diagram
also shows the continuing dominance of polyester, as calculated by PCI Fibers based
in England in its forecast for 2030. Polyester demand increased cotton production in
2002 to a much faster rate than all other fibre types. As per the forecast results the
demand for polyester was only 5.2 million tons worldwide in 1980, and reached 19.2

million tons in 2000. Demand is set at 46.1 million tons in 2014. From 1980 to


https://www.textileworld.com/Articles/2015/January/issue_pics/FiberFig1.pdf

2014, total demand for fibre increased by 55.7 million tons, of which 73.4 percent
was occupied by polyester. Demand was stated as 55.42 million tons in 2019.

2.2 Polyester
2.2.1 What is polyester?

Polyester is the type of polymers with functional ester group in the main chain.
While several polyester forms exist, the term polyester primarily applies to
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT) in
industries (Gschel, 1996). Due to its high melting point, good mechanical properties
and chemical resistance, polyester is one of the most multifunctional thermoplastic
polymers in plastics, films and fibres (Liu et al., 2016). The high glass transition
temperature (Tq) and slow crystallization rate of PET provides many methods to
control its morphology in order to obtain desired properties (Liu et al., 2016). The
desirable properties such as clear, lightweight, high strength, high stiffness,
favourable creep characteristics, high chemical resistance, barrier properties and low

price make polyester of choice for using as containers, fibres and films.
2.2.2 Chemical structure of polyester

The first process of industrial production of polyester is the condensation
polymerization. Condensation polymerization occurs at high temperatures as
terephthalic acid and ethylene glycol alcohol react (Han, Sarathchandran, & Thomas,
2012). After polymerization, the material is extruded in the form of a ribbon to a
casting trough. After cooling, the ribbon hardens and is cut into chips for further

processing.

Polyester can be classified as thermoplastic or thermosetting polymer depending on
the chemical structures (Gschel, 1996). Aromatic—aliphatic polyesters are generally
high melting semi-crystalline (150°C -270°C) materials that find applications as
engineering thermoplastics, films, or fibres (Brown, 1999). Figure 2.2 presents the
reaction between acid and alcohol condensation polymerization to produce polyester.
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Figure 2.2 : Condensation polymerization of terephthalic acid and ethylene glycol
(Oxtoby, Gillis, & Campion, 2011)

2.2.3 Different forms of polyester

PET is a crystallizable polymer due to its regularity in chemical and geometric
structure. ' Crystalline ' means that the polymer chains are parallel and ' amorphous '
means that the polymer chains are distorted (Kajiwara & Ohta, 2009). The majority
of polymers are composed of crystalline and amorphous regions as complex
structures.  Crystallinity is usually caused by heating above the glass transition
temperature (Ty) of thermoplastic polymer and is often accompanied by molecular
orientation. Glass transition temperature (Tg) can be defined as the temperatures at
which the segmental chain mobility starts and the polymer shows a physical shift by
becoming a hard, glassy state to a soft, rubbery state (Anton, 1968; Bosley & Du,
1967; Gulrajani & Saxena, 1979; Miller & Murayama, 1984; Venkatesh et al., 1978).

It is difficult to achieve 100% crystallinity in thermoplastic polymers with the lowest
free energy of molecules since the polymers do not usually have uniform molecular
weight (Kajiwara & Ohta, 2009). Instead, polymers can only react to partially
crystalline structures, and they are known as "semi-crystalline” structures.
Therefore, in general polyester is available in semi-crystalline or amorphous forms.

The glass transition temperature of amorphous PET is about 67°C, and about 81°C
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for semi-crystalline PET (Kajiwara & Ohta, 2009; Misra & Stein, 1979). Figure 2.3
presents the commercial methods of producing semi-crystalline and amorphous

polyester.
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Figure 2.3 : Methods of producing semi-crystalline and amorphous polyester
(Gschel, 1996; Trznadel & Kryszewski, 1988; Vries, 1980)

Thermal crystallization and/or stress or strain-induced crystallization usually induces
crystallization in PET (Fischer & Fakirov, 1976; Vries, 1980). The quick quenching
of the molten polymer leads to a completely amorphous PET. Thermally induced
crystallization takes place when the PET polymer is heated above Ty and not
guenched quickly enough. Stretching or orientation is applied to the heated polymer
in stress-induced crystallization. During strain/stress- induce crystallization polymer
chains are rearranged in parallel form and closely packed due to the external
stretching force (Fischer & Fakirov, 1976; Vries, 1980). The process of
crystallization consists of nucleation (the initial process that occurs in the formation

of a crystal from a solution, a liquid, or a vapor, in which small number of ions,
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atoms, or molecules become arranged in a pattern characteristic) and spherultic
crystallization (presented in Figure 2.4), which can occur at temperatures above glass
transition temperature (T4) and below melting temperature (Tm). Figure 2.4 presents

the basic structural representations of amorphous and semi-crystalline polyester.
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Figure 2.4 : Structures presenting amorphous and semi-crystalline polyester
(Kajiwara & Ohta, 2009)

Due to amorphous interspersed regions within crystalline structure, semi-crystalline
polymers have a heterogeneous structure, while amorphous polymers have a
homogeneous structure in all their forms (melts, rubbers, glasses, etc.) (Kajiwara &
Ohta, 2009; Misra & Stein, 1979; Rodriguez-Cabello et al., 1996).  Amorphous

polymer has randomly coiled, folded and entangled molecular structure.

The level of crystallinity in a polymer is determined by inherent and extrinsic factors.
Narrow molecular weight range, linear structure of the polymer chain and high
molecular weight are very important preconditions for achieving high crystalline
structures (Kajiwara & Ohta, 2009). Extrinsic factors such as stretch ratio, extension
mode and crystallization temperature in polymer film production are also affected the

level of crystallinity.

Koening and colleagues studied the structure developed in the amorphous and
crystalline regions by drawing amorphous PET films and fibres at different

temperatures (hot drawing). They concluded that the uncoiling of amorphous chains
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occurs by converting the distorted gauche into the extended trans isomer and
demonstrated that this conversion leads to a slight increase in crystallinity. When the
temperature exceeds Ty during drawing, the randomly coiled polymer chains in the
amorphous region begin to disengage, unfold, and straighten, while some molecular
chains even slide over their neighbouring chains (Hegde, Kamath, & Dahiya, 2010).
But drawing crystalline PET film results in a minimal increase in crystallinity, but in

crystalline regions a higher degree of alignment.
2.2.4 Forms of polyester in commercial application

Glassy polyester and polyester fibres are two forms of polyesters commonly used in
commercial applications. Sections 2.2.4.1 and 2.2.4.2 described in detail the glassy

polyester and melt spun polyester fibres.
2.2.4.1 Glassy polyester

Glassy polyester is widely used in fibreglass, roofing membranes, polyester
composites reinforced with glass fibre, etc. The glassy polyesters are produced by
strain-induce crystallization of amorphous polyester below or above glass transition
temperature where isothermal crystallization is negligible. Stretching is caused to
form oriented amorphous polymers if the amorphous polymer is subjected to
stretching below Ty where crystallization is negligible (Gschel, 1996; Misra & Stein,
1979; Trznadel & Kryszewski, 1988; Vries, 1980; Zhao et al., 2001). The stretching
of amorphous PET strips below Ty caused to form stress-induce neck formation at a
strain of 5%, and sample may break with a total strain of approximately 270%
(Misra & Stein, 1979). The analysis on super-molecular structure produced during
strain-induced crystallization of PET has been carried out in many studies. The
super-molecular structure formed under stress (or strain) is considerably different
from that in amorphous PET (Misra & Stein, 1979).

The effects on orientation and crystallinity resulting from drawing amorphous PET
varying drawing ratio, temperature, and strain rate were well studied and reported
(Ajji, Cole, Dumoulin, & Brisson, 1995; Dumbleton, 1970b; Pereira & Porter, 1983;
Pinnock & Ward, 1966; Sharma & Misra, 1987; Smith & Steward, 1974; Trznadel &

Kryszewski, 1988). The super-molecular structure will acquire an increasingly fluid
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character at higher temperatures in the glass-rubber transition range and in the
rubbery region. Researchers have also studied the effect of stretching conditions on
stress-induced crystallization of amorphous PET film (Fischer & Fakirov, 1976;
Heuvel & Huisman, 1981; Hsiue, Yeh, & Chang, 1989; Huisman & Heuvel, 1989;
Maruhashi & Tadahro, 1996; Misra & Stein, 1979; Vries, 1980). The results of these
studies revealed that the super-molecular structure formed by stretched amorphous
samples is perpendicular to the direction of stretching (Gschel, 1996; Trznadel &
Kryszewski, 1988; Vries, 1980). As the stretching rate increases, the orientation of
amorphous segment increases and relaxing effect after orientation was lowered.
Increasing birefringence values show an overall improvement in the orientation of

glassy polyester.
2.2.4.2 Polyester fibre

Among many thermoplastic polymeric fibres, Polyethylene terephthalate (PET) finds
wide commercial application in the form of fibres due to their excellent mechanical,
physical and durable properties and characteristics (Rudolf et al., 2011). Polyester
has also known for many years as a textile fibre forming material. Industrial
production of polyester fibre involves three main steps; condensation polymerization,
melt-spinning of molten polymer and hot drawing to produce polyester fibre (Han et
al., 2012).

As the first step of condensation polymerization, fully dried polyester chips are
melted at approximately 285°C and polymer molten is spun and extruded into the
atmosphere by small troughs and refreshed by blowing air. The extruded filaments
wind up on a bobbin a few meters below the point of extrusion when they reached
room temperature (Drobny, 2003; Dumbleton, 1970a; Han et al., 2012; Marvin,
1954).

The extruded spun filaments are either drawn hot to produce partially crystalline
filaments with high molecular orientation or heated in air at high temperatures to
produce partially crystalline filaments with no preferred molecular orientation
(Katayama, Nakamura, & Amano, 1968). Figure 2.5 presents the main production

steps of polyester fibres.
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Vries (1980) stated that the deformation of man-made fibres such as polyester and
nylon during melt-spinning and winding are like rubber. In this form, the yarn is
unoriented and lacks any textile qualities; however, the spun fibres are developed
through a process of drawing that orients the fibre molecules resulting a high strength

fibre which can be used for the fabric production (Marvin, 1954).

As a polymer is extruded from the melt during fibre production, a fraction of the
polymer chains (0.5 nm diameter) crystallizes into lamellae (discuss in section
2.3.1.3) or small crystallites (10 nm in size), and another fraction remains amorphous
as it freezes in its molten state. During the drawing process, in fibres, these lamellae
are organized into fibrils (100 nm in length), which in turn form filaments (5 um

diameter) that are then made into fibres (0.5 mm diameter).

The crystalline structures formed during the melt-spinning process have been
reported (Merino and Pastor, 1996). Using the kinetic theory of rubber elasticity,
Dumbleton (1969) showed that spun polyester cannot be amorphous polymer. This
is due to there is substantial evidence for the presence of order and disordered
regions (Dumbleton, 1970b). Because of these two distinctive phases, polyester
polymer structures are known as two-phase models and can be called semi-

crystalline polymer materials (Murthy, 2004).

Different spinning and drawing conditions are used to produce polyester fibres with
different molecular structures (Han et al., 2012; Matlin & Nuessle, 1955). The
orientation of the spun yarn depends on the speed at which it is forwarded or spun
into continuous filament yarn during the fibre production (Rodriguez-Cabello et al.,
1996).

Based on the orientation, PET fibres can be categorized as low-oriented yarn (LOY),
medium-oriented yarn (MOY), partially-oriented yarn (POY), highly-oriented yarn
(HOY) and full or high-speed spun yarns (FOY). LOY, MOY, POY, HOY and FOY
can be produced in speed ranges 500-1500, 1500-2500, 2500-4000, 4000-6000 and
above 6000 m/min respectively (Rodriguez-Cabello et al., 1996). The differences in
molecular orientation, crystallinity, structures and shrinkage behavior of the above

fibres are presented in Table 2.1.
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Table 2.1: Different spinning and drawing conditions to produce polyester with
different molecular structures (Rodriguez-Cabello et al., 1996)

Sample Manufacturing Crystallinity Orientation | Stucture & Shrinkages
i Spinning y , Amorphous
LOY ; None Very Poor
SO0-1500 m/min Poor Shrinkage
’ Spinning g Vi Amaorphous
MOY t None Poor
i 1 5(60-2500 m/min High Shrinkage
POY Spinning None Partial APy
2500-4000 m/min ' b Very High Shrinkage
Partially Crystilline
Spinning Medium Shrinkage
HOY Partial High PO
AO00-6000 m/min . Particular Microfibrils
Spinning y Skin-Core heterogeneity
W X i High Very High SKin-Core heterogenceity
FOY ~6000 m/min & A Poor Shrinkage
Low speed Spinning Mainly Amorphou
Spun-Drawn P‘ P 8 None or Low Very High kgl \. orpao
+ Drawing et High Shrinkage
oz Low speed Spinning ) Fibrillar Structure
LSPF 2 l)ru\r\“ing "l leat Selting High Very High Iransverse Homogeneity
’ el Poor Shnnkagez

Wasiak and Ziabicki studied the molecular structure of PET spun fibres at winding
speeds from 350 to 850 m/min and found that the spun PET fibres produced by these
speeds were amorphous. Heuvel and Huisman (1978) proposed molecular
arrangement for spun yarns by varying the spun yarn winding speed. The findings
revealed that spun yarn with various physical structures resulted due to winding
speeds ranging from 2000 to 6000 m/min. Heuvel and Huisman (1978) findings
reveal that yarns wound at relatively low speeds are amorphous, whereas yarns
wound at high-speed have well developed molecular crystals. The findings also
revealed that distinct crystalline structures were developed at the winding speeds
above 4000 m/min (Heuvel & Huisman, 1978).

Studies carried out by Sharma and Misra (1987) revealed that crystalline orientation
and amorphous orientation values were found to increase with the increase in
stretching rates (drawing). There studies also revealed that low stretching rates
resulting in lower orientation and low strength and high stretching rates resulting in

high orientation and high strength in drawn fibres (Sharma & Misra, 1987).

The effect of spinning speed on the dynamic mechanical properties of polyester spun
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yarns was studied by Miller and Murayama (1984). The findings revealed that the
dynamic module of spun yarn in the temperature range from 25°C-160°C is
increased as the spinning speed increases (3000-6000 m/min). These increases were
suggested as a result of a combined effect of increased amorphous orientation and
crystallinity since the segmental motion is greatly influenced by its environment.
High glass transition peaks at around 98°C in DSC thermograms were observed for
partially oriented yarns (POY) spun at 3000 and 3800 yards/min, while low glass
transition peaks at around 125°C were observed for the partially oriented yarn which
was spun at 5600 and 6200 yards/min. The low glass transition temperature of POY
revealed that the fibre has low amorphous orientation with low crystallinity and the
high spinning speeds has resulted high amorphous orientation with 35% crystallinity
(Miller & Murayama, 1984).

Miller, Southern and Ballman (1983) examined the structure and characteristics of
partially oriented polyester yarn (POY) and its false twist textured yarns (PTY) as a
function of spinning and texturing processes. As the spinning speed increases from
low to high, both amorphous and crystalline orientation, crystallinity, crystallite size
and dye uptake increase in partially oriented yarn (POY). As per the results they
revealed that the texturing rate increases the orientation of crystallinity in crystallite,
mean volume of crystallite and amorphous volume per crystallite. The results also
revealed the absorption of dye increases as orientation in amorphous region
decreases (Miller, Southern, & Ballman, 1983).

2.3 Behavior of Polyester Fibre

The earlier research findings reveal that crystallinity and morphology levels affect
the properties of the polymers significantly (Fischer & Fakirov, 1976; Groeninckx &
Reynaers, 1980; Gupta, Ramesh, & Gupta, 1984; Stein & Misra, 1980). Different
models for arranging individual molecular segments within crystallites have been
proposed by previous authors. The following section 2.3.1 described the models that

are used to describe the semi-crystalline polyester fibres.
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2.3.1 Models
2.3.1.1 Two-phase model

During fibre production, polymeric fibres are formed into molecular structures with
highly oriented fibre-directed chains. This is achieved by a series of thermo-
mechanical processes. A high crystalline content is also achieved by the fibre.
Rath, Chaki and Khastgir (2008) stated that while polymeric fibres are highly
oriented and crystallized, amorphous regions still exist in the yarns. Fibre structure
in conventional drawn polymers was usually discussed with the periodic structure of
the crystalline and amorphous phases arranged approximately in series with fibre
direction (Gupta, 1995). The periodic crystalline and amorphous structure is

presented in Figure 2.6.

Long period

Amorphous region

Figure 2.6 : Two-phase model of molecular arrangement of PET fibre (Park & Seo,
2011)

The periodic structure which contains crystalline (ordered and oriented in the
direction of the fibre) and amorphous (disordered and polymer chains are less
oriented) is called the two-phase model (Batra, 1976; Bhatt & Bell, 1976; Bosley &
Du, 1967; Dumbleton et al., 1968; Fischer & Fakirov, 1976; Gupta & Kumar, 1976;
Gupta et al., 1974, 1984; Katayama et al., 1968; Miller & Murayama, 1984; Misra &
Stein, 1979; Nobbs et al., 1976; Prevorsek et al., 1974; Samuels, 1972; Statton et al.,
1970; Vries, 1980; Warwicker, 1972; M. P. W. Wilson, 1974).
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2.3.1.2 Fringed-micelle model

In Fringed-micelle model, the microfibril consists of a crystalline region and an
amorphous region, and a single polymer chain penetrates the two regions. Fibrils are
structural units in which coherence is predominantly found in the longitudinal
direction of amorphous and crystalline domains. As described by Vries (1980) each
long molecule is considered to thread its way through several adjacent crystalline and
non-crystalline (fringed) regions (Vries, 1980). The model presented by Hess and
Kiessing was used to schematically explain the structure of synthetic fibre micro-
fibrils (Vries, 1980). Fringed-micelle model and the high order structure model of a

synthetic fibre is presented in Figure 2.7 and Figure 2.8 respectively.

Figure 2.7 : Schematic diagram of Fringed-micelle model (Kajiwara & Ohta, 2009)

Fibril I Fiblril (~0.1 um)

Fibril end (defect)

Microfibril
(~10nm)

Figure 2.8 : Schematic diagram of high-order structure model of a synthetic fibre
(Kajiwara & Ohta, 2009)
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2.3.1.3 Lamellae model

As defined in the lamellae model, polymer chains fold in length in a single crystal.
(chain-folding). The folded crystal structure is now considered the basic structure of
a crystalline polymer rather than the fringed-micelle. The polymer condensed phase
consists of folded chains as shown in Figure 2.9. In lamellae model, in which
individual molecules are considered to fold back on themselves with regularity and

form lamellae.

(c)

(b)

(a) Amorphous (b) Folded crystal
(c) Extended chain crystal  (d) Fringed micelle

Figure 2.9 : Schematic diagram of various phases of polymer chains (Kajiwara &
Ohta, 2009)

2.3.1.4 Three-phase model

It was recognized that the simple two-phase series model cannot completely explain
the observed fibre tensile behavior using a rubbery value for amorphous phase
rigidity (Caihong et al., 2014; Choy, Chen, & Young, 1981; Choy, Masayoshi, &
Porter, 1983; Hsiue et al., 1989). This lead to the suggestion of taut tie molecules
(TTM) or interfibrillar extended chain molecules in to the structure (Choy et al.,
1981, 1983; Kobayashi & Keller, 1970; Prevorsek et al., 1974; Wu et al., 1998).
These are the molecules transit from multiple crystalline regions to the amorphous
region by providing intermolecular coherence (Kobayashi & Keller, 1970; Wang &
Hu, 1997b). The models consisting three phase or crystalline, amorphous and

interfibrillar or taut tie molecules have also been discussed by many authors (Choy et

22



al., 1981, 1983, Heuvel & Huisman, 1978, 1981; Huisman & Heuvel, 1989; Liu et
al., 2016; Prevorsek et al., 1974; Statton et al., 1970).

Kajiwara and Ohta (2009) stated that drawing is an essential fibre formation process
and folded microfibrils contain tie molecules that link the folded crystal. Tie
molecules as shown in Figure 2.10(a) connect the folded microfibrils together. The
folded parts deform and align in the drawing direction when the fibre is drawn
(shown schematically in Figure 2.10(b)). The polymer chains that bind the regions
of crystal form the amorphous phase with the ends of the chain. There may be also
mesophase (the intermediate phase between the phases of crystalline and amorphous)
in the fibre structure (Kajiwara & Ohta, 2009).

Although sometimes the presence of a third interfibrillar phase has been adopted to
explain specific phenomena, the two-phase approach remains the basis of most of the

work.
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Figure 2.10 : Schematic representation of (a) folded microfibrils and (b) drawing
process (Kajiwara & Ohta, 2009)

Many models also converged the concepts of two-phase model, fringed micelle
model (Bosley & Du, 1967; Fischer & Fakirov, 1976; Vries, 1980), lamellar
structure (Dumbleton, 1970b; Prevorsek & Sibilia, 2006; Statton et al., 1970; M. P.

23



W. Wilson, 1974) and three-phase model to describe the behavior of semi-crystalline
polyester fibres.

2.3.2 Models describing the semi-crystalline polyester fibre

As per the model suggested by Samuel (1972), drawn PET consists of highly
extended, substantially parallel molecules with few folds. The amount and structural
arrangement within a given sample of these regions will depend on manufacturing
process of polymer. Both the properties of crystalline and non-crystalline
(amorphous) regions are anisotropic and different, their quantity and arrangement
will govern the bulk properties of the polymer. The differences between
crystallization and a disorientation of the amorphous regions explained many
properties such as dyeing behavior, thermal shrinkage behavior and tensile behavior

of polyester fibres (Samuels, 1972).

Amorphous
region

4

Long period

Crystalline
region

Figure 2.11 : Structural model of drawn PET yarn suggested by Huisman and Heuvel
(1989)

Huisman and Heuvel (1989) used a simple two-phase model of crystalline and
amorphous regions to investigate the physical structure developed during the
production of PET yarns by changing the spinning speed and drawing temperature.



The structural model has ordered (crystalline) regions alternating with less ordered
(amorphous) domain, and several crystalline and amorphous regions may run
through a single molecule. In addition, it is possible that a molecule folds back to
the surface of a crystal to reintroduce it and, depending on the process conditions, the
polymer molecules are more or less oriented along the fibre axis and cause the fibrils
to form. However, as shown in Figure 2.11, these fibrils also have a lateral extension
(Huisman & Heuvel, 1989).

Prevorsek and his colleagues (1963 and 1974) used Takayangi model to represent the
polymer structure of oriented semi-crystalline polymers which had been processed at
high draw ratio, where the chains in the crystalline regions are largely aligned along
the draw direction. This model consists of amorphous region, crystalline region and
taut tie molecules (Prevorsek et al., 1974; Prevorsek & Tobolsky, 1963). They
suggested that at high draw ratio, where the chains in the crystalline regions are
largely aligned along the draw direction. This has led the structure of an oriented
semi-crystalline polymer can be crudely represented by the Takayanagi model
(Figure 2.12).

Figure 2.12 : Schematic representation of Takayangi model for highly oriented semi-
crystalline polymers: C crystalline block, A amorphous region, T taut tie molecules
(Prevorsek et al., 1974; Prevorsek & Tobolsky, 1963)

Prevorsek et al (1974) suggested the structure of melt-spun PET fibres consist of at
least three distinct phases; crystallites, amorphous domains separating adjacent

crystallites in the microfibril, and amorphous domains separating the microfibrils.
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The schematic diagram of model suggested by Prevorsek et al. (1974) is given in the
Figure 2.13. The crystallites which form a well-developed macro-lattice are
embedded in a three-dimensional network of tie molecules. The crystallite phases
that intersect the direction of the polymer chain contain detectable quantities of
regular chain folding even at the highest draw ratios. The microfibrils appeared as a
coherent unit of the macro-structure (Prevorsek et al., 1974).
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Figure 2.13 : Schematic structure of PET Fibre (Prevorsek et al., 1974)
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Figure 2.14 : Schematic diagram showing the structure of a highly oriented semi-

crystalline polymer as suggested by Choy, Chen and Young (1981).
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The model proposed by Choy, Chen and Young (1981) for semi-crystalline polymer
consists of crystalline lamellae embedded in an amorphous matrix, each of which
consists of crystalline mosaic blocks, amorphous material, tie-molecules joining one
crystalline block to another and bridges (Choy et al., 1981). Figure 2.14 presents the
suggested model and chain-folded crystalline mosaic blocks, bridges, amorphous
regions and tie molecules are represented by (C), (B), (A) and (TM) respectively.

Merino and Pastor (1996) demonstrated a structural model to study the behavior and
structural changes that take place annealing of high oriented and crystalline fibres.
This model consists of small crystallites which are inter-connected by amorphous
regions along with crystalline content.

Although sometimes the presence of a third interfibrillar phase has been adopted to
explain specific phenomena, the two-phase approach remains the basis of most
recent work. Liu et al. (2016) suggested that crystalline regions alternate with
amorphous domains while single molecules transition from multiple crystalline
regions to amorphous regions by providing intermolecular fibre coherence (Liu et al.,
2016).

2.3.3 DSC analysis to determine structure and morphology of PET

The Differential Scanning Calorimetric (DSC) thermograms can be used to identify
the state of the structure and morphology of the polymers. DSC is a thermoanalytical
technique in which the difference in the amount of heat required to increase a sample
temperature and reference is measured as a function of temperature (Blaine, 2010).
A general DSC thermogram of PET is presented in Figure 2.15.

A heat flux curve versus temperature or time is the result of a DSC experiment
(Sichina, 2000).  Therefore DSC thermograms consist of exothermic and
endothermic peaks. When energy is absorbed from the environment in the form of
heat, an endothermic reaction occurs. In an exothermic reaction, energy is released
into the environment from the system. As the temperature increases the sample
eventually reaches its melting temperature. The melting process results in

an endothermic peak in the DSC curve.
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Polymers are usually characterized by glass-transition temperature (Tg) and the
melting temperature (Tr,). The amorphous polymers are characterized by their glass
transition temperature and crystalline polymers are characterized by their melting
temperature. The behavior of the glass transition of semi-crystalline polymers is
heavily affected by factors such as molecular weight, amount of crystalline phase and
the morphology. The glass transition temperature range of semi-crystalline polymer

is generally higher and broader than that of the amorphous polymer.
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Figure 2.15 : DSC thermogram of PET (Blaine, 2010)

2.4 Polyester Knitted Fabrics

According to textile terms and definitions of the Textile Institute, the term fabric is a
manufactured assembly of fibres and/or yarns that has substantial area in relation to
its thickness and sufficient inherent cohesion to give the assembly mechanical
strength.  According to the definition it is important that textile fabrics have to be
made out of fibres and /or yarns. Weaving, knitting and non-woven are the three

main methods of fabric production.

Knitting can be considered as a process where a yarn is converted to a loop and
interconnected with such loops which have been made earlier. This conversion of

straight yarn to a loop shaped yarn is done by knitting needles (Spencer, 1996). The
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yarn must be fed to knitting needles for the progression of the knitted fabric. If the
yarn is fed into the course direction, then the process is called weft knitting. During
weft knitting, all the needles in the needle bed are fed by the single yarn which runs
horizontally. Therefore the entire needles will catch the same yarn for loop
formation during fabric progression (Spencer, 1996). Figure 2.16 presents the
simplest weft knitted fabric, known as plain knit. The yarn is bent into loops in a

horizontal, or course direction.

Plain fabrics or single jersey fabrics are knitted using one set of needles. This set of
needles has their hooks facing towards the same direction. Because of these, during
knitting, loops are drawn in the same direction (Spencer, 1996). The result is a
fabric with the face loops on one side and the reverse loops on the opposite side.
The Figure 2.16 shows how plain fabric is made and the corresponding notation for

the technical face.

Wale direction
A

Course direction

Figure 2.16 : Loop diagram and the technical face of the plain fabric (Spencer, 1996)

Dimensional stability is one of the main characteristics that determine the quality of a
fabric or garment. Dimensionally stable fabric shows resistance to permanent stretch
and shrink when the fabrics is exposed to mechanical, chemical and thermal agencies
(Matlin & Nuessle, 1955). Altering the parameters of fibre, yarn and fabric and by
external processing agencies, expected performance in dimensional stability can be
achieved (Matlin & Nuessle, 1955).

The mechanisms that affect the dimensions of fabrics are in various forms. Felting
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shrinkage and dimensional change due to dry and wet relaxation processes have been
discussed critically (Chen, Au, Yuen, & Yeung, 2004; Quaynor, Takahashi, &
Nakajima, 2000). These mechanical effects cause to change the loop length or loop
shape or both, and change the dimensions of the finished knitted fabrics.
Researchers have studied the behavior of the knitted structures theoretically and
experimentally, where most studies have focused on the geometry of the plain knitted
loop (Chamberlain F.T.l, 1934; Knapton, 1979; Knapton, Truter, & Aziz, 1975;
Munden, 1959; Peirce, 1947; Postle, 1968; Postle & Munden, 1967). These models
and related experimental studies have eventually developed mathematical
relationships between course densities, wale densities, loop shape factor, area density
and stitch length, thus establishing well-known knitting constants K,,, K., Ks and
practical values demonstrating the knitted loop shape (Munden, 1959). Most of these
studies have mainly concentrated on wool and cotton (Knapton, Ahrens, Ingenthron,
& Fong, 1968; Munden, 1960; Postle, 1974). Although many studies have been
carried out on natural fibre knitted fabrics, work on the dimensional stability of
thermoplastics knitted fabrics remains limited. This was due to the distortions in
thermoplastic polymer fibres such as polyester and nylon in their fibres, yarn and
fabric forms at high temperatures (Arghyros & Backer, 1982; Batra, 1976; Haar,
2011; Marvin, 1954). The deformability of the material by thermal exposure is a
special feature of the thermoplastic polymer fabric. This has become an advantage
when these fabrics are used in 3-dimensional ways such as bra cups, and when the
polyester fabric deforms during ironing and hot water washing; it has had a negative
effect.

2.5 Heat-Setting of Synthetic Polymer Materials

Researchers have found that distortions in thermoplastic polymer fibres such as
polyester and nylon at high temperatures in their fibre and yarn forms (Arghyros &
Backer, 1982; Batra, 1976; Haar, 2011; Marvin, 1954). Heat-setting has been
identified as the only effective means of stabilizing thermoplastic fabrics (Matlin &
Nuessle, 1955). Heat-setting is an important industrial process practiced on yarns,
fabrics, and garments of thermoplastic materials or blends of them. The main

purpose of heat-setting is to establish stable molecular configurations by supplying
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thermal energy to the molecular chains and eliminating instability and relaxing
stresses incurred during earlier stages of fibre, yarn and fabric production. Different
internal stresses remain in the thermoplastic fibres depending on the different
treatment processes performed at different stages of fabric processing (Arghyros &
Backer, 1982). Stresses and strains are incurred in thermoplastic filaments due to
deformations occurred during spinning, drawing, winding, twisting, texturing, and

during the fabric processing.

During heat-setting the fabrics are subjected to higher temperatures than those that
are likely to be met in its subsequent processes and heat-setting process is performed
under dimensional control (Arghyros & Backer, 1982; Liu et al., 2016; Marvin,
1954). Heat-setting of polyester, requires rearrangement of nonpolar bonds and
dipolar interactions associated with the ester groups in the macromolecules (De
Boos, Harrigan, & Wemyss, 1986). When the temperature of the fibre is higher than
its glass transition temperature (Tg), the vibration of polymer molecules is increased
and have a greater freedom and relaxation. If the temperature is much higher, more
inter-chain bonds break and greater will be the relaxation from the stresses which are
incurred in the material during previous processes. Upon cooling when the material
reaches the minimum potential energy level, new intermolecular bonds are formed
between the polymer chains at their new orientation (Karmakar, 1999b). The new
configuration is thermodynamically more stable with improved dimensional stability

due to elimination of stresses and strain during heat treatment.

Polyester may be heat-set by the action of heat alone, although a variety of reagents
will plasticize the fibre and facilitate various rearrangements (De Boos et al., 1986).
Dry heat, agueous heat, pressure steam, and boiling water under various conditions
are all capable of stabilizing PET yarn to prevent further shrinkage. Heat-setting
machines available in the finishing industry may also be classified depending on the
type of reagent used to stabilize the polyester (De Boos et al., 1986; Marvin, 1954;
Mecklenburgh, 1950; Preston, Nimkar, & Gundavda, 1951a).

The commercial continuous heat-setting of spun polyester yarn can be done using
the Superba TVP machine (wet method), Suessen heat-setting unit (dry method) and
batch wise heat-setting can be done by using an autoclave (Cullerton et al., 1990).
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Fabrics can be heat-set by contact method (fabric is run in contact with heated metal
surface), steam-setting method (steaming is carried out in an autoclave fitted with
vacuum pump), hydro-setting method (hot water in a high temperature liquor
circulating machine), stenter-frame and using selective infra-red emitters method
(Karmakar, 1999b). Hot air pin stenter is one of the methods which are widely used
in the textile industry for heat-setting of polyester fabrics.

Polyester fabrics are set at various stages from loom state to final finished fabric and
further during garment processing. Heat-setting of fabrics can be mainly carried out
at three different stages in the processing sequence of fabrics either woven or knitted
I.e. in greige condition; after scouring; and after dyeing. Loom state fabrics are heat-
set to relieve strains that remain in the fibres and yarn after weaving and knitting.
Fabrics are also set after scouring and, where applicable, after dyeing to give the
fabric an additional flat stability (Karmakar, 1999b). The procedures used to set
fabrics have important effect not only for the flat stability of the fabric, but also for
the dyeing properties and subsequent handle and tailoring characteristics of the
finished fabric (De Boos et al., 1986).

The effect of heat-setting on PET fibres and film structures and their properties have
been reported by a large number of studies (Batra, 1976; Greener, Tsou, & Blanton,
1999; Liu et al., 2016; Lyons & Olson, 1972; Mecklenburgh, 1950; Phillips et al.,
2003; Rodgers, 1988).  Hearle (1971) highlighted that the new configuration
achieved due to heat-setting in the fibre will be retained on cooling, but may be
disturbed by subsequent processing treatments (Haar, 2011). Optimum heat-setting
involves proper control of four basic factors, namely, the initial high temperature to
which the material has to be raised; the time of heat-setting; the tension applied on
the material, and the rate of cooling. Heat-setting of fabrics can be done in slack
condition (free annealed) as well as at constant length (taut-annealed). The following
section will describe the heat setting process of fabrics carried out in hot air pin
stenter machine. The Figure 2.17 presents schematic diagram and fabric flow path of

hot air pin stenter.
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Figure 2.17 : Schematic diagram and fabric flow path of hot air pin stenter (“Heat Setting Stenter ( Stenter Machine ),” 2017)
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2.5.1 Hot-air pin stenter machine

A stenter is a handling system for fabrics requiring precise control of width. Stenter
machine simultaneously and continuously captures the fabric in both selvedge and
carries it from one point to another. Two endless chains equipped with either clips or
pins grasp the selvedge and move the fabric between them in a proper way. With the
motor arrangements, the width between the two chains can be adjusted automatically.
In a stenter, application of finishing chemicals, drying and stretching, heat-curing
and heat-setting operations are usually carried out. A schematic diagram of the
stenter machine is presented in Figure 2.17. The following sections described the

main zones of hot-air pin stenter.

e Feed zone

During the fabric batch change, this part is used to store the fabric. The inlet unit is
used to feed the fabric across the machine evenly. Spread rollers are used to remove

the curls from the fabric.

e Chemical padding zone

Padding mangle includes chemical troughs, guide rollers, and squeezing mangle.
The fabric is submerged in the chemical finish and then sent to the squeezing mangle

to squeeze out extra chemicals from the fabric.
e Bowing control zone

Mahlo device (weft straightener) has two bow and three skew rollers that make the
weft yarns straight and correct the skewness and bowing. Dandy rollers which
are also called dancing rollers and are used to impart the tension into the fabric for

complete stretching. If there is tension in the fabric then they move up and down.

To give over feed or under feed of the fabric to respective chain track, over feed
system is used. Main over feed rollers are feeds all the fabric from the padders to the

stenter. A schematic diagram of over feed system is presented in Figure 2.18.
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Figure 2.18 : Fabric over feeding system (Swastik, 2012)

During heat-setting over feed rollers are used to maintain the weight / width of the
fabric and also imparts the fabric tension. width extension is given to the fabric to
achieve the required width measurement in the finally finished fabric. If a knitted
fabric is loaded parallel to the courses, not only will the loop shape distortion, it also

add to the fabric width at the expense of length and thickness.

The relative movement of interlacing loops will also result in an additional increase
in fabric width. In order to prevent extraordinary deformation, the over feed of the
fabric is done simultaneous with the width extension (Black, 1974). Most of the

stenters make provision for overfeeds - 5 % to + 40 % (Karmakar, 1999b).

Polyester knit fabrics should not be stretched more than 5 % wider than the desired
end width. An over feed of up to 20% (generally 6-10 %) is commonly used in knit
fabrics or texturised fabrics in order to level out variations in tensions caused by

knitting.
e Chain entry zone

To aid the fabric pinning or clipping properly, inlet chain tracks are used.
These clips and pins are joined to endless chain. Pinion rollers feed the fabric to the
pins of stenter and the brush rollers are used to hit the fabric into the clips.
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Figure 2.19 : Inlet chain track (Swastik, 2012)
¢ Drying and heat-setting zone

In heating chambers drying, heat-setting and curing processes take place. Heating
chamber temperatures are set as per the requirement. There are about 8 to 10 heating
chambers. In pin stenter, hot air is usually employed and is directed from above and
below by jets onto the material (Haghi, 2011). Air comes from atmosphere and
move in the chamber with the help of fans from top to bottom of the chamber.
Heated oil is passed through the coils of the chamber so that air becomes hot and
dried the fabric as much as it required. Oil is continuously circulated through the
chambers and exchanges heat with the air about 100°C. Hot air is passed through the
fins of heat exchanger and exchange heat with the fabric. Moist air is pulled from
the chamber with the help of blower and exhausted into the atmosphere. The blower
sucks hot air from radiator and blow it into the nozzles through which drying occurs.
Inside the drying chamber also contains width adjustment spindle and pin/clip chain

track.
e Cooling zone

After heating chamber, there is a system of cooling of fabric. When the fabric is
coming out from chambers its temperature is almost 110°C. Temperature of the
fabric is reduced to 70°C by passing it through cooled air. Air is passed through

nozzles to create high velocity of air. After that fabric is passed to lapping roller.
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e Delivery zone

To facilitate de-pinning or de-clipping of fabric from pins/clips and to give proper
cleaning of the pins & clips outlet chain tracks are used. Then the fabric is wind on a
frame or plaiting of finished fabric in a suitable box/ trolley. The lapping rollers are

the rollers that roll the fabric one after the other.
2.5.2 The effect of heat-setting on thermoplastic fibres

The majority of prior research has discussed the effect of heat-setting on
thermoplastic fibres and yarns (Batra, 1976; Cullerton et al., 1990; Dennis &
Buchanan, 1987; Gupta, 1995; Gupta & Kumar, 1981a; Marvin, 1954; Phillips et al.,
2003; Sardag & Ozdemir, 2012; Zhang, Jiang, Wu, Zhou, & Xuan, 1985). Many of
the published reports are about quantifying the level of dimensional stability
resulting from the filament heat-setting process and to determine the resulted nature
of filament structure and morphology (Rudolf et al., 2011; Zhang et al., 1985). Heat-
set yarns and fabrics are expected to attain resistance against thermal shrinkage,
dimensional changes, curling, and creasing as well as improvements in physical and

mechanical properties (Karmakar, 1999b).

Zhang et al. (1985) revealed that the morphology and fine structure of polyester
filaments are altered by temperature at heat-setting and by the drawing processes.
Their findings showed that the peak shrinkage stress in the heat-set PET fibres at
different temperatures are progressively decreases and almost complete relaxation of
residual stress was observed with a sample heat-set at 220°C for 4 hrs (Zhang et al.,
1985).

Gupta, Ramesh and Gupta (1984) analyzed the structural and morphological changes
through wide and low angle X-ray scattering of free and taut annealed PET fibres on
heat-setting. Findings revealed that during the temperature ranges from 100°C-
180°C; large numbers of small crystallites are formed on the amorphous region of the
fibre and increases the glass transition temperature (Tg). In the range from 180°C-
250°C, more larger crystallites are formed and caused to decrease the glass

transition temperature (Gupta et al., 1984).

Venkatesh (1987) examined the free shrinkage of polyester yarn in oil as a function

37



of temperature and found that the shrinkages are linearly related to the temperature of
heat-setting. 8% and 40% shrinkages were observed for the yarns heat set at 100°C
and 225°C respectively (Venkatesh et al., 1978). Thus revealing that during heat-
setting, energy stored in the fibre will be released by making structural changes to the

fibre especially as shrinkage (Karmakar, 1999b).

If the fabric is heat-set at the presence of steam and called as hydrothermal setting
(De Boos et al., 1986). The studies have been done to analyze the effect of
hydrothermal and dry heat-setting methods on the stability of wool-polyester blends
in subsequent dyeing at elevated temperatures (De Boos et al., 1986). They revealed
that the properties of heat-set fabric are depending not only on the agency used to set
the fabric (heat or steam) but also on the machinery and conditions that are used.
The samples heat-set at constant length (i.e. not allowed to undergo any shrinkage
during heat-setting) showed higher residual shrinkage if the heat-setting was
performed below 200°C for polyester filaments (Gupta, 1995; Gupta et al., 1984;
Rath, Chaki, & Khastgir, 2012).

2.5.3 Effect of temperature and tension during annealing
2.5.3.1 Effect of temperature

Preston, Nimkar and Gundavda (1951) investigated changes in fibre properties after
various thermal treatments and found that the amount of change depends on the
moisture content and treatment temperature. Samuel (1972) stated that higher the
annealing temperature, the more regular the chain folds into the fibre and the amount
of non-crystal chains (amorphous) disorientation will depend on the temperature and
time of the annealing. In the drawn polymer, the extended polymer state is stable,
but once its temperature rises, the extended state returns through the thermal
shrinkage process to the folded form. Samuel (1972) showed that the higher the
annealing temperature, the higher the expected disorientation and the shrinkage.
Several studies suggested that as the polyester yarn temperature increases, the
crystalline orientation and the size of the crystal increase (Gupta, 1995; Hearle,
Hollick, & Wilson, 2001; Karaka & Dayloglu, 2005; Niu, Wakida, & Ueda, 1992).
Trznadel, Pakula and Kryszewski (1988) showed that only the orientation fixed in
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equilibrium crystallites can be thermodynamically stable.

Several studies have revealed in addition to relaxing amorphous molecules, micro-
crystal formation in the polymer structure is promoted at high temperature (Gupta &
Kumar, 1981a; Karmakar, 1999b; Prevorsek & Tobolsky, 1963; Samuels, 1972).
The number of crystals increases as the temperature increases, their total number
decreases by fusing small crystals at high temperatures and amorphous orientation
decreases as the temperature increases (Gupta et al., 1984; Karmakar, 1999b;
Samuels, 1972).

Fischer and Fakirov (1976) shown the effect of annealing temperature on the
structure of drawn PET. The main effect observed was the increase in order within
the crystalline layers arranged perpendicular to the fibre direction. The higher the
annealing temperature the larger are the dimensions of the mosaic blocks, both
parallel and perpendicular to the chain axes. In addition, the longitudinal mutual
order of the mosaic blocks was improved (Fischer & Fakirov, 1976). It is been
observed that crystallinity of heat-set partially oriented yarns is increased with the
increase of heat-setting temperature (Niu et al., 1992). It has been suggested that
amorphous regions play a dominant role in lower temperature shrinking, primarily
due to amorphous region disorientation (Gupta, 1995; Hearle et al., 2001; Karaka &
Dayloglu, 2005). It was found that the transition from trans to gauche caused
amorphous chain coiling and a physical loss of orientation appeared as a thermal

shrinkage.

The findings of earlier researchers revealed that dye diffusivity and saturation values
do not vary linearly with heat-setting temperature (Gupta & Kumar, 1976; Marvin,
1954; Mitsuishi & Tonami, 1963; Rodriguez-Cabello et al., 1996). Merian et al.
(1963) found that the saturation limit and the average diffusion coefficient of dye
showed a minimum value for the fibres heat-set at 150°C, whereas Gupta and Kumar
(1976) found that the minimum saturation values for both diffusivity and dye

exhibited at a heat-setting temperature close to 175°C.
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2.5.3.2 Effect of physical condition during annealing

The physical condition on which heat is applied also has significant effect on the
heat-set fabric structure. The annealing of PET can be done either free to relax or
held taut at constant length or while stretching. Each of these conditions will cause
different structural changes to the fibre. These structural changes will determine the
thermal shrinkage behavior of the fibre during subsequent heat treatments.

Mecklenburgh (1950) explained that if the energy is applied while the yarn is
prevented from shrinking disorientation still occurs in the yarn, since the liberated
chains are moving into positions of less constraint due to the applied thermal energy.
However, the author suggested greater yarn stability can be achieved if yarn

shrinking is allowed under less severe heat-setting conditions (Mecklenburgh, 1950).

The external tension applied to the fibre during annealing treatment will determine
the internal tension of shrinkage caused by the molecules during subsequent heating.
If chain refolding is allowed during the annealing process, the potential for
subsequent shrinkage and the amount of internal shrinkage tension will be lowered
and higher temperatures will be required for further shrinkage to be activated. The
refolding of molecules thus appears to be a significant contributor to the shrinkage
and shrinkage tension in an oriented fibre during thermal activation (Statton et al.,
1970). Prior researches suggest that annealing treatments at high temperatures lead
to an increase in regular chain folding; the amount of this folding during annealing
treatment is highly sensitive to the applied temperature and the tension conditions
(Statton et al., 1970). If a fibre is free to contract, it will have much more regular
refolding than one which held at constant length, resulting in very high thermal
shrinkage (Statton et al., 1970).

Previous study shown that a significant thermal shrinkage in free end annealing at
low temperature range was primarily attributed to two-stage process whereby the
fibre shrinks by relaxing the non-crystalline chains or disorientation of amorphous
region which can then be incorporated into the crystallite annealing (Wu et al.,
1998).

The high orientation of non-crystalline region can help to minimize the distance
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between molecular chains and increase cohesive intermolecular forces. Because of
high intermolecular interaction, when the fibres are heat treated, large-scale
molecular motion can be restricted and extended amorphous molecules can be
prevented from recoiling. In the non-crystalline phase, this may result in limited

disorientation and limited shrinkage in the fibre (Wu et al., 1998).

At high temperature, taut condition annealing causes the thermoplastic polymers to
reach higher orientation along the fibre axis. Gupta (2001) shown that crystallinity,
crystal size, crystalline orientation increases as increasing temperature for taut

annealed PET fibres.

Keum and Song (2005) revealed that depending on the fibre orientation, the fibres
showed two very distinct thermal responses. By taut annealing the partially oriented
non-crystalline polymers, it is possible to create non-crystalline chain-extended

phase in PET polymers (Keum & Song, 2005).

The finding of Liu et al (2016) revealed that higher spinning speeds and lower heat-
setting temperatures resulted in larger number of small crystals in the structure due to
two phenomenon; PET molecules at high spinning speed tend to orient polymer
molecules along the fibre axis, promoting the crystallization rate and resulting in
more crystal nuclei. Low heat-setting temperature restricts crystallization of
amorphous molecules and perfection of defective crystals. On the contrary, the PET
yarns which underwent low spinning speed and higher heat-setting temperatures
resulted in larger crystals. This was attributed to the less crystal nuclei produced at
lower spinning speed and the small crystals were able to grow due to the high heat-

setting temperatures (Liu et al., 2016).

Liu et al. (2016) demonstrated that heat-setting at taut condition caused to generate
two types of tension effects at high temperatures: (1) the internal shrinkage tension
caused by the molecules, or (2) the tension or force created by pulling at the ends of
a fibre and these discrepancies during annealing would definitely lead to various

structural changes.
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2.6 Shrinkage Mechanism of Polyester Fibres, Yarns and Fabrics
2.6.1 Thermal shrinkage mechanism of semi-crystalline polyester

The thermal shrinkage of semi-crystalline, oriented, thermoplastic fibres such as
nylons and polyesters is well known (Ribnick et al., 1973). When these fibres are
exposed to temperatures exceeding the glass-rubber transition but still well below the
crystalline melting point, a large decrease in fibre length was observed (Ribnick et
al., 1973). The theory regarding the structure of PET fibres and the mechanisms of
thermal contraction have been described by many researchers.  Molecular
disorganization and rearrangement (Matlin & Nuessle, 1955; Prevorsek et al., 1974;
Prevorsek & Tobolsky, 1963; Ribnick et al., 1973), disorientations of oriented
amorphous chains or extended interfibriller tie molecules (Huisman & Heuvel, 1989;
Mody et al., 2001; Pakhomov et al., 1983; Pakuta & Trznadel, 1985; Peterlin, 1977;
Prevorsek et al., 1974; Prevorsek & Tobolsky, 1963; M. P. W. Wilson, 1974),
recrystallization (Ribnick, 1969), and chain folding (Dismore & Statton, 1966;
Dumbleton, 1970b; Dumbleton et al., 1968; Prevorsek & Sibilia, 2006; Statton et al.,
1970) are the known mechanisms which described the thermal shrinkage behaviors

of polyester polymers.

Many studies on thermal shrinkage behavior of PET fibres and films by previous
authors have shown that the overall shrinkage process depends on temperature and
duration of the thermal treatment (Gupta et al., 1993; Heuvel & Huisman, 1981,
Prevorsek et al., 1974; Prevorsek & Tobolsky, 1963; Ribnick, 1969; Venkatesh et al.,
1978; M. P. W. Wilson, 1974). Previous studies have emphasized that thermal
shrinkage involves a rapid initial stage of rubber-like contraction of the molecular
network, followed by the disorientation in the amorphous phase. It has also been
suggested that crystallization can occur simultaneously with amorphous

disorientation and, once the crystallization begins, further shrinkage is hindered.

A number of authors have recognized that thermal shrinkages are resulting from
annealing at lower temperatures are due to the viscoelastic behavior of PET polymers
(Hearle et al., 2001; Statton et al., 1970). The rubber-elastic effect (assisted by

rupture of the hydrogen bond and partial crystal melting) appears to be dominated the
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viscoelastic effect (due to crystal melting, re-crystallization and increased chain
folding) during the initial stage of heating. This was resulted in the build-up of a
contractile force, provided the heating rate was sufficiently fast (Bosley & Du, 1967,
Choy et al., 1981). Then, depending on the heating rate, the contractile stress reaches
a maximum at some temperature, and the viscoelastic effect starts to prevail. There
is a rapid stress relaxation of a significant degree which resulting higher thermal

shrinkage.

Previous studies have shown that structural changes occur during the annealing of
drawn PET and amorphous phase of the fibre control the thermal shrinking. The
amorphous polymer molecules have sufficient mobility above the glass-transition
temperature to obtain their configuration most likely by coiling up. The higher the
temperature of this process the behavior was different to this. In most cases, crystals
can be considered as rigid blocks during thermal shrinkage. Based on these
arguments they suggested that the yarn shrinkage can be expected to be proportional
to the amount of amorphous material available in the structure.  Refolding of
molecules during thermal activation thus appears to be a significant contributor to the

shrinkage tension and shrinkage in an oriented fibre (Mecklenburgh, 1950).

Marvin (1954) conducted one of the earliest studies on thermal shrinking of Terylene
filaments, yarn and fabrics. Marvin’s findings showed that the possession of
shrinkage or retraction property when Terylene yarns and fabrics were exposed to
high temperatures. It was found that higher the temperature the yarn or fabric is
exposed to, higher the resulting shrinkage, and an approximately linear relationship
exists between shrinkage and temperature over the 100°C - 200°C range (Marvin,
1954). Matlin and Nuessle (1955) suggested that the mechanisms for the shrinking
of thermoplastic fabrics are largely due to molecular disorganization, which results in
fibre contraction and mechanical distortion. Their findings revealed that molecular
disorganization is primarily physical in nature and the orientation of the main chains
is largely dependent on hydrogen bonding, and the weaker Vander-Waals forces are
present in the polymer as few or no covalent cross links exist. Therefore, as the
temperature rises, the polymer chains coil up in the amorphous regions to an ever-

increasing degree. This phenomenon is seen as a contraction of the fibres, which
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causes the yarns to shrink and gross mechanical distortion is the second cause of
shrinking (Matlin & Nuessle, 1955).

Prevorsek and Tobolsky (1963) and Prevorsek et al. (1974) conducted a systematic
study of fibre properties and morphology as a function the degree of thermal
contraction.  Results revealed that morphological changes that allowed the
contracting of PET fibres by exposing them to different degrees of heat. The
relative displacements of microfibril and the contraction of extended interfibrillary
tie molecules are the two mechanisms involving high fibre contractions. The first
process operates at low levels of contraction; the relative displacement of
microfibrils is the overriding factor in shrinkages ranging from 10% to 38%. It also
suggested that the contraction above 38% involve in partial melting and re-
crystallization leading to the gradual collapse of the three-dimensional fibre structure
(Prevorsek et al., 1974; Prevorsek & Tobolsky, 1963). Prevorsek and Tobolsky
(1963) also considered shrinking to be the reversal of the process of drawing or
orientation. Their findings also suggest the process of molecular disorientation.
Structural studies support this conclusion, as X-ray diagrams of fibres or other
oriented polymers heated near their melting points showed a complete disorientation
of the crystalline regions (Prevorsek & Tobolsky, 1963).

Dismore and Statton (1966) proposed that thermal shrinkage is a re-crystallization of
polymers. They heated drawn polyethylene terephthalate, yarns in silicone oil for 1
min. The resulting samples were studied by diffraction from X-rays and mechanical
properties were measured. The results suggested that drawn PET consists of
substantially parallel highly extended molecules with few folds present and chain
folding occurs when the sample was heated (Dismore & Statton, 1966). Dumbleton
and colleagues (1968 and 1969) proposed a similar structural rearrangement for
thermal shrinkage of polyethylene terephthalate at temperatures above 150°C
(Dumbleton, 1969; Dumbleton & Buchanan, 1968).

Ribnick (1969) also demonstrated that thermal shrinkage represents a re-
crystallization type of structural arrangement. The thermal shrinkage mechanism
proposed by Ribnick (1969) consisted of the three main events; intermolecular bonds

formed by polar groups between neighbouring extended chains become free or
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loosened by thermal energy, this chain, once released from these bonds, contracts
along its length, initially contracting very rapidly, and bonds reform extensively
between groups or the same. Ribnick (1969) has shown that the thermal shrinkage of
oriented polyester yarns appears to consist of a very fast contraction rate, followed
by monotonically decreasing rates until the shrinkage disappears over time. The
findings also reveal that contraction increases by increasing temperature as the
melting point approaches (Ribnick, 1969). Ribnick (1969) showed that the
contraction process can be viewed as an activated one and that a certain number of

polar groups must be dissociated thermally before the chain can contract.

Based on the annealing experiments of drawn PET fibres under relaxed conditions,
Dumbleton (1969) suggests that chain folding occurs on heating. The result of
Statton et al. (1970) infrared structure suggested that the refolding of molecules
during thermal activation has a major contribution to shrinkage and shrinkage tension
in an oriented fibre (Dismore & Statton, 1966; Statton et al., 1970). The role of
chain folding in shrinking drawn poly (ethylene terepthalate) fibres was established
by Wilson (1970). Prior research suggests that the overall shrinkage process
involves a rapid initial stage that is associated with disorientation in the amorphous
regions and this process is primarily responsible for the change in fibre length. If

time permits, disorientation is followed by the crystallization stage.

Statton, Koenig and Hannon (1970) showed that the refolding of molecules thus
appears to be a significant contributor to the shrinkage and shrinkage tension in an
oriented fibre during thermal activation. Dismore and Statton (1970) suggested that
by disrupting intermolecular cohesive forces, thermal energy would disrupt polymer
chains. With this increased mobility, residual orientation stress in the fibre is
relieved and this relaxation process is followed by a rearrangement of the chains in
the new configuration at higher temperatures. The new structure appears to be in a
more thermodynamically favoured state because of the state of lower free energy
(Dismore & Statton, 1966; Statton et al., 1970).

Samuel (1972) concluded that a two-phase model can adequately explain the
behavior of several semi-crystalline polymers and that amorphous phase controls the
thermal shrinkage. Therefore, the temperatures of annealing used to shrink the fibres
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should be in the correct range to give mobility to non-crystalline-oriented chains.

Ribnick et al. (1973) viewed thermal shrinkage process of nylon and polyester as an
external indicator of a fundamental polymer chains rearrangement structure (Ribnick
et al., 1973). Folding the chain as detected by Infrared spectroscopy was associated
with the later crystallization.  Authors also observed that the shrinkage process
adequately combines the rubber elasticity type of shrinkage approach with later
folded chain models (M. P. W. Wilson, 1974).

Nobbs, Bower and Ward (1976) observed for higher drawing ratios, although the
shrinkage was dramatically reduced, it was always associated with significant
disorientation of amorphous regions. They suggested that disorientation of
amorphous regions as the primary shrinkage mechanism for drawn PET fibres
(Nobbs et al., 1976).

Fischer and Fakirov (1976) assumed that the main result of the accumulation of
defects expelled from the crystals in the disordered regions was the shrinkage or
contraction. They also argued that the amount of shrinkage introduced by thermal
treatment can sometimes be fully recovered by tension even if the experiments are
conducted at temperatures well below the glass transition temperature of the fibre
(Fischer & Fakirov, 1976). Bhatt and Bell (1976) demonstrated the possible thermal
shrinkage mechanism as the relaxation of some of the chain entanglements due to the
strain imposed on the fibre externally (Bhatt & Bell, 1976).

Peterlin (1977) argued that the new folds in the fibre structure cannot be formed and
that the observed shrinkage is the result of the contraction of long extended chains
formed during drawing. Peterlin first proposed the occurrence of thermal shrinkage

resulting in contraction of extended chain molecules (Peterlin, 1977).

Venkatesh et al (1978) explained that when semi-crystalline, oriented thermoplastic
fibres such as nylon and polyester are exposed to temperatures exceeding their glass
transition temperatures in air or in a fluid medium, shrinkage occurs because these
drawn fibres are in a thermodynamically unfavourable condition with built-in
stresses and strains during spinning and drawing processes. They also suggested that

the chain segments re-crystallize into a structure with higher crystalline perfection
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when sufficient energy (thermal or chemical or both) is made available to the
polymer system, resulting in partial or complete removal of initial stresses and
strains. The dimensional stability and the mechanical, physical and chemical
properties are therefore altered (Venkatesh et al., 1978). Pakhomov et al. (1983)
investigated the shrinkage mechanism of amorphous PET polymers from geometric
and kinetic studies. The studies had evidence to confirm a shrinkage rotational
isomer mechanism and concluded that under the action of entropic force a coiling of

previously extended polymer molecules are taken place (Pakhomov et al., 1983).

Pakula and Trznadel (1985) discussed the shrinkage force generation mechanism by
proposing a model describing the shrinkage phenomenon (Pakuta & Trznadel, 1985).
Trznadel and Kryszewski (1988) concluded that the appearance of shrinkage forces
is primarily associated with the gradual relaxation of internal stresses frozen in the
sample after deformation (Trznadel and Kryszewski, 1988). Entropic nature is the
driving force behind yarn shrinkage. They suggest that polymer molecules in the
amorphous domains have sufficient mobility above the glass-transition temperature
to get their most likely configuration by coiling up. The higher the temperature the
coiling up process will promoted and the shrinkage process is more pronounced.
The behavior of crystals is contrary to this. In most cases, during thermal shrinkage,
the crystals may be considered to behave as rigid blocks. The yarn shrinkage can be
expected to be proportional to the amount of amorphous material on the basis of
these arguments. The second factor that governs yarn shrinkage is the orientation of
the amorphous domains molecular segments (Trznadel & Kryszewski, 1988).

Huisman and Heuvel (1989) observed decreasing shrinkage with increasing spinning
speed according to the general structural model of oriented PET fibre, while a
significantly lower shrinkage is found for the yarns drawn at the higher temperature.
They suggested that entropic nature and molecular segment orientation in amorphous
domains are two factors governing the yarn shrinkage. Authors suggested that high
amorphous orientation will lead to a large disorientation resulting in a high
shrinkage. They have concluded that the shrinkage can be reduced either by
increasing the crystallinity or by reducing the amorphous orientation (Huisman &
Heuvel, 1989).
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Rim and Nelson (1992) performed morphological analysis on high-modulus and low-
shrinkage PET fibres (HMLS). Findings revealed that the degree of shrinking and
tenacity is controlled by orientation of amorphous region, and interfibrillary regions

contribute to the observed behavior of the thermal shrinkage.

Wu, Cuculo and Yoshida (1998) suggested that the external tension applied to a fibre
during annealing treatment will determine the internal shrinkage tension caused by
the molecules during subsequent heating. If chain refolding is allowed during the
annealing process, the potential for subsequent shrinkage and the amount of internal
shrinkage tension will be lowered and higher temperatures will be necessary to
activate further shrinkage. They also suggested that relatively high but gradually
declining shrinkage in the higher temperature region is primarily associated with the
decreased disorientation process and a sequential crystallization process (Wu et al.,
1998). Mody, Lofgren and Jabarin (2001) stated that the percentage of shrinkage is
determined by the amorphous orientation status. The percentage of crystallinity
developed in the PET sample and shrinkage arises from the disorientation of the
amorphous phase chains (Mody et al., 2001).  Moreover, samples with a large
degree of regular chain folding are generally more plastic than those with low
regularity in folding (Prevorsek & Sibilia, 2006)

Hearle, Hollick and Wilson (2001) observed when thermoplastic cords such as nylon
and polyester are subjected to high temperatures they showed a tendency to shrink.
This is due to the highly crystalline and oriented polymer chains in a fibre yarn, and
the orientation is in the direction of the fibre axis, making the fibre anisotropic in
nature. This fibre state, however, is a low entropy state (Hearle et al., 2001).
Therefore, whenever yarns undergo thermal treatment, the fibre will tend to go to the
state of higher entropy, which is the reason for the observed shrinkage of fibres or
thermal disorder due to heat treatment (Rath et al., 2008).

2.7 Standard testing methods available for thermal shrinkage measurement

The primary purpose of textile testing and analysis is to evaluate the performance of
textile products and to use test results to predict the performance of the product.

There are various types of standard test use to determine the thermal shrinkage of
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materials for specific use. To test thermal shrinkage of yarns and fabrics, NFPA
2112, ASTM D4974, ASTM F2894, NFPA 1975-2009 and GB / T 13519-2016 are
used. NFPA 2112 is an industry standard for flame resistant garments for industrial
personnel protection against flash fire. To comply with the NFPA2112 standard, a
garment must pass 4 tests. The tests are the Manikin test, the performance test for
heat transfer, the vertical flame test and the shrinkage test. The thermal shrinkage test
decides whether a fabric melts drips or separates excessively. The standard NFPA
2112 the test starts with a 15 "square piece of fabric(“NFPA 2112 Pass/Fail Test
Series Part 4: The Thermal Shrinkage Test,” 2019). The fabric specimen is washed
three times, and then put horizontally in a 500°F oven for 5 minute duration (“NFPA
2112 Pass/Fail Test Series Part 4: The Thermal Shrinkage Test,” 2019). This test
standard may not apply to commercial polyester fibres, since melting temperature of
polyester is about 260°C. This testing standard is therefore more useful for protective
clothing and flame resistant clothing. ASTM D4974 is a main test method for
industrial yarn and thread hot-air shrinkage (“ASTM D4974 - 04(2016) Standard
Test Method for Hot Air Thermal Shrinkage of Yarn and Cord Using a Thermal
Shrinkage Oven,” 2016). The NFPA 1975 test method allows quantitative
measurement of the dimensional change occurring as a result of a defined heat
exposure in a circulating oven with hot air (“NFPA 1975 Standard on Emergency
Services Work Apparel,” 2019). The thermal stability of specimens by evaluating the
blockage inside an oven of folded samples placed between glass plates, under a given
weight. 1SO 17493/ASTM F2894-12bis atest method and requirement for
determining the ability of a fabric to withstand ignition, melt or shrink at 260°C for 5
minutes allows for the measurement of thermal shrinkage of heat-shrinkable
polyethylene film for packaging applications (“ASTM F2894 - 12b Standard Test
Method for Evaluation of Materials , Protective Clothing and Equipment for Heat
Resistance Using a Hot Air Circulating Oven 1,” 2015).

2.8 Use of Spandex® in Knitted Fabrics

In order to improve the stretch and recovery properties of knitted fabrics elastomeric
yarns co-knitting with other fibres. Polyester/ elastomeric knitted fabrics have gained
much attention due to their excellent stretch and recovery and other mechanical
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properties. In past, rubber was widely used to convey good stretch and recovery
properties to the fabrics. Better recovery, less stress relief, and cheapness have led
the rubber being used for manufacturing stretchable fabrics. In 1959, Polyurea
copolymer was discovered by chemists C. L. Sandquist and Joseph Shivers at
DuPont's Benger Laboratory in Virginia. Compared to rubber, polyurethane
fibres are stronger and more powerful, allowing the use of finer yarns than the rubber
(N. Wilson, 1967).  Polyurethane fibre is refereed as Spandex®, Lycra® or
Elastane® by the consumers. The ability of Spandex® yarns to heat-set is an
important property that is not possessed by natural rubber (N. Wilson, 1967).
Spandex® ® is used in all areas requiring a high degree of permanent elasticity,
stretch and recovery, and good dimensional stability. These types of fabrics are used
in sportswear and leisurewear, hosiery, underwear and swimwear in
the apparel industry (Mani, 2014; Ulrich, 1937).

2.8.1 Chemical structure of Spandex®

Spandex (also known as elastane) is a manufactured fibre in which the fibre forming
substance is a long chain synthetic elastomer consisting of at least 85% by weight of
segmented polyurethane (N. Wilson, 1967). The fibre has an alternating soft and
hard molecular segment polyurea copolymer as presented in Figure 2.20. The hard,
crystalline segments with high-melting polyurethane and soft segments have low-
melting and amorphous polyesters or polyethers (Karmakar, 1999a). The elastic
characteristics of Spandex® fibres are due to the presence of soft molecular
segments, made of coiled aliphatic polyesters and polyethers, which uncoil to make it
stretch under a load (Salem, 2001). Polyurethane is made from polyether glycol,
diisocyanate mixture and chain extender. The four main methods of Spandex fibres
production methods are solution dry spinning, solution wet spinning, reaction

spinning and melt extrusion (Otaigbe & Madbouly, 2009).

Spandex is compatible with other commonly used fibres such as cotton, nylon,
polyester, acetate, polypropylene, acrylic, wool and rayon. Spandex fibres have been
added to improve the fabric stretch and recovery properties of the conventional
fibres, without changing texture and handle of the material (lbrahim, 1966, 1968;
Senthilkumar & Anbumani, 2011; Tezel & Kavusturan, 2008; N. Wilson, 1967).
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Figure 2.20 : Schematic diagram of the hard and soft segments of polyurathane
structure (Otaighe & Madbouly, 2009).
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Figure 2.21 : Chemical structure of spandex (Otaigbe & Madbouly, 2009)
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In general, Spandex® fibre has a breaking strength of 0.7 g/d, and the pre-break
elongation is from 450 to 900 percent and the elastic recovery is 95 percent with a
200 percent extension (Karmakar, 1999a). The Spandex® fibre is white in colour and
able to dye with dispersed and acid dyes. It has good chemical resistance and it
resists the effect of perspiration. When treated with chlorine, fibre may degrade and
become yellow. The soft segment of the fibre has a glass transition temperature
lower than 0°C so that the soft components have the freedom to move at room
temperature and above. The fibre has moisture regain of about 0.3% to 3% with
melting point of 250°C, but starts sticking at 175°C (Karmakar, 1999a).

2.8.2 Knitting with Spandex® yarn

Due to its construction, even without Spandex, the knitted fabrics have their own
stretch and recovery. The knit textiles can easily deform or stretch when the

individual stitches are compressed or extended. This ability to stretch adds to the
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comfort of wearing garments made of knit materials. There is certain recovery of the
knit stitches to original dimension when the imposed forces are removed but
recovery through knit-stitch rearrangement is not complete because these yarns
are not elastomeric. Elastomeric yarns provide the strength to restructure the knit
stitches. This residual deformation will permanently deform the garment of knitted
fabrics. In order to improve the recovery performance of knit fabrics, a small
amount of Spandex fibres with the ground yarn is commonly knitted together. When
Spandex yarns are combined with conventional fibres and knitted into a fabric it is
needed to ensure that the wearer can comfortably move with fashionable and

functional garment, but recover their original shape when allowed to relax.

Spandex yarns are mainly used together with other yarns in circular knitting
machines: bare, single, double-covered, core and core folded yarns. Each correctly
used Spandex provides high fabric elasticity (Marmarali, 2003). In circular knitting,
Spandex is mainly used bare. The feed rate and tensioning of Spandex must be

precisely controlled for achieving the desired fabric properties and uniformity.

The process of co-knitting Spandex® is called "plating” (Marmarali, 2003,;
Senthilkumar & Anbumani, 2011) in circular knitting machine in single jersey fabric
constriction (Figure 2.22). Spandex® can be found in polyester / Spandex® knit
fabrics in each course or in altering courses that can be classified as full plating and
half plating respectively (Patent No. US 6,776,014 B1, 2004). The most uniform
appearance in single jersey fabric is obtained by knitting in each course with
Spandex® and knitting on each second course creates ridged effect (Patent No. US
6,776,014 B1, 2004). The knitted fabrics containing spandex yarns provide better
resilience, extension and immediate recovery compared to 100 % knitted fabrics of

the ground yarn (Mukhopadhyay, Sharma, & Mohanty, 2003).

Figure 2.22 : Elastane plated single jersey plain knitted fabric pattern (Abdessalem,
Abdelkader, Mokhtar, & Elmarzougui, 2009)
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2.8.3 Effect of heat-setting on polyester/Spandex® knitted fabrics

Despite the given advantages, Spandex® fabrics show poor dimensional stability and
tend to crease and curl extensively. Fabrics which contains spandex must thus be
subjected to thermal treatment which reorganizes and relaxes molecular chains,
thereby improving the dimensional stability of knitted fabrics made of
polyester /elastane (Karmakar, 1999a). When the Spandex® yarn has been extended,
heated and cooled for a certain extension, the yarn does not return to its original
length (N. Wilson, 1967).

Heat-setting process sets Spandex® in elongated form and this is called redeniering,
where a higher-denier Spandex® is drafted or extended to a lower-denier, and then
heated to an adequately high temperature to stabilize the Spandex® at the lower
denier for an adequate amount of time (Patent No. US 6,776,014 B1, 2004). Thus,
heat-setting means that the Spandex® changes permanently at the molecular level to
relieve recovery tension mainly in at a new and lower denier. Spandex® heat-
setting temperatures are usually between 175°C and 200°C (Patent No. US 6,776,014
B1, 2004). First if heat-setting is not used to “set the Spandex®" the Stretched
Spandex® will dissipate in the fabric, after the fabric is knitted and released from the
constraints of the circular knitting machine to compress the fabric stitches. So that
the fabric is reduced in dimensions compared to what those dimensions would be if
the Spandex® were not present. Therefore, the heat-set Spandex® yarn will not
significantly compress the knit stitches from the heat-set dimensions. Stretching and
heat-setting parameters are chosen to provide weight and elongation within relatively
tight limits of the desired fabric basis. Second, the more severe the compression of
the stitch, the more the material is longer, exceeding the minimum standards and
practical requirements. Excessive elongation in single jersey knitted fabrics for cut
and sew applications is generally unwanted. Thirdly, the compressed stitches in the
finished fabric are in equilibrium between the recovery forces of Spandex® and the
stitch compression resistance of the ground yarn. The washing and drying can
reduce the resistance of the ground yarn, probably partly due to agitation of the fabric
(Patent No. US 6,776,014 B1, 2004). The Spandex® recovery forces may thus allow
washing and drying to further compress knit stitches, resulting in unacceptable levels
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of fabric shrinkage. Heat-setting of knit fabrics containing Spandex® relaxes and
reduces the recovery force of Spandex®. The thermal setting operation thus
improves the fabric stability and reduces the amount that the fabric shrinks after
repeated washing (Patent No. US 6,776,014 B1, 2004).

The main elastic factors for the end usage of a Spandex® containing fabric are the
amount of stretch available, the power of the fabric in the stretched condition, and its
ability to recover quickly to the original dimensions (N. Wilson, 1967). The
extensibility of a fabric is mainly controlled by the appropriate fabric
construction and denier of the elastomer yarn since these determine the relaxed width
of the fabric (Nazir, Hussain, Rehman, & Abid, 2015). Adjusting the stretch is then
usually caused by heat-setting when the cloth is extended. This treatment also help
to stabilize the fabric, reducing shrinkage during subsequent treatments (N. Wilson,
1967).

2.9 Application of Heat on PET During Garment Manufacturing

The use of polyester fabric for garment manufacturing is also increased during past
few decades due to their excellent properties and characteristics. There are many
thermal processes involved during garment production process. Among these
processes some processes are performed at elevated temperatures with or without

applying external pressure on the fabric plane.

Printing is one of such process which is also used in garment panel form to
decorating textile fabrics using patterns of pigments, dyes, or other related materials.
The Textile Institute in England defines printing as “the production of a design or
motif on a substrate by application of a colourant or other reagent, usually in a paste

or ink, in a predetermined pattern."

In order to obtain sharply defined, precise and reproducible patterns, traditionally
used dye baths are not sufficient due to the capillarity and/or hygroscopicity of fibres
and color migration cannot provide sharp and well-defined color patterns. Therefore
it is necessary to use special liquids, conventionally called "printing pastes”. The
main characteristic of printing paste is a high degree of viscosity and has motion
resistance (Clarke, 1974).
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As the result of high degree of viscosity, the dyestuff applied in well-defined areas to
produce the desired pattern cannot migrate to other areas of the fabric. The high
viscosity of printing pastes will make the dye adhere to the fabric and fibres surface,
but not penetrate and fix on them. Fixation operations will be performed with a
heating (curing) or steaming process. Then the removal of excess colour is achieved
by the washing process.

The heat transfer printing process is also known as the vapor-phase, dry-heat,
sublimation, sublistatic or colourstatic process. Heat transfer is one by which a pre-
printed textile, or graphic design on paper or other medium, is used to transfer the
dye image to a dye-receptive fabric under controlled time, temperature and pressure
conditions through its vapour phase. There is an adequate range of disperse dyes that
are sublime in the 180°C region and these have the added property of not being
substantive to fibres based on cellulosic. Sublimated dye will be absorbed most of
synthetic polymer fibres readily in their vapour phase.

Acetate, certain acrylics, polyester and nylon are the fibres that can be subjected to
transfer-printed to an acceptable standard. Other fibres, such as wool, silk and
cotton, may not be printed alone, but may be used in mixtures with synthetic polymer
fibres, provided that the content of the latter fibres is not less than 75%. The main

steps of heat transfer printing is presented in Figure 2.23.

Heat transfer printing and panel sublimation printing are performed directly applying
printing paste, heat and pressure during the process. In rubber printing, application
of printing paste is performed in ambient temperature but fixation of printing paste
will perform at high temperature. Rubber print curing for garment panels are usually
performed in industrial drying machines at 170°C for 450 seconds without applying
any external tension or pressure on it (free end annealing). Transfer printing, panel
sublimation printing, bonding are performed at 160°C, 165 seconds and 200°C for 22
seconds and 24°C for 20 seconds respectively at a pressure of 4 bar in machines

specific to these processes.
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1. Sublimation paper 4. Apply heat and 5. Colour is permantly

2. Sublimation ink printed pressure with a transferred to the polyester
on paper heat press fabric

3. Polyester fabric

Figure 2.23 : Heat-transfer printing (sublimation) process (Maurer, n.d.)

2.10 Summary

Researchers have observed distortions in thermoplastic polymer fibres such as
polyester and nylon at high temperatures in fibres and yarns (Arghyros & Backer,
1982; Batra, 1976; Haar, 2011; Marvin, 1954). The findings also revealed that
thermal deformation occurs at temperatures above their glass transition temperatures
as these drawn fibres are thermodynamically unstable due to built-in stresses and
strains introduced during past processing conditions (Batra, 1976; Venkatesh et al.,
1978). These polymer molecules start to vibrate if energy in the form of heat
supplied. This will result in intermolecular bond breakage and therefore some parts
of the fibre have greater freedom and relaxation. As a result, the dimensional stability
and the mechanical, physical and chemical properties are altered (Venkatesh et al.,
1978). Depending on the physical conditions maintained during thermal exposure,
thermal distortion may be either thermal shrinkage or thermal expansion.

Heat-setting have been identified as a main process which impart dimensionally
stability to fabrics containing synthetic fibres. The yarns or fabrics produced from
synthetic fibres or blends containing a large proportion of such fibres are usually
subjected to a process called heat-setting to impart dimensional stability at elevated
temperatures and to prevent further dimensional changes. In general, the temperature
of the heat setting is determined by the polymer nature and must be higher than the
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maximum temperature expected in subsequent processes (Gupta et al., 1974, 1993;
Karmakar, 1999b).

Although high dimensional stability at high temperatures is expected from the heat-
set synthetic fabrics, thermal shrinkage behavior is observed when garment panels of
synthetic materials are exposed to subsequent or post-heat-setting processes such as
print curing and sublimation printing. Though many researchers have critically
discussed thermal shrinkage of fibre and polyester yarns (Dumbleton, 1969; Gupta,
Jain, Chidambareswaran, & Radhakrishnan, 1994; Long & Ward, 1991; Pakhomov
et al., 1983; Pakuta & Trznadel, 1985; Statton et al., 1970) thermal shrinkage
behavior of polyester knitted fabrics have been not discussed in details. It was not
well understood the thermal distortion behavior of polyester knitted fabrics. The
possible reasons could be that the knitted fabric structure is complex due to the
configuration of the loop and can easily be distorted due to external factors. The
literature will provide better understanding of the background to determine the
factors that contribute to the thermal deformation of polyester knitted fabrics due to

heat treatments.
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3 METHODOLOGY

3.1 Introduction

This research is aiming at studying the thermal behavior of knitted fabrics due to
heat-setting and post-heat treatment processes. The fabrics required for the
experiments are knitted, exposed to standard heat-setting process and heat-curing
process. The methodology executed is identified in six studies and is described in

this chapter.
3.2 Materials

The plain knitted fabric is the simplest structure of all knitted fabrics and is the most
widely used in garment manufacturing. Therefore this study of the thermal behavior
of knitted fabrics is focussed on plain knitted fabrics knitted using 100% polyester
yarns. 100% polyester fabrics were required in greige form, for dyeing, for heat-
setting and post-heat-setting. These fabrics are produced on an industrial circular
knitting machine of 28 gauge and 30-inch in diameter incorporated with positive
yarn delivery devices. The thermal effects due to elastomeric yarns into the knitted
structure too are analyzed. Spandex® was selected as the elastomeric yarn for the
study and the elastomeric yarns were incorporated into the plain knitted structure
using plating technique (Senthilkumar & Anbumani, 2011) . Spandex yarn was
introduced in each course of the plain knitted fabric when producing 80%

polyester/20% spandex plain knitted fabrics.

All the 100% polyester plain knitted fabrics were scoured, bleached and dispersed
dyed on a jet dyeing machine (Model:Salavos) at 130°C. Pre-setting of all polyester/
spandex plain knitted fabrics were performed on a hot air pin stenter before disperse
dyeing process. The recipes and process conditions followed are the standard
practices in the industry in producing fabrics for the export market.

3.3 Heat-Setting Process

Heat-setting is a standard practice on fabrics produced using thermoplastic fibre
materials. The fabrics for the experiments on the thermal behavior due to heat-
setting and post-heat-setting were processed on industrial hot air pin stenter under
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different process conditions as required for the experimental study. The heat-setting
process parameters are the temperature, width-wise extension and length over-feed
percentages. The initial study on the thermal behavior of polyester fabrics due to
heat-setting on 100% polyester was performed at same over feed rate of 25% over-
feed in the length direction of the fabric with 5% extension in the width direction.
The only variable in this study was the heat-setting temperature. For the
Polyester/spandex blended fabrics pre-setting was performed at 198°C prior to dyeing
at 30°C. After dyeing, the final setting was performed at 200°C in hot air pin stenter
for polyester/spandex blended plain knitted fabric.

The thermal effects due to post-heat treatments are one of the objectives of this study
as described in the problem statement. Out of the few post-heat treatments, print
curing, bonding, sublimations printing widely used in the apparel manufacturing
industry, print heat-curing was selected to study the post heat-treatment effects on
polyester fabrics.  The criterion used in selecting the post-heat treatment process is

described in Chapter 4.

Understanding the thermal behavior of constituting yarns of the fabrics is an
important in this study. Although normal heat-setting process is not usual on
polyester yarns, the polyester yarns used in this study were heat-set in hank form in

same temperature range used for heat-setting the fabrics.

After heat-setting, the heat-set fabric panels and the yarns were subjected to the
selected post-heat treatment processes to determine the thermal deformation behavior
of the heat-set yarns and fabrics.

3.4 Post-Heat Treatment Process

The post heat treatment processes are usually performed on garment panels to
embellish or to impart special feature to the garments. The true impact of the post-
heat treatment process parameters on heat-set garment panels cannot be isolated and if
the investigation was carried out in the presence of embellishments or special
graphics. Therefore, the post heat treatment was performed on the heat-set garment
panels without involving the graphics or embellishment. The post-heat treatment

process parameters used in this study were determined depending on the experiment
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design and the details are presented in the respective chapters. The selected yarn and
fabric specifications, knitting machine specifications and parameters, heat-setting
machine (hot air pin stenter) and post heat treatment machine parameters that were

used for each study are further described in the respective chapters.

The knitted fabrics were kept under relax condition on a flat surface under standard
atmospheric conditions as per the ASTM D 1776 before taking any measurement.

Details on each of the six investigations carried out in achieving the objectives of this

research are briefly discussed below in relation to the main aim of the research.
3.5 Experiments

Study 1: Significance of thermal shrinkages due to post-heat treatment

processes

Most widely used heat treatment processes in the industry are the rubber print curing,
sublimation printing, heat transfer printing and bonding. The significance of the
thermal effects of these four processes was tested on four commercially used
polyester plain knit constructions. The print curing process delivered the highest
thermal shrinkage percentage among the selected four processes. Therefore, print
curing was selected as the post-heat treatment process for further study on the
thermal shrinkage behavior. Yarn and fabric specifications, knitting machine, heat-
setting and post-heat treatment machine parameters that were used for the study are

described in Chapter 4.

Study 2: Effects of panel parameters and heat-setting temperature on thermal
shrinkage

Investigation of the physical effects on the garment panels due to heat base processes
is the main focus of this study. Change in dimensions of the garments panel is the
significant problem faced by the garment manufactures. Thus the change in
dimensions is one of the main focuses of this study. Results of the evaluation of the
dimensional change may vary with fabric panel cutting direction and especially the
dimensions of the fabrics panel. This study was conducted to investigate whether
the test specimen size (cut panel size) has a significant effect on thermal shrinkage

behavior of 100% polyester plain knitted fabrics which have been already heat-set
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when subjected to further heat application during print curing. The print curing
process was used as the post-heat treatment process.

100% polyester plain knitted fabric was heat-set at three different temperatures. For
the investigation of the dimensional change due to post-heat treatment the samples
were cut adopting two cutting layouts and nine sizes for the specimens. The decision
on larger panel size was based on the bed sizes of the industrial print curing

machines.

The fabric panels were subjected to print curing process and the resultant thermal
shrinkages were measured. As per the statistical analysis of the results of this study
and the dimensions of the industrial print-curing machine, 30 x 30 cm?® was selected
as the standard dimensions of fabric panels for further studies. Determination of

panel size and panel layout is described in Chapter 5.
Study 3: Thermal behavior of heat treated polyester plain knitted fabrics

The study 3 was designed to study the effect and significance of heat during standard
heat-setting process and the post-heat-setting process. The standard heat-setting
temperature used on polyester fabrics in the knitted fabric manufacturing industry
varies in the range 140°C -170°C. The exact temperature used by the industry may
vary with individual organizations and the heat-setting temperature is changed to
solve some of the issues faced by the industry; production cost, problems in
dimensional stability, dye colour are among the issues. Based on the above issues,

the heat-setting of fabric outside the above mention range is not uncommon.

The experiments to study the effect of heat-setting was designed such that the fabrics
are heat-set in the range from 130°C-200°C at 10°C intervals and studied the thermal
distortions. In order to investigate effect of heat-setting on the chemical structure,
heat-set fabrics were analysed using Differential Scanning Calorimetry (DSC)
thermograms and the structure and morphology of polyester fibres was analysed. The
DSC machine parameters for the experiments are in the chapter 6. The thermal
properties of the yarns were studied by analysing the behavior of exothermic and
endothermic peaks and calculating the percentage crystallinity from the results of the

thermograms. Fabrics heat-set at different temperatures was heat-cured (post-heat
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treated) at temperatures from 120°C to 200°C at 20°C intervals and thermal
shrinkages were measured. This study is described in the Chapter 6.

Study 4: Comparative study on the thermal shrinkage behavior of polyester

yarn and its plain knitted fabrics

The extent to which the thermal shrinkage of thermoplastic yarn affects the thermal
shrinkage of the knitted fabric is the focus of this study. Kbnitted fabric may change
its dimensions due to shrinkage of the constituent yarns in the fabric and the change
in loop shape. The thermal shrinkage behavior of polyester yarn and the plain-
knitted fabric made of the same yarns were analysed after subjecting them to dyeing,
heat-setting and subsequent heat-curing processes. The thermal effects on individual
yarns in hank, the yarns in the fabrics and on the wale and course densities were

investigated.

Plain knit fabrics were produced on circular knitting machines and the yarns used in
producing the fabric were subjected to all processes that the fabrics usually undergo.
The yarns are processed in hank form. Details of the processes and testing carried

out on yarns and fabrics are described in Chapter 7.

Study 5: The influence of over feed during heat-setting on the thermal
shrinkage behavior

This study was conducted to investigate the influence of the percentage of overfeed
during heat-setting on the thermal shrinkage behavior of heat-set fabrics and when
they were exposed to post heat treatment processes. Width extension and overfeed
of fabric is imposed during heat-setting to achieve the required width measurement

and to prevent unusual deformation of the fabric.

Three polyester plain knitted fabrics with different stitch lengths were subjected to
15%, 20%, 25% and 30% overfeeding while heat-setting at 130°C. The heat-setting
temperature for 100% polyester has decreased from 160°C to 130°C in the textile
industry to avoid colour fading during the heat-setting process. These fabrics were
exposed to heat-curing at 140°C and thermal shrinkage values and structural

parameters were statistically analyzed. The detailed study is presented in Chapter 8.
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Study 6: Thermal shrinkage behavior of polyester/elastomeric plain knitted
fabrics

Physical behavior of knitted fabrics is changed by incorporating elastomeric yarns in
polyester plain knitted fabrics. Due to application of heat especially during heat-
curing may affect the physical behavior of the fabric; it may even have negative
effects on the expected behavior by incorporating elastomeric yarns.
The objective of the study 6 is to investigate the thermal behavior of
polyester/elastomeric plated plain knitted fabrics. Three fabrics of polyester/spandex
were subjected to print curing process and the results were compared against the
100% polyester knitted fabrics. The detailed study is described in the Chapter 9.

3.6 Statistical analysis

Univariate analysis and advanced statistical analysis were performed on data by

adopting the following procedures.

The ANalysis of Variance (ANOVA) is used to determine whether the mean of two
or more independent variables has statistically significant differences. Multiple
linear regression analysis was performed in order to determine the linear relationship
among independent and dependent variables. Thus, the linear relationship among
continuous dependent variable and categorical independent variables and their
interactions were analysed using the backward elimination method at 5% significance

level.

Before performing ANOVA, the assumption of normality was evaluated and
determined by the values of skew and kurtosis of the distribution to check whether
the data satisfied the condition less than +2.0 and £9.0, respectively. Furthermore,
the assumption of normality was tested based on Shapiro-Wilk’s test (Significance
level= 0.05) and visual inspection of their histograms was evaluated using normal Q-
Q plots and box plots. The Levene’s test was performed to test the homogeneity of

variance (Significance level= 0.05).

In order to generate the outputs of the above procedures IBM SPSS statistic 20® and
Minitab 17 Statistical Software® were used. All data were statistically analysed to

interpret the results. Various procedures in SPSS and Minitab statistical software
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were used depending on the requirement of the study. Each statistical procedure
adopted for the studies are described in the respective chapters.
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4 SIGNIFICANCE OF THERMAL SHRINKAGES DUE TO
POST-HEAT TREATMENT PROCESSES

4.1 Introduction

This chapter discusses the investigation of significance of the thermal shrinkage on
commercially used polyester plain knitted fabrics due to post-heat treatment
processes. Four such post-heat treatment processes which are commonly practiced in
garment production were selected as the heat treatment processes subsequent to heat-
setting. The objective of the studies presented in this chapter was to identify which
post-heat treatment process results the highest shrinkage due to the application of
heat. The process which shrinks the fabric panel the highest was selected for further
studies of this research. It was also investigated whether the thermal shrinkages of
test specimens subjected to heat treatment processes are similar to the commercially
accepted norms of tolerances or accepted levels of shrinkage. The washing

shrinkages of these fabrics were compared with the thermal shrinkages.
4.2 Materials and Methods
4.2.1 Materials and knitting

Four commercial fabric constructions of 100% polyester plain knit fabrics were
selected to investigate the effect of heat treatment processes on dimensional changes.
The gauge of the knitting machine selected was 28E, which is one of the most
commonly used machine gauges for the production of outer wear plain knit fabrics.
The other specifications of the knitting machine are; machine diameter-30 inches,
number of needles-2580, the number of knitting systems are 90. Four fabrics are
denoted as A, B, C and D were produced using yarn counts 100, 155, 100 and 75
denier draw textured polyester yarns. Even though the denier count of fabric A and
C are identical, the other parameters are different. The selected yarn counts and
number of filaments of the yarns are commonly used yarn constructions in the
industry. The yarn and fabric specifications to investigate the effect of post-heat
treatment process on fabric shrinkage are presented in the Table 4.1.
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Table 4.1 : Yarn and fabric specifications to investigate the effect of post-heat
treatment process on fabric shrinkage

Fabric | Yarn No of Heat-setting | Stitch Wales Course Area
code count, | filaments | temperature, | length, | density, | density, density,
denier °C mm per cm percm | g/100 cm?
A 100 144 160 2.49 19 28 1.352
B 155 144 160 2.65 16 23 1.555
C 100 144 160 2.33 18 26 1.169
D 75 36 160 2.5 18 28 0.980

4.2.2 Dyeing and heat-setting of fabrics

The fabrics after knitting were scoured, bleached and dyed using dispersed dyes on a
jet dyeing machine (Model: Salavos) at 130°C. After dyeing, all the fabrics were
heat-set at 160°C, which is the industrial standard heat-setting temperature for
polyester knitted fabrics. Heat-setting is carried out with an overfeed of 25% in an
industrial hot air pin stenter, maintaining the temperature between 160°C * 5°C at
constant fabric width for 90 Sec. Heat-setting temperatures, time and machine

parameters are typical to those that are used commercially.
4.3 Experiments and Testing

The knitted fabrics were kept without tension on a flat surface under standard
atmospheric conditions as per ASTM D1776 standard. Since there is no standard test
method available to investigate thermal shrinkage of knit or woven fabrics, sample
size of 30 X 30 cm?® was used for all thermal shrinkage testing considering the
maximum sample sizes that can be used on commercial machines for the four post-
heat treatment processes. Although the standard sample size to test wash shrinkage
is 50 X 50 cm?, this is not practical for thermal shrinkage as most of the industrial
machines used for subsequent heat treatment processes in the industry have narrow

machine beds.

For each heat treatment (post-heat treatment process), five 30 X 30 cm? test
specimens were randomly cut keeping the fabric grain and length direction of the
fabric specimens parallel. Three pairs of data lines were marked out in each
direction on each sample with indelible ink maintaining 1 cm allowance at the edges.

These samples were subjected to following heat treatment processes and their
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thermal shrinkage in the course direction and thermal shrinkage in the wale

directions were measured after conditioning in standard testing atmosphere. Table

4.2 shows the process parameters of selected heat treatment processes.

Table 4.2 : Selected post-heat treatment processes and their process parameters

Process | Heat treatment Machine type Process parameters
code process Temperature | Dwell | Pressure, Bar
°C time, Sec
HTP Heat Transfer | Heat transfer press 160 +2 22 4
printing machine
process (Model:Macpi)
BP Bonding Heat transfer press
Process machine 165 +2 20 4
(Model:Macpi)
SP Sublimation Industrial sublimation 200 +2 24 4
printing print machine
RP Rubber print Industrial drying 170 £2 90 Atmospheric
curing machine pressure

All post-heat treatment processes were carried out without any embellishment being

applied to them in order to determine the shrinkage of material solely due to heat.
4.3.1 Thermal shrinkage (St)

The shrinkages (St) in course direction and wale directions of above specimens were
calculated after each post-heat treatment using the equation 4.1.

Sp="=% X 100 (%) (4.1)

Where [; is the length between data lines marked in particular direction before
thermal application and I, is the length between the same data lines after subjecting to

the thermal application.

Positive value indicates thermal shrinkage and negative value indicates thermal

expansion.
4.3.2 Dimensional change due to laundering (DC)

The dimensional stability of samples was determined in accordance with AATCC

135 standard test method. Average dimensional change percentage (% DC) is given
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Average % DC = 2—x 100 (%)  (42)
1

Where DC is the average dimensional change, I, is the average original dimension

and |, is the average dimension after laundering.

Measurements were taken after three washes. Negative dimensional change indicates

shrinkage and positive dimensional change indicates a growth.

4.4  The Mean Thermal Shrinkage in the Course Direction and Wale Direction
of Post-Heat-Treated Fabrics A, B, Cand D

The mean thermal shrinkage in the course direction and wale direction values and

their standard deviation values of post-heat-treated fabrics A, B, C and D are

presented in the Table 4.3.

Table 4.3 : Mean and standard deviation thermal shrinkage measurements of fabrics

A, B, C and D subjected to post-heat treatment processes

% thermal shrinkage

% thermal shrinkage

Fabric Post-heat treatment (course direction) (wale direction)
type process Mean Std. Mean Std.
Deviation Deviation
Bonding -0.10 0.54 -0.71 0.60
A Heat transfer printing 1.36 0.76 -1.71 0.55
Rubber print curing 5.19 0.68 0.53 0.57
Sublimation Printing 3.60 0.62 1.63 0.69
Bonding 0.51 0.56 -0.43 0.45
B Heat transfer printing 0.41 0.50 -0.39 0.41
Rubber print curing 4.24 0.61 0.52 0.53
Sublimation Printing 3.05 0.34 1.87 0.56
Bonding -0.03 0.47 -0.01 0.51
C Heat transfer printing 0.38 0.45 -1.76 0.57
Rubber print curing 4.39 0.48 247 0.48
Sublimation Printing 1.71 0.53 1.67 0.55
Bonding 0.43 0.53 -0.07 0.31
D Heat transfer printing 0.35 0.50 0.32 0.30
Rubber print curing 3.45 0.26 1.63 0.24
Sublimation Printing 1.47 0.48 1.01 0.18
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4.5 Statistical Analysis to Determine the Effect of Fabric Type, Post-Heat
Treatments and Their Interactions on Thermal Shrinkage

Analysis of Variance (ANOVA) test was conducted to compare the significance of
main effect of fabric and post-heat treatment type and their interaction effect on the
thermal shrinkage in the course direction and thermal shrinkage in the wale direction
values. The descriptive statistics of ANOVA also provides the mean thermal
shrinkage in the course direction and thermal shrinkage in the wale directions
considering their main effects and interactions. A two-way analysis of variance was
conducted on the influence of two independent variables (type of fabric and post-heat
treatment process) on the thermal shrinkage in the course direction and thermal
shrinkage in the wale directions. The type of fabric included four levels (fabric A, B,
C and D) and post-heat treatments consisted of four levels (rubber print curing, heat
transfer printing, sublimation printing and bonding). Significant differences at the 95
% level in thermal shrinkage in the course direction and thermal shrinkage in the

wale directions caused by changes in levels of the factors are indicated by the F-test.

4.5.1 Statistical analysis of thermal shrinkage in the course direction resulted

when fabrics subjected to post-heat treatment processes

The assumption of normality was evaluated for thermal shrinkage in the course
direction values to perform ANOVA. The resulted skewness and kurtosis values are
presented in the Table 4.4. The results satisfied the assumption as the distributions
of thermal shrinkage in the course directions was associated with skew and kurtosis
less than £2.0 and £9.0, respectively.

Table 4.4 : The results of skewness and kurtosis of thermal shrinkage in the course

direction
5 dent variabl Skewness Kurtosis
ependent variable Statistic Std. Error | Statistic | Std. Error
% thermal shrinkage (course direction) -0.07 0.16 -0.30 0.32

Levene’s test was performed in order to test the homogeneity of variances. Levene’s
test indicated that the assumption of homogeneity of variance satisfied for thermal
shrinkage in the course directions resulting F (15,213) =1.610, p=0.073> 0.05.
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Furthermore, the assumption of standardized residuals is randomly and normal
distributed were evaluated to perform ANOVA. Figure 4.1 show the distribution of
standardized residuals of thermal shrinkage in the course directions. The residual
values were calculated and tested for approximate normality. The normality
distribution showed that standardized residuals have a mean value close to zero and
standard deviation close to 1. This revealed that the error terms are normally

distributed and fulfil the assumption to perform ANOVA.
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Figure 4.1: The distribution of standardize residuals of thermal shrinkage in the

course direction
45.1.1 Analysis of variance for thermal shrinkage in the course direction

Three hypothesis tests were performed to test the effect of main independent
variables (fabric type and post-heat treatment process) and their interactions (fabric
type X post-heat treatment process) for the thermal shrinkage in the course direction.
They are denoted as hypothesis test 1, hypothesis test 2 and hypothesis test 3

respectively.
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Hypothesis test 1: H,: Post-heat treatments do not cause thermal shrinkage in the

course direction of fabric panel

Vs Hj: Post-heat treatments cause thermal shrinkage in the course

direction in the fabric panels

Hypothesis test 2: H,: Fabric type do not cause thermal shrinkage in the course

direction in the fabric panel

Vs H;: Fabric type cause thermal shrinkage in the course direction in

the fabric panels

Hypothesis test 3: Ho: The interaction effect of fabric type and post-heat treatment do
not cause thermal shrinkage in the course direction in the

fabric panel

Vs Hi: The interaction effect of fabric type and post-heat treatment
cause thermal shrinkage in the course direction in the fabric

panels

Significance level a=0.05

Table 4.5 show the results of ANOVA to determine the overall impact of fabric type,
post-heat treatment processes and their interaction on thermal shrinkage in the course
directions. Estimated thermal shrinkage in the course directions resulted due to

fabric type and post heat treatment processes are presented in the Table 4.6.

The effect of fabric type, post-heat treatment and interaction effect of fabric type and
post-heat treatments were statistically significant at the 0.05 significance level.
Therefore, null hypothesis (Hp) of hypothesis tests 1, 2 and 3 were rejected at 5%

significance level.
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Table 4.5 : Analysis of variance — to determine the overall impact of fabric type and

post-heat treatment processes on thermal shrinkage in the course directions

(R*=0.921)

Source Type Il Sum df Mean F Sig.
of Squares Square

Corrected Model 679.88° 15.00 45.33 165.86 | 0.000

Intercept 820.62 1.00 820.62 3002.88 | 0.000

Fabric type 39.04 3.00 13.01 47.61 0.000

Post-heat treatment process 598.48 3.00 199.49 730.00 | 0.000

Fabric type X Post-heat

treatment process 42.53 9.00 4,73 17.29 0.000

Error 58.21 213.00 0.27

Total 1510.73 229.00

Corrected Total 738.09 228.00

Table 4.6 : Thermal shrinkage in the course directions resulted due to fabric type and

post heat treatment processes

Mean L
Source thermal shrinkage StandardSIED)ewatlon

(course direction), % (SD)

A 2.51 0.073

Fabric B 2.05 0.070
type C 1.61 0.067
D 1.42 0.067

Bonding 0.21 0.067

Eg;i}ggﬁi Heat transfer prir_1ting 0.62 0.070
orocess Rubt_;er p_rmt curing 4.32 0.071
Sublimation Printing 2.46 0.069

The main effect for type of fabric yielded an F ratio of F (3,213) = 47.61, p=0.00 <.q,
indicating a significant difference between percentage thermal shrinkage of the
fabrics; fabric A (M=2.51, SD=0.07), fabric B (M=2.05, SD=0.07), fabric C
(M=1.61, SD=0.07) and fabric D (M=1.42, SD=0.07) (Table 4.6). When considering
the effect of fabric type the results revealed that the highest overall thermal shrinkage
was observed for fabrics A (M=2.51%) and B (M=2.05%). The fabrics A and B
have the highest weight per unit area among the selected four fabrics. The fabrics C
and D have resulted comparatively lower overall thermal shrinkage in the course

direction.
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The main effect for post-heat treatment yielded an F ratio of F (3,213) = 730.00,
p=0.00 < a, indicate a significant percentage thermal shrinkage difference between
post heat treatment processes; bonding (M=0.21, SD=0.07), heat transfer printing
(M=0.62, SD=0.07), rubber print curing (M=4.32, SD=0.07) and sublimation
printing (M=2.46, SD=0.07) (Table 4.6).

When considering the effect of post-heat treatment, the results revealed that the
highest overall thermal shrinkage in the course direction was resulted from rubber
print curing (mean= 4.32%) and sublimation printing (mean=2.46%) processes.

Dwell time may have significant effect over the thermal shrinkage behavior.

In rubber print curing, the fabric panel was exposed to the treatment without any
external constrains. The sublimation printing process has the highest process

temperature among the selected four post-heat treatment processes.

The results revealed that the observed thermal shrinkage in the course directions
change as the post-heat treatment changes. Further, the results revealed that the
observed thermal shrinkage in the course directions change with the fabric type. The
interaction effect of the fabric type and the post-heat treatments is significant since
the observed significance level is greater than 0.05. The significance level of
interaction (Fabric type X post-heat treatment process) is presented in the Table 4.5
and the interaction effect was significant, F (9,229) = 17.29, p=0.00 < a. The mean
thermal shrinkage in the course direction due to combination effect of fabric type and

post-heat treatments are presented in the Table 4.3.

Figure 4.2 graphically represents the mean percentage thermal shrinkage in the
course direction of fabrics subjected to four post —heat treatment processes. Rubber
print curing, sublimation printing and heat transfer printing caused the fabric panels
to shrink while the bonding process caused the thermal expansion of fabric type A
and C. In the course direction, the highest thermal shrinkage was observed in all
fabric types that were subjected to rubber print curing process (Figure 4.2). During
the post-heat treatment processes, pressure was applied perpendicularly to the fabric
plane for all other three processes; heat transfer printing, sublimation printing and

bonding, and the samples are treated under pressure (Table 4.1).

73



&= Pogt-lieat treatment
E:] Bonding
ElHeat transfer printi

B Rubber print curing
Sublimation Printing

% thermal shrinlage (course direction)

Fabric type

Figure 4.2 : Mean thermal shrinkage in the course direction in relation to fabric type
and post-heat treatment processes

As a result, the dimensional changes due to the heat treatment have been hindered
by the external restriction caused by the pressure applied on the sample. During the
print curing process, the samples are freely moved across a heat chamber on a
conveyor belt, and the heat applied has highly affected the changes in the dimensions
of the fabric panels. This shows that the post-heat treatment process conditions
affect the resulting thermal shrinkage behavior of heat-set fabrics. When overall
main effect is considered, rubber print curing has resulted the highest thermal
shrinkage in the course direction. The average thermal shrinkages of four fabrics
subjected to the rubber printing curing method resulted in significant thermal
shrinkage in the course direction relative to the other processes and the average
values exceeded the generally accepted thermal shrinkage tolerance level in the
garment industry (general tolerance level 3%). It is evidence that rubber print curing
has adversely affected the course direction of the fabric panels.
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45.2 Statistical analysis of thermal shrinkage in the wale direction resulted

when fabrics subjected to post-heat treatment processes

The assumption of normality for thermal shrinkage in the wale direction values was
evaluated to perform ANOVA. The results are presented in the Table 4.7. The
results satisfied the assumption of thermal shrinkage in the wale directions are
normally distributed as the distributions of thermal shrinkage in the wale directions

were associated with skew and kurtosis less than 2.0 and £9.0, respectively.

Table 4.7 : The results of skewness and kurtosis of thermal shrinkage in the wale

direction
Dependent variable Skewness Kurtosis
P Statistic Std. Error Statistic Std. Error
% thermal shrinkage (course-wise) 0.20 0.16 1.03 0.32

Figure 4.3 show the distribution of standardized residuals of thermal shrinkage in the

wale directions.
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Figure 4.3 : The distribution of standardize residuals (thermal shrinkage in the wale

direction)

Levene’s test indicated that the assumption of homogeneity of variance had been
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satisfied for thermal shrinkage in the wale directions resulting F (15,212) = 1.660,
p=0.061 >0.05. The residual values show approximate normality as the mean value
close to zero and standard deviation close to 1. This Figure 4.3 confirms that error

terms are normally distributed and fulfil the assumption to perform ANOVA.
4.5.2.1 Analysis of variance for thermal shrinkage in the wale direction

Three hypothesis tests were performed to test the effect of fabric type, post heat
treatments and their interactions for the thermal shrinkage in the wale direction.
They are denoted as hypothesis test 4, hypothesis test 5 and hypothesis test 6
respectively. The hypothesis tests are listed below.

Hypothesis test 4: H,: Post-heat treatments do not cause course-wise thermal

shrinkage in the fabric panel

Vs Hj: Post-heat treatments cause thermal shrinkage in the wale

direction in the fabric panels

Hypothesis test 5: Ho: Fabric type do not cause thermal shrinkage in the wale

direction in the fabric panel

Vs Hi: Fabric type cause thermal shrinkage in the wale direction in

the fabric panels

Hypothesis test 6: Ho: The interaction effect of fabric type and post-heat treatment do
not cause thermal shrinkage in the wale direction in the fabric

panel

Vs Hj: The interaction effect of fabric type and post-heat treatment
cause thermal shrinkage in the wale direction in the fabric

panels
Significance level a=0.05

Table 4.8 presents ANOVA results to determine the overall impact of fabric type,
post-heat treatment processes and their interactions on thermal shrinkage in the wale

directions.
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Table 4.8 : Analysis of variance — to determine the overall impact of fabric type,
post-heat treatment processes and their interactions on thermal shrinkage in the wale

directions (a: R?=0.866)

Source Type Il Sum | df Mean F Sig.
of Squares Square

Corrected Model 316.98 15 21.13 91.08 0.000

Intercept 38.09 1 38.10 164.18 0.000

Fabric type 19.23 3 6.41 27.62 0.000

Post-heat treatment process 235.88 3 78.63 338.89 0.000

Fabric type X Post-heat| ;4 4, 9 7.98 3437 | 0.000

treatment process

Error 49.19 212 0.23

Total 415.76 228

Corrected Total 366.16 227

The effect of fabric type, post-heat treatments and their interactions were statistically
significant at the 0.05 significance level. Therefore, null hypothesis (Ho) of
hypothesis test 4, 5 and 6 were rejected at 5% significance level. Thermal shrinkage
in the wale directions values varied with fabric type and post-heat treatment

processes are presented in Table 4.9.

Table 4.9 : Thermal shrinkage in the wale directions resulted from the fabric type and

post heat treatment processes

Source M_ean thern_1a| S.h rinkage Standard Deviation
in wale direction , %
A -0.07 0.067
Fabric B 0.39 0.062
type C 0.59 0.065
D 0.72 0.062
Bonding -0.31 0.063
tprgi-rzgzi Heat trans_fer pripting -0.88 0.067
orocess Rubber print curing 1.29 0.063
Sublimation Printing 1.54 0.063

The main effect for type of fabric yielded an F ratio of F (3,212) = 27.62, p <.001,
indicating a significant difference between fabrics.
resulted for the fabric A (M=-0.07, SD=0.07), fabric B (M=0.39, SD=0.06), fabric C
(M=0.59, SD=0.06) and fabric D (M=0.72, SD=0.06) resulted a significant

difference. Compared to the thermal shrinkage in the course direction, the effect of

The mean percentage values

the fabric type over the thermal shrinkage in the wale direction is lower. For the
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fabrics C (mean=0.59%) and D (mean=.0.72%), the highest overall thermal
shrinkage in the wale direction was observed. Thermal expansion was observed in
fabric A (mean=-0.07%).

The main effect for post-heat treatment yielded an F ratio of F (3,212) = 338.88,
p=0.00 <a, indicating a significant difference between bonding (M=-0.31, SD=0.06),
heat transfer printing (M=-0.88, SD=0.07), rubber print curing (M=1.29, SD=0.06)
and sublimation printing (M=1.54, SD=0.06) (Table 4.9). When the effects of post-
heat treatments were considered, rubber print curing (mean=1.29%) and sublimation
printing (mean=1.54%) have resulted the highest overall thermal shrinkage in the
wale direction values. For the fabric panels treated with bonding (mean=-0.88) and
heat transfer printing (mean= -0.88) methods, thermal expansions were observed on

course-wise direction.

The interaction effect of fabric type and post-heat treatments is significant at 95%
confident level resulting F (9,212) = 34.37, p=0.00<a. The mean thermal shrinkage
in the wale directions resulted from subjecting the fabrics A, B, C and D to post heat
treatments are presented in the Table 4.3 and mean thermal shrinkage values are

graphically presented in the Figure 4.4.

The impact by the fabric type over the thermal shrinkage in the wale direction is less
compared to the thermal shrinkage in the course direction. The findings depicts that
the measured thermal shrinkage in the wale directions vary with changes in the post-
heat treatment and with the type of fabric. The maximum thermal shrinkage in the
course-wise resulted from sublimation printing and the next highest value resulted
from rubber print curing process. Bonding and heat transfer printing caused the
fabrics A and B to be expanded while sublimation printing and rubber print curing

caused the fabrics to shrink.
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Figure 4.4 : Mean thermal shrinkage in the wale direction in relation to fabric type
and post-heat treatment processes

Thermal expansion can be attributed to the pressure on the fabric plane which
inhibited thermal shrinkage and facilitated thermal expansion. Thermal shrinkage
occurs in place of thermal expansion for the fabric panels sublimated at a relatively
high process temperature, even if the pressure is applied. This confirms that the
higher annealing temperature cause higher disorientation and hence greater decreases
in panel dimensions (Preston, Nimkar, & Gundavda, 1951b; Samuels, 1972). Gupta
and colleagues revealed that high thermal shrinkage of thermoplastic yarn at higher
temperatures can be expected (Gupta, 1995; Gupta & Kumar, 1981b). This could be
a factor for the observed lower thermal shrinkages in the sublimation printing
process where the temperature of processing is 200°C, which is the highest

temperature among all processing temperatures used in this analysis.
4.5.3 Dimensional changes of fabrics after laundering

Table 4.10 presents the wale and course direction dimensional changes of fabrics A,

B, C and D after home laundering.
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Table 4.10 : Dimensional changes in fabrics A, B, C and D after home laundering.

Fabric tvpe Dimensional change (%)- Dimensional change (%)-
yp course direction wale direction
A -2.2 -1.8
B -2.5 -2.2
C -1.8 -1.5
D -2.3 -2.2

Wash shrinkage is recommended for most commercial fabrics in order to test the
dimensional stability to industrial or domestic washing treatments. The results
revealed that laundering caused fabric panels to shrink. Agitation applied during
washing has caused better relaxation to knitted stitch by overcoming the frictional
forces at four binding points (Postle & Munden, 1967). Anand et al. (2002) stated
that agitation and the three-dimensional movement during drying caused

considerable change in knitted fabric structure.
4.6 Summary

Rubber print curing led to the most significant thermal shrinkage in the course
direction and the second highest thermal shrinkage in the wale direction among
rubber print curing, sublimation printing, heat transfer printing and bonding
treatment processes. The thermal shrinkage in the course direction even exceeds the
accepted thermal shrinkage limits in the garment industry. Thus, the rubber print
curing method was chosen as the post-heat treatment process for the rest of the

studies of this research.
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5 EFFECTS OF PANEL PARAMETERS AND HEAT-SETTING
TEMPERATURE ON THERMAL SHRINKAGE

51 Introduction

The investigation of the thermal effects on the dimensions of the knitted fabrics is
one of the main focuses of this research. The industry currently does not practice the
standard test method for assessing thermal shrinkage. Therefore all tests carried out
during the research have to be standardized for all the experiments of this research.
Dimensions of the fabric panels to be used in experiments and the orientation or the
panel layout are established by carrying out several experiments. Though the
dimensions for fabrics after dyeing and heat-setting are not restricted, the dimensions
of the fabric panel for post-heat treatment are restricted by the bed of the heat-curing
machine. The other factors considered in finalizing the standard size were the
maximum possible thermal deformations when polyester fabrics are exposed to
thermal treatments, compatibility with the available heat treatment machines settings
and easy repeatability of the test.

5.2  Materials and Experiments

In order to study the thermal shrinkage behavior at different dimensions of fabric
panels, a plain knitted fabric was produced on a circular knitting machine of 28
gauge and 36-inch diameter using 100% polyester draw textured filament yarns of
100 denier with 144 filaments. The fabric was scoured, bleached and dispersed dyed
on jet dyeing machine (Model: Salavos) at 130°C. All three processes were carried

out in the same dye bath.

After dyeing, the fabric was separated in to three equal lengths and heat-set at three
different temperatures of 140°C, 160°C and 180°C with 25% overfeed in an
industrial hot air pin stenter. These fabrics are denoted as F-140, F-160 and F-180.
The temperature during heat-setting was maintained at an accuracy of £5°C and
fabrics were held taut at constant width with 5% width extension. Heat-setting

temperatures, times and machine parameters are typical to those used in
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manufacturing fabrics for commercial use. Table 5.1 presents the yarn parameters
and the parameters of three fabrics after heat-setting.

Table 5.1 : Yarn specifications and fabric specifications after heat-setting

Fabric | Yarn No of Heat-setting | Stitch Wale Course Area
code count | filaments | temperature | length- | density density | density
(denier) (°C) Greige | (perinch) | (perinch) | (g/cm?)
(mm)
F-140 100 144 140 2.19 50 67 1.212
F-160 100 144 160 2.19 48 67 1.173
F-180 100 144 180 2.19 47 68 1.169

The knitted fabrics were kept on a flat surface free from tension and conditioned as
per standard ASTM D1776.

During manufacturing of garments, the thermal shrinkages caused in the width
direction are significant (thermal shrinkage in the course direction). The data
presented in the study described in Chapter 4 demonstrated the above fact and
showed that the shrinkage in the course direction is considerably higher than the
thermal shrinkage in the wale direction. The study presented in this chapter is to
determine optimum sample size for thermal shrinkage test. This optimum dimension
of the sample should be smaller than the width of the print curing machine. Thus,
the optimum sample size is limited by the minimum acceptable sample size. Further,
this minimum sample size must produce accurate values for the shrinkage test. Since
the shrinkage due to heat is higher in the course direction, the experiment presented

in this chapter is limited to the course direction.

Rectangular fabric panels were cut in the width direction (course direction) keeping
the dimensions of the length direction (wale direction) to a constant of 30 cm. The
range of widths of the rectangular fabrics panels is 3, 6, 10, 15, 21, 28, 35, 45 and 50
cm (specimen sizes are denoted as specimen size 3, 6, 10, 15, 21, 28, 35, 45 and 50).

The fabrics heat-set at 140, 160 and 180°C resulted 0.6, 1.3 and 0% spirality. Due to
spirality of the selected knitted fabrics, wales were not perpendicular to courses and
therefore two panel layouts were adapted when cutting the fabric specimens. In the

cut panel layout 1, fixed dimension was kept parallel to wales and in the cut panel
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layout 2, the fixed dimension was kept perpendicular to courses. Figure 5.1
illustrates the two layouts used in cutting fabric panels. For each layout five

specimens were cut for each width of the fabric panels.

I'he dimension A "{T A
that have been
Top

Course

Fixed dimension
(30cm)

Right-side

AI
Middle

Left-side

i Middle
Panel Fixed dimension
Layout 01 (30cm)

>

I'he dimension
that have been
vaned Bottorp

<

G B

Figure 5.1 : Cut panel layout Figure 5.2 : Three pairs of data lines

Three pairs of data lines (Figure 5.2) were marked out in each direction on each
sample with indelible ink maintaining 1cm allowance at the edges. The distances
between each pair of points were recorded before the heat-curing treatment under
standard testing conditions. The samples of both cut layouts were then subjected to

post-heat treatment process.

In Chapter 4, print curing was identified as the post-heat treatment process that incur
the highest shrinkage on the polyester knitted fabrics, Therefore, print curing is the
post-heat treatment process used in the experiments (here after the heat treatment
subsequent to heat-setting process will be referred as heat-curing treatment/heat-
curing/curing). In the garment industry, the maximum number of different prints that

can have on a single garment panel is generally restricted to 5. Assuming that the
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same garment panel will be exposed to print curing treatment only for 5 times, the
fabric panels were exposed five times to a temperature of 170°C +2°C for 90 seconds

on a print curing machine.

The distances between each pair of points marked on the samples were measured
after heat-curing treatment. The fabric panels after heat-curing were conditioned at
standard atmospheric conditions; temperature of 21°C + 1°C at a relative humidity of
65% + 2 for 24 hours with free of tensions on the test specimens before taking the
length measurements to calculate the shrinkage. The shrinkage due to heat-curing
treatment was calculated in both course direction and wale direction using the
equation 5.1.

The thermal shrinkage percentage, St is given by,

sy =4 x 100 (5.1)

Where |; is the length between data line before thermal application, and I, is the

length between the same data line after heat application.

The (+) value indicates thermal shrinkage and (-) value indicates thermal expansion.
The shrinkage at each pair of points was calculated. The average of fifteen pairs (3
pairs of data X 5 specimens) was given as the mean thermal shrinkage in the course

direction and average of fifteen pairs of the shrinkage in the wale direction.

The thermal shrinkage in the course direction of top, middle and bottom of the fabric
panels were calculated separately for five specimens of each width. The top, middle
and bottom data were taken separately for the analysis. The initial length in the wale
direction was 30cm (constant). The thermal shrinkage in course direction was
measured and calculated to investigate the effects due to the change in width of the
fabric panels (3 to 50 cm).

5.3  Statistical Analysis on Fabric Shrinkage
5.3.1 Significance of the thermal shrinkage values among three pairs of points

The shrinkage at three pairs of data points (top, middle, bottom for the course
direction and right, middle, left for the wale direction) may have been influence by
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their positions. The significance of thermal shrinkages at three pairs of data points
was determined in the wale direction and course direction by one-way ANOVA test.

5.3.1.1 Significance of thermal shrinkage in the wale direction of three pairs of

data points

The hypothesis test 5.1 was performed in order to analyze the significance among the
mean thermal shrinkage in the wale direction at three pairs of data points (left-side,
middle and right-side) of the fabric specimens (Figure 5.2) due to curing at 5%

significance level.

Hypothesis test 5.1:Hy: There is no significant different between mean thermal
shrinkage in the wale direction at left-side, middle and right-

side

Vs Hi: Two or more mean thermal shrinkage in the wale direction
at left-side, middle and right-side are significantly different
from each other

Significance level a=0.05

Levene’s test was performed to verify the homogeneity of variances. Levene’s test
indicated that the assumption of homogeneity of variance is satisfied for thermal
shrinkage in the course direction resulting F (2,713) = 1.39, p>0.05.

The significance value of one-way ANOVA for thermal shrinkage in the wale
direction is represented in Table 5.2. The observed mean thermal shrinkage in the
wale direction for each specimen size, cut panel layout and heat-setting temperatures
are given in Appendix Al.

Table 5.2 : The one-way ANOVA statistical analysis test for thermal shrinkage in the

wale direction

Source of Sum of df Mean Square F Sig.
variation Squares
Between Groups 1.31 2 0.65 0.79 0.45
Within Groups 584.61 713 0.82
Total 585.92 715
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The resulted significance value is greater than 0.05. Therefore null hypothesis (Ho)
Is accepted, proving that there is an insignificant differences among the thermal
shrinkage in the wale direction at three data points of specimens at 5% significance

level (p>0.05) according to one-way ANOVA statistical analysis.

5.3.1.2 Significance of thermal shrinkage in the course direction at three pairs of
data points

The shrinkage at the top, middle and bottom of the fabric samples may have
differences and therefore it is required to statistically test whether the differences are
significant. Hypothesis test 5.2 was performed in order to analyze the significance of
the mean thermal shrinkage in the course direction of three pairs of data points at top,
middle and bottom of the fabric (Figure 5.2) due to heat-curing at 5% significance

level.

Hypothesis test 5.2:Hy: There is no significant different between means at top,
middle and bottom thermal shrinkage values in the course

direction

Vs H;: Two or more means at top, middle and bottom are
significantly different thermal shrinkage value in the course

direction
Significance level a=0.05

Before performing ANOVA, Levene’s test was performed to verify the homogeneity
of variances. Levene’s test indicated that the assumption of homogeneity of variance
is satisfied for thermal shrinkage in the course direction resulting F (2,775) = 2.43,
p>0.05.

The statistical parameters of the one-way ANOVA for thermal shrinkage in the
course direction are presented in Table 5.3. The observed mean thermal shrinkage in
the course direction for each specimen size, cut panel layout and heat-setting
temperatures are included in Appendix Al.
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Table 5.3 : The one-way ANOVA statistical analysis test for thermal shrinkage in the

course direction

Sum of Squares df Mean Square F Sig.
Between Groups 451 2 2.26 0.89 0.41
Within Groups 1964.28 775 2.53
Total 1968.74 777

The resulted significance is greater than 0.05. Therefore, null hypothesis (Hop) is
accepted, revealing that there is an insignificant differences among the thermal
shrinkage in the course direction at three data points of specimens at 5% significance

level (p>0.05) according to one-way ANOVA statistical analysis.

The insignificance of the effect of measuring position over thermal shrinkages in the
wale direction and course direction revealed that mean thermal shrinkage of panel in
the wale direction and course direction can be represented by the average of the three
measurements of thermal shrinkage in the wale direction and course direction

respectively.

5.3.2 Mean thermal shrinkage

5.3.2.1 Mean thermal shrinkage in the wale direction

The mean and standard deviations of thermal shrinkage in the wale direction value

based on each independent variable are presented in Table 5.4.

The mean thermal shrinkage values in the wale direction were determined
considering the heat-setting temperature, cut panel layouts and specimen size. The
measured thermal shrinkage in the wale direction reduces as the heat-

setting temperature increases.

Figure 5.3 illustrates the scatter plots of thermal shrinkage in the wale direction and

specimen size drawn for each heat-setting temperature.
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Table 5.4 : Mean values of thermal shrinkage in the wale direction

Heat-setting Specimen Cut panel layout 1 Cut panel layout 2
temperature, size Mean thermal | Standard Mean thermal Standard
°C shrinkage, % | deviation shrinkage, % deviation
140 3 2.89 0.48 2.92 0.36
6 2.77 0.31 2.98 0.21
10 2.80 0.36 3.24 0.59
15 3.01 0.36 2.56 1.16
21 3.20 0.29 3.52 0.89
28 3.01 0.35 2.12 0.46
35 2.99 0.47 4.01 0.65
45 2.24 0.70 2.08 0.67
50 2.17 0.66 2.10 0.80
160 3 3.29 0.52 3.08 0.91
6 2.63 0.18 3.51 0.34
10 2.82 0.53 3.69 0.37
15 2.92 0.71 3.23 0.17
21 3.21 0.23 3.08 0.50
28 3.38 0.53 3.25 0.45
35 2.77 0.46 3.45 0.24
45 1.83 0.42 1.55 0.80
50 1.86 0.50 2.19 0.45
180 3 1.38 0.49 1.32 0.29
6 1.76 0.43 1.55 0.28
10 2.16 0.33 1.64 0.42
15 1.57 0.44 1.64 0.44
21 1.78 0.28 1.76 0.35
28 1.71 0.35 2.05 0.53
35 1.54 0.27 1.79 0.46
45 1.15 0.36 1.16 0.37
50 0.58 0.42 1.23 0.29

Thermal shrinkage measures as panel size increases and it starts reducing thermal

shrinkage after a certain period (about specimen size 28).
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Figure 5.3 : Specimen size Vs. mean thermal shrinkages of layout 1 and layout 2 of
fabric heat-set at (a) 140°C, (b) 160°C and (c) 180°C- wale direction

The thermal shrinkage in the wale direction shows random scatter pattern with the
size of the specimen. There is no apparent linear relationship observed. A
decreasing trend in thermal shrinkage is observed for the increasing heat-setting

temperature.
5.3.2.2 Mean thermal shrinkage in the course direction

The mean and standard deviations of thermal shrinkage values in the course direction

based on each independent variable are presented in Table 5.5.

Figure 5.4 shows the scatter plots of thermal shrinkage in the wale direction and

specimen size drawn for each heat-setting temperature.
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Table 5.5 : The mean values of thermal shrinkage in the course direction

Heat-setting | Specimen Cut panel layout 1 Cut panel layout 2
temperature, size Mean thermal | Standard | Mean thermal Standard
°C shrinkage, % | deviation | shrinkage, % deviation
140 3 6.37 0.33 6.58 0.45
6 5.44 0.82 6.32 0.93
10 5.70 0.51 5.64 0.56
15 5.00 0.39 5.76 0.53
21 5.11 0.44 5.84 1.19
28 5.08 0.54 5.78 0.42
35 5.08 0.75 5.39 0.61
45 4.12 0.43 4.42 0.46
50 4.19 0.61 4.14 0.52
160 3 6.21 0.64 5.30 1.56
6 5.94 0.95 5.33 0.90
10 5.48 0.64 5.26 0.65
15 5.27 0.40 4.89 0.48
21 4.78 0.37 4.56 0.65
28 4.51 0.42 4.70 0.58
35 4.43 0.56 4.52 0.43
45 4.23 0.51 3.97 0.31
50 3.35 0.58 4.20 0.72
180 3 3.25 0.05 2.66 0.81
6 2.84 0.44 2.85 0.82
10 2.54 0.43 2.77 0.76
15 2.47 0.62 2.50 0.74
21 2.44 0.28 2.34 0.31
28 2.31 0.65 2.10 0.29
35 2.08 0.72 2.09 0.47
45 1.76 0.44 1.82 0.50
50 1.28 0.55 1.37 0.43

The mean thermal shrinkages in the course direction display a strong negative linear

relationship with the specimen size.

relationship among dependent and independent variables, correlation analysis was

performed for wale direction and thermal shrinkage in the course direction and their

independent variables.

In order to evaluate the strength of the
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panel layout 2 of fabric heat-set at (a) 140°C, (b) 160°C and (c) 180°C
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5.3.3 Correlation analysis of thermal shrinkage

The correlation analysis was carried out for thermal shrinkage in the course direction,
thermal shrinkage in the wale direction, heat-setting temperature, specimen cut panel
layout and specimen size in order to provide a better interpretation of the inter-

relationships.
5.3.3.1 Correlation analysis of thermal shrinkage in the wale direction

For the correlation analysis of thermal shrinkage in the wale direction, the strength of
relationship between dependent variable (thermal shrinkage in the course direction)
and independent variables (heat-setting temperature, specimen cut panel layout and
specimen size) were evaluated. The strength of the relationship between thermal
shrinkage in the wale direction and specimen size cannot be performed as the wale
direction panel length was a constant (30 cm). The correlation analyses carried out
for thermal shrinkage in the wale direction of heat-cured specimens are presented in
Table 5.6.

Table 5.6 : Bivariate linear relationships among variables for thermal shrinkage in

the wale direction

Factor Thermal shrinkage | Heat-setting Specimen cut
(Wale direction),% | temperature (°C) | panel layout

Thermal shrinkage | Pearson A Rk i
(Wale Correlation 1 0.56 0.02
direction),% Sig. (2-tailed) 0.00 0.54
Heat-setting Zf)ari?gﬁon -0.56%* 1 0.03
temperature (°C) - &io "5 tailed) 0.00 0.44
Specimen cut E?)?rrsecl)gti on -0.02 0.03 1
panel layout Sig. (2-tailed) 0.55 0.44

**_Correlation is significant at the 0.01 level (2-tailed).

The heat-setting temperature has a moderate negative correlation with the thermal
shrinkage in the wale direction (r=-0.56). The ratio of thermal shrinkage in the wale
direction to cut panel layout is very weak (r=-0.02) and is not significant at 5%
significant level. The heat-setting temperature is the only significant factor in the

wale direction. The moderate negative correlation between thermal shrinkage in the
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wale direction and heat-setting temperature (r=-0.56) shows that the material thermal
shrinkage in subsequent thermal processes decreases as the temperature of heat-
setting increases. The results of correlation analysis of thermal shrinkage in the wale
direction and independent variables are confirmed by data presented in the Figure 5.3

as well.
5.3.3.2 Correlation analysis of thermal shrinkage in the course direction

For the correlation analysis of thermal shrinkage in the course direction, the strength
of relationships between dependent variable (thermal shrinkage in the wale
direction), independent variables (heat-setting temperature, specimen size and cut
panel layout) and their 2-way and 3-way interactions (heat-setting temperature x
specimen size, heat-setting temperature x cut panel layout, heat-setting temperature x
specimen size x cut panel layout) were evaluated. The correlation analyses for
thermal shrinkage in the course direction for the heat-cured specimens are presented
in Table 5.7.

Table 5.7 presents the Pearson correlation coefficients emanating from the thermal
shrinkage in the course direction. Multicollinearity occurs when the independent
variables are associated within a regression model. It is a problem because
independent variables are supposed to be independent. If the degree of correlation
among variables is sufficiently high, it can cause problems by fitting the model and
interpreting the results. Therefore the independent variables have to be selected in
order to prevent multicollinearity. The correlation analysis revealed 2-way and 3-
way interactions are correlated with their independent variables. Therefore heat-
setting temperature, specimen size and cut panel lay out were selected as the
independent variables for the regression model fitting. The results also revealed that
thermal shrinkage in course direction and cut panel lay out are not significant at 95%

confidence level (P-value = 0.615).

The results in Table 5.7 revealed that the heat-setting temperature has the strongest
negative correlation with the thermal shrinkage (r=-0.78). The correlation between
the thermal shrinking of the course direction and the size of the specimen (r=-0.37) is

weak and negative. The relationship between thermal shrinkage in the course
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direction and sample cut panel layout is very weak (r=0.02) and is not significant at
5% significant level. The negative strong correlation between thermal shrinkage in
the course direction and heat-setting temperature depicts that the thermal shrinkage
of material in subsequent thermal processes decreases as the heat-setting

temperature increases.

Table 5.7 : Bivariate linear relationships among variables for thermal shrinkage in

the course direction

o o e |2
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© © 5 © © o
<5} o = 0 <5} o X
o o 2 o o
£ 5 g S X EQIEY
L S e |28 |g 25 (5
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Cut panel layout Pearson
- 0.01
correlation
P-Value 0.73
Specimen size Pearson
P | 0.00 | 002
correlation
P-Value 0.91 | 0.67
Heat-settin Pearson
g | 030 | 0.95 | -0.01
temperature correlation

X Cut panel layout | P-Value 0.00 | 0.00 | 0.69
Specimen size X Pearson

Cut panel layout correlation 0.01 | 0421 085 | 0.40
P-Value 0.88 | 0.00 | 0.00 | 0.00
Heat-setting Pearson | 416 | -0.01 | 0.98 | 0.03 | 0.84
temperature X correlation
Specimen size P-Value 0.00 | 0.69 | 0.00 | 0.40 | 0.00
Heat-setting Pearson | 14 | 042 | 0.84 | 0.44 | 099 | 0.86
temperature X correlation
Specimen size X P-Value
cut panel layout
Thermal Pearson | 578 | 0.02 | -0.37 | -0.22 | -0.30 | -0.48 | -0.40
Shrinkage in correlation

course direction P-Value 000 | 0.62 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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5.3.4 Multiple linear regression analysis of thermal shrinkage in the course

direction

Heat-setting and specimen size have become significantly correlated with the thermal
shrinkage in the course direction (Table 5.7). Therefore, multiple linear regression
analysis has been conducted to establish the linear relationship between the factors;
thermal shrinkage in the course direction, heat-setting temperature, specimen size
and cut panel layout. The independent variables; Heat-setting temperature and
specimen size are continuous while cut panel layout is categorical. The dependent
variable, thermal shrinkage in the course direction is continuous. Categorical variable
have discrete values while continuous variables have continuous values. For the
regression analysis the categorical variable could be expressed as dummy variables.
A dummy variable is a numerical variable used to represent subgroups of
the categorical variable during regression analysis. A dummy variable is often used
to distinguish various treatment groups in a research design. Dummy variable can be
treated as any other continuous variable if the categorical variable is expressed in

dummy variable.
5.3.4.1 Dummy variable recoding

The number of dummy variables required to demonstrate a categorical variable
depends on the number of values that can be taken from the categorical variable. In
order to represent a categorical variable which can have k different sub groups, k-1
dummy variables must be defined. The cut panel layout has 2 different levels; the

cut panel layout 1 and 2, therefore 1 dummy variable has to be defined.
5.3.4.2 Defining dummy variables for categorical variables

The categorical variable cut panel layout has two values; cut panel layout 1 and cut
panel layout 2. Cut panel layout could hence be represented with one dummy
variable: CPL,.

e CPL, =1, if cut panel layout 2: CPL, =0, otherwise.

For cut panel layout, the reference group consists of cut panel layout 1.
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5.3.4.3 Regression equation to express the linear relationship between thermal
shrinkage in the course direction, heat-setting temperature, specimen

size and cut panel layout

The linear relationship between continuous dependent variables (thermal shrinkage
in the course direction), continuous independent variables (heat-setting temperature
and specimen size) and categorical independent variables (cut panel layout) as well
as their interactions were analyzed with 5% significance level by backward

elimination method using Minitab 17® statistical software.

The regression equation resulted from the statistical analysis is shown in Equation
5.2.

Regression Equation;
Thermal shrinkage in course direction =

17.133 — 0.07570 (Heat setting temperature) — 0.03686 (specimen size)
(5.2)

The equation 5.2 can also be written as the equation 5.3. Here the standardized

regression coefficients are denoted by “B” values.

TScourse = Bo + B1HT + [,8S (5-3)

Where;

TScourse : Predicted value of the thermal shrinkage in the course direction
Po . Standardized regression coefficient of the constant

P . Standardized regression coefficient of heat-setting temperature
B - Standardized regression coefficient of specimen size

HT : The heat-setting temperature and

SS : The specimen size

B value measures how strongly each independent variable influences the dependent
variable.  The multiple linear regression equation on data provides heat-

setting temperature and the specimen size as two significant variables to predict the
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thermal shrinkage in the course direction of a specimen. The regression equation
only consists of the heat-setting temperature and the specimen size. The independent
variable, cut panel layout was not included in the regression equation. The cut panel
layouts, terms of two-way and three-way interaction were eliminated from the
backward elimination process at 5% significance level. These results also revealed
that the cut panel layout has no significant impact on the thermal shrinkage in the

course direction.

The regression coefficients are presented in Table 5.8, where information for each
regression coefficient: its value, its standard error, a t-statistic, and the significance of
the t-statistic are presented.

Table 5.8: Table of regression coefficients

Standardized
Regression Standard
Term 9 o Error of T-Value | P-Value | VIF
Coefficient .
Coefficient
®
Constant 17.133 0.291 58.81 0.000 -
Heat-setting temperature -0.07570 0.00179 -42.24 0.000 1.00
Specimen size -0.03686 0.00184 -19.99 0.000 1.00

Table 5.8 presents the regression coefficients of the constant, heat-setting
temperatures and specimen sizes. The thermal shrinkage value was given as a
percentage while heat-setting temperature and sample size was measured in
centigrade (°C) and centimeters (cm) respectively. The t-statistics for heat-setting

temperature and specimen size are both statistically significant at the 0.05 level.

It is important to confirm how well the regression equation fits the observed data.
This is achieved by analyzing the multiple determination coefficients (R?). R? will
be high (i.e. close to 1) when the regression equation fits the data well; and vice

versa. Table 5.9 summarizes the output of the regression equation.

Table 5.9: Summary output

S

R-squared (R?)

R-squared (adjusted)

R-squared(predicted)

0.812

74.01%

73.94%

73.82%
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The regression equation accounts for explaining 74.01% of the total variability of the
data on thermal shrinkage in the course direction which depends on the heat-setting
temperature and the specimen size. The coefficient of multiple determinations is
0.74 confirming that the thermal shrinkage in the course direction can be explained
by heat-setting temperature and specimen size. This verifies that the regression

equation fits the data well.

5.3.4.4 Analysis of variance to determine the significant of heat-setting
temperature and specimen size on thermal shrinkage in the course

direction

ANOVA test was conducted to compare the significance of main effect of heat-
setting temperature and specimen size on the results of thermal shrinkage in the
course direction values. Analysis of variance was carried out on 773 individual
observations of thermal shrinkage in the course direction due to heat-curing.
Significant differences at the 95% confidence level in thermal shrinkage in the
course direction caused by changes in levels of the heat-setting temperature and
specimen size are indicated by the F-test. The adjusted sum of squares is related to
the total variance of the observations and adjusted mean square is obtained by

dividing the adjusted sums of square by the respective degrees of freedom (df).
The results of the analysis of variance are presented in Table 5.10.
Hypothesis test 5.3: Ho: The regression equation does not fit the data well

Vs Hji: The regression equation fits the data well
Significance level o. = 0.05

Table 5.10: Analysis of variance of thermal shrinkage in the course direction

Source gf | Adiusted Sumof | Adjusted Mean | .\, o | pvalue
Squares Squares

Regression 2 1449.5 72477 | 1097.74 0.000
Heal-setting 1 1178.1 1178.10 | 178437 |  0.000
temperature
Specimen size 1 263.8 263.78 399.52 0.000
Error 771 509.0 0.66
Lack-of-fit 51 237.7 4.66 12.37 0.000
Pure Error 720 271.3 0.38
Total 773 1958.6
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The observed significance values are greater than 0.05. Therefore, the results of the
analysis of variance for thermal shrinkage in the course direction reveal that the
effect of heat-setting temperature and specimen size are statistically significant.
Further, the effect of heat-setting temperature on thermal shrinkage in the course
direction was significant, F (1, 773) = 1784.37, P=0.000<a. The results also show
that the effect of specimen size on thermal shrinkage in the course direction is
significant, F (1,773) =399.52, P=0.000<a.

The occurrence of lack-of-fit test is significant in ANOVA test due to the fact that
data contain replicates (multiple observations with identical x-values). Replicates
represent "pure error” because only random variation can cause differences between

the observed response values (Table 5.10).

5.3.4.5 Diagnostics of regression equation

Residual Plots for Shrinkage

(a) Mormal Probability Plot (c) Residual Versus Fits
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Figure 5.5 : Residual plots (a) Normal Probability plot, (b) Histogram, (c)
Residual Versus fits and (d) Residual versus order to verify the regression

equation of thermal shrinkage in the course direction

Diagnostics of regression equation are used to evaluate the assumptions of the

equation and to investigate whether there are observations with a significant
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influence on the analysis. Linear regression assumptions are to check whether the

relationship is linear.

The fitness of the regression equation to data was identified by generating random
error results, testing error familiarity and error percentage. Figure 5.5 shows the

resulting graphs.

In order to verify the assumption that the residuals (errors) are normally distributed,
the normal probability plot of residuals was used. The normal probability plot
should follow a straight line approximately to confirm the assumption that the errors
are normally distributed. The residual histogram displays the residual distribution
for all observations. The residual histogram was used to determine if the data is
skewed or includes outliers. The histogram for residuals has also resulted in
symmetry, and the normal probability plot of errors is also a straight line that only at
the two tail ends is slightly deviated from the straight line.  The residuals can
therefore be considered random. In order to verify the assumption that the residuals
are distributed randomly and have constant variance, the residuals versus fits plot
was used. In order to verify the assumption that the residuals are independent from
each other, the residuals versus order plot was used. The independent residuals do
not show any trends or patterns. Completing all hypotheses confirms that the

regression equation fits the data well.
5.3.4.6 Validation of the regression equation

For the validation of the resulted regression equation, 100% polyester plain knitted
fabric (greige fabric stitch length was 2.5mm) was produced using 75 denier yarn
with 36 filaments. The fabric was disperse dyed at 130°C. Then the fabric was heat-
set at 150°C with 25% overfeed in an industrial hot air pin stenter while maintaining

constant width at 5% width extension.

The cut panel layout 1 was adopted to cut the specimens size ranging from 3 to 50
from the fabric. The fabric panels were exposed to a temperature of 170 £2°C for
450 seconds for the heat-curing treatment. The thermal shrinkage in the course
direction due to heat-curing treatment was measured using the equation 5.2. The

multiple linear regression equation developed was validated using observed data. The
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comparison of predicted and actual output values was made; percentage errors were
calculated and are given in Table 5.11. The predicted values were calculated using

the results of multiple linear regression equation 5.2.

Table 5.11: Comparison of predicted and actual values

Predicted thermal Actual thermal
Heat-setting Specimen shrinkage in the shrinkage in the Percentage
temperature, size course direction course direction error
°C (Heat-setting (Mean value) , %
temperature 150°C) ’
150 3 5.87 5.83 0.57
150 6 5.76 5.58 3.15
150 10 5.61 5.50 1.98
150 15 5.43 5.49 -1.21
150 21 5.20 5.11 1.87
150 28 4.95 4.63 6.87
150 35 4.69 4.82 -2.69
150 45 4.32 4.47 -3.29
150 50 4.14 4.09 1.04
20
Mean = 1.79E-16
St Dev. = 97
N=135 _
15
P N
A
& 10
£ 1 I \\—
6 / N
| SP\

0= | |
-300 -200 100 0O 1.00 200

The distribution of standardized
residual

Figure 5.6 : The distribution of standardized residuals

The residual values were calculated and tested for approximate normality. The
standardized residuals expected to have a mean value close to zero and standard
deviation close to 1. Figure 5.6 shows the distribution of standardized residuals. The

results revealed that the data fits the regression equation (equation 5.2) well.
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5.4  The Factors to Consider in Determining the Test Specimen Dimensions

5.4.1 Selection of the Cut panel lay out for further thermal shrinkage behavior

analysis

The regression equation 5.2 revealed that the heat-setting temperatures, the size of
the specimen are important factors affecting the thermal shrinkage in the course
direction. The regression equation does not include the layout of the cut panel and
its terms of interaction. The cut panel layout has no significant effect over the
thermal shrinkage in the course direction, and this confirms the resulting
insignificant correlation with the thermal shrinkage in the course direction and the
elimination of the cut panel layout variable from the regression equation. Only the
independent variables that have statistically significant effects on thermal shrinkage
in the course direction are included in the regression equation (Table 5.7 and
equation 5.2). Sample preparation processes for cut panel layout 2 consumed more
time than the preparation process of cut panel layout 1. Preparation process of cut
panel layout 2 required unraveling of courses from the fabric until it reaches a clear

course and this process often stretches and deforms the fabric.

5.4.2 Specimen size selection for further thermal shrinkage behavior

investigation

One of the key objectives of the standard size is that a specified heat treatment
condition must result in the highest possible percentage values of thermal shrinkage.
The slightest change of dimension culminated in a higher percentage of thermal
shrinkage when the sample size is smaller. As the sample size grows, there is a
decline in thermal shrinkage and significantly lower thermal shrinkages for sizes 45
and 50 cm were observed. Larger specimen sizes are difficult to handle and may
subjected to permanent creases and wrinkles if the specimen was handled with less
care after the post-heat treatment, before it reaches the ambient temperature.
Thermal shrinkage in course direction has linear relationship with the specimen size.
Therefore considering machine parameters of the post-heat treatments, the specimen

size for the standard testing was selected.
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5.4.3 The machine parameters of subsequent heat treatments

One of the other factors that affect determination of the standard size for thermal
shrinkage testing is the nature of the subsequent heat treatment process. The heating
mechanism, dimensions of the heating bed of different equipment for different
processes vary. The dimensions of the heating bed are of prime importance in
determining the dimensions of the test specimen. Below are the device requirements

of widely employed methods for heat treatment.

e Heat transfer press machine (Model: Macpi) —Small (heat treatment bed
dimension -29x49cm?)

e Heat transfer press machine (Model: Macpi) —Large (heat treatment bed
dimension -145x49cm?)

e Print curing dryer: conveyor bed width approximately 230cm

e Sublimation printing machine: maximum width approximately 330cm

Considering the bed dimensions of the heat treating machines, the results of the study
on shrinkage behavior of fabric panel of different dimensions and the handling
convince with less risk of fabric distortions, the sample size 30 X 30 cm? and cut
panel layout 1, where the one dimension is cut parallel to wales was selected for the

further investigations of thermal shrinkages.
55 Summary

Experiments were performed to determine the effects of fabric specimen size, the
layout of the panels and the heat-setting temperature on the shrinkage behavior of
fabric panels. A decreasing trend in thermal shrinkage in the wale direction is

observed for the increasing heat-setting temperature.

The results of the correlation test showed that the thermal shrinking in the course
direction is predominantly determined by heat-setting temperatures and by the
specimen size. The thermal shrinkage in the wale direction is mainly determined by
the heat-setting temperatures. The layout of the specimen has an insignificant impact

on thermal shrinkage in course direction and thermal shrinkage in the wale direction.
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Since the heat-setting temperature, specimen size and thermal shrinkage in the course
direction demonstrated strong correlations; a multiple linear regression test was
conducted. Estimated regression coefficients (B) were shown to decrease thermal
shrinkage in the course direction for a given heat-setting temperature as the specimen
size increases. The regression analysis further showed that the cut panel layout has
an insignificant effect on thermal shrinkage in the course direction.

Furthermore, compliance with the existing thermal treatment system settings and the
easy repeatability of the experiment were considered for finalizing the standard
specimen size. The cut panel layout 1 was chosen as cut panel layout. The other
aspect taken into account was that the specimen size must comply with the post-heat
treatment environment to obtain the thermal shrinkage related to the thermal
exposure. After considering the key criteria for standard specimen size, the specimen
size 30 X 30 cm? and cut panel layout 1 were chosen for testing thermal shrinkage

for the rest of this research.

104



6 THERMAL BEHAVIOR OF HEAT TREATED POLYESTER
PLAIN KNITTED FABRICS

6.1 Introduction

The thermal behavior of polyester plain knitted fabrics when heat treated and after a
post-heat treatment process is discussed in this chapter. The techniques such as XRD
X-ray diffractometer (XRD), Nuclear Magnetic Resonance (NMR) Spectroscopy and
Differential Scanning calorimetry (DSC) are few of the methods which are being
used to study the crystalline structure and morphology of polymers. Among these
techniques DSC analysis provides a rapid method for determining polymer
crystallinity based on the heat required to melt the polymer.  The thermal shrinkage
behavior of heat-set polyester knitted fabrics is studied using the results of
Differential Scanning Calorimetry (DSC) and measuring the shrinkage values after a
post-heat treatment process. Differential Scanning Calorimetry (DSC) is a
thermoanalytical technique that measures the difference in the amount of heat needed
to increase the temperature of the sample and the reference. A heat flux versus
temperature curve is one of the results of a DSC experiment. The polymer structure
and morphology of polyester heat treated and post-heat treated fabrics were

determined by examining the DSC thermograms.

6.2 Materials and Method
6.2.1 Knitting and heat-setting

In order to study the thermal behavior of heat-set and post-heat treated polyester
plain knitted fabric, a plain knitted fabric was knitted using 100% polyester yarns, on
a knitting machine of 30 inch in diameter; 28 gauge. The fabric was dispersed dyed
in a jet dyeing machine (Model:Salavos). Table 6.1 presents the yarn parameters and
the parameters of greige and dispersed dyed fabrics. The fabric is denoted as fabric
A
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Table 6.1 : Yarn and fabric specifications of fabric A

Yarn specification Greige fabric specifications Dyed fabric specifications
Count No of Greige fabric | Yarn count Stitch Yarn count
(denier) filaments stitch length (denier) length (denier)
(mm) (mm)
155 144 2.40 154.89 2.33 160.80

6.2.2 Treatments carried out on fabric A

The fabric A was separated into 8 equal parts of 15 m in length. Those fabric
samples were heat-set at 8 different heat-setting temperatures (Theatset) Fanging from
130°C to 200°C at 10°C intervals having 25% overfeed in an industrial hot air pin
stenter machine while holding the fabrics taut at 5% constant width extension for 96
seconds. The heat-set fabric was gradually cooled to the ambient temperature.
These heat-setting parameters selected were the most commonly used in commercial
fabric production. The fabrics were subjected to standard conditioning after heat-
setting as per ASTM D1776 standard. Few yarns from each fabric sample were
unravelled after heat-setting and were analysed using the DSC in order to analyse the

structure and morphology of polyester molecules of heat-set fabrics.
6.2.3 Differential Scanning Calorimetry (DSC) measurements of fabric A

The thermal characteristics of the heat-set material were analyzed using the
differential scanning Calorimetry (DSC Q200). For the analysis, yarn samples from
each fabric were taken and each thermogram was recorded from 25°C to 300°C. The
mean yarn sample size was 8.82mg (Standard deviation= 0.28mg).  The yarn
samples were scanned in the nitrogen atmosphere at a heating rate of 10°Cmin™.

6.2.3.1 Calculating the percentage of crystallinity

The degree of crystallinity was calculated from the melting enthalpy of samples
using equation (6.1) given below. The enthalpy was the integrated area of the
primary melting endotherm (coloured area given in Figure 6.1). The melting
enthalpy of the ideal crystalline PET of 135 Jg™* was used for the calculations
(Rudolf etal., 2011).
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Enthalpy N
y of ideal crystalline PET

Percentage crystallinity = Melting enthalp 100 (6.1)
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Figure 6.1 : The data derived from DSC thermogram for percentage crystallinity

calculation
6.2.4 Post-heat treatments and measuring shrinkage of the yarns in the fabric

Applying heat during heat-setting and post-heat treatments (heat-curing) may shrink
the constituent yarns in the fabric and result in fabric shrinking. In order to examine
the thermal shrinkage behavior, heat-set fabrics were heat-cured at 20°C intervals at
temperatures of 120°C to 200°C. The rubber print curing process which was
discussed in the Chapter 4 was used as the post-heat treatment to heat-setting.
Hereafter the post-heat treatment is denoted as ‘heat-curing’. 30 X 30 cm?specimens
were cut keeping the wales parallel to the grainline of the sample as described in the
Chapter 5. Five specimens from each heat-set fabric were subjected to the specific
curing temperature. After curing, samples were conditioned in standard atmospheric

conditions and DSC thermograms of heat-cured fabric were also recorded for fabrics
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heat-set at temperatures 140°C,160°C,180°C and 200°C and heat-cured at a
temperature of 200°C.

The effect of heat on the shrinkage of yarns in the fabrics was studied by measuring
the stitch lengths of the fabrics. The shrinkage of yarn due to curing was calculated
using the equation (6.2). Stitch lengths were measured as per the standard BS EN
14970: 2006.

TS, = % x 100 6.2)

Where, TSy is the percentage thermal shrinkage of the stitch length, Slys is the stitch
length after heat-setting and Sl is the stitch length after heat-curing. The positive
value indicates a thermal shrinkage and negative value indicates a thermal expansion
of the stitch length.

6.3 Differential Scanning Calorimetry (DSC) Analysis of Heat-Set Fabrics of
Fabric A

6.3.1 Analyse of DSC thermograms of heat-set fabric samples of fabric A

The DSC thermographs of the yarns of heat-set fabric samples are shown in Figure
6.2.

The individual thermograms resulted from scanning of each individual yarn heat-set
at different temperatures are presented in Figure 6.2 for comparison purpose. The
characteristic shape of all the graphs is similar to all polyester fabrics heat-set at

different temperatures ranging from 130°C to 200°C in 10°C intervals.

The sharp endothermic peaks (Mprimary) correspond to the melting of polymer
structures (Figure 6.2). Significant change in Mpimary IS NOt evident in fabrics heat-
set at different heat-setting temperatures. A slight bent of all graphs is visible around
160°C, which is also an endothermic curve for pre-melting of the structure. As the
severity of the primary melting peak lessen the prominence of other important peaks,
more sensitive thermograms were obtained for shorter temperature range of 60°C to
215°C (Figure 6.3).
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Figure 6.2 : DSC thermograms recorded from 25°C to 300°C of the yarn samples of
fabrics heat-set at different temperatures (Heat flow (W/g) Vs. Temperature (°C))
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Figure 6.3 : DSC thermograms recorded from 60°C to 215°C of yarns of fabrics
heat-set at different temperatures (Heat flow (W/g) Vs. Temperature (°C))

Two exotherm peaks and two endotherm peaks are visible for the thermograms of all
heat-set fabrics shown in Figure 6.3. The temperature correspond to glass transition
endotherm is denoted as Ty. The temperatures corresponded to low and high cold

crystallization peaks, CCj, and CCy;, are denoted by Tccio and Tecni respectively.
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The exothermic transitions (Tccio and Tccri) indicate the availability of oriented and
isotropic amorphous chains for further crystallization (Aou, Kang, & Hsu, 2005).
Secondary endotherms (Msecongary) in Figure 6.2 and My in Figure 6.3 represent the
melting of less stable crystals undergoing reorganisation (Fakirov, Fischer,
Hoffmann, & Schmidt, 1977; Rath et al., 2012). The secondary and pre-melting
endothermic peaks indicate the melting of small size and less perfect crystals (Liu et
al., 2016).

At the first small endothermic region correspond to the T in the range of 80°C -
90°C, the fusion heat causes glass-rubber transition (Figure 6.3). For all heat-set
samples, the presence of less prominent specific heat change is observed. The weak
Tg, indicates that the initial structure is nearly crystalline or has a higher orientation
in the non-crystalline (amorphous) regions (Miller & Murayama, 1984). Higher
crystallization is due to drawing process of yarn during its manufacture (Gupta,
1995; Katayama et al., 1968).

The glass transition region shown in Figure 6.3 is followed by a slight exothermic
peak. The slight exothermic peak is also attributed to high molecular orientation in
both crystalline and non-crystalline phases (Rodriguez-Cabello et al., 1996).
Previous studies show that thermal shrinkage and cold crystallisation are two
incidents that happen simultaneously for deformed polymers and may cause an
exothermic event just above glass transition temperature (T,) (Gupta et al., 1994;
Manich et al., 2010). The exothermic peak just above the Ty is shifted to the
direction of lower temperature with increasing heat-setting temperature. The results
suggests that heat-setting has caused the structure to be more oriented (Aou et al.,
2005; Rath et al., 2008).

Cayuela and Gacén (1994) revealed that secondary crystallisation that occurred due
to a thermal treatment is reflected as a pre-melting endothermic peak in the
subsequent DSC analysis thermal curves. This is known as the effective temperature
of the thermal treatment and the enthalpy of this melting endotherm is significantly
lower than the primary peak (Sichina, 2000). The studies of Buckley and Salem
(1990) and Fakirov et al. (1977) revealed that the resultant effective temperature
could be the same or much higher than the original heat-setting temperature which it
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was subjected. Sichina (2000) revealed that Pre-endothermic peak reflects the
annealing processing step and allied with the process of heat-setting. Pre-melting
endotherm (Mpre) is clearly visible in Figure 6.3, which is the effective temperature
of the PET structure (Cayuela & Gacén, 1994).

Pre-melting endotherms of heat-set fabrics spread in a wider range of 155°C -205°C
as shown in Figure 6.3. The temperature (Tpe) corresponding to pre-melting
endotherm (M) is the effective temperature of the heat-setting treatment (Fakirov
et al., 1977; Gupta et al., 1994; Sichina, 2000). The heat-set fabric will be thermally
stable to the extent that the temperature of subsequent thermal treatment is overriding
the effective temperature of the heat-set fabric. If the effective temperature is
exceeded in subsequent heat applications, significant thermal shrinkage can occur
(Cayuela & Gacén, 1994). Figure 6.3 shows that the pre-melting temperature of
fabric samples heat-set at 130°C,140°C,150°C and 160°C is on or in the vicinity of
160°C. The positions of the pre-melting peak have shifted to the high-temperature
side when heat-setting temperature is increased. Thus the heat-setting has caused the
crystalline and amorphous structures to be more oriented. The results reveal that the
heat-setting at a higher temperature causes the effective temperature to increase and
the structure to be more thermally stable. For any subsequent heat application to be

effective, the applied temperature must go beyond the effective temperature.

The exotherm (CCp) immediately after effective temperature forms secondary
crystals and make random amorphous regions available in the structure into new
crystals. The exothermic phase is the transition from amorphous form to crystalline
form, resulting in an exothermic peak in the DSC signal. Crystallization takes place
at CCy;, and the temperature corresponding to the CCy; increases with increasing
heat-setting temperature according to Figure 6.3. The increase in temperature
corresponding to the CCy; can be attributed to the increased in pre-melting endotherm
(Mpre)-

Fakirov et al. (1977) observed a dual melting behavior during annealing of highly
drawn PET fibres. Though dual exothermic event near melting temperatures are
visible at low temperatures, the dual melting behavior is not visible in heat-set fibres

at high heat-setting temperatures (Figure 6.3). At higher heat-setting temperatures,
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the structure has melted without forming the secondary endothermic peaks
corresponding to melting of small and less perfect crystals. The observed
phenomenon shows that the small crystallites are converted to large crystallites in the
heat-setting process and the distribution of the crystallite size becomes narrower
(Rath et al., 2008). The findings too indicate that heat-setting at higher temperature
has converted the structure into a more crystalline state making the structure more

stable.

Table 6.2 presents the temperatures of endothermic and exothermic peaks of heat-set
fabrics extracted from DSC graph in Figure 6.2 and 6.3. The temperatures
corresponding to pre-melting (Mpr), secondary melting (Msecondary) and primary

meltlng (Mpnmary) are denoted by Tpre, Tsecondary and Tprimary reSpECtIVE|y.

Table 6.2 : The temperatures of glass transition, pre-melting, secondary melting,
primary melting, low and high temperature cold crystallisation peaks and
crystallinity of heat-set fabric samples of fabric A

Heat—setting Tg’ ° TCCIO, Tpre, ° TCChi, Tsecondary Tprimary Crystallinity,
temperature,°C C °C C °C °C °C %
130 89 100 159 174 222 256 39.82
140 89 96 159 174 220 256 40.61
150 89 96 160 171 - 255 39.56
160 89 96 160.5 173 216 256 40.00
170 87.5 | 94.5 166 184 - 256 40.04
180 86 92 178 192 - 255 41.41
190 86 95 191 204 - 256 41.67
200 86 93 198.5 213 - 255 39.99

Percentage crystallinity of the heat-set fabrics was calculated using the equation
(6.1). As can be seen in Table 6.2, percentage crystallinity of samples does not
increase with increasing heat-setting temperature. Having no effect on crystallinity
due to heat-setting even at very high temperatures emphasize that the changes that
have taken place at pre-melting (M) and secondary melting points (Msecondary) Can

not cause any effect to the percentage crystallinity of the structure.
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6.4 DSC Analysis of Heat-Cured Fabric (Fabric A)
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Figure 6.4 : DSC thermograms of yarns from fabrics panels heat-cured at 200°C
which have been heat-set at 140°C,160°C,180°C and 200°C temperatures (Heat flow

(W/g) Vs. Temperature (°C))

The DSC thermograms recorded from 150°C to 228°C for fabrics heat-set at
140°C,160°C,180°C and 200°C and heat-cured at 200°C are shown in Figure 6.4. A

drastic change in the effective temperature (Tpe) after curing is observed for fabrics

heat-set at low temperatures. The effective temperatures of fabrics heat-set at 140°C,
160°C,180°C and 200°C were 159°C, 160.5°C, 178°C and 198.5°C respectively.
After curing process at 200°C, the effective temperatures of the respective fabric
samples have been changed to 210.5°C, 205.5°C, 205°C and 204.5°C respectively.

The results revealed that the fabric which was exposed to highest heat-setting
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temperature has acquired the lowest effective temperature due to subsequent curing.
Due to taut annealing at low heat-setting temperature, the polyester polymer structure
has not achieved its most probable configuration. During subsequent curing without
external physical constraints and thus in a free-to-deform state, the polymer structure
Is significantly changed, and the most possible configuration and the highest
effective temperature may have been achieved. But the higher thermal energy
supplied at higher temperatures of heat-setting (200°C) may have allowed the
polyester polymer structure to overcome the conditions of taut heat-setting. When
such a structure is heat treated subsequently (during heat-curing) more energy is
required for a larger change as compared to fabrics heat-set at low temperatures.

Drawing occurs above glass transition temperature and the extended polymer
structure is hardened after cooling hence extended state is preferred for the drawn
yarns. But once its temperature rises, the extended state returns through the thermal
shrinkage process to the folded form(M. P. W. Wilson, 1974). With the increased
mobility, residual orientation stress in the fibre is relieved and the relaxation process
is followed by a rearrangement of the chains in the new configuration at higher
temperatures. The resulted new structure is in a more thermodynamically favoured
state because of the state of lower free energy(Bhatt & Bell, 1976; Dismore &
Statton, 1966). In addition to relaxing amorphous molecules, micro-crystal
formation or secondary crystallization in the polymer structure is promoted at high
temperatures (Karmakar, 1999b; Misra & Stein, 1979; Prevorsek & Tobolsky, 1963;
Rodriguez-Cabello et al., 1996). These could be the reasons for achieving higher

effective temperatures for heat-cured fabric samples at 200°C.

6.5 Significance of the Effective Temperature on Heat-Curing Process

For the yarns of fabrics heat-set at different temperatures (130°C-200°C at 10°C
intervals) resulted in specific patterns of DSC thermograms during DSC analysis.

The effective temperature (Tyre) Was one of the variables which varied greatly due to

heat-setting.

The heat-setting at low temperature (Theatset<=160) resulted in an effective

temperature of around 160°C and the effective temperature was increased as the
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heat-setting temperature increases above 160°C. Previous studies suggested that the
substance was thermally stable as long as the effective temperature of the material in
subsequent heat treatments was not exceeded (Cayuela & Gacen, 1994). Therefore,
analyzing the behavior of thermal deformation below and above the effective
temperature of the material may indicate the relationship between the action of
thermal deformation and the effective temperature of the heat-set materials. When
there has been a substantial thermal shrinkage above the effective temperature of
heat-set fabric for subsequent heat treatment temperatures, it can be argued that the

effective temperature influences the subsequent thermal shrinkage behavior.

Among the experimental curing temperatures, 120°C and 140°C were well below the
lowest effective temperature (effective temperature for low temperature heat-set
materials was approximately 160°C). Therefore, thermal shrinkage values were used
to analyze the significance of thermal shrinkage of the stitch length due to the heat-
setting process by curing at below 140°C and above 140°C. The formula (6.2) was
used to assess the thermal shrinkage percentage of the stitch length owing to heat-

curing treatment.

6.5.1 Statistical analysis to assess the impact of effective temperature in
subsequent heat treatments of fabric A

The one-way analysis of variance (ANOVA) is used to determine whether there are
any statistically significant differences between the mean thermal shrinkages of

fabrics heat-cured at different temperatures.

Hypothesis test 6.1 was performed in order to analyse whether there are any
statistically significant differences between the mean thermal shrinkages of fabrics

heat-set at temperature “T” and heat-cured at 120°C and 140°C.

Hypothesis test 6.2 was performed in order to analyse whether there are any
statistically significant differences between the mean thermal shrinkages of fabrics
heat-set at temperature “T” and heat-cured at 160°C, 180°C and 200°C.

Levene’s test and standardized residuals plot of error terms were evaluated to verify

the assumptions to perform ANOVA. Levene’s test indicated that the assumption of

116



homogeneity of variance satisfied resulting F (39,377) =1.430, p>0.05 and the
residual values showed approximate normality with mean value close to zero and

standard deviation close to 1.

Figure 6.5 shows the distribution of standardized residuals of % thermal shrinkage of

stitch length due to curing.
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Figure 6.5 : The distribution of standardize residuals of percentage thermal shrinkage
of stitch length due to curing

6.5.2 Mean thermal shrinkage of stitch length of heat-set fabrics due to curing

Table 6.3 presents the mean and standard deviation of percentage thermal shrinkage
of stitch length of fabrics heat-set at temperatures 130°C, 140°C, 150°C, 160°C,
170°C, 180°C, 190 and 200°C and each heat-cured at 120°C, 140°C, 160°C, 180°C
and 200°C.
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Table 6.3 : Mean thermal shrinkage, standard deviation and coefficient of variation
of heat-set and heat-cured fabrics of fabric A

Heat-setting Curing tm rere:lr;l De\?iﬁion Coef_fiqient of
temperature “T”, °C temperature, °C shrinkage, % % k Variation, %
130 120 0.34 0.65 191
140 0.34 0.67 197
160 -0.26 0.43 -165
180 1.62 0.51 31
200 5.96 0.79 13
140 120 0.01 0.72 7200
140 -1.11 0.67 -60
160 -1.11 0.53 -48
180 1.15 0.52 45
200 4.79 0.71 15
150 120 -0.53 0.71 -134
140 -0.79 0.47 -59
160 0.32 0.42 131
180 1.89 0.67 35
200 3.56 0.69 19
160 120 -0.19 0.40 -211
140 -0.49 0.55 -112
160 -0.79 0.64 -81
180 0.96 0.44 46
200 3.92 0.39 10
170 120 -1.04 0.40 -38
140 -1.04 0.39 -38
160 -1.04 0.57 -55
180 0.30 0.77 257
200 2.03 0.57 28
180 120 -0.28 0.40 -143
140 -0.61 0.47 -77
160 0.22 0.34 155
180 0.26 0.42 162
200 2.02 0.43 21
190 120 -0.31 0.51 -165
140 -0.62 0.83 -134
160 -1.14 0.61 -54
180 0.39 0.59 151
200 1.27 0.33 26
200 120 -0.30 0.31 -103
140 -0.79 0.45 -57
160 0.40 0.57 143
180 0.35 0.60 171
200 0.04 0.40 1000
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6.5.3 Analysis of variance test to assess the effect of curing treatment on
thermal shrinkage of stitch length

Hypothesis test 6.1 and 6.2 was made to test the significant different between the
thermal shrinkage of stitch lengths due to curing below or less than 140°C and above

140°C respectively.

Hypothesis test 6.1: H,: There is no significant different between thermal shrinkage
of stitch lengths curing <140°C for the fabric heat-set at

temperature “T”

Vs Hi: There is significant different between thermal shrinkage of
stitch lengths curing <140°C for the fabric heat-set at

temperature “T”
Significance level a=0.05

Hypothesis test 6.2: Hy: There is no significant different between thermal shrinkage
of stitch lengths curing >140°C for the fabric heat-set at

temperature “T”

Vs Hj: There is significant different between thermal shrinkage of
stitch lengths curing >140°C for the fabric heat-set at

temperature “T"
Significance level a=0.05

The one-way ANOVA results for each test is presented in the Appendix 6 and the

significant values resulted are presented in Table 6.4.

The results of ANOVA to determine the effect of curing temperatures less than or
equal to 140°C on stitch length of heat-set fabrics are presented in Table 6.4. The
results of the analysis of variance of the thermal shrinkages of stitch lengths reveal
that if the curing temperature is less than or equal to 140°C (curing temperatures
were 120°C and 140°C) , the effect of curing temperature on shrinkage of the stitch
length is not statistically significant for all heat-set fabrics (Table 6.4). Therefore,

the null hypothesis of the Hypothesis test 6.1 is accepted.
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Table 6.4 : The significant values resulted from one-way ANOVA tests performed
for heat-set and heat-cured fabrics based on the Hypothesis test 6.1 and 6.2.

Heat-set Effect of curing temperature | Effect of curing temperature if
Temperature , T (°C) | If curing temperature < 140°C curing temperature > 140°C
130 NS (P=0. 991) S (P<0. 000)
140 NS (P=0. 093) S (P<0. 000)
150 NS (P=0. 340) S (P<0. 000)
160 NS (P=0. 181) S (P<0. 000)
170 NS (P=0. 996) S (P<0. 000)
180 NS (P=0. 114) S (P<0. 000)
190 NS (P=0. 320) S (P<0. 000)
200 NS (P=0. 078) NS (P=0. 248)

When the curing temperature is higher than 140°C (curing temperatures were
160°C,180°C and 200°C) , the effect of curing temperature is statistically significant
for all heat-set fabrics except for the fabric heat-set at 200°C where the significant
level resulted is higher than 0.05 (Table 6.4). Considering the overall results the
alternative hypothesis of the Hypothesis test 6.2 is accepted. The curing temperature
has no significant effect on the thermal shrinkage of stitch length of fabric heat-set at
200°C as the effective temperature of this sample due to heat-setting is 198.5°C.
This indicates that if curing temperature does not exceed the effective temperature of
heat-setting, significant structural change in the yarn cannot be caused. This also
revealed that the heat-set fabric structure remains stable as long as the effective

temperature does not exceed the effective temperature of heat-setting.

In subsequent curing treatment, the curing temperature below 160°C would therefore
not be enough to override the structural stability of polymers set by heat-setting. The
resulted thermal shrinkage of the stitch length below 160°C can therefore be
attributed to the disorientation of amorphous regions in the polymer structure(Gupta
et al., 1993; Nobbs et al., 1976; M. P. W. Wilson, 1974). As the curing temperature
increases, significant thermal shrinkage in the stitch length was observed. The
observed thermal shrinkage behavior is endorsed by the effective temperatures
resulted from DSC analysis. If the curing temperature is more than 160°C, the
provided thermal energy could disrupt the stability of the polymer structural by
disrupting the secondary crystallization occurred due to heat-setting treatment and
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disorientating the oriented amorphous chains of the structure which appears as a
thermal shrinkage in the yarn.

6.6 Differential Scanning Calorimetric and Thermal Shrinkage Analysis of
Fabric B

A second polyester plain knitted fabric with different yarn and fabric properties to
fabric A was knitted and dyed in order to validate the thermal shrinkage behavior
observed in fabric A. The second fabric is denoted as fabric B. The fabric B is also
heat-set and heat-cured to examine the DSC thermograms and thermal shrinkage
behaviors in order to evaluate the relationship between the effective temperature of
heat-set fabric and thermal shrinkage behavior. Table 6.5 presents the yarn

specifications and properties of greige and dyed fabric B.

Table 6.5 : Yarn and fabric specifications of fabric B

Yarn specification Greige fabric specifications Dyed fabric specifications
Count No of Greige fabric Yarn count | Stitch length | Yarn count
(denier) filaments stitch length (mm) (denier) (mm) (denier)

100 144 2.19 100.28 2.11 102.90

6.6.1 Heat treatments carried out for fabric B

Samples from fabric B were set at 8 different heat-setting temperatures (theatset)
ranging from 130°C to 200°C at 10°C intervals with 25% overfeeding in an
industrial hot air pin stenter machine while keeping the fabrics taut for 96 seconds at
5% constant width extension as did for the Fabric A. The fabrics were gradually
cooled to the ambient temperature after the heat-setting process. The fabrics were
conditioned in accordance with ASTM standard D1776. Few yarns were unravelled
from each fabric sample after heat-setting and analyzed using the DSC to study the

structure and morphology of the polyester structure after heat-setting.

Using the Differential Scanning Calorimetry (DSC Q200), the thermal properties of
heat-set fabrics (fabric B) were studied. For the study, yarn samples were taken
from each fabric sample and their DSC thermograms were recorded from 25°C to
300°C. The mean sample size of the yarn was 8.81 mg (standard deviation= 0.28
mg). The yarn specimens are tested at 10°Cmin™ in the nitrogen atmosphere. The
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degree of crystallinity was calculated from the equation 6.1 for each heat-set fabric

sample and values are reported in Table 6.6.

There was no adequate amount of 140°C and 160°C heat-set fabrics of fabric B for
curing treatments since they were used excessively for preliminary studies.
Therefore heat-set fabrics 130°C, 150°C, 170°C, 180°C, 190°C and 200°C were
subjected to heat-curing at 120°C,140°C, 160°C, 180°C and 200°C. Five 30 x 30
cm? specimens of each heat-set fabric were subjected to heat-curing treatment and
thermal shrinkage of stitch length due to heat-curing was calculated from the formula
6.2.

6.6.2 Differential scanning calorimetric (DSC) analysis of fabric B

Heat Flow (W/g)

Eng

Temperature (°C)

Figure 6.6 : DSC thermograms recorded from 25°C to 300°C of the yarn samples
from heat-set fabrics (Heat flow (W/g) Vs. Temperature (°C))

The DSC thermographs of the yarns of heat-set fabric samples of fabric B are shown

in Figure 6.6 and the more sensitive thermograms obtained from the DSC
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thermograms in Figure 6.6 are stacked and presented in Figure 6.7.
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Figure 6.7 : DSC thermograms recorded from 60 °C to 215 °C of yarns from fabrics
heat-set at different temperatures (Heat flow (W/g) Vs. Temperature (°C))

For the heat-set fabrics B, the first small endothermic regions correspond to the Ty is
in the range of 80-100°C (Figure 6.7). The weak Ty, indicates that the initial
structure is nearly crystalline or has a higher orientation in amorphous regions. In all
the thermograms, the glass transition region shown in Figure 6.7 is followed by a

slight exothermic peak. As observed for the heat-set fabrics of fabric A, the
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exothermic peaks just above the Ty of fabric B too are also shifted to the direction of
lower temperature with increasing heat-setting temperature confirming that heat-

setting has caused the structure to be more oriented.

Pre-melting endotherms which reveal the effective temperature of heat-set fabrics of
Fabric B spread in a wider range of 155°C -205°C as shown in Figure 6.7. As in
heat-set fabric A, Figure 6.7 shows that the pre-melting temperature of fabric B heat-
set at 130°C,140°C,150°C and 160°C are also on or in the vicinity of 160°C. For
these yarns also the positions of the pre-melting peak have shifted to the high-
temperature side when heat-setting temperature is increased. These results also
reveal that the heat-setting at a higher temperature causes the effective temperature to
increase (Table 6.6). Crystallization takes place at (CCy;) also have increased with
increasing heat-setting temperature. Table 6.5 presents these temperatures of heat-

set fabrics extracted from DSC graph in Figure 6.6 and 6.7.

Table 6.6 : The temperatures of glass transition, pre-melting, secondary melting,
primary melting, low and high temperature cold crystallisation peaks and

crystallinity of heat-set fabric samples of fabric B

Heat_setting o TCCIo T re TCChia Tsecondar T rimar; Crystallinit
tempf(r:ature T,°C oc 02: o¢ o y ’LC y y % y
130 97 113 158 176.5 - 254 38.11
140 88 97 158 172 - 253 38.84
150 89 96 159 171 207 253 40.29
160 88 96 158 177.5 - 253 39.13
170 90 97 174 187 - 254 39.51
180 89.5 96 183 198 - 254 39.87
190 89 95 190 206 - 253 38.12
200 89 95 202 205 168 253 39.19

6.6.2.1 Determining the crystal structure and crystallinity

Percentage crystallinity of the heat-set fabrics B was calculated using equation 6.1.
As can be seen in Table 6.5, percentage crystallinity of samples does not change

significantly with increasing heat-setting temperature.

Significance of the effect of effective temperature of heat-setting on subsequent heat-

curing process was evaluated by analysing the significance of thermal shrinkage of
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stitch length due to curing process at 5% significance level is described in section
6.6.3.

6.6.3 Statistical analysis to assess the impact of effective temperature in

subsequent heat treatments of fabric B

In order to verify the assumptions of performing ANOVA, Levene’s test and
standard residuals plot of error terms were assessed.

40— _
Mean = B97E. 16
Sid. Dere. = 948
M= 287
30+ ™

Frequency
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Standardized Residual for %% thermal
shrninkage due to curing

Figure 6.8 : The distribution of standardize residuals of percentage thermal shrinkage

of stitch length due to curing

Levene’s test showed that the hypothesis of variance homogeneity reached F
(29,257) =1.275, p>0.05. The residual values displayed estimated normality with a
mean value close to zero and a standard deviation close to 1. Figure 6.8 presents the
distribution of standardized thermal shrinkage stitch length residuals owing to heat-

curing.
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6.6.4 Mean thermal shrinkages of heat-set and heat-cured fabrics of fabric B

Mean thermal shrinkage and standard deviation of stitch length of heat-set fabrics

due to curing are presented in Table 6.9. Statistical measurement of the dispersion of

data points around the mean in a data series is measured by the percentage of

coefficient variance

Table 6.7 : Mean thermal shrinkage, standard deviation and coefficient of variation

of heat-set and heat-cured fabrics of fabric B

Heat-setting Curing Mean thermal Std. Coefficient of
temperature “T”, °C | temperature, °C shrinkage, % deviation, % | Variation, %
130 120 1.63 0.26 16
140 1.87 0.31 17
160 2.13 0.37 17
180 3.70 0.39 11
200 5.62 0.54 10
150 120 -0.69 0.47 -68
140 -0.33 0.30 -91
160 0.97 0.36 37
180 2.11 0.39 18
200 4.76 0.32 7
170 120 -0.30 0.36 -120
140 -0.04 0.16 -400
160 0.23 0.28 122
180 0.99 0.57 58
200 3.96 0.38 10
180 120 -0.41 0.20 -49
140 -0.14 0.37 -264
160 -0.15 0.54 -360
180 0.20 0.51 255
200 2.61 0.38 15
190 120 -0.87 0.31 -36
140 -0.89 0.33 -37
160 -1.16 0.56 -48
180 -0.63 0.49 -78
200 1.52 0.47 31
200 120 -0.47 0.40 -85
140 -0.50 0.55 -110
160 -0.60 0.39 -65
180 -0.73 0.32 -44
200 0.20 0.47 235
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6.6.5 Analysis of variance for stitch length thermal shrinkage

Hypothesis test 6.3 and 6.4 performed to test the effect of curing temperature on

percentage thermal shrinkage of stitch length due to curing of fabric B.

Hypothesis test 6.3: Hy: There is no significant different between thermal shrinkage
of stitch lengths curing <140°C for the fabric heat-set at

temperature “T”

Vs Hj: There is significant different between thermal shrinkage of
stitch lengths curing <140°C for the fabric heat-set at

temperature “T”
Significance level a=0.05

Hypothesis test 6.4: Hy: There is no significant different between thermal shrinkage
of stitch lengths curing >140°C for the fabric heat-set at

temperature “T”

Vs H1: There is significant different between thermal shrinkage of
stitch lengths curing >140°C for the fabric heat-set at

temperature “T"
Significance level 0=0.05

Table 6.7 shows the results of ANOVA to determine the effect of curing
temperatures less than or equal to 140°C and curing temperatures more than 140°C

for percentage thermal shrinkage of stitch length of heat-set fabrics of fabric B.

Table 6.8 : The ANOVA results of the effect of curing temperature on thermal
shrinkage of the yarns in knitted fabric B.

Heat-set Effect of curing temperature | Effect of curing temperature if
Temperature ,T (°C) | If curing temperature < 140°C curing temperature > 140°C
130 NS (P=0.083) S (P<0. 000)
150 NS (P=0.058) S (P<0. 000)
170 NS (P=0.053) S (P<0. 000)
180 NS (P=0.065) S (P<0. 000)
190 NS (P=0.866) S (P<0. 000)
200 NS (P=0.906) S (P<0. 000)

127




The results of the variance analysis of stitch length show that if the curing
temperature is below or equal to 140°C, the effect of curing temperature on the stitch
length shrinkage is not statistically significant for all heat-set fabrics (Table 6.7).

Thus, the null hypothesis of the Hypothesis test 6.3 is accepted.

When the curing temperature exceeds 140°C (curing temperatures were 160°C,
180°C and 200°C), the effect of curing temperature is statistically significant for all
heat-set fabrics with P-value less than the significant level as shown in Table 6.7.

Hence the alternate hypothesis of Hypothesis test 6.4 s accepted.

These results also revealed that, the thermal energy of curing temperatures below
160°C is enough to override the structural stability of heat-set polyester.

6.7 Summary

The thermal behavior of polyester fabrics after heat-setting and after heat-curing is
investigated using DSC analysis and the fabric shrinkage. Analysis was carried out
on a fabric knitted using polyester yarns and found that the primary effect of the
heat-setting is the change in effective temperature. No significant difference
between effective temperatures is observed in low heat-setting temperatures, whereas
the effective temperatures rise with the increasing heat-setting temperature.
The study on the percentage of shrinkage of yarns due to curing at different

temperatures confirmed this behavior.

The analysis carried out on fabric A was repeated for a second fabric (fabric B) in
order to establish and accept the observed behavior of polyester fabric A is common
to all polyester fabrics manufactured under using similar yarns and similar
conditions. Fabric B delivered similar results from the DSC analysis and the thermal

shrinkage.
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7 COMPARATIVE STUDY ON THE THERMAL SHRINKAGE
BEHAVIOR OF POLYESTER YARN AND ITS PLAIN
KNITTED FABRICS

7.1 Introduction

The results of the previous chapters revealed that heat treatment processes have
caused thermal deformations in polyester knitted fabrics. Heat-based processes on
thermoplastic fibre materials are well known to cause the materials to shrink.
However, it is yet to be investigated that, whether the contribution of the yarn itself
or the knitted fabric structure has more significant impact on the thermal deformation
when the knitted fabrics are subjected to heat treatments. Because of the thermal
shrinkage of the constituent yarns in the fabric and the change in the loop shape,
knitted fabrics can change their dimensions. This chapter focuses on the extent to
which the thermal shrinkage of polyester yarn affects the thermal shrinkage behavior
of polyester knitted fabrics and the effect of heat on fabric parameters. After dyeing,
heat-setting and subsequent heat-curing processes, the thermal shrinkage behavior of
polyester yarn and the plain knitted fabric made of the same yarns were analysed.
The thermal effects were investigated on yarns, yarns in fabrics, and densities of
wale and course of the fabrics. Comparison was made of yarn in hank form and yarn
in the knitted stitch. The thermal effects on other parameters of knitted fabric are

also discussed.

7.2 Materials and Methods

A 100% polyester plain knitted fabric was produced on 28-gauge single jersey
knitting machine using 155 denier 144 filaments polyester yarns. The yarn and the
fabric are denoted as “yarn A” and “fabric A” respectively for the study. The yarns
used in producing the fabric were subjected to all processes that the fabrics usually
undergo. The yarns were processed in hank form. Details of the processes, testing
carried out on yarns and fabrics are described in the following sections. Fabric A is

the same fabric A, which was referred to in Chapter 6 in the DSC analysis.
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7.2.1 Dyeing, heat-setting and subsequent heat-curing of yarns in hank form of
yarn A

7.2.1.1 Dyeing yarns

155 denier and 144 filaments Polyester yarn (yarn A) was wound with a minimum
tension using a laboratory hank winder of 1 meter in circumference. The yarns in the
hank were loosely tied to hold them as a bundle using a separate yarn in few places.
The hank was cut at one point that makes 100 yarn samples, each 1 m in length.
Nine such bundles, each bundle containing 100 yarns were scoured and dyed at

130°C in a sample dyeing machine.
7.2.1.2 Heat-setting process of yarns

Eight of the above-mentioned dyed yarn bundles were heat treated at temperatures
from 130°C to 200°C at 10°C intervals in an industrial drying machine. During heat-
setting, yarns were separated in each yarn bundle and relaxed straight on the
conveyor belt of the drying machine. A very light weight that will not impede the
yarn shrinking during heat treatment was kept on the yarns to stop them from getting

entangled due to hot air blow.
7.2.1.3 Heat-curing process of yarns

As mentioned in Chapter 4, the conditions of print curing process were selected for
post-heat treatment to test the post-heat treatment behavior of pre-heat-set polyester
yarns. Each of the eight yarn bundles which described in the section 7.2.1.2
was divided into 5 yarn bundles comprising 20 yarns. Each yarn bundle, consisting
of 20 yarns of a specific heat-set temperature, was subjected to heat-curing at
temperatures120°C, 140°C, 160°C, 180°C and 200°C for 5 cycles of 90 seconds in

the industrial drying machine.
7.2.1.4 Thermal shrinkage of yarns and the resultant increase in yarn count

As mentioned in Chapter 6, the heat-set polyester yarn glass transition temperatures
were observed in the 80°C-100°C temperature range. The selected post-heat
treatment temperatures are far greater than the glass transition temperatures of heat-

set polyester fabrics. As the transition from glass to rubber is facilitated by the heat-
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curing temperatures, thermal deformation of the filaments can also be expected due
to post-heat treatment. Changing the length of the yarn will also change the linear
density or the yarn count. For this study, percentages thermal shrinkage of yarn and
change of yarn count were also calculated. The length measurements and yarn
counts were calculated in accordance with the standard BS EN 1SO 2060:1995
(ASTM D 1059 — 01).

The changes in length of yarns in hank, followed by the dyeing, different
temperatures of heat-setting (130°C,140°C,150°C,160°C,170°C,180°C,190°C and
200°C) and various temperatures of heat-curing (120°C, 140°C, 160°C, 180°C and
200°C) were measured to calculate the average shrinkage or the expansion of the
yarns. During dyeing, heat-setting and heat-curing processes, heat is applied as a
main process condition; therefore, these processes were generally referred as heat

treatment processes for this chapter.

The thermal shrinkage percentage of yarns in hank due to any given heat treatment is

calculated by the equation (7.1).

TSy = £0a X 100 (7.1)

Where, TSy is the thermal shrinkage of the yarn,Yl; is yarn length before the heat
treatment and Y1, is the yarn length after the heat treatment. The (+) values indicate a
thermal shrinkage and (-) values indicate thermal expansion of the yarn due to heat

treatment.

The percentage increase in yarn count, Cy is calculated by the equation (7.2)

— (YCa—YCi)
YC;

Cy X100 (7.2)

Where YC, is the count of yarn after the heat treatment and YC; is the count of yarn
before the heat treatment. The (+) values indicate an increase in count and (-) values

indicate decreasing in count of the yarn due to heat treatment.
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7.2.2 Dyeing, heat-setting and heat-curing of 100% polyester plain knitted
fabrics (fabric A)

Plain knitted fabric (fabric A) was made using 155 denier 144 filament polyester
yarns (yarn A) on a circular knitting machine. Kbnitting specifications of the 100%
polyester plain fabric were; machine diameter-30 inches, gauge-28; RPM-20, number
of positive feeder systems -90, total number of knitting needles-2580. The stitch

length of the greige fabric was 2.40 mm.

The fabric was then dispersed dyed at 130°C on the jet dyeing machine. The fabric
was then divided into 8 parts of the same length of 15 m. These fabric parts were
heat-set at 8 different heat-setting temperatures (Theaser) Varying from 130°C to
200°C at 10°C intervals with 25% overfeeding in the industrial hot air pin stenter,
holding the fabrics to a constant width extension of 5%. The system speed for heat-
setting was maintained at 15 m/min so that the fabric was exposed to 90 seconds hot
air blow and slowly cooled down to an ambient temperature. The selected heat-
setting parameters are the most widely used in the manufacture of commercial fabric.
For conditioning ASTM standard D1776 was adopted. The yarn and fabric
specifications of fabric A are presented in Table 7.1.

Table 7.1: Yarn and fabric specifications

Eabric Yarn specification Greig(_e fa_bric Dye_d_ fapric
code specifications specifications
Count No of stitch length | Yarn count | Stitch length Yarn
(denier) | filaments (mm) (denier) (mm) count
(denier)
A 155 144 2.40 154.89 2.33 160.8

The post heat treatment process to which the fabric was subjected to is the print
curing process which was described in the Chapter 4. The process conditions used

for heat-curing were similar to those used in the industry.

The temperatures 120°C, 140°C, 160°C, 180° C and 200°C were selected for the
heat-curing process. Five specimens from each heat-set fabric was subjected to each
heat-curing treatment for five cycles of 90 seconds as described in the Chapter 4 in

the same industrial drying machine used to cure the yarns in hank form. The
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numbers of curing cycles were selected as five, considering the maximum number of
different adornments requiring heat-curing, though this number may vary from 1 to 5
generally in actual industrial practice. In the calculation of thermal shrinkage, five
specimens were subjected to each heat-curing temperature and the average shrinkage

of the five specimens was reported.

The fabric samples were subjected to standard conditioning as given in ASTM

D1776 before taking any measurement.
7.2.2.1 Shrinkage of fabric due to curing (post-heat treatment)

Shrinkages in the course direction (width-wise) and wale direction (length-wise) due
to heat-curing were measured on fabric samples of 30 X 30 cm?® Test specimens
were cut with their grain lines parallel to wales and measurements were taken as

described in Chapter 5.
7.2.2.2 Thermal shrinkage (St)

The shrinkages (St) in course direction and wale direction of fabric specimens due to

heat-curing were calculated using the equation 7.3.

Sp="=2x100 % (7.3)

14

Here l; is the length between data lines marked in particular direction before thermal
application and I, is the length between the same data lines after subjecting to the

thermal application.

While the (+) values indicate the thermal shrinkage and (-) values indicate the

thermal expansion.

7.2.2.3 Measuring stitch length, count of the yarn in the fabric, the course and

wale densities

Course and wale densities of the fabrics were determined according to the standard
BS 5441 (ASTM D3775-03) and the change in area was calculated from the results

of the shrinkage test and the area shrinkage calculated from the equation 7.4.
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Area shrinkage =

Area inside datalines before curing)— ( Area inside datalines after curin

(Area inside datalines before curing)

(7.4)

The effects of heat on the yarns in the fabrics were studied by measuring the stitch
lengths of the fabrics. The stitch lengths of dyed fabric, heat-set, and heat-cured
fabrics were measured and calculated as per the international standard BS EN 14970:
2006.

The percentage shrinkage of yarn in fabric after subjecting to dyeing, to different
heat-setting temperatures and to different heat-curing temperature were measured to
calculate average percentage shrinkage or expansion of stitch length after each
process. Thermal shrinkage of yarn in fabric (stitch length) due to a heat treatment

was calculated using the equation (7.5).

Sl;-Sl,
Sl;

TSy = x 100 (7.5)

Where, TS is the percentage thermal shrinkage of the stitch length due to heat
treatment, Sl; is the stitch length before heat treatment and Sl, js the stitch length after
heat treatment. Here the heat treatments used were dyeing, heat-setting and heat-
curing. The (+) value indicates a thermal shrinkage and (-) value indicates a thermal

expansion of the stitch length.

If there is a change in the stitch length after a process due to heat, the count of the
yarn in the fabric too is changed. If the stitch length is reduced the count of the yarn
is increased. Percentage increase in count of the yarn in the fabric after each process,

denoted as Cg is calculated by the equation (7.6)

_ (SLC4—SLC;)*100
Cs= ST (7.6)

Where SLC, is the count of yarn in knitted stitch after the heat treatment and SLC; is

the count of yarn in knitted stitch before the heat treatment.

When calculating the % increase in yarn count, (+) values indicates increase in yarn

count and (-) values indicate decrease in yarn count.
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The thermal effect on yarns in hank and yarns in fabric (stitch length) due to dyeing,
and thermal effects of yarn in hank and yarns in fabric due to heat-setting and heat-
curing are discussed, and a comparative analysis is presented hereafter in the

following sections.

7.3 Thermal Effects on Yarns in Hank and Yarns in Fabric (Stitch Length)
Due to Dyeing (Yarn A and Fabric A)

Thermal effects on the yarn in the fabric may happen because of the dyeing process
as the dispersed dyeing takes place at high temperatures (130°C). Therefore, the
effect of high temperature dyeing on the yarn in hank form and yarns in fabrics is
important to identify and the effect on each form is compared. Table 7.2 presents the
thermal shrinkage and change in the count of yarns in hank and yarns in fabric due to

dyeing process.

Table 7.2 : Thermal shrinkage of yarns and the yarns in the fabric due to dyeing

(Standard deviations are indicated in square brackets)

Process status

Yarn length in

Yarn count in

Stitch length

Yarn count in

after dyeing

hank, (cm) hank, (denier) | in fabric,(mm) | fabric,(denier)
Before dyeing 100.41[0.104] 155.60 2.40[0.178] 154.89
After dyeing 93.07 [0.256] 166.69 2.33[0.172] 160.80
Thermal shrinkage | 7 3794 7.13% 3.30% 3.81%

Due to dyeing, the yarn reduced its length by 7.31% and caused the yarn count to
increase by 7.13%. Due to dyeing, the yarn in fabric or stitch length reduced by
3.30% and caused a 3.81% increase in yarn count. The resulting yarn shrinkage in

the fabric / stitch length is lower than that of the shrinkage of yarn in hank.

Although the yarn shrinkage in the fabric is relatively low, yarns in the fabric have
shrunk significantly (3.3%). Postle (1957) and Munden (1969) stated that the dry
relaxation process had no significant effect on the dimensional changes in the
thermoplastic knitted fabric, but the dimensional changes in thermoplastic knitted

fabrics were significant due to wet relaxation.
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Comparatively less yarn shrinkage in the fabric indicates that the longitudinal load
on the knitted fabric during dyeing has restricted the yarn shrinkage in the fabric
(Gupta, 1995).

Due to dyeing, the yarn in the hank has shrunk to 7.13%. The yarns in the hank form
are entirely free to relax from the stresses incurred during previous processes of yarn
manufacture. The relaxation from free stresses and thermal deformation behavior due
to thermoplastic nature contribute to the shrinkage of yarn (Kobayashi & Keller,
1970; Long & Ward, 1991; Prevorsek et al., 1974; Trznadel & Kryszewski, 1992; M.
P. W. Wilson, 1974).

7.4 Thermal Effects of Yarns in Hank and Yarns in Fabric Due to Heat-
Setting and Heat-Curing (Yarn A and Fabric A)

In order to compare the effect of the heat-setting and the heat-curing process on the
yarn in the hank and the yarn in the fabric, both forms were subjected to similar heat-
settings and heat-curing temperatures. The yarn and fabric parameters needed to
compare the effects of thermal treatments on each form are summarized in Table 7.3
and Table 7.4.

Mean length shrinkages of yarns in the hank and yarns in fabric (stitch length) due to
different heat-setting temperatures (130°C, 140°C, 150°C, 160°C, 170°C, 180°C,
190°C and 200°C) and different post-heat treatment (heat-curing) temperatures
(120°C, 140°C, 160°C, 180°C and 200°C) are presented in Table 7.3 and Table 7.4

respectively.
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Table 7.3 : Mean length shrinkages of yarn in the hank due to heat-setting and heat-

curing process and resultant yarn counts (yarn A)

Heat-setting process -Yarn Heat-curing process-Yarn 3
—_ >
—~ , — o - S TS
?Ti’ 5 ~ | s£ 2 | & ~ |5 |esz 55%
55 |82 |52 |28 8858 |Ef |B2o | 828 258
o 8 cS | 838 |88 389 & S 3 LR | gsx| S22
88 |5 |92 |89 0t ¢ ° | s |53 S<5
I e > = 2 5 = S| O >
e @ > K =~ S
130 93.09 | 165.87 0.02 120 92.90 | 165.76 | 0.21 0.31 0.18
140 92.60 | 166.67 | 0.53 0.41 0.50
160 9141 | 169.16 | 1.80 0.36 1.78
180 89.75 | 170.97 | 3.59 0.42 3.57
200 86.78 | 17752 | 6.75 0.17 6.76
140 92.90 | 166.43 0.18 120 92.82 | 166.46 | 0.09 0.39 0.27
140 9248 | 166.53 | 0.46 0.26 0.64
160 91.18 | 169.92 | 1.85 0.47 2.03
180 89.19 | 172.29 | 4.00 0.47 4.17
200 87.05 | 176.79 | 6.30 0.30 6.47
150 92.61 | 166.81 | 0.49 120 92.69 | 165.92 | -0.09 0.41 0.40
140 9248 | 166.49 | 0.14 0.28 0.63
160 91.21 | 168.94 | 1.52 0.37 2.00
180 89.96 | 170.38 | 2.87 0.42 3.34
200 87.14 | 17559 | 5.92 0.34 6.38
160 92.44 | 166.91 0.68 120 9225 | 166.44 | 0.21 0.36 0.88
140 91.96 | 167.15 | 0.52 0.40 1.19
160 9140 | 168.94 | 1.13 0.08 1.79
180 89.73 | 17214 | 2.93 0.51 3.59
200 87.18 | 175.64 | 5.70 0.42 6.33
170 90.82 | 170.02 2.42 120 90.53 | 171.62 | 0.32 0.18 2.73
140 90.50 | 170.72 | 0.35 0.48 2.76
160 90.12 | 170.86 | 0.77 0.39 3.17
180 89.67 | 171.18 | 1.26 0.36 3.65
200 86.73 | 17555 | 4.50 0.29 6.81
180 90.26 | 170.47 3.02 120 90.06 | 171.26 | 0.22 0.45 3.23
140 89.84 | 171.17 | 0.47 0.21 3.48
160 89.88 | 171.35 | 0.42 0.38 3.43
180 89.52 | 172.65 | 0.82 0.40 3.82
200 87.34 | 175.37 | 3.24 0.41 6.16
190 89.17 | 173.24 | 4.19 120 89.32 | 172.63 | -0.17 0.51 4.03
140 88.61 | 172.87 | 0.63 0.45 4.79
160 88.45 | 17473 | 0.81 0.35 4.96
180 88.32 | 174.64 | 0.96 0.40 5.10
200 87.22 | 176,53 | 2.19 0.50 6.28
200 88.11 | 17558 | 5.33 120 87.89 | 17460 | 0.26 0.29 5.57
140 87.27 | 176,50 | 0.95 0.27 6.23
160 87.93 | 17555 | 0.21 0.65 5.53
180 87.69 | 17654 | 0.48 0.57 5.78
200 86.91 | 177.09 | 1.37 0.44 6.62
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Table 7.4 : Mean shrinkages of knitted stitch (yarns in the fabric) due to heat-setting
and post-heat treatment (heat-curing) processes and resultant yarn counts (fabric A)

Fabric (heat-set) Fabric (heat-cured) <9
| s < o < S < =
=P | 2 Sa | 2 > 22 |58 |8
Se 2|25 | S22/ 8  |22|25 | 58228 |2
2 |2E |25 | §25| 58 |2E |25 | §es|S¢8 285
25 | B |08 | €282~ | B2 |03 X53| B& zsE©°
D o c ~ = 2 c ~ = O o = E =
TE |8 £s | E g ET |28 | 5E
- < 3 = g~ | & F3
130 2.349 | 159.39 | -0.967 120 2.34 159.37 0.34 0.65 -0.62

140 2.34 161.22 0.34 0.67 -0.62
160 2.36 159.41 -0.26 0.43 -1.23
180 2.31 161.17 1.62 0.51 0.67
200 2.21 168.99 5.96 0.79 5.05
140 2.343 | 160.91 -0.58 120 2.34 159.93 0.13 0.72 -0.45
140 2.37 161.06 -1.11 0.67 -1.70
160 2.37 161.84 -1.11 0.53 -1.70
180 2.31 162.23 1.15 0.52 0.58
200 2.23 166.83 4.79 0.71 4.23
150 2.344 | 160.46 | -0.774 120 2.36 159.61 -0.53 0.71 -1.31
140 2.36 160.33 -0.79 0.47 -1.57
160 2.34 161.81 0.32 0.42 -0.45
180 2.30 163.56 1.90 0.67 1.14
200 2.26 166.37 3.56 0.69 2.82
160 2.336 | 160.24 | -0.430 120 2.34 159.55 -0.19 0.40 -0.62
140 2.35 160.69 -0.49 0.55 -0.92
160 2.36 161.00 -0.79 0.64 -1.23
180 2.31 162.94 0.96 0.44 0.54
200 2.25 166.81 3.92 0.39 3.50
170 2.315 | 161.73 0.494 120 2.34 160.92 -1.04 0.40 -0.54
140 2.34 160.80 -1.04 0.39 -0.54
160 2.34 160.80 -1.04 0.57 -0.54
180 2.31 162.99 0.30 0.77 0.80
200 2.27 165.87 2.03 0.57 2.51
180 2.313 | 161.48 0.580 120 2.32 161.41 -0.30 0.40 0.28
140 2.33 162.83 -0.61 0.47 -0.02
160 2.31 162.61 0.22 0.34 0.80
180 2.32 161.51 0.26 0.42 0.32
200 2.27 166.04 2.03 0.43 2.60
190 2.290 | 162.78 1.612 120 2.30 163.46 -0.31 0.51 1.31
140 2.31 164.56 -0.83 0.83 0.80
160 2.31 162.96 -1.14 0.61 0.49
180 2.28 163.81 0.39 0.59 2.00
200 2.26 166.11 1.27 0.33 2.86
200 2.276 | 164.5 2.171 120 2.28 164.70 -0.31 0.31 1.87
140 2.29 164.78 -0.79 0.45 1.40
160 2.27 164.76 0.40 0.57 2.56
180 2.27 165.07 0.35 0.60 2.51
200 2.28 164.61 0.04 0.40 2.21
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7.4.1 Comparison of mean thermal shrinkage behavior of yarn in hank and
yarn in fabric due to process of heat-setting (yarn A and fabric A)

Figures 7.1 (a) and Figure 7.1(b) show comparisons between the thermal shrinkage
of the length of the yarn in the hank and the shrinkage of the stitches in the fabric at
different heat-setting temperatures. Although heat-setting is usually performed on
fabrics, heat-setting was performed for the yarns in the hank too, to compare the

thermal effects on yarn in both forms.

Thermal shrinkage of yarn in hank and yarns in fabrics due to heat-setting are

presented in Figure 7.1(a) and Figure 7.1(b) respectively.
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Figure 7.1: Thermal shrinkage of (a) yarn in hank and (b) yarn in fabric due to heat-
setting (yarn A and fabric A)

Both thermal expansions and thermal shrinkages were observed in the yarns in hank
form and yarns in the fabric. The lowest heat-setting temperature, 130°C after the
dyeing process is also much higher than the glass transition temperature of polyester;
which is occurred between 80-100°C. Thus, the yarns in hank and fabric could
undergo a glass-rubber transition that will soften the fibres and could facilitate

thermal deformation. Due to the free end annealing, the yarns in the hank form are
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free to change their dimensions easily. The yarn has therefore shrunk considerably,
and the shrinkage is as high as 5.33% when heat-setting was performed at 200°C.
There was a very small thermal expansion in the yarn heat-set at 130°C in hank form.
The yarns in the fabric are subjected to tension due to external forces applied by
width wise extension applied in the stenter, resulting in expansions below 160°C and
thermal shrinkages at temperatures above 160°C. Although the fabric shrinkage is
comparatively low, both Figures 7.1(a) and Figure 7.1(b) show that the thermal
shrinkage increases as the temperature increases. The studies of Statton et al. (1970)
regarding PET fibre infrared annealing treatments at elevated temperatures have
shown that at higher annealing temperatures, the folding of the fibre chain is more
regular and thus the thermal shrinkage will be more regular. If a fibre is free to
contract, the amount of thermal shrinkage will be much greater than the one held at a
constant length. Stretching may prevent refolding at low temperatures, but stretching
at higher temperatures could not prevent refolding and thermal shrinkage (Statton et
al., 1970).

Thermal expansion and thermal shrinkage are physically coupled to the structure,
and both changes may result in structural relaxation (Riesen & Schawe, 2000).
Thermal shrinkage in oriented fibres however generally superimposes the thermal
expansion. The thermal expansion along the fibres have been shown to increase
significantly at the glass transition temperature (glass-rubber transition) associated

with large-scale micro-brownian motion of chain molecules (Choy et al., 1983).

Choy, Masayoshi and Porter (1983) too observed thermal expansion, and the effect
was described as a result of the local movement of amorphous regions in small
segments of molecular chains in drawn fibres. Thus, during free-end annealing, both
thermal expansion and shrinkage are observed as heat effects on thermoplastic
materials. The significant effect at higher temperatures is the thermal shrinkage.
Although very small thermal expansion was observed on free-end yarn annealing at
130°C in the hank, the dominant effect is thermal shrinkage at higher temperatures,
particularly above 160°C. The width-wise extensions at the stenter on the knitted
fabric cause the knitted stitches to stretch as compared to the free end annealing of
yarns in the hank form.
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In these experiments, heat-setting of fabrics was performed with a width-wise
extension of 5 percent and overfeed of 25% in the length direction. In commercial
fabric production, width-wise extension and overfeeding are imposed in order to
achieve the final finished fabric dimensions requested by the customer. Heat-setting
of tensioned fabrics has caused the yarns in the fabric to stretch at low heat-setting
temperature resulting in thermal expansions. Because of the external force applied
to the yarns in the fabric, although the thermal energy forces the yarn to shrink, it is
restricted, and a thermal expansion is observed at low heat-setting temperature.
Larger thermal energy overcomes the forces of width-wise at high heat-setting
temperatures and causes the yarns to shrink.

7.4.2 Thermal effects of heat-curing on the yarn in hank and yarn in fabric

Table 7.3 and Table 7.4 presents the shrinkage of the yarns in the hank A and yarn in

fabric A due to heat-setting and heat-curing respectively.
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Figure 7.2 : Thermal shrinkage behavior of yarn in hank due to heat-curing (yarn A)
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Figure 7.3 : Thermal shrinkage of behavior of yarn in fabric due to heat-curing
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Figure 7.2 and Figure 7.3 present the thermal shrinkage behavior of yarns in hanks
and yarns in fabrics for a better comparison of the thermal shrinkage behavior due to
heat-curing treatment. The results revealed that the thermal shrinkage is increasing
as the heat-curing temperature increases. For both the yarn in hank and yarn in
fabric forms, thermal expansion is observed at low curing temperatures. The thermal
shrinkages of yarn in hank, yarn in fabric and fabric panel dimensions were

compared in to make a better comparison.

Before comparing the thermal shrinkage behavior of yarn in hank and yarn in fabric,
it is important to check whether the resulting lengths of yarn in hank and yarn in
fabric are statistically different due to curing treatment at different temperatures. The
assumptions can be verified by performing analysis of variance of yarn lengths in
hank and yarn in fabric subject to heat-curing. Section 7.5 describes the process of
statistical analysis to verify the how significant the change of yarn lengths in hank

and yarn in fabric due to curing treatment.
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7.5 Statistical Analysis to Evaluate the Effect of Heat-Curing Treatment on
Yarn Length in Hank and Yarns in Fabric (Yarn A and Fabric A)

Variance analysis (ANOVA) tests were conducted to evaluate the effect of heat-
curing temperature on heat-cured yarn lengths in hank and yarns in fabrics. The
factors are the heat-setting temperature that includes eight levels (130°C, 140°C,
150°C, 160°C, 170°C, 180°C, 190°C and 200°C) and heat-curing temperature that
includes five levels (120°C,140°C,160°C,180°C and 200°C). The F-test indicates
significant difference at the 95% level in length of yarn in hank and yarn in fabric

(stitch length) caused by changes in factor levels.

7.5.1 Statistical analysis to assess the effect of heat-setting and heat-curing

temperature on the length of yarns in hank due to curing

To verify the assumptions of ANOVA, the Levene’s test and standard residual error

plot were evaluated.
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Figure 7.4 : The distribution of standardize residuals for length of heat-cured yarns in
hank (yarn A)
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Results of Levene's test verified that the hypothesis of homogeneity of variance
reached F (39,335) =1.296, p>0.05. The residual values displayed estimated
normality with a mean value close to zero and a standard deviation close to 1. The
distribution of standardized residues for stitch length due to heat-curing is presented
in Figure 7.4. The significance of heat-curing temperature on the change in length of
yarn in hank is tested using ANOVA.

7.5.1.1 Analysis of variation (ANOVA) of yarn lengths in hank due to heat-

curing

Hypothesis test 7.1 was conducted to test the significance effect of heat-curing
temperatures on lengths of yarn in hank that were subject to heat-setting and

subsequent heat-curing treatment. The ANOVA results are presented in Table 7.5.

Hypothesis test 7.1: Hy: There is no significant difference between length in yarn in
hank which were heat-set and heat-cured at different

temperatures

Vs Hj: There is significant difference between lengths in yarn in
hank which were heat-set and heat-cured at different

temperatures
Significance level 0=0.05

Table 7.5 : The ANOVA results to determine the overall impacts of heat-curing

temperatures on yarn length of heat-set and heat-cured yarn in hank

Source Type Il Sum | df | Mean Square F Sig.
of Squares

Corrected Model 1516.681° | 39 38.889 281.117 | 0.000
Intercept 2861103.053 1| 2861103.053 | 20681898.18 | 0.000
Heat-setting temperature 445.247 7 63.607 459.790 | 0.000
Curing temperature 737.186 4 184.297 1331.214 | 0.000
Heat-setting temperature
X Curing temperature 223.099 28 7.968 57.598 | 0.000
Error 46.343 | 335 0.138
Total 3019294.900 | 375
Corrected Total 1563.024 | 374

a.R Squared = 0.912
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The effect of heat-curing temperature on the length of yarn in hank is statistically
significant at 0.05 significance level (p-value is less than 0.05). Therefore, the
alternative hypothesis (H;) is accepted. There is a significance difference between
the lengths of yarn in hank which was subjected to heat-setting and heat-curing at
different temperatures. Furthermore, there is a significant difference between the
lengths of yarns resulted from various heat-setting and subsequent heat-curing
treatments. The results revealed that heat-curing significantly caused changes in the
length of the yarn in hank that ultimately resulted in thermal shrinkage as a

significant difference.

7.5.2 Statistical analysis to evaluate the effect of heat-curing on the length of

yarns in fabric

Figure 7.5 presents the distribution of standardized residuals of stitch lengths owing

to heat-setting and subsequent heat-curing.
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In order to perform ANOVA, Levene’s test was performed and standardized residual
plot of length of yarn in heat-cured fabrics were analysed.

Results of Levene's test verify that the hypothesis of variance homogeneity resulted F
(39,353) =1.365, p>0.05. The residual values displayed estimated normality with a

mean value close to zero and a standard deviation close to 1.

7.5.2.1 Analysis of variance of length of yarn in fabric (stitch length) that are
subjected to heat-setting and heat-curing (fabric A)

The significance of heat-setting and heat-curing temperatures on stitch lengths of
heat-cured fabrics were analysed using ANOVA (Table 7.6). Hypothesis test 7.2
was performed in order to analysis the effect and significance of the heat-setting and
heat-curing temperature on the length of yarn in heat-set and heat-cured fabrics
(stitch length).

Hypothesis test 7.2: Hy: There is no significant difference between the stitch lengths
of fabrics that was heat-set and heat-cured at different

temperatures

Vs Hi: There is significant difference between the stitch lengths of
fabrics that was heat-set and heat-cured at different

temperatures

Significance level a=0.05

Table 7.6 : The ANOVA results to assess the overall effects of heat-setting and heat-

curing temperatures on stitch lengths of heat-curing fabrics

Source Type Il Sum df Mean F Sig.
of Squares Square

Corrected Model 0.006° 39 0.000 93.491 0.000

Intercept 20.897 1 20.897 | 12889884.64 0.000

Heat-setting temperature 0.001 7 0.000 81.456 0.000

Curing temperature 0.004 4 0.001 581.269 0.000

Heat-setting temperature

X Curing temperature 0.001 28 | 0.000043 26.536 0.000

Error 0.001 | 353 | 0.000002

Total 20.968 | 393

Corrected Total 0.006 | 392

a. R Squared=0.912
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The results of the variance analysis for the stitch length showed that the effects of
heat-setting temperature and heat-curing temperatures are statistically significant at
95% confident level resulting P-value is less than 0.000 (Table 7.6). The alternative
hypothesis (H;) is therefore accepted. The results revealed that the curing caused
significant changes in the stitch lengths and eventually changes in the resulting

thermal shrinkage values.

7.6 Comparison of Heat Treatment Effect for Yarn in Fabric and Yarn in
Hank

In order to obtain a better understanding of the thermal shrinkage behavior of yarn
in hank and yarn in fabric, the thermal shrinkage due to curing was compared
graphically. Figure 7.6(a) and Figure 7.6(b) present the thermal shrinkage behavior
of yarn in hank and yarn in fabric at different heat-setting and heat-curing

temperatures respectively.

6O Curing 7 == 05] Curing .
? =[] 055 temperature,”C temperature,*C
5 * 120 "= 120 6] = 120 :--.,120
2 L) g > 18 i
O = g —~
o A o O 180 ™~ 130 T 5 o 180 - 130
‘; O 200 == 200 5 g 200 =200
ﬁ 37 E a4~ o
= B | g AR =082
O 'JDJD .
& 2 R*=06200 é 3+ \h\ o
. - .
E - o~ ® o Rf=0892
E F*=0.234 ‘E RRETON oy
- e (8]
E 0 -+ o @ E - ~. O N‘\ .
BRI S 7| L | Re034, 20T 0. 3¢
B 1__R3=EI_IJ23+ -l . -. .l t 2 . oS S = Ty
- - & K x
R*=0.000
-2— 1
| T T I | T T T ] | T T T | T T
130 140 150 180 170 180 190 200 130 140 150 180 170 180 190 200
Heat setting temperature, °C Heat setting temperature, °C
(@) (b)

Figure 7.6 : Thermal shrinkage behavior of (a) yarn in hank and (b) yarn in fabric at

different heat-setting and heat-curing temperatures (yarn A and fabric A)
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The data in Table 7.3 shows that, at low curing temperatures, there is no trend in
thermal shrinkage due to curing of the yarns heat-set throughout the range 130°C to
200°C. In the case of fabrics, fabrics heat-set at temperatures of 150°C and 190°C
and cured at 120°C, negative values (extension of yarn length) are also observed.
The treatment at 140°C also does not indicate any particular trend. For the given
data, the R? values for the fitted trend lines indicate 0.0 for the yarn cured at 120°C
and 0.337 for the yarns cured at 140°C (Figure 7.6(a)). Clear trends with high R?
values were demonstrated at 160°C and above for curing temperatures for both yarn
in hank and yarn in fabric. Such results also show that the temperature of 160°C is
crucial to the thermal behavior of polyester and support the findings described in
Chapter 6 of the DSC analysis.

Low curing temperatures caused the yarn length in the fabric to increase (expand) but
showed little or no shrinkage (Table 7.4 and Figure 7.6(b)). Further, yarn expansions
are found in the fabric in contrast with the deformation of the yarn in the hank
due to curing at curing temperatures 120°C and 140°C. As stated in Table 7.4 and
Figure 7.6(b), the thermal deformation behavior of PET yarns below 160°C is
unpredictable and could be a thermal shrinkage or an expansion.

Taut condition thermal treatment during heat-setting also leads to a greater
orientation along the fibre axis in polyester (Rodriguez-Cabello et al., 1996). In
amorphous areas, the high orientation reduces the distance between molecular chains
and increases intermolecular cohesive forces (Wu et al., 1998). As fibre is heated
during curing treatment (post heat treatments) due to high intermolecular
interactions, large molecular motion may be limited, and large-scale amorphous
molecules may be prevented from recoiling, resulting in limited shrinkage in
subsequent heat treatments (Wu et al., 1998). However, during low heating rates, the
rubber-elastic effect, which is supported by rupture of the hydrogen bonds and partial
crystal melting, appears to dominate. Relaxation by breaking up of hydrogen bonds
(physical links) result in intermolecular slippage. Physically, this intermolecular slip
in the yarn is apparent as thermal expansion of the yarn (Trznadel & Kryszewski,
1992).
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As illustrated in Figure 7.6(b), the yarns heat-set at higher temperatures show lower
thermal shrinkage during the subsequent curing process. This is reflective of the

thermal stability of the yarn at higher temperatures.

As shown in Figures 7.6(a) and 7.6(b), the yarn shrinkage is encouraged during the
heat-setting process by increasing the temperature and making the yarn dimensions
stable at higher temperature. The curing shrinkage values depend on the temperature
of the heat-setting. The thermal history is therefore a determining factor for thermal
shrinkage due to curing. However, the shrinkage caused at low heat-curing

temperatures is very low regardless of the heat-setting temperature.

The result shows that thermal history has less impact when the curing temperature is
low and the shrinkage in generally depends on the thermal history. So far, the
thermal shrinkage behavior in yarn form (yarn in hank and yarn in fabric) has been
discussed. Comparing and explaining the thermal deformation of yarn in hank
and yarn in fabric (stitch length) due to dyeing, heat-setting and subsequent heat-
curing treatments were carried out. Due to thermal treatments apart from the yarn in
the knitted fabric, fabric length and width measurements can also distort. The
following section 7.7 discusses the dimensional stability of the fabrics due to heat-
setting and heat-curing and the relativity of yarn in hank to thermal shrink.

7.7 Effect of Heat-Setting and Post-Heat Treatments on Course and Wale

Direction Thermal Deformations of Fabric A

In the textile and clothing industry, changes in fabric panel dimensions are a major
concern. The knitted stitch is the construction block of any knitted fabric. The
thermal deformations of constitution yarns in knitted fabric may also lead to a serious
deformation of the fabric panel. Therefore, it is important to analyse the thermal
shrinkage behavior, the width and length of the dimensions of the fabric in order to
analyse the thermal deformation contribution of the knitted yarn to fabric

dimensions.
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7.7.1 Course direction (width-wise) and wale direction (length-wise) thermal
shrinkage of fabric due to heat-setting (fabric A)

The fabric is deformed width-wise and lengthwise due to heat-setting at the hot air
pin stenter in order to obtain the customer requested width and length measurements.
The density of the wales and the courses are two parameters that give an indication
of the thermal deformation of the fabric due to heat-setting. Due to the fabric
extension in width direction during heat-setting (5 percent extension), the loop

structure is distorted as illustrated in Figure 7.7.

Figure 7.7 : knitted loop distortion due to width-wise extension at the stentering

machine

Table 7.7 : wale density and course density of heat-set fabrics of fabric A

Fabric code Heat-setting Wales per inch _ Courses per
temperature, °C (heat-set) inch (heat-set)
A 130 46.95 59.50
A 140 46.15 59.75
A 150 46.10 59.80
A 160 45.75 60.00
A 170 45.35 60.05
A 180 44.35 61.05
A 190 44.85 61.07
A 200 44.00 61.10

Table 7.7 presents the wale and course densities resulted from heat-setting of Fabric
A at different heat-setting temperatures. Since the loop is distorted by the width-wise
extension in the stenter, it decreases its natural wale density and increases its course
density. The tendency to increase the wale density after the release of the external
force and reduction of the course density isindependent of the heat-setting

temperature. The fabric is extended by equal quantity (5%) for all fabrics heat-set
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at different temperatures. The change in wale and course densities measured before
and after heat-setting of the fabrics. Figure 7.8(a) and Figure 7.8(b) show the

thermal effects on wale and course densities respectively.
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Figure 7.8 : Change of wale and course densities of the fabrics due to heat-setting
(fabric A)

When fabrics were heat-set at 200°C, the wale density decreased by 6.3% compared
to the fabric heat-set at 130°C, while the course density increased by 2.7%. These
data show very clearly the significance of heat-setting temperature on the
dimensional stability of knitted fabrics. The fabric heat-set at low temperatures has a
better chance of shrinking and thus shows a larger shrinkage giving higher value for
wale density. The heat-setting of the fabrics at 200°C makes the fabric highly stable
and therefore shrinks less, showing low shrinkage resulting in lower value for wale
density. Therefore, the fabrics from the extended state to the relaxed state off from

the stentering machine cause the fabrics to shrink and increase their wale density.

Off the stenter, the tendency to increase the length of the fabric is high since the
fabric was under widthwise extension in the stenter. If the width extension is
removed, fabric tends to relax by deforming the fabric by increasing the fabric length

and decreasing the fabric width.
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This increase in length is more at low temperature and less at high temperature. The
fabric becomes more stable at high heat-setting temperatures and the change in the
length of the fabric off the stenter is lower and stabilized with higher courses per inch
(Figure 7.8(b)).

7.7.2 Effect of curing temperature on width and length dimensions of fabric A

Thermal shrinkages in course direction and wale direction caused by heat-curing of
heat-set fabric structures are shown in Figure 7.9 and Figure 7.10 respectively. For
the purpose of clarity in interpretation, heat-set fabrics of 130°C to 160°C and 160 to

200°C are shown as two separate graphs in Figures 7.9 and 7.10 respectively.
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Figure 7.9 : Course direction shrinkage due to curing of heat-set fabrics (fabric A)

For the fabrics heat-set at temperatures 130°C to 160°C, for all curing temperatures,
the course direction shrinkage due to curing is more than 2%. The fabrics are free to
shrink during curing as no external stresses are applied to the fabrics. There was no
trend is observed for the change in shrinkage due to curing at temperatures below
160°C. Analysis of the shrinkage of yarns in the fabric (discussed above section
7.4.2) also revealed ad-hoc behavior at low temperature heat-setting.
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Table 7.8 : Mean thermal shrinkage percentages in course direction and wale
direction due to curing treatment of fabric A

Heat-setting Curing Thermal. shri_nkage (course Thermql shr_inkage (wale
temperature, | temperature direction), % direction), %
°C ' oC ' Mee_m thermal S_td._ Megn thermal S_td._
shrinkage, % | Deviation | shrinkage, % | Deviation
120 2.58 0.43 0.31 0.31
140 2.53 0.33 0.12 0.66
130 160 2.30 0.44 0.78 0.46
180 2.36 0.36 2.34 0.47
200 4.84 0.59 6.59 1.34
120 2.82 0.53 -0.12 0.70
140 3.35 0.34 0.01 0.46
140 160 2.73 0.48 0.77 0.66
180 2.46 0.34 2.59 0.42
200 5.21 0.59 5.89 0.74
120 2.80 0.50 -0.19 0.43
140 3.59 0.45 -0.09 0.70
150 160 3.22 0.20 0.64 0.33
180 3.97 0.78 3.25 1.49
200 5.20 0.80 5.61 1.00
120 2.48 0.48 -0.20 0.32
140 2.79 0.77 0.11 0.65
160 160 3.44 0.26 0.25 0.47
180 4,28 0.98 2.18 0.67
200 6.42 0.81 5.35 0.89
120 1.62 0.57 -0.08 0.48
140 2.30 0.51 0.32 0.50
170 160 3.21 0.25 0.34 0.46
180 3.74 0.36 1.35 0.38
200 5.69 0.50 4,37 0.69
120 2.04 0.31 0.03 0.43
140 2.10 0.36 0.10 0.30
180 160 2.49 0.34 0.12 0.40
180 3.37 0.32 0.55 0.38
200 5.31 0.59 3.09 0.36
120 1.57 0.25 0.06 0.32
140 1.84 0.47 -0.12 0.46
190 160 2.32 0.49 0.19 0.23
180 2.98 0.62 0.28 0.46
200 4.16 0.62 1.72 0.40
120 1.69 0.46 0.07 0.51
140 1.85 0.30 0.20 0.34
200 160 2.16 0.45 0.01 0.30
180 2.77 0.72 -0.07 0.19
200 5.08 0.64 0.01 0.48

153



Figure 7.9(b) shows that the shrinkage in the course direction increases with
Increasing curing temperatures showing a clear pattern for fabric heat-set at 160°C,
170°C, 180°C, 190°C and 200°C. These results show that 160°C is an important

temperature of heat-set polyester.

= ™ Heat settinog + 5 Heat zetting
g 6- temperature,°C s '%“ temperature,*C ¥
'?; - i-slg ----- iig ..,' » ‘E‘ 5_ . ]_ISD e 16'] .'ul
. & 140 «-~1e s L + 170 «==170 s
4 5q 150 —=150 / = s 180 ~=+180 S
8 O 160 ~— 160 y 47 N
< | = O 190 ~—=190 g
2 4 E O 200 ——200 N ,
go x i 3 t.' oy
c J7 tbnﬂ 3 !
= 5 N
w = = - i IJ’ /
= = 1 el
& 1 = ;'« '
& ¢ -
g E | g2
i LN Cland—= ="
-~ =
-1 -1
T T T T T T T T T T
120 140 160 180 200 120 140 160 180 200

Cunng temperature,°C Curing temperature, °C
(@) heat-setting temperature 130°C-160°C (b) heat-setting temperature 160°C-

200°C
Figure 7.10 : Wale direction shrinkage due to curing of heat-set fabrics (fabric A)

Wale direction shrinkage / expansion due to curing are very low for all fabrics below
160°C curing temperature; the thermal effect is either shrinkage or expansion up to
160°C. During heat-setting, the lengthwise compression of the fabrics is due to the
extension of the width. Therefore, expansion of the wale direction during curing can
be expected. However, fabric experiences extremely low shrinkage or expansion due
to the effect of low heat (below 160°C). However, all fabrics shrink in wale
direction beyond the curing temperature of 160°C, although a clear difference

between heat-setting temperatures below 160°C is not observed.

Thermal shrinkage is observed in course direction, despite the fact that thermal
expansion is logical in wale direction due to over-feed and widthwise extension. The

findings reveal that the loop configuration is set at high heat-setting temperatures and
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further heat causes the structures to shrink due to yarn shrinkage at high
curing temperatures. In addition to curing temperatures of 160°C (Figure 7.10(b)),
there is a significant reduction in the shrinkage of the wale direction with higher
curing temperatures. Heat-set fabrics at high temperatures show relatively low

shrinkages.

7.7.3 Comparison of the thermal shrinkage of yarn in hank and wale direction
of fabric (yarn A and fabric A)

The resulting trends in the wale direction for thermal shrinkage of fabrics due to
curing can be compared with the thermal shrinkage of yarns in hank due to curing
(Figure 7.11). Figure 7.11(a) and Figure 7.11(b) presents the percentage of yarn in
the hank form due to heat-curing (post-heat treatment); Figure 7.11(a) shows heat-
setting temperature from 130°C to 160°C and Figure 7.11(b) shows heat-setting
temperatures from 160°C-200°C.
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Figure 7.11 : Shrinkages due to heat-curing of yarns (in the hank) those have been

heat-set at different temperatures (yarn A)
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The shrinkage of the yarns increases with increasing curing temperature for yarns
heat-set at different heat-setting temperatures. No significant difference due to heat-
curing is observed in shrinkages of yarns heat-set at 130°C to 160°C, though a slight
reduction in shrinkages is observed with increasing heat-setting temperature (Figure
7.11(a)). However, the shrinkages due to curing of yarns at and above 160°
decrease with the increasing heat-setting temperature (Figure 7.11(b)). As discussed
in the DSC analysis in the Chapter 6, Heat-setting causes the effective temperature of
PET to increase. The finding of thermal shrinkage behavior of yarn revealed that the
thermal deformations are significant only above the effective temperature. The
results also revealed that when the effective temperature is high, the shrinkage due to
a subsequent heat application is low. The graphs of Figure 7.10(a), Figure 7.10(b),
Figure 7.11(a) and Figure 7.11(b) reveal that wale direction thermal shrinkage of
fabric and the yarns in hank due to curing show almost identical trends.

As per the observed results, when yarns in the hank are cured at 200°C, the
percentage of wale direction shrinkage values due to curing fabrics at 200°C are not
significantly different from the percentage shrinkage values. This reveals that the
shrinkage in yarn has caused the shrinkage in the course direction. The significance
level is analyzed statistically below. Table 7.9 presents the yarn and fabric shrinkage

values when curing at 200°C and the statistical analysis is presented in Table 7.10.

Table 7.9 : Percentage wale direction fabric shrinkage and percentage shrinkage of
the yarn in the hank when curing is performed at 200°C (yarn A and fabric A)

Heat-setting temperature,
°C
% wale direction shrinkage
of fabric (curing at 200°C)
% shrinkage of the yarn in
the hank (curing at 200°C)

130 | 140 | 150 | 160 170 | 180 | 190 | 200

6.59| 589 | 561 | 535 | 437 | 3.09 | 172 | 0.01

6.75| 63 | 592 | 57 45 | 324 | 219 | 1.37

In order to test the hypothesis that curing at 200°C has a similar effect on thermal
shrinkage behavior of wale direction in fabric and the yarns in hank, one-way
ANOVA was performed for each heat-setting temperature. Based on the Levene’s F

test, the assumption of homogeneity of variances was checked and fulfilled.
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The result of Levene’s test for each heat-setting temperature is presented in the
Appendix A2. Hence equal variances were assumed for the analysis. Hypothesis test
7.3 was performed to evaluate the significance difference between the wale direction
thermal shrinkage of yarn in fabric and yarn in hank thermal shrinkage at 200°C

curing temperature.

Hypothesis test 7.3: Ho,: The mean wale direction percentage of thermal shrinkages
of fabric and curing the yarn in the hank at 200°C are

equal

Vs. Hi: The mean wale direction percentage of thermal shrinkages
of fabric and curing the yarn in the hank at 200°C are not
equal
Significance level a=0.05

Table 7.10 : The significance values resulted from analysis of variance perform for
each heat-setting temperature for wale direction thermal shrinkage of fabric and

yarns in hank (yarn A and fabric A)

Heat-setting temperature°C, T P-value
130 0.729
140 0.083
150 0.272
160 0.173
170 0.713
180 0.375
190 0.063
200 0.000

Table 7.8 shows that except at heat-setting temperature 200°C, the resulted P-value
are higher than the significance level a= 0.05. This indicates that the thermal
shrinkage of wale direction of fabric and yarn in hank curing at 200°C are not
significantly different. This reveals that thermal shrinkages resulted due to curing
has not changed significantly due to the form of yarn; either yarn in hank or yarn in
knitted fabric. It is evident that the wale direction shrinkage of the fabric is highly

correlated to the shrinkage behavior of the yarns in hank.

DSC results showed that the effective temperature of fabric heat-set at 200°C

resulted in 198.5°C. This caused the yarns in the fabric more structurally stable thus
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resulting in very low thermal deformation. The structural stability also provide
evidence by resulting very low wale direction thermal shrinkages for the fabrics heat-
set at 200°C and subjected to curing below or the same heat-setting temperature
(Figure 7.11(b)).

7.7.4 The effect of curing temperature on area shrinkage of the fabric A

Heat setting temperature, °C

130 140 150 150 170 180 150 20

Area shnnlkage %
1

Curing temperature, °C
Figure 7.12 : The effect of heat-curing temperature on area shrinkage of heat-set
fabrics (fabric A)

Fabrics heat-set at temperatures up to 160°C and if heat-cured at high temperature,
the area shrinkage can be as high as 12%. The area shrinkage of the fabrics due to
heat-curing as shown in Figure 7.12 is a good indication to the garment manufacturer
to decide on heat-curing temperatures and resultant allowance that should be given

during cutting of garment panels.
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7.8 Thermal Shrinkage Behavior of Yarn B and Fabric B

A second polyester plain knitted fabric with different yarn and fabric parameters
(yarn count 100 denier and greige fabric stitch length 2.19) to yarn A and fabric
A was knitted in order to validate the thermal shrinkage behavior observed in yarn A
and fabric A.

The second yarn and fabric are denoted as “yarn B” and “fabric B”. The fabric B is
the same fabric B which was describes in the Chapter 6. The yarn B and fabric B also
dyed, heat-set and heat-cured to examine the thermal shrinkage behaviors and to
evaluate the relationship between the thermal shrinkage behavior and the yarn and
fabric properties.

The process parameters and testing procedures were used for the yarn A and fabric A
was adopted for dyeing, heat-setting and heat-curing processes of yarn B and fabric
B.

There were no adequate 140°C and 160°C heat-set materials of fabric B available for
curing because they were excessively used for the initial studies. Table 7.11 presents

the yarn specifications and properties of greige and dyed fabric B.

Table 7.11 : Yarn and fabric specifications of fabric B

Fabric Yarn specification Grei_ggz fapric Dygd_ fab_ric
code specifications specifications
Count No of stitch length | Yarn count | Stitch length Yarn
(denier) | filaments (mm) (denier) (mm) count
(denier)
B 100 144 2.19 100.28 2.11 102.90

The thermal effect on yarns in hank and yarns in fabric (stitch length) due to dyeing,
heat-setting and heat-curing are discussed, and a comparative analysis is presented

hereafter in the following sections.
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7.8.1 Thermal shrinkage behavior of yarn in hank and yarn in fabric B due to

dyeing
The thermal shrinkage and change in count of yarns in hank and yarns in fabric due
to the dyeing process are presented in Table 7.12.

Table 7.12 : Thermal shrinkage of yarns and the yarns in the fabric B due to dyeing
(Standard deviations are indicated in square brackets)

Process status Yarn length Yarn count in Stitch length | Yarn count in
in hank (cm) hank,(denier) in fabric,(mm) | fabric,(denier)
Before dyeing 100.12 98.70 2.19 100.28
After dyeing 92.59 106.66 2.11 102.90
Thermal shrinkage 7.52% 8.06% 3.65% 2.61%
after dyeing

The yarn B decreased its length by 7.52% due to dyeing and caused the yarn count to
increase by 8.06%. The yarn in fabric or stitch length decreased by 3.65% due to
dyeing and caused an increase in yarn count of 2.61%. The resulting shrinkage of
yarn in fabric is lower than that of yarn in hank shrinkage; similar behavior to fabric
A.

7.8.2 Thermal effects of yarns in hank and yarns in fabric due to heat-setting
and post heat treatment (heat-curing) Fabric B

Table 7.13 and Table 7.14 present the mean length shrinkage of yarns in hank and
yarns in fabric due to different heat-setting temperatures (130, 140, 150, 160, 170,
180, 190 and 200°C) and to different post-heat treatment (heat-curing) temperatures
(120, 140, 160, 180 and 200°C).

160



Table 7.13 : Mean length shrinkages of yarn in the hank due to heat-setting and heat-

curing process and resultant yarn counts (yarn B)

Heat-setting process -Yarn

Heat-curing process-Yarn

< €

ol ES 8
£ |5 ~ s8] o5 |5 ~lss_|esa 2Sc®
285/ 52|52 |28 |E8G| 5|58 | 282 883 29>
L8288 |38 |2£| 38| S| 88 |25/ 5355|5283

£5 | S F¥s |78 | S T | $5 7| 90E| 3570

130 92.27 | 107.52 0.35 120 9292 | 107.11 -0.70 0.46 -0.36

140 92.19 | 107.11 0.09 0.42 0.43

160 90.41 | 109.50 2.02 0.78 2.35

180 89.17 | 111.17 3.36 0.40 3.69

200 86.10 | 114.75 6.69 0.63 7.01

140 92.86 | 106.97 | -0.29 120 92.05 | 108.67 0.87 0.74 0.58

140 91.56 | 108.62 1.41 0.56 1.12

160 89.49 | 110.93 3.63 0.64 3.35

180 89.19 | 112.90 3.96 0.47 3.68

200 85.88 | 115.32 7.52 0.60 7.25

150 91.97 | 107.74 0.67 120 91.79 | 108.44 0.19 0.66 0.86

140 91.59 | 108.36 0.41 0.82 1.08

160 89.32 | 111.63 2.88 0.65 3.54

180 88.07 | 114.13 4.24 0.53 4.89

200 85.74 | 114.62 6.77 0.80 7.40

160 91.74 | 108.40 0.92 120 90.96 | 109.48 0.85 0.71 1.76

140 91.26 | 107.97 0.53 0.71 1.44

160 90.28 | 109.84 1.60 0.22 2.50

180 89.73 | 110.88 2.19 0.51 3.09

200 87.41 | 112.79 472 0.58 5.59

170 90.52 | 109.64 2.24 120 90.78 | 109.82 -0.29 0.91 1.96

140 89.95 | 109.91 0.63 0.76 2.85

160 89.76 | 110.17 0.84 0.52 3.06

180 89.65 | 111.71 0.96 0.53 3.18

200 86.02 | 113.65 4.97 0.71 7.10

180 89.97 | 109.99 2.83 120 89.31 | 110.96 0.74 0.40 3.55

140 89.68 | 110.61 0.32 0.47 3.15

160 89.88 | 111.52 0.10 0.38 2.93

180 89.57 | 111.09 0.44 0.36 3.26

200 86.91 | 112.73 3.40 0.63 6.14

190 88.75 | 111.42 4.15 120 88.16 | 111.02 0.67 0.49 4.79

140 88.46 | 111.48 0.33 0.73 4.46

160 87.96 | 111.88 0.89 0.56 5.00

180 88.21 | 111.51 0.60 0.70 4.73

200 86.56 | 113.75 2.46 0.80 6.51

200 87.04 | 113.65 6.00 120 87.66 | 112.92 -0.71 0.65 5.32

140 86.8 114.69 0.28 0.35 6.25

160 86.43 | 115.19 0.70 0.62 6.65

180 86.83 113.7 0.25 0.42 6.23

200 85.79 | 115.87 1.44 0.64 7.35
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Table 7.14 : Mean thermal shrinkages of yarns in the fabric B due to heat-setting and
heat-curing processes (fabric B)

Fabric (heat-set) Fabric (heat-cured) =
o o = S o ® = 5 o N — o\o_ g £
EEAEE =5 | 88 S’E,«gg =% | B8 §§§§§§§
%‘—U n ~ S 2 X = =0 n ~ S'2 4 Txo g exXxg*E
£8C 55|88 |ES|38% 55 |88 |£ES |sz8Ffsee
gE G)g’ ) c £ OE d)g’ Z c & 58: < >3
T2 =2 0\2 S e =3 ;\2 S g “°3

130 2,137 | 10150 | -1.28 120 2.102 | 106.11 1.63 0.26 0.38

140 2.097 | 105.47 1.87 0.31 0.62

160 2.091 | 104.14 2.13 0.37 0.90

180 2.058 | 107.14 3.70 0.39 2.46

200 2.017 | 108.97 5.62 0.54 441

150 2.110 | 103.65 | 0.00 120 2.124 | 104.21 | -0.69 0.47 -0.66

140 2117 | 103.58 | -0.33 0.30 -0.33

160 2.089 | 103.80 0.97 0.36 1.00

180 2.066 | 106.75 2.11 0.39 2.09

200 2.009 | 109.73 4,76 0.32 4,79

170 2.078 | 106.00 | 1.53 120 2.084 | 104.89 | -0.28 0.36 1.23

140 2.078 | 105.19 | -0.02 0.16 1.52

160 2.073 | 105.50 0.24 0.28 1.75

180 2.057 | 106.24 1.00 0.57 251

200 1.995 | 108.69 3.97 0.38 5.45

180 2.050 | 106.40 | 2.84 120 2.058 | 107.03 | -0.41 0.20 2.46

140 2.053 | 10593 | -0.14 0.37 2.70

160 2.053 | 105.30 | -0.15 0.54 2.70

180 2.046 | 107.33 0.20 0.51 3.03

200 1.997 | 108.73 2.61 0.38 5.36

190 2.020 | 106.80 | 4.27 120 2.037 | 107.25 | -0.87 0.31 3.46

140 2.038 | 108.16 | -0.89 0.33 3.41

160 2.045 | 108.00 | -1.24 0.56 3.08

180 2.033 | 107.53 | -0.63 0.49 3.65

200 1.989 | 108.91 1.52 0.47 5.73

200 2.000 | 108.18 | 5.21 120 2.009 | 108.97 | -0.47 0.40 4,79

140 2.010 | 110.15 | -0.50 0.55 4,74

160 2.012 | 110.34 | -0.60 0.39 4.64

180 2.015 | 108.66 | -0.73 0.32 4.50

200 1.996 | 109.82 0.20 0.47 5.40

7.8.2.1 Comparison of the mean thermal shrinkage behavior of yarn in
hank and yarn in fabric due to the heat-setting process (yarn B and
fabric B)

Both thermal expansions and thermal shrinkages are observed in the yarn in the hank
form and yarns in the fabric. In the yarns in hank and yarns in the fabric, both

thermal expansions and thermal shrinkages are observed.

Thermal shrinkage of yarn in hank and yarns in fabrics due to heat-setting are
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presented in Figure 7.13(a) and Figure 7.13(b) respectively.

=3
1

h
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Heat setting temperature, °C Heat setting temperature, °C

(a) (b)

Figure 7.13 : Thermal shrinkage of (a) yarn in hank and (b) yarn in fabric due to
heat-setting (yarn B and fabric B)

Due to free end heat-setting, yarns in hank may change their dimensions easily.
Therefore, the yarn has shrunk significantly and the shrinkage is as high as 6%. The
yarn in fabric B was reduced in length than the fabric A and resulted in a thermal
shrinkage of 5.21% at 200°C. Both Figures 7.13(a) and 7.13(b) show the increase in
thermal shrinkage as the temperature in the heat-setting increases and that conform to
the results obtained for yarn A and fabric A. The results of yarn B and fabric B also
confirm that significant effect at higher temperatures of heat-setting is the thermal
shrinkage. Although very small thermal expansion was observed on free-end yarn
annealing at 140°C in the hank, the dominant effect is thermal shrinkage at higher

temperatures, particularly above 160°C.

7.8.2.2 Comparison of thermal effects of heat-curing treatment on yarn in

hank and yarn in fabric (yarn B and fabric B)

Figures 7.14 and 7.15 demonstrate the thermal shrinkage behavior of heat-set and

heat-cured yarns in hank (yarn B) and yarns in fabric B.
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Figure 7.14 : Thermal shrinkage of yarn in hank due to heat-curing (yarn B)
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Figure 7.15 : Thermal shrinkage of yarn in fabric due to heat-curing (fabric B)
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Similar increasing thermal shrinkage behavior as in yarn A and fabric A was

observed for the yarn B and fabric B as well.

7.8.3 Statistical analysis to evaluate the effect of heat-setting temperature and
heat-curing temperature on yarn length in hank and yarns in fabric due

to curing (yarn B and fabric B)

Variance analysis (ANOVA) tests were conducted to assess the impact of heat-
setting temperature and heat-curing temperature on yarn in hank and yarn in fabrics.
The heat-setting temperature includes eight levels (130,140,150,160,170,180,190 and
200°C) and five levels for heat-curing temperature (120,140,160,180 and 200°C) of
yarn in hank form. The heat-setting temperature includes six levels
(130,150,170,180,190 and 200°C) and five levels (120,140,160,180 and 200°C) of
heat-curing temperature for yarn in fabric form. The F-test shows significant
differences in the length of yarn in hank and yarn in fabric (stitch length) at the

95% confidence level caused by changes in factor levels.

7.8.4 Statistical analysis to assess the effect heat-curing temperature on the

length of yarns in hank (yarn B)

Mean = -7.31E-14
Std. Dev. = 946 [7]
M =373
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hank (heat cured)

Figure 7.16 : The distribution of standardize residuals for yarn in hank (yarn B)
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The Levene’s test and standard residual error plot were evaluated to perform
ANOVA. Results of Levene's test verify that the hypothesis of homogeneity of
variance reached F (39,333) =1.423, p>0.05. The residual values showed estimated
normality with an approaching zero mean value and a nearl standard deviation.
Figure 7.16 shows the distribution of standardized stitch length residues due to heat-
setting and subsequent heat-curing. The significance of heat-setting and heat-curing
temperature on the change in yarn lengths in hank is tested using ANOVA.

7.8.5 Analysis of variation of yarn in hank due to heat-curing (yarn B)

Hypothesis test 7.4 was performed to test the significant effect of heat-setting and
heat-curing temperatures on yarn lengths in hank subject to heat-setting and
subsequent heat-curing treatment. Results of ANOVA test are presented in Table

7.15.

Hypothesis test 7.4: Hy: There is no significant difference between lengths in yarns
in hank which were heat-set and heat-cured at different

temperatures

Vs Hj: There is significant difference between lengths in yarns in
hank which were heat-set and heat-cured at different

temperatures
Significance level a=0.05

Table 7.15 : Results of ANOVA to determine the overall effects of heat-setting and
heat-curing temperatures on heat-cured yarn in hank (yarn B)

Source Sum of Squares| df | Mean Square F Sig.
Corrected Model 1500.330° 39 38.470 128.184| 0.000
Intercept 2799098.971 1| 2799098.971| 9326747.067 | 0.000
Heat-setting temperature 385.297 7 55.042 183.404| 0.000
Curing temperature 804.249 4 201.062 669.950| 0.000
Heat-setting temperature 231.218| 28 8.258 27.515| 0.000
X Curing temperature

Error 99.938| 333 0.300

Total 2958835.730| 373

Corrected Total 1600.268| 372

a. R Squared =0.938
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The effect of heat-setting and heat-curing temperature on yarn length in hank is
statistically significant at a significance level of 0.05. The alternative hypothesis
(H,) is therefore accepted. There is a significant difference between the lengths of

yarn in hank that has been subjected to heat-setting and heat-cured at different

temperatures.

7.8.6 Statistical analysis to evaluate the effect heat-curing temperatures on the

length of yarns in fabric B

In order to perform ANOVA, Levene’s test was performed and standardized residual
plot of length of yarn in heat-cured fabrics were analysed. Levene's test results
verify that F (29,258) = 1,235, p>0.05. The residual values showed estimated
normality with a near zero mean value and a near 1 standard deviation. Figure 7.17
presents the distribution of standardized stitch length residuals due to heat-

setting and subsequent heat-curing.
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Figure 7.17 : The distribution of standardize residuals for stitch length (heat-cured
fabric B)

167



7.8.6.1 Analysis of variance of yarn length in fabric (length of stitch) subject to
heat-curing (fabric B)

Statistical analysis was performed to verify whether curing treatment caused
significant change in yarn length of fabric. ANOVA (Table 7.16) has been used to
analyze the significance of heat-setting and heat-curing temperatures on stitch
lengths of heat-cured fabrics. Hypothesis test 7.5 was conducted to analyze the
effect and significance of heat-setting and heat-curing temperature on yarn length in

heat-set and heat-cured fabrics (stitch length).

Hypothesis test 7.5: Hy: There is no significant difference between the stitch lengths
of fabrics that was heat-set and heat-cured at different

temperatures

Vs Hi: There is significant difference between the stitch lengths of
fabrics that was heat-set and heat-cured at different

temperatures
Significance level a=0.05

Table 7.16 : The ANOVA findings to analyze the overall effects of heat-setting and
heat-curing temperatures on stitch lengths of heat-cured fabric (yarn B and fabric B)

Source Type Il Sumof | df Mean F Sig.
Squares Square

Corrected Model 0.004° 29 0.000 206.909| 0.000

Intercept 11.969 1 11.969| 17278295.081| 0.000

Heat-setting temperature 0.002 5 0.000 536.043| 0.000

Curing temperature 0.002 4 0.000 655.177| 0.000

Heat-setting temperature 0.000| 20| 2.328E-005 33.606| 0.000

X Curing temperature

Error 0.000| 258| 6.927E-007

Total 12.091| 288

Corrected Total 0.004| 287

a. R Squared =.959 (Adjusted R Squared = .954)

The results of the variance analysis of stitch length revealed that the effects of heat-
setting temperature and heat-curing temperatures are statistically significant at a
confident level of 95% resulting in a P-value of less than 0.000 (Table 7.16).
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7.9 Comparison of the Effect of Heat Treatments on Yarns in Fabric and
Yarn in Hank (Yarn B and Fabric B)

Figure 7.18(a) and Figure 7.18(b) present the thermal shrinkage behavior of yarn in
hank and yarn in fabric at different heat-setting and heat-curing temperatures

respectively.
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Figure 7.18 : Thermal shrinkage behavior of (a) yarn in hank and (b) yarn in fabric at

different heat-setting and heat-curing temperatures (yarn B and fabric B)

The R? values for the fitted trend lines are, 0.0 for the yarn cured at 120°C and 0.094
for the yarn cured at 140°C (Figure 7.18(a)). The similar behavior in yarn in hank of
yarn A was observed. Clear trends with high R? values for curing temperatures were
shown at 160°C and above. Such results also show that 160°C temperature is crucial
to polyester thermal behavior and support the findings described in the DSC analysis
Chapter 6. Low temperatures of curing caused the yarn length in the fabric to

increase when heat-setting temperatures of the fabrics are high.  This behavior is
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similar to the behavior of Fabric A (Table 7.14 and Figure 7.18(b)). In contrast to
the deformation of the yarn in the hank due to curing, yarn expansions are found in
the fabrics B as well. The thermal deformation behavior of PET yarns below 160°C,
as stated above, is unpredictable and can be either a thermal shrinkage or an

expansion.

7.10 Course Direction (Width-wise) and Wale Direction (Length-wise) Thermal
Shrinkage of Fabric B Due to Heat-Setting

The density change measured before and after heat-setting of the fabrics of fabric B

as well. Table 7.17 present wale and course densities of heat-set fabrics of fabric B.

Table 7.17 : Wale and course densities of heat-set fabrics of fabric B

. . o Wales per inch Courses per inch
Fabric code | Heat-setting temperature, °C (heat-set) (heat-set)
B 130 49.85 66.60
B 140 49.65 66.95
B 150 48.85 67.22
B 160 48.45 67.35
B 170 47.8 67.25
B 180 47.75 67.65
B 190 47.15 67.94
B 200 45.5 68.36
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Figure 7.19: Change in wale and course densities of the fabrics (fabric B)
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Figure 7.19(a) and Figure 7.19(b) show the thermal effects on wale and course
densities respectively. When fabrics were heat-set at 200°C, the wale density
decreased by 9.56% compared to the fabric heat-set at 130°C, while the density of
the course increased by 2.64%. The significance of heat-setting temperature on the
dimensional stability of the high heat set fabrics are shown very clearly by these data.
Similar trends were observed for fabrics A as for wale and course densities of heat-

set fabrics.
7.10.1 Effect of curing temperature on width and length dimensions of fabric B

Table 7.18 : Mean thermal shrinkage percentages in course direction and wale
direction due to curing treatment of fabric B

Heat-setting Curing Thermal shrinkage Thermal shrinkage
temperature, °C | temperature, °C (course direction), % (wale direction), %
Mean | Std. Deviation | Mean | Std. Deviation
130 120 4.23 1.10 0.36 0.89
140 4.64 0.59 0.36 0.61
160 3.33 0.51 1.38 0.41
180 4.43 0.92 3.48 0.45
200 6.32 0.98 6.03 0.77
150 120 2.81 0.33 0.88 0.26
140 4.38 0.45 1.25 0.41
160 4.07 0.90 2.22 0.39
180 5.14 0.28 3.53 0.36
200 8.39 0.17 6.53 0.23
170 120 0.77 0.26 0.58 0.26
140 1.24 0.21 0.62 0.46
160 2.04 0.41 1.29 0.33
180 421 0.36 2.11 0.50
200 7.01 0.46 5.31 0.74
180 120 0.94 0.32 0.06 0.44
140 1.40 0.29 0.46 0.46
160 1.42 0.25 0.66 0.25
180 2.87 0.37 1.39 0.12
200 5.78 0.58 3.97 0.78
190 120 0.76 0.28 0.40 0.23
140 0.89 0.37 0.40 0.29
160 1.37 0.47 0.48 0.46
180 1.90 0.44 0.91 0.25
200 5.04 0.63 3.18 0.34
200 120 0.84 0.32 0.31 0.32
140 1.19 0.31 0.61 0.20
160 1.35 0.24 0.50 0.20
180 1.94 0.21 1.11 0.85
200 3.71 0.26 1.85 0.79
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Thermal shrinkages resulted by curing treatment in course direction and wale
direction of heat-set fabrics are presented in Figure 7.20 and Figure 7.21
respectively. As in fabric A, heat-set fabrics of 130°C and 150°C and 170 to 200°C

are shown as two separate graphs in Figures 7.21 and 7.22 for clarity.
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Figure 7.20 : Course direction shrinkage due to curing of heat-set fabrics (fabric B)

As for the fabric A, the fabrics heat-set at temperatures 130°Cand 150°C, for all
curing temperatures, the course direction shrinkage due to curing is more than 2%.
No trend is observed for the change in shrinkage due to curing at temperatures below
170°C. Figure 7.20(b) shows that the shrinkage in the course direction increases
with increasing curing temperatures showing a clear pattern for fabrics heat-set at
170°C, 180°C, 190°C and 200°C.
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Figure 7.21 : Wale direction shrinkage due to curing of heat-set fabrics (fabric B)

There is a significant reduction in the shrinkage of the wale direction with higher
curing temperatures. Heat-set fabrics at high temperatures show relatively low

shrinkages.

7.10.2 Comparison of the thermal shrinkage of yarn in hank and wale direction

of fabric

As for fabric A, the resulting trends for thermal shrinkage of fabrics due to curing in
the wale direction can be contrasted with the thermal shrinkage of yarns due to
curing in hank (Figure 7.22). Figure 7.22(a) and Figure 7.22(b) display the
percentage of yarn in the hank as a result of heat-curing (post-heat treatment); Figure
7.22(a) shows temperature setting from 130°C to 160°C and Figure 7.23(b) shows
temperature setting from 160°C to 200°C.
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Figure 7.22 : Shrinkage due to heat-curing of the yarns (in the hank) at different

temperatures (yarn B)

The shrinkage of the yarns increases with increasing curing temperature for yarns
heat-set at different heat-setting temperatures. No significant difference due to heat-
curing is observed in shrinkages of yarns heat-set at 130°C to 160°C, though a slight
reduction in shrinkages is observed with increasing heat-setting temperature (Figure
7.22(a)).

The graphs of Figure 7.21(a), Figure 7.21(b), Figure 7.22(a) and Figure 7.22(b)
reveal that the yarns in hank and wale direction thermal shrinkage of fabric due to
curing show the almost identical trends as observed for yarn and fabrics A. Hence
the statistical analysis is performed for yarns and fabrics of fabric B to verify the
findings. Table 7.18 presents the yarn and fabric shrinkage values when curing at
200°C and the statistical analysis is presented in Table 7.19.
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Table 7.19 : Percentage fabric shrinkage in wale direction and percentage shrinkage
of the yarn in the hank when curing is performed at 200°C (yarn B and fabric B)

Heat-setting temperature, °C 130 150 | 170 | 180 190 200
% wale direction shrinkage of fabric

(curing at 200°C) 6.02 | 653|531 397 | 318 | 1.85
% shrinkage of the yarn in the hank
(curing at 200°C)

6.69 |6.77| 497 |341| 246 | 1.44

In order to test the hypothesis that curing at 200°C has a similar effect on thermal
shrinkage behavior of wale direction in fabric and the yarns in hank, two-way
ANOVA was performed for each heat-setting temperature. Based on the Levene F
test, the assumption of homogeneity of variances was checked and fulfilled. Results
of Levene's test verify that the hypothesis of variance homogeneity resulted F
(13,137) =1.172, p>0.05. The residual values displayed estimated normality with a
mean value close to zero and a standard deviation close to 1. Figure 7.23 presents
the distribution of standardized residuals for thermal shrinkage percentage of wale

direction of fabric and yarn in hank heat-cured at 200°C.
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Figure 7.23 : Standardized residual for thermal shrinkage of yarns in hank and
thermal shrinkage in wale direction of fabric heat-cured at 200°C (yarn B and fabric
B)
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Hypothesis test 7.6 was performed to evaluate the significance difference between
the thermal shrinkage in wale direction of fabric and thermal shrinkage of yarn in

hank at 200°C curing temperature.

Hypothesis test 7.6: Ho: There is no significant difference between the mean
percentage of thermal shrinkage in wale direction of fabric
and curing the yarn in the hank at 200°C

Vs. Hi: There is significant difference between the mean percentage
of thermal shrinkage in wale direction of fabric and

curing the yarn in the hank at 200°C
Significance level a=0.05

Table 7.20 : The analysis of variance performed for thermal shrinkage of the fabric in

the wale direction and yarns in hank when heat-cured both at 200°C

Source Type Il Sum df Mean F Sig.
of Squares Square

Corrected Model 523.961° 13 40.305| 86.984| 0.000

Intercept 3223.737 1| 3223.737| 6957.366 | 0.000

Type 1.061 1 1.061 2.290| 0.132

Heat-setting temperature 503.496 7 71.928| 155.233| 0.000

Type X Heat-setting 6.803 5 1361| 2.937| 0015

temperature

Error 63.480 137 0.463

Total 3779.842 151

Corrected Total 587.441 150

a. R Squared =.892 (Adjusted R Squared = .882)

ANOVA results revealed that the “type” has no significant effect over the thermal
shrinkage since the observed significant level is higher than 0.05 (p=0.132). This
reveals that thermal shrinkages resulted due to curing has not changed significantly
due to the form of yarn; either yarn in hank or yarn in knitted fabric. It is evident
that the wale direction shrinkage of the fabric is highly correlated to the shrinkage

behavior of the yarns in hank.
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7.10.3 The effect of curing temperature on area shrinkage of the fabric B
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Figure 7.24 : The effect of heat-curing temperature on area shrinkage of heat-set
fabrics (fabric B)

Fabrics heat-set at temperatures 130°C and 150°C and if heat-cured at high
temperatures, the area shrinkage have reached as high as 14%.

7.11 Summary

This chapter focuses on the extent to which the thermal shrinking polyester yarn
affects the thermal shrinkage behavior of polyester knitted fabrics and the effect of
heat on fabric parameters. The thermal shrinkage behavior of polyester yarn and the
plain knitted fabric made of the same yarns were analyzed after dyeing, heat-setting
and subsequent heat-curing processes. The thermal effects on yarns, yarns in fabrics

and wale and course densities were analyzed.

Course direction thermal shrinkage is highly associated with the width-wise
extension applied during heat-setting and wale direction shrinkage is highly
correlated with the yarn shrinkage behavior in hank form. Remarkable change in
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polyester thermal behavior at 160°C was observed. In order to validate the results of
the yarn A and fabric A, same experiments were performed for a second yarn and
fabric B. The result of yarn B and fabric B also confirms the finding of yarn A and

fabric A.
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8 THE INFLUENCE OF OVER FEED DURING HEAT-
SETTING ON THE THERMAL SHRINKAGE BEHAVIOR

8.1 Introduction

In previous chapters the effects of heat-setting temperature and heat-curing
temperature on thermal shrinkage behavior was discussed. Temperature is one
parameter to adjust during heat-setting and the two other important parameters are
the width extension and over feed during heat-setting. The effect of percentage of
over feed is discussed in this Chapter for 100% polyester knitted fabric. Heat-setting
is a general practice for synthetic fabrics during fabric processing to achieve the
required width measurement in the finally finished fabric. Width extension and over
feed of fabric is done during heat-setting to achieve the required width measurement
and to prevent extraordinary deformation of fabric due to width extension
respectively. Since the over feeding is an important heat-setting parameter, the
influence of the percentage of over feed during heat-setting towards the thermal
shrinkage behavior of heat-set fabrics and when they were exposed to post-heat

treatment processes are discussed in this chapter.

8.2 Materials and Method

Three plain knit fabrics (denoted as F;, F, and F3) with three stitch lengths (2.64mm,
2.83mm and 3.03mm) were produced on 28 gauge single jersey knitting machine
using 155 denier 144 filament polyester yarns. The yarn and fabric specifications

are presented in Table 8.1.

The fabrics were scoured and disperse dyed on a jet dyeing machine at 130°C.
Afterwards the fabric was separated into 4 equal parts of 15m in length. Each dyed
fabric was heat-set at 130°C + 5°C for 90 seconds, which is the current industrial
standard heat-setting temperature for polyester knitted fabrics. Heat-setting was
done varying the over feed value as 15%,20%,25% and 30 % in industrial hot air pin
stenter with 5% width extension. Heat-setting temperatures, duration and machine

parameters are similar to those of commercially used values of parameters.

Heat-set fabrics were then subjected to heat-curing process. The process conditions
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used were similar to those used in the industry for heat-curing process described in
Chapter 4. Shrinkage in wale direction and course direction were measured on fabric
samples of 30 x 30 cm? after subjecting to heat-curing treatment. Test samples were
cut with their grainlines parallel to wales as described in Chapter 5. In order to
calculate the average shrinkage or expansion percentage, the shrinkage percentage of

each fabric sample was determined after being exposed to heat-curing temperature.

The heat-curing was carried out at 140°C for 5 cycles of 90 seconds in the industrial
drying machine. Five specimens were subjected to heat-curing temperature and the
average of the five specimens was recorded in calculating mean thermal shrinkage in
the course direction and the wale direction. Fabrics subjected to standard
conditioning after heat-setting and heat-curing before any measurement in
accordance with ASTM D1776. Stitch length of dyed fabrics of F;, F, and F3 are
denoted by L;, L, and Lj respectively. The stitch lengths of dyed fabrics are also

referred to as “initial stitch lengths” for the analysis.

Table 8.1 : Yarn and fabric specifications

Fabric Yarn count No of Stitch length Initial stitch length
code (Denier) filaments (greige) (mm) (dyed) (mm)

F. 100 144 2.64 2.54

F, 100 144 2.83 2.73

Fs 100 144 3.03 2.94

8.2.1 Measuring fabric parameters

8.2.1.1 Shrinkage of fabric due to heat-curing (post-heat treatment)

The shrinkage in the course direction and the wale direction of fabric specimens was
calculated after the heat-curing treatment. Thermal shrinkage percentages, St is
given by;

_ Lo-Lt

Sp = x 100 % (8.1)

o

Where L, is the length between data lines marked in a particular direction before
thermal application and Ly is the length between the same data lines after subjecting

to the thermal application.
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8.2.1.2 Wale densities (WPI), course densities (CPI1) and stitch length

The stitch lengths of heat-set and heat-cured fabrics were measured and calculated as
per the international standard BS EN 14970: 2006. Course and wale densities
(courses per inch and wales per inch) of the fabrics were determined according to
ASTM D3775-03.

8.3 Structural Analysis of Heat-set Fabrics and Heat-cured Fabrics

In order to analyze the effect of percentage of over feed over the structural
parameters of heat-set and heat-cured fabrics, WPI, CPI and stitch lengths of heat-set
and Heat-cured fabrics were measured. Table 8.2 demonstrates the mean values of
WPI, CPI and stitch lengths of heat-set fabrics and heat-cured fabrics with regard to

the initial stitch length and the percentage of over feed.

Table 8.2 : WPI, CPI and stitch lengths of heat-set fabrics and heat-cured fabrics

Initial stitch | Over Heat-set fabrics Heat-cured fabrics

length, mm | feed, | WPI CPI Stitch WPI CPI | Stitch length

% length, mm , mm

15 38.80 | 52.60 2.543 41.40 | 57.30 2.553

554 20 38.77 | 52.63 2.556 41,57 | 57.37 2.559

' 25 39.00 | 54.13 2.554 41.87 | 57.65 2.545

30 38.40 | 56.57 2.534 42.14 | 57.77 2.561

15 37.50 | 46.63 2.731 39.81 | 52.21 2.740

573 20 37.43 | 47.54 2.734 39.08 | 52.50 2.755

' 25 38.04 | 49.36 2.736 39.03 | 52.70 2.751

30 37.18 | 50.58 2.744 39.27 | 52.93 2.744

15 36.50 | 42.63 2.955 37.03 | 48.53 2.949

594 20 36.00 | 43.90 2.974 37.00 | 48.78 2.964

' 25 36.18 | 45.78 2.911 37.25 | 48.45 2.915

30 35.50 | 46.08 2.960 36.93 | 49.30 2.929

The mean WPI, CPI and stitch densities of heat-set and heat-cured fabrics F1, F2 and
F3 at different percentages of over feed are graphically presented in Figure 8.1 and
Figure 8.2. In order to identify the relationship among the parameters correlation
analysis was performed. The correlation analysis carried out for independent
variables (percentage of over feed and initial stitch length) and dependent variables
(WPI, CPI, stitch density and stitch length) in order to provide a better interpretation

of the inter-relationships.
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The correlation analysis between percentage of over feed, initial stitch length and
structural parameters of heat-set fabrics were discussed in the section 8.3.1.

8.3.1 Correlation analysis

For the correlation analysis of between independent variables (percentage of over
feed and initial stitch length) and dependent variables (WPI, CPI, stitch density and
stitch length) of heat-set fabrics were evaluated and presented in Table 8.3. Table
8.3 presents the bivariate correlation analysis between structural parameters of the
heat-set fabrics (WPI, CPlI, stitch length and stitch density) and independent variables
(initial stitch length and percentage of over feed).

Table 8.3: Bivariate correlation analysis between heat-set fabric structural parameters
(WPI, CPI, stitch length and stitch length) and independent variables (over feed and
initial stitch length)

S Pearson correlation Over feed, | Initial stitch length,
ource R,
and significance % mm
WPI (heat-set) Pearson Correlation -0.139 -0.826"
Significance 0.056 0.000
CPI (heat-set) Pearson Correlation 0.335" -0.920"
Significance 0.000 0.000
Stitch length (heat-set) | Pearson Correlation -0.068 0.988"
Significance 0.381 0.000
. . Pearson Correlation 0.214 -0.951
Stitch density (heat-set) ;i ance 0.004% 0.000%

**_Correlation is significant at the 0.01 level (2-tailed).

There is a weak correlation between the percentage of over feed and CPI of heat-set
fabric (r=0.335) and the correlation is significant at 95% confident level. It suggests
that the CPI of the heat-set fabrics is increasing as the percentage of over feed
increases. Percentage of over feed does not have any significant effect on the WPI
or stitch length of heat-set fabrics. The initial stitch length has a negative correlation
with the WPI and CPI of heat-set fabric. The WPI and CPI of heat-set fabrics
decrease as the initial stitch length increases. As the initial stitch length increases,
the stitch density of heat-set fabric decreases. For a given initial stitch length, the

stitch density increases as the percentage of over feed increases.
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Initial stitch lengths of fabrics and percentages of over feed may effect the heat-
curing treatment as well. Hence the correlation analysis among structural parameters
of heat-cured fabrics, initial stitch length and percentage of over feed were also

analyzed.

8.3.2 The effect of initial stitch length and percentage of over feed on
structural parameters of heat-cured fabrics

Table 8.4 presents the bivariate correlation analysis of structural parameters of the
heat-cured fabric (WPI, CPI, stitch length and stitch density) and independent
variables (initial stitch length and percentage of over feed).

Table 8.4 : Bivariate correlation analysis among heat-set and heat-cured WPI, CPI

and stitch length, percentage of over feed and initial stitch length

Sources Over feed Stitch length (dyed)

WPI (Heat-cured) Pearson Correlation 0.007 -0.889"
Significance 0.920 0.000

CPI (Heat-cured) Pearson Correlation 0.035 -0.976"
Significance 0.640 0.000

Stitch  length  (heat- | Pearson Correlation -0.078 0.990"

cured) Significance 0.316 0.000

stitth  density (heat- | Pearson correlation 0.031 -0.976

cured) Significance 0.682 0.000**

**_Correlation is significant at the 0.01 level (2-tailed).

As the initial stitch length of fabric increases, stitch lengths of heat-cured fabric were
also increased. Stitch lengths of heat-cured fabrics have strong positive correlations
with the initial stitch length (0.990). The WPI and CPI of heat-cured fabrics decrease
as the initial stitch length increases and the heat-cured WPI and CPI show strong
negative correlations with the initial stitch length. The significance of correlation
between WPI, CPI, stitch length and stitch densities are less than 0.05, which show
significant correlations. The results revealed that percentage of over feed has no
significant effect on the WPI, CPI, stitch length and stitch density of heat-cured

fabrics.
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8.3.3 Analysis of variance of thermal shrinkage of stitch length due to heat-

curing treatment

It is important to analyze whether initial stitch length and percentage of over feed
have significant effect over the stitch length of heat-cured fabrics. Therefore analysis
of variance test was performed refer where you present this, are you referring to text
above or below. The effect of initial stitch length and percentage of over feed over
thermal shrinkage behaviors of stitch length of heat-cured fabrics were analyzed
using hypothesis test 8.1, hypothesis test 8.2 and Analysis of Variance test
(ANOVA).

Hypothesis test 8.1: Ho: There is no significant effect of initial stitch length in the

thermal shrinkage of heat-cured fabric stitch lengths

Vs Hj: There is significant effect of initial stitch length in the

thermal shrinkage of heat-cured fabric stitch lengths
Significance level a=0.05

Hypothesis test 8.2: Hy: There is no significant effect of percentage of over feed in

the thermal shrinkage of heat-cured fabric stitch lengths

Vs Hi: There is significant effect of percentage of over feed in the
thermal shrinkage of heat-cured fabric stitch lengths

Significance level a=0.05

The ANOVA results are presented in Table 8.5. The ANOVA results revealed that
the initial stitch length has significant effect over the thermal shrinkage of stitch
lengths of heat-cured fabrics since the significance level is less than 0.05. Therefore
the null hypothesis (Hp) was accepted in the hypothesis test 8.1. However, the effect
of percentage of over feed has insignificant effect over the thermal shrinkage
behavior of heat-cured fabrics with the significance value P =0.388. Therefore,
alternative hypothesis (H;) of hypothesis test 8.2 was accepted. The results
demonstrate that the influence of percentage of over feed on the stitch length of
the fabric specimens during curing treatment is insignificant. The different in initial

stitch length has caused a significant impact on stitch length of heat-cured fabric
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specimens.

Table 8.5 : Analysis of variance of thermal shrinkage of stitch length due to heat-

curing

Source Type 1l Sum of df Mean F Sig.

Squares Square

Corrected Model 48.348° 11 4.395 7.534 0.000
Intercept 1.253 1 1.253 2.147 0.145
Initial stitch length 19.143 2 9.572 16.407 0.000
Percentage of over feed 1.773 3 0.591 1.013 0.388
Initial stitch length X 31710| 6 5285/ 9.059|  0.000
Over feed
Error 94.510| 162 0.583
Total 145507 | 174
Corrected Total 142.858| 173

8.4 Mean Thermal Shrinkage in Course Direction and Wale Direction Due to

Heat-curing Treatment

Thermal shrinkage behavior of heat-set fabric specimens when they were subjected
to subsequent heat-curing treatment was analysed. The course direction and wale
direction thermal shrinkages of heat-cured fabric specimens were measured. Table
8.6 presents the mean and standard deviations of the thermal shrinkage in course

direction and wale direction of heat-cured fabrics.

Table 8.6 : Mean and standard deviation of thermal shrinkages in the course direction

and wale direction of heat-cured fabrics

Initial stitch Over Thermal_ shri_nkage Thermql shr_inkage
length, mm feed. % (course dlrectlon)_, % (wale direction), % _
’ ' Mean Std. Deviation Mean Std. Deviation

15 3.51 0.73 8.41 1.06

554 20 3.82 0.81 6.91 0.77

' 25 3.68 0.69 4.72 1.15

30 3.81 0.77 2.58 0.71

15 3.53 0.93 10.33 1.18

573 20 2.49 0.59 8.59 1.12

' 25 2.11 0.62 6.65 1.19

30 3.93 0.73 4.56 0.74

15 -0.34 0.78 10.41 1.11

594 20 0.00 0.73 9.80 1.07

' 25 1.53 0.48 6.86 0.97

30 1.03 1.61 6.71 1.83
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8.5 Correlation Analysis of Thermal Shrinkages in the Course and Wale

Direction of Heat-cured Fabrics

A better interpretation of the inter-relationship was given by the correlation analysis
performed for thermal shrinkage in course direction and wale direction of heat-cured
fabric specimens and independent variables; initial stitch length and percentage of

over feed.

Table 8.7: Bivariate correlation analysis among variables initial stitch length,
percentage of over feed, course direction thermal shrinkage and wale direction

thermal shrinkage of heat-cured fabric specimens

Source Initial Over feed | Course Wale
stitch direction direction
length thermal Thermal

shrinkage shrinkage

Initial stitch | Correlation 1 -0.039 -0.783** 0.506**

length, mm Significance 0.578 0.000 0.000

Correlation -0.039 1 0.227** -0.756**

Over feed,% Significance 0.578 0.001 0.000

Course direction ]

thermal Correlation -0.783** 0.227** 1 -0.570**
shrinkage, % Significance 0.000 0.001 0.000

Wale direction | Correlation 0.506** -0.756** -0.570** 1

Thermal

shrinkage, % Significance 0.000 0.000 0.000

**_Pearson correlation is significant at the 0.01 level (2-tailed).

The correlation coefficients received from the analysis are presented in Table 8.7.
An analysis of variance was performed for the thermal shrinkage in the course

direction and wale direction obtained for the heat-cured specimens.

The bivariate linear relationship between the variables were considered (Table 8.7),
and the results reveal that the correlation between percentage of over feed and wale
direction thermal shrinkage is strong negative and significant at 95% confidence
level. The results also show that the percentage of over feed has a negative effect on
the thermal shrinkage in the wale direction. As the percentage of over feed increases
the thermal shrinkage of the wale direction has been reduced. These results reveal
that the thermal shrinkage of the wale direction increases as the stitch density of the

heat-set fabric increases. The over feed has low positive correlation (r = 0.227) with
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course direction thermal shrinkage. The higher percentage of over feed caused to
decrease the observed thermal shrinkage in the course direction.

The initial stitch length has strong negative correlation with the thermal shrinkage in
the course direction (r= -0.783). A negative strong correlation between course
direction thermal shrinkage and initial stitch length revealed that as the stitch length
increases the thermal shrinkage in the course direction due to post heat treatments
decreases.  The stitch length of the fabric before heat-set has moderate positive
correlation with the thermal shrinkage in the wale direction (r= 0.506). A positive
moderate correlation between the thermal shrinkage in the wale direction and initial
stitch length revealed that as initial stitch length increases the thermal shrinkage in the
direction due to curing is also increasing. The correlation results also revealed that as
the thermal shrinkage in the wale direction increases the thermal shrinkage in the

course direction decreases and vice-versa.

8.6 Multiple Linear Regression Analysis of Thermal shrinkages in the Course

and Wale Directions

It was revealed that the initial stitch length and percentages of over feed are two
significant factors which determined thermal shrinkage in the course direction and
the wale direction. Therefore regression analysis is performed to depict the linear
relationships among independent and dependent variables. The sections 8.6.2 and
8.6.3 describe the steps of multiple linear regression analysis performed for thermal

shrinkage in the course direction and in the wale direction respectively.

As given in Table 8.3, stitch length of the fabric and percentages of over feed are
significantly correlated with the thermal shrinkage in the thermals shrinkages of
course direction and wale directions. Thus, multiple linear regression analyses was
performed to establish the linear relation between the factors: thermal shrinkage of
course direction, initial stitch length and percentage of over feed and the factors:
thermal shrinkage of wale direction, initial stitch length and percentage of over feed.
All the independent variables; the stitch length and over feeding percentage are
categorical and the dependent variable, the thermal shrinkages are continuous

variables. All categorical variables with sub groups could be expressed as dummy
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variables for regression analysis. The dummy variable can be used as any other
continuous variable in regression equation, as explained in Chapter 5, by expressing

the categorical variable as a dummy variable.
8.6.1 Dummy variable recoding for categorical variables

Initial stitch length of the fabrics and percentage of over feed are two independent
categorical variables which significantly affect the thermal shrinkages in the course
and wale direction. There are three distinct values or subgroups in initial stitch
length. Therefore, 2 dummy variables must be defined and there are four subgroups
in the percentage of over feed. Therefore, it is necessary to define 3 dummy
variables. The initial stitch length of fabric could thus be represented by two dummy

variables: as SL, and SLs.
Here;
= SbL,=1, if stitch length L,; SL, = 0, otherwise.
= SlL3=1, if stitch length Ls; SL3 = 0, otherwise.
The reference group for stitch length is SL,.

The categorical variable percentage of over feed have 4 values 15%, 20%, 25%);
Percentage of over feed hence can be represented by 3 dummy variables: OF;, OF 5
and OF3;.

Here;
= OF, =1, if percentage of over feed 20: OF,, = 0, otherwise.
=  OF,5 =1, if percentage of over feed 25: OF,5 = 0, otherwise.
=  OF3 = 1, if percentage of over feed 30: OF3, = 0, otherwise.

For percentage of over feed, the reference group consists of 15% (OFs).
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8.6.2 Regression equation to express the relationship between thermal
shrinkage in the course direction, initial stitch length and percentage of

over feed

Using Minitab 17® statistical software, the linear relationship between continuous
dependent variable (course direction thermal shrinkage) and categorical, independent
variables (fabric initial stitch length and percentage of over feed) as well as their
interactions with the 5% significant level were analyzed by backward elimination

method.
The regression equation from the statistical analysis is shown in Equation 8.2.
Regression Equation

Thermal shrinkage in course direction
= 3.441+ 0.0 SL; — 0.690SL, — 3.289SL; + 0.00F;5
—0.033 OF,y 4 .276 OF,5 + 0.816 OF;3,
(8.2)
The fitted multiple linear regression equation revealed that initial stitch length and
over feeding during heat-setting were the two significant variables to predict the
course direction thermal shrinkage. The two-way interaction term has been
eliminated at a 5% significant level from the backward elimination process. The
fabric stitch lengths before heat-set SL; and percentage of over feed 15 were the

reference levels and their coefficients are set to O.
The equation 8.2 can be written as the equation 8.3.

Thermal shrinkage in course direction
= Po + B11SL1 — P12SLy — P13SLz + B2150F15 — B2200F50
+ B2250F;5 + B2300F30
(8.3)

Here the standardized regression coefficients are denoted by “B”. B value measures

how strongly each independent variable influences the dependent variable.

The equation 8.3 can be simplified and written as the following equation 8.4;

190



TScourse = Bo + B1iSL; + ﬁZjSSj (8.4)

Where;

TScourse : Predicted value of the course direction thermal shrinkage

Po : Standardized regression coefficient of the constant

i : Standardized regression coefficient of i level of dummy variable
representing initial stitch length

Do : Standardized regression coefficient of j" level of dummy variable
representing percentage of over feed

SL; : The i level of dummy variable representing initial stitch length and

OF; : The j™ level of dummy variable representing percentage of over feed

Stitch length has three levels (i=1, 2 and 3) and percentage of over feed has 4 levels
(j=15, 20, 25 and 30). The regression coefficients of SL; and the regression
coefficient OF;5 were set to 0 since they are reference levels.

The multiple linear regression equation revealed that stitch length and percentages of
over feed are two significant variables which predict the thermal shrinkage in the
course direction. The coefficient of regression of each dummy variable is compared
in analysis with the reference group.

In order to compare the coefficient of regression effect over the thermal shrinkage in
the course direction, the regression coefficients are tabulated. The tables of
regression coefficients show the following information: regression coefficient value,
standard error of regression coefficient, a t-statistic, and the t-statistical significance

and the p-value.

Table 8.8 : Regression coefficient of constant

Standardized Regression | Standard Error
Term Coefficient (Bg) of Coefficient | |~ Value | P-Value | VIF
Constant 3.441 0.174 19.74 0.000 -
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Table 8.9 : Regression coefficients of stitch lengths

Standardized Regression | Standard Error
Term Coefficient (By) of Coefficient | |~ value | P-Value | VIF
SL2 -0.690 0.183 -3.78 0.000 1.41
SL3 -3.289 0.169 -19.43 0.000 1.42

Table 8.10 : Regression coefficients of percentage of over feed

rom | SR Rersion | SenRAETr | e | e | i
OF, -0.033 0.191 -0.17 0.862 1.44
OF s 0.276 0.203 1.36 0.176 141
OF3 0.816 0.193 4.23 0.000 1.43

Tables 8.8, 8.9 and 8.10 present the regression coefficients of the constant, initial
stitch length and percentage of over feed. The thermal shrinkage value was given as
percentages while initial stitch length and over feed are measured in millimeters
(mm) and percentage (%) respectively.

As per the regression coefficients, the p-value of percentages of over feed of 20 and
25 are not significant at 95% confidence level. When percentage of over feed is 30,
over feed has effect over the thermal shrinkage in the course direction. This behavior
also revealed by the correlation analysis presented in Table 8.7 by resulting weak
positive correlation (0.227) between the thermal shrinkage in the course direction

and the percentages of over feed.

The coefficients of the initial stitch length (B;) become more negative with
increasing initial stitch length (Table 8.9). The resulting course direction thermal
shrinking is therefore decreased significantly for a given percentage of over feed as

the initial stitch length increases.

Further, increasing percentage of over feed increases the negative value of
coefficients of over feed (B2;) (Table 8.10). As the percentage of over feed increases,
the resulting course direction thermal shrinkage is significantly reduced for a given
initial stitch length.

It is important to confirm how well the regression equation fits the observed data.

This is achieved by analyzing the multiple determination coefficients (R%). R? will
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be high (i.e. close to 1) when the regression equation fits the data well; and vice
versa. Table 8.11 summarizes multiple determination coefficient of regression

equation of course direction thermal shrinkage.

Table 8.11 : Multiple determination coefficient of regression equation of course

direction thermal shrinkage

S R-squared (R%) R-squared (adjusted) R-squared(predicted)
0.996 70.82% 70.08% 69.04%

The model accounts for explaining 70.82% of the total variability of the data on
course direction thermal shrinkage which depends on the initial stitch length and
percentage of over feed (Table 8.11). This confirms that the regression equation fits

the observed data well.

8.6.2.1 Analysis of variance to determine the significant of initial stitch length
and percentage of over feed on direction thermal shrinkage

ANOVA test was conducted to compare the significance of main effect of initial
stitch length and percentage of over feed of thermal shrinkage in the course direction.
Analysis of variance was carried out on 202 individual observations of course
direction thermal shrinkage due to heat-curing. Significant differences at the 95%
level in course direction thermal shrinkages caused by changes in levels of the initial
stitch length and percentages of over feed are indicated by the F-test. The adjusted
sum of squares is relating to the total variance of the observations and adjusted mean
square is obtained by dividing the adjusted sums of square by the respective degrees
of freedom (df).

Hypothesis test 8.3 was performed and the results of the analysis of variance are

presented in Table 8.12.

Hypothesis test 8.3 : Hy: The regression equation represents the thermal shrinkage in
the course direction does not fit the data well

Vs Hj: The regression equation represents thermal shrinkage in the

course direction fits the data well

Significance level o. = 0.05
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Table 8.12 : Analyses of variance results to determine the effect of initial stitch
length and percentage of over feed on course direction thermal shrinkage

Adjusted Sum Adjusted

Source DF of Squares Mean Squares | F-Value | P-Value
Regression 5 474.47 94.89 95.64 0.000
Initial stitch length 2 435.39 217.69 219.40 0.000
Percentage of over
feed 3 24.04 8.02 8.08 0.000
Error 197 195.47 0.99
Lack-of-fit 6 52.31 8.72 11.63 0.000
Pure Error 191 143.16 0.75
Total 202 669.94

The results of the analysis of variance for course thermal shrinkage in the direction
are presented in Table 8.12 and the results reveal that the effect of initial stitch length
and percentages of over feed are statistically significant with a p-value is less than the
significance level 0.05. Therefore, the results of the analysis of variance for course
direction thermal shrinkages revealed that the effect of initial stitch length and
percentages of over feed are statistically significant. Further, the effect of initial
stitch length on thermal shrinkage in the course direction was significant, F (2, 202)
= 219.40, P=0.000<0.05. The results also show that the effect of percentage of over
feed on course direction thermal shrinkage is also significant, F (3,202) =8.08,
P=0.000<0.05. Due to the fact that data contains replicates (multiple observations
with identical x-values), the occurrence of lack-of-fit test is significant in the
ANOVA test.

8.6.2.2 Diagnostics of regression equation of the thermal shrinkage in the

course direction

Regression equation diagnostics are used to assess the assumptions of equation and
to investigate whether there are observations that have a significant impact on the
analysis. The assumptions of linear regression are to check whether the relationship
is linear. The fitness of the regression equation to data was identified by generating
results of random errors, testing the familiarity of errors and percentage of errors.

The resulting graphs are shown in Figure 8.3.
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The normal probability plot of residuals was used to verify the assumption that the
residuals (errors) are normally distributed. The residual histogram was used to
determine whether the data were skewed or whether outliers were included.
Symmetry has also resulted in the histogram for residuals, and the normal probability
plot of errors is also a straight line. Therefore, the residuals can be considered
random. The residuals versus fits plot was used to check the assumption that the

residuals are distributed randomly and have constant variance.

The residuals versus the order plot were used to verify the assumption that the
residuals are independent from each other. There are no trends or patterns in the
independent residuals. Completing all hypotheses confirms that the equation of

regression fits well with the data.

(a) Normal Probabiltty Plot (c) Residual versus Fits
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Figure 8.3 : Residual plots (a) Normal Probability plot, (b) Histogram, (c) Residual
versus fits and (d) Residual versus order to verify the regression equation of course

direction thermal shrinkage
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8.6.3 Regression equation to express the relationship between the thermal
shrinkage in the wale direction, initial stitch length and percentage of

over feed

Using Minitab 17® statistical software, the linear relationship between continuous
dependent variable (wale direction thermal shrinkage) and categorical, independent
variables (fabric initial stitch length and percentage of over feed) as well as their
interactions with the 5% significant level were analyzed by backward elimination

method.
The regression equation from the statistical analysis is shown in Equation 8.5.
Regression Equation

Thermal shrinkage in wale direction
= 8.006 + 0.0 SL; + 1.868SL, + 2.887SL; + 0.00F;5
— 1.1460F,, — 3.5130F,5 — 4.7390F;,

(8.5)

The fitted multiple linear regression model revealed that the initial stitch length and
percentage of over feeding were the two significant variables to predict the thermal
shrinkage in the wale direction. The two-way interaction term has been eliminated at
a 5% significant level from the backward elimination process. The initial stitch
length of the fabric before heat-set SL; and OF;5 were the reference levels and their

coefficients are set to 0.
The equation 8.5 can be written as the equation 8.6.

Thermal shrinkage in wale direction =

B3 + BarSLy — BazSLy — Pa3SLs + Bs150F 5 — Bs200F20 + Bs250F;5 + Bs300F30
(8.6)

Here the standardized regression coefficients are denoted by “p”.

The equation 8.6 can be simplified and written as the following equation 8.7;
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TSwate = B3 + BaiSLi + BsjSS; (8.7)

Where;

TSwaie . Predicted value of the wale direction thermal shrinkage

B3

Byi

Bsj

SL;

OF;

: Standardized regression coefficient of the constant
: Standardized regression coefficient of i level of dummy variable
representing initial stitch length

: Standardized regression coefficient of j level of dummy variable

representing percentage of over feed
: The i™ level of dummy variable representing fabric initial stitch length and

: The j™ level of dummy variable representing percentage over feed

The initial stitch length has three levels (i=1, 2 and 3) and percentage of over feed

has

4 levels (j=15, 20, 25 and 30). The regression coefficients of SL; and the

regression coefficient OF;5 were set to O since they are reference levels.

The multiple linear regression equation on the data provides initial stitch length and

percentages of over feed, two significant variables to predict a thermal shrinkage in

wale direction as well. The regression coefficients were estimated in order to

compare their effect of the thermal shrinkage in the wale direction.

Table 8.13 : Regression coefficient of the constant

Standardized Standard Error
Term Regression Coefficient - T-Value | P-Value | VIF
(By) of Coefficient

Constant 8.006 0.198 40.46 0.000 -

Table 8.14 : Regression coefficients of initial stitch lengths

Standardized Standard Error
Term Regression Coefficient . T-Value | P-Value | VIF
(Ba) of Coefficient
4i
SL, 1.868 0.207 9.02 0.000 1.42
SL3 2.887 0.190 15.18 0.000 1.42
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Table 8.15 : Regression coefficients of percentages of over feed

Standardized
Term Regression Coefficient Standard.E_rror T-Value | P-Value | VIF
(Bs) of Coefficient
5
OF 5 -1.146 0.216 -5.30 0.000 1.46
OF 5 -3.513 0.228 -15.40 0.000 1.43
OF3 -4.739 0.219 -21.68 0.000 1.46

Table 8.14, 8.15 and 8.16 present the regression coefficients of the constant, the
initial stitch length and the percentage of over feed. As per the regression
coefficients, the p-value of percentages of over feed and initial stitch lengths are

significant at 5% significance level.

The coefficients of initial stitch length (Bai) become positive with increasing initial
stitch length (Table 8.15). The resulting thermal shrinking in the wale direction is
therefore increases significantly for a given percentage of over feed as the initial

stitch length increases.

Furthr, increasing percentage of over feed increases the negative value of coefficients
of over feed (Bs;). As the percentage of over feed increases, the resulting thermal
shrinkage in the wale direction is significantly reduced for a given initial stitch

length.

It is important to confirm how well the regression equation fits the observed data.
Table 8.16 presents the multiple determination coefficient of regression equation of

the thermal shrinkage in the wale direction.

Table 8.16 : Multiple determination coefficient of regression equation of the thermal

shrinkage in the wale direction

S R-squared (R%) | R-squared (adjusted) R-squared(predicted)
1.1294 80.89% 80.41% 79.74%

The model accounts for explaining 80.41% of the total variability of the data on the
thermal shrinkage in the wale direction which depends on the initial stitch length and
the percentage of over feed (Table 8.16). This confirms that the regression equation
fits the data well.
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8.6.3.1 Analysis of variance to determine the significant of initial stitch length
and percentage of over feed on wale direction thermal shrinkage

ANOVA test was conducted to compare the significance of main effect of the initial
stitch length and the percentage of over feed on the thermal shrinkage in the wale
direction . Analysis of variance was carried out on 202 individual observations of
the thermal shrinkage in the wale direction due to heat-curing.  Significant
differences at the 95% level in wale direction thermal shrinkages caused by changes
in levels of the initial stitch length and percentages of over feed are indicated by the
F-test.

The hypothesis test 8.4 and the results of the analysis of variance are presented in
Table 8.17.

Hypothesis test 8.4: Ho: The regression equation represents the thermal shrinkages

in the wale direction does not fit the data well

Vs Hi: The regression equation represents the thermal shrinkages

in the wale direction fits the data well
Significance level/ a = 0.05

Table 8.17 : Analyses of variance results to determine the effect of initial stitch
length and percentage of over feed on the thermal shrinkage in wale direction

Source DF Adjusted Sum Adjusted F-Value P-Value
of Squares Mean Squares

Regression 5 1079.92 215.99 169.31 0.000
Initial stitch length 2 295.27 147.64 115.73 0.000
Percentage of over
feed 3 735.00 245.00 192.06 0.000
Error 200 255.13 1.28
Lack-of-fit 6 45.97 7.66 7.11 0.000
Pure Error 194 209.16 1.08
Total 205 1335.06

The results of the analysis of variance for the thermal shrinkages in the wale
direction are presented in Table 8.17 and the results reveal that the effect of initial
stitch length and percentages of over feed are statistically significant with a p-value
less than 0.05.

199



Further, the effect of initial stitch length on the thermal shrinkage in the wale
direction was significant, F (2, 205) = 115.73, P=0.000< a = 0.05. The results also
show that the effect of percentage of over feed on the thermal shrinkage in the wale
direction is significant, F (3,205) =192.06, P=0.000< o = 0.05.

8.6.3.2 Diagnostics of regression equation represent the thermal shrinkages in
the wale direction

The fitness of the regression equation to data was identified by generating results of
random errors, testing the familiarity of errors and percentage of errors. The resulting
graphs are shown in Figure 8.4. Symmetry has also resulted in the histogram for
residuals, and the normal probability plot of errors is also a straight line. Therefore,
the residuals can be considered random. There are no trends or patterns in the
independent residuals. Completing all hypotheses confirm that the equation of

regression fits well with the data.
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Figure 8.4 : Residual plots (a) Normal Probability plot, (b) Histogram, (c) Residual
versus fits and (d) Residual versus order to verify the regression equation of the

thermal shrinkage in the wale direction
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8.7 Thermal Shrinkage Behavior of Heat-cured Fabrics in the Course and

Wale Directions

Estimated thermal shrinkages in the course direction and wale direction derived from

the regression equations are presented Figure 8.5.
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Figure 8.5 : Estimated thermal shrinkages in the (a) wale direction and (b) course

direction derived from the regression equations

The regression equation represent the thermal shrinkage in the wale direction shows
a strong relationship (R-squared is 80.89%) with the initial stitch length and over
feed than the regression equation which represent the thermal shrinkage in the course
direction (R-squared is 70.82%).

As per the estimated regression values, as initial stitch length increases the thermal
shrinkage in the wale direction increases and as percentage of over feed increases the
thermal shrinkage in the wale direction decreases. As the initial stitch length
increases, the thermal shrinkage in the course direction decreases and the thermal

shrinkage in the wale direction increases [Figure 8.5 (a)]. Considering the strcural
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parameter of the heat-set fabric and heat-cured fabric samples thermal shrinkage

behavior of heat-cured fabrics can be analyzed.

As the percentage of over feed increases, CPI rises in the amount of heat-set fabrics
(Table 8.2). The thermal shrinkage in the wale direction has decreased as the amount
of over feed increases. Higher stitch density resulted in higher thermal shrinkage of

the wale direction.

Two parameters of the knitted loop may determine the the thermal deformation of
plain knitted fabrics. One is dimensional change due to loop shape change without
significant change in loop length and the other is dimensional change due to loop
length change (Choi & Lo, 2003). The ANOVA results revealed that the initial stitch
lengths of heat-cured fabrics are significantly different. The contraction in the height
of the knitted loop will reach a value that may increase the width of the knitted loop
as the length of the yarn in the knitted loop does not change substantially. This
condition can result in more thermal shrinkage in the wale direction than thermal

shrinkage in the course direction as seen in this study (Ucar & Ertugrul, 2002).

During knitting, the spacing of the wale depends largely on the needle spacing on the
machine as the yarn has to pass through the needles. The fabric take-down roller
tends to pull and take the extra yarn in the direction of the length of the fabric when
the length of the loop increases while the spacing of the wale remains more or less
the same as the spacing of the machine. This extra length in the direction of the
length causes the CPI in the fabric to be reduced in the length of the stitch. The
knitted stitch tends to retain its minimum energy level without constraints during
recovery and has resulted in the structure of the fabric to include the freedom for the
loop to bend out of the fabric panel and result in a wavy loop as described by Choi
(2003). The increased course spacing in fabrics with larger initial stitch lengths
facilitates this process. However, increasing over feed in the heat-set fabric has led
to an increase in the CPI and a reduction in the course spacing in the fabric with
higher percentages of over feed. Increased spacing of the course allows the fabric to
shrink and increase the thermal shrinkage in the wale direction. If the spacing of the
course decreases, the thermal shrinkage of the wale direction may decrease.
Therefore, decreasing thermal shrinkage in the wale direction will lead to a given
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initial stitch length as the percentage of overfeed increases. As the initial stitch
length increases, the increased course spacing with increased initial stitch length

cause the thermal shrinkage of the wale direction to increase.

Choi (2006) showed that the loops are shorter and wider in shape in wet-relaxed
condition compared to dry-relaxed condition. Knitted fabrics are also subjected to
relaxation process during heat-curing treatment by reducing the stress and strains
incurred in previous heat treatments (Bhatt & Bell, 1976; Trznadel, Pakuta, &
Kryszewski, 1988). There is a strong negative correlation between increasing initial
stitch length and CPI. The CPI of heat-set fabric decreases as initial stitch length
increases.  This increases the spacing of the course and increases the thermal
shrinkage in the wale direction. Thermal shrinkage of the wale direction causes the
stitch to be shorter and wider (Choi & Lo, 2006). This can cause the thermal
shrinkage in the course direction to decrease as the length of the stitch increases.
Increased percentage of over feeds caused the CPI to increase and the spacing
between courses to be decreased. This behavior is revealed as the percentage of
overfeed increases thermal shrinkage in the wale direction decreases. This may result
in increased thermal shrinkage in the course direction as the percentage of over feed

increases.

Table 8.18 : Bivariate correlation analysis between stitch density of heat-set fabric,

thermal shrinkage in the course direction and the thermal shrinkage in the wale

direction
Source course  direction | Wale  direction
thermal shrinkage | thermal shrinkage
Stitch  density | Pearson correlation 0.771 -0.653
(heat-set) Significance 0.000** 0.000**

**_Correlation is significant at the 0.01 level (2-tailed).

As shown in Table 8.18, when comparing the correlations between thermal shrinkage
of heat-cured and stitch density of heat-set fabrics, the thermal shrinkage in course
direction of heat-cured fabric has a strong positive correlation with stitch density of
heat-set fabrics. Correlation analysis also shows that the correlation between the
percentages of over feeds and the thermal shrinkage in the course direction is weak
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positive.  These results show that, as stitch density of heat-set fabric increases,
thermal shrinkage in the course direction decreases. The thermal shrinkage in the
wale direction has a moderate negative correlation with the stitch densities of the
heat-cured fabrics. It indicates that the thermal shrinkage in the wale direction
during subsequent heat treatments increases as the stitch density of the heat-set fabric

increases.

8.8 Summary

This study was conducted to investigate the influence of the percentage of over feed
during heat-setting towards the thermal shrinkage behavior of heat-set fabrics when
they were exposed to post heat treatment processes. Three polyester plain knitted
fabrics with different initial stitch lengths were subjected to 15%, 20%, 25% and
30% over feed during heat-setting at 130°C. These fabrics were exposed to heat-
curing at 140°C (which is the heat curing temperature use by the garment industry)
and thermal shrinkage values and structural analysis were done and the data was
statistically analysed. The results revealed that percentage of over feed has strong
positive correlation with the courses per inch of the heat-set fabrics and there is no
significant correlation between the wale per inch and the initial stitch length of the
heat-set fabrics.

From the multiple linear regression equations, the initial stitch length and the over
feed are identified as the two significant variables to predict the thermal shrinkages
in the course direction and wale direction due to curing. The decreasing stitch
density and increasing initial stitch length increase the thermal shrinkage in the
course direction while reduce the thermal shrinkage in the wale direction. Results
also revealed that the thermal shrinkage in the course direction and the thermal

shrinkage in the wale direction are negatively correlated at 95% significant level.

204



9 THERMAL SHRINKAGE BEHAVIOR OF POLYESTER
IELASTOMERIC PLAIN KNITTED FABRICS

9.1 Introduction

The use of co-knitting of elastomeric yarns such as Spandex and other natural or
synthetic yarns are increasing due to the excellent stretch and recovery properties
delivered by the elastomeric yarns. Before the dyeing process, polyester/spandex
knitted fabrics are usually subjected to pre-heat-setting treatment for uniform
stabilization of the spandex yarn across the fabric. The dyed polyester / spandex
fabric are then subjected to the final heat-setting process to achieve the width and

weight measurement requested by the customer.

In the previous chapters from 4 to 8, the thermal shrinkage behavior of 100%
polyester plain knitted fabrics with varying heat-setting and heat-curing parameters
was analyzed. As the thermal shrinkage behavior of the 100% polyester plain knitted
fabric has been studied so far, this study will determine the effect of spandex on
thermal shrinkage behavior of polyester/spandex plain knitted fabrics. Hence the
study presented in this chapter was conducted to analyze the thermal shrinkage
behavior of polyester / spandex plain knitted fabrics when they were subjected to

heat treatment process subsequent to heat-setting.
9.2 Materials and Experiments
9.2.1 Knitting process

Using 75 denier yarns with 72 filaments and 40 denier spandex yarns,
polyester/spandex blended fabrics with 80% polyester and 20% spandex were
produced on a circular knitting machine. Table 9.1 and Table 9.2 present the yarn
specifications and stitch lengths of polyester/spandex plain knitted fabrics and

respective knitting machine parameters.
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Table 9.1: Yarn specifications and stitch lengths of polyester/spandex knitted fabrics

Fabric Stitch Composition Yarn count

code length (poly/spandex) Polyester Spandex
P/S1 2.7mm 80% Poly , 20% Spandex | 75D/72F polyester | 40D Spandex
P/S2 3.0mm 80% Poly , 20% Spandex | 75D/72F polyester | 40D Spandex
P/S3 3.1mm 80% Poly , 20% Spandex | 75D/72F polyester | 40D Spandex

Table 9.2 : Knitting machine parameters

. Knitting machine setting
Fabric -
code No of Gauge Diameter No of Speed (ms?)
feeders g (Inches) needles P
P/S1 90 28 30 2640 20
P/S2 90 28 30 2640 20
P/S3 90 28 30 2640 20

9.2.2 Pre-heat-setting and dyeing process

The conditions used for pre-heat-setting and dyeing processes are presented in Table
9. 3. For the fabric P/S1, 40% over feed was provided during pre-heat-setting while
the others were kept at 0% overfeed. The width of the stenter main frame for fabric
P/S3 was maintained at 175 cm and the width of the stenter main frame width was
maintained at 130 cm and 133 cm for the fabrics P/S1 and P/S2. The fabrics were

dispersed dyed using similar dyeing conditions after the pre-heat-setting process.

Table 9.3 : Pre-heat-setting and dispersed dyeing conditions

Fabric Conditions of pre-heat-setting Conditions of disperse dyeing
code Dwell | Holding | Temper
Temperature | Speed | Overfeed | Mainframe | time time ature
(°C) (ms™) (%) width (cm) | (min) (min) (°C)
P/S1 198 25 40 130 45 15 130
P/S2 198 25 0 133 45 15 130
P/S3 198 26 0 175 45 15 130

9.2.3 Final-heat-setting process

Using the conditions given in Table 9.4, the final-heat-setting of the fabrics was
performed after the dyeing process. Exception of the mainframe width of the fabric
P/S3, all final-heat-setting parameters were maintained the same for the three fabrics.
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Table 9.4 : Final-heat-setting conditions

Fabric Conditions of final-heat-setting
code Temperature, Speed, Overfeed, Underfeed, Mainframe
°C ms™ % % width, cm
P/S1 140 20 25 -5 128
P/S2 140 20 25 -5 133
P/S3 140 20 25 -5 160

9.2.4 Post-heat-treatment (Heat-curing treatment)

The heat-set polyester/spandex fabrics were subjected to heat-curing process in order
to analyze the thermal shrinkage behavior of heat-set polyester/spandex plain knitted
fabrics. Thermal shrinkages in the course direction and the wale direction due to
heat-curing were measured on fabric samples with the dimensions 30 X 30 cm?
Test specimens were cut with their grainlines parallel to wales and the shrinkage
measurements were taken as described in Chapter 5. The temperatures 130°C,
140°C, 150°C, 160°C, 170°C, 180°C 190° C and 200°C were selected for the heat-
curing process. Five specimens from each heat-set fabric were subjected to each
heat-curing temperature for five cycles of 90 seconds in an industrial drying machine
as described in Chapter 4. The numbers of curing cycles were selected as five,
considering the maximum number of different adornments that requiring heat-curing
treatment, though this number may vary from 1 to 5 generally in actual industrial
practice. Five specimens were subjected to each heat-curing temperature and the
average shrinkage of the five specimens was reported. After heat-setting and heat-
curing treatments, fabrics were held flat for 24 hours at 21°C + 1°C and 65% + 2%
relative humidity for standard conditioning of the specimens before taking any

measurement.
9.2.4.1 Thermal shrinkage (St)

The thermal shrinkages (St) in the course direction and the wale direction of fabric

specimens due to heat-curing were calculated using the equation 9.1.

Sp = l;—l“ x100%  (9.1)
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Here |; is the length between data lines marked in particular direction before thermal
application and I, is the length between the same data lines after the thermal
application. The (+) values indicate the thermal shrinkage and (-) values indicate the

thermal expansion.

9.3 Thermal Shrinkage Values of Heat-Cured Polyester/Spandex Fabric
Specimens

The thermal shrinkage in the course direction and wale direction of heat-cured fabric

specimens are presented in Table 9.5.

Table 9.5 : Mean and standard deviations of thermal shrinkage in the course and wale
directions of heat-cured polyester/spandex fabrics

Fabric Heat-curing Thermal_shrinkage Thermql shr_inkage
code temperature, °C (course direction),% (wale direction), %
’ Mean Std. Deviation | Mean | Std. Deviation
P/S1 130 1.26 0.28 0.91 0.14
140 1.26 0.37 1.40 0.27
150 1.44 0.56 1.66 0.25
160 1.96 0.62 1.90 0.21
170 2.12 0.43 2.63 0.22
180 2.38 0.28 3.16 0.30
190 2.99 0.32 3.62 0.19
200 2.76 0.32 3.22 0.15
P/S2 130 1.37 0.50 3.43 0.37
140 1.71 0.37 4.08 0.27
150 2.36 0.35 5.00 0.22
160 2.44 0.31 5.74 0.30
170 2.70 0.34 6.51 0.38
180 2.56 0.38 6.67 0.32
190 2.60 0.31 6.92 0.23
200 3.60 0.49 8.07 0.22
P/S3 130 2.40 0.37 3.50 0.30
140 2.74 0.43 3.98 0.28
150 3.27 0.37 411 0.28
160 3.76 0.24 4.16 0.40
170 3.81 0.34 4.99 0.45
180 4.72 0.32 5.34 0.25
190 4.99 0.28 5.75 0.25
200 6.40 0.48 6.72 0.22

Thermal shrinkage values revealed that as the heat-curing temperature increase from

130°C to 200°C in 10°C interval, thermal shrinkage values in the course direction
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and the wale direction are increasing. In order to investigate whether there is
significant different among the thermal shrinkage values resulted from heat-curing at
different temperature analysis of variance test was performed. The statistical

analysis tests are described in the section 9.4.

9.4 Statistical analysis of the effect of heat-curing temperature on the thermal
shrinkage of the course and wale directions of polyester/spandex fabrics

9.4.1 Analysis of variance to evaluate the effect of heat-curing temperature on

the thermal shrinkage in the course direction of polyester/spandex

fabrics

Figure 9.1 demonstrates the distribution of standard thermal shrinkage residues in the
course direction due to heat curing. The significance of thermal curing temperature

in the course direction is analyzed by ANOVA.
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Figure 9.1: Standardized residual for thermal shrinkage (course direction)

The Levene’s test and standard residual error plot was evaluated to verify ANOVA
assumptions. Levene’s test results show that F (23,208)= 1,114, p>0,05 was achieved

with the hypothesis of variance of homogeneity. The residual values showed
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estimated normality with a mean value of close to zero and a standard deviation of

approximately 1.

9.4.1.1 Analysis of variation (ANOVA) of thermal shrinkage in the course

direction

Hypothesis test 9.1 was conducted to test the significance effect of heat-curing
temperatures on the thermal shrinkage of the course direction. The ANOVA results

are presented in Table 9.6.

Hypothesis test 9.1: Hy: There is no significant difference between thermal
shrinkage values in the course direction due to heat curing
at different temperatures

Vs Hj: There is significant difference between at least two thermal
shrinkage values in the course direction due to heat curing

at different temperatures
Significance level a=0.05

Table 9.6 : The ANOVA results to determine the overall impacts of heat-curing

temperatures on thermal shrinkage in the course direction

Source Type 111 Sum df Mean Square F Sig.

of Squares
Corrected Model 345.387° 23 15.017 104.405 .000
Intercept 1696.533 1 1696.533| 11795.275 .000
Fabric type 160.199 2 80.099 556.897 .000
Heat-curing temperature 151.943 7 21.706 150.914 .000
Fabric type X Heat-curing 20.791 14 2128  14.795 000
temperature
Error 29.917 208 144
Total 2123.781 232
Corrected Total 375.303 231

a. R Squared =.920 (Adjusted R Squared = .911)

The effect of heat-curing temperature on the thermal shrinkage of the course
direction is statistically significant at 0.05 significance level (p-value is less than
0.05). Therefore, the alternative hypothesis (H) is accepted. There is a significance
difference between the thermal shrinkage in the course direction of the fabric

samples heat-cured at different temperatures.
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9.4.2 Analysis of variance to evaluate the effect of heat-curing temperature on

the thermal shrinkage in the wale direction

In order to verify the assumptions of ANOVA, the Levene’s test and standard
residual error plot were evaluated. Results of Levene's test verified that the
hypothesis of homogeneity of variance reached F (23,201) =1.556, p>0.05. The
residual values displayed estimated normality with a mean value close to zero and a
standard deviation close to 1. The distribution of standardized residues of thermal
shrinkage in wale direction due to heat-curing is presented in Figure 9.2. The
significance of heat-curing temperature on the thermal shrinkage in the wale

direction is analyzed using ANOVA.
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Figure 9.2 : Standardized residual for thermal shrinkage (wale direction)

9.4.2.1 Analysis of variation (ANOVA) of thermal shrinkage in the wale

direction

Hypothesis test 9.2 was conducted to test the significance effect of heat-curing
temperatures on thermal shrinkage in the wale direction of fabric specimen. The

ANOVA results are presented in Table 9.7.
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Hypothesis test 9.2: Hy: There is no significant difference between thermal
shrinkage values in the wale direction due to heat curing at

different temperatures

Vs Hi: There is significant difference between at least two thermal
shrinkage values in the wale direction due to heat curing at
different temperatures

Significance level 0=0.05

Table 9.7 : The ANOVA results to determine the overall impacts of heat-curing

temperatures on thermal shrinkage in the wale direction

Source Type 111 Sum df Mean Square F Sig.
of Squares

Corrected Model 345.387° 23 15.017| 104.405 .000

Intercept 1696.533 1| 1696533 19211 000

Fabric type 160.199 2 80.099| 556.897 .000

Heat-curing temperature 151.943 7 21.706| 150.914 .000

Fabric type X Heat-curing

temperature 29.791 14 2.128 14.795 .000

Error 29.917 208 144

Total 2123.781 232

Corrected Total 375.303 231

a. R Squared =.920 (Adjusted R Squared = .911)

The effect of heat-curing temperature on the thermal shrinkage in the wale direction
is statistically significant at 95% confidence level. Therefore, the alternative
hypothesis (H;) is accepted. There is a significance difference between the thermal
shrinkage in the wale direction of the fabric samples heat cured at different

temperatures.

9.5 Student-Newman-keuls test for comparison of thermal shrinkage in the

course direction and wale direction of polyester/spandex knitted fabrics

The Student — Newman — Keuls (SNK) method is a step-by-step process of multiple
comparisons used to identify sample means that significantly different from each
other.
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The SNK test comparison presented in Table 9.8 revealed that thermal shrinkage in
course direction and wale direction increases as curing temperature increases (Table
9.8).

Table 9.8 : Student-Newman—Keuls ranking at 5% significant level of thermal
shrinkages in the course direction and wale direction of fabrics P/S1, P/S2 and
P/S3of ANOVA model

Fabric P/S1 Fabric P/S2 Fabric P/S3

Curing Megn thermal Megn thermal Megn thermal

temperature shrinkage, % shrinkage, % shrinkage, %

oC Course Wale Course Wale Course Wale
' direction direction direction direction direction | direction
130 1.26 (1) 0.91 (1) 1.37 (1) 3.43 (1) 2.40 (1) 0.30 (1)
140 1.26 (1) 1.40 (2) 1.71 (1) 4.08 (2) 2.74 (2) 0.28 (2)
150 1.44 (1) 1.66 (3) 2.36 (2) 5.00 (3) 3.27 (3) 0.28 (2)
160 1.96 (2) 1.90 (4) 2.44 (2) 5.74 (4) 3.76 (4) 0.40 (2)
170 2.12 (2) 2.63 (5) 2.70 (2) 6.51 (5) 3.81 (4) 0.45 (3)
180 2.38 (2) 3.16 (6) 2.56 (2) | 6.67(5) (6) | 4.72(5) 0.25 (4)
190 2.99 (3) 3.62 (7) 2.60 (2) 6.92 (6) 4.99 (5) 0.25 (5)
200 2.76 (3) 3.22 (6) 3.60 (3) 8.07 (7) 6.40 (6) 6.72 (6)
Note:

1. Mean values calculated from a minimum of fifteen measurements.

2. The values 1,2,3 in parentheses denote the effect of curing temperature on the thermal
shrinkages in the course direction and wale direction of fabric P/S1,P/S2 and P/S3
(highest value denotes the highest rank and lowest value the lowest rank)
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Figure 9.3 : Mean thermal shrinkage in the course and wale direction of fabric P/S1
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Figure 9.4 : Mean thermal shrinkage in the course and wale direction of fabric P/S2
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Figure 9.5 : Mean thermal shrinkage in the course and wale direction of fabric P/S3

The lowest thermal shrinkage in both course direction and wale direction for all three
fabrics resulted when the heat-set fabric specimens were subjected to 130°C. The
highest thermal shrinkages were resulted for both wale direction and course direction

for the heat-set specimens when subjected to heat-curing at 190°Cor 200°C. There
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is gradual increase in the thermal shrinkage in both the course direction and wale

direction with the increase in heat-curing temperature.

As the curing temperature increases from 130°C to 200°C, the thermal shrinkages in
the direction of the course and wale of all three fabrics have increased. In chapter 7,
for the 100% polyester plain knitted fabrics heat-set at 190°C and 200°C and when
specimens were subjected to heat-curing treatment at lower temperatures, the similar
gradually increasing thermal shrinkage behavior was observed. Pre-heat-setting at
198°C and final-heat-setting at 200° have made the polyester / elastomeric fabrics
dimensionally stable and ultimately led to a gradual increase in thermal shrinkages as

the curing temperature increases.

Among the three P/S1, P/S2 and P/S3 fabrics, the fabric P/S1 showed lowest thermal
shrinkage in course direction and wale direction. This may resulted due to the higher
over feed percentage (40%) and lower width extension applied during the pre-heat-
setting treatment. Wu, Cuculo and Yoshida (1998) suggested that the external
tension applied during heat treatment to a polyester fibre would determine the
internal tension caused by the molecules during subsequent heating.  If chain
refolding is permitted during the annealing process, the potential for subsequent
shrinkage and the amount of internal shrinkage tension will be lowered and higher
temperatures will be required to produce further shrinkage. Due to pre-setting with
high width extension, the P/S3 fabric resulted in the highest thermal shrinkage in the

course direction.

9.6 Summary

The introduction of elastomeric yarns into polyester plain knitted fabrics has caused
the heat-setting process to take place at higher temperatures (above 190°C) to

stabilize the elastomeric yarn uniformly though out the fabric.

The results revealed that thermal shrinkage behavior of heat-set polyester / spandex
plain knitted fabric and 100% polyester fabrics are comparable if the heat-setting
treatment was performed above 190°C and subjected to subsequent heat treatment.

Gradually increasing thermal shrinkage behavior was observed for the heat-set
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polyester/spandex fabrics as the subsequent heat-curing temperature increases from
130°C to 200°C.
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10 DISCUSSION

The aim of this study is to analyze the thermal shrinking behavior of polyester and
polyester/elastomeric plain knitted fabrics that undergo thermal setting processes and
to provide recommendations to minimize thermal shrinking during garment
processing. The series of experiments were performed in order to analyse the
thermal shrinkage behavior of polyester/elastomeric weft knitted fabrics. As the first
step, the thermal shrinkage behavior of 100% polyester plain knitted fabrics were
analysed and then the combination effect of polyester/elastomeric plain knitted
fabrics were analysed. In each chapter the significant results were discussed and the

key findings of the series of experiments are discussed in this chapter 10.

All the fabrics which were used for this study were knitted using circular knitting
machine, scoured, bleached and dispersed dyed on a jet dyeing machine (Model:
Salavos) at 130°C. Heat-setting was performed varying process parameters in a hot
air pin stenter. The fabrics and fabric specimens were conditioned as standard in
accordance with ASTM D1776 before any measurement was taken. Thermal
shrinkage was measured after subjecting fabric specimens to post-heat treatment

processes.

As the first step, the significance of thermal shrinkages of 100% polyester plain
knitted fabrics due to post-heat treatment processes were analysed. The thermal
shrinkage in the course direction and the wale direction of fabric specimens were
measured for the analysis. For this study, four post-heat treatment processes which
are commonly practiced in garment production were selected as the heat treatment
processes subsequent to heat-setting. The post-heat treatment process results the
highest thermal shrinkage due to the application of heat and the process which
shrinks the fabric panel the highest was selected for further studies of this research.
It was also investigated whether the thermal shrinkages of test specimens subjected
to heat treatment processes are similar to the commercially accepted norms of

tolerances or accepted levels of shrinkage.

The findings of the initial study (Chapter 4) revealed that post-heat treatment process

conditions; temperature, time and pressure have significant impact over the thermal
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shrinkage behavior of the 100% polyester fabric. Disregard the free-end annealing or
taut-end annealing, if the subsequent heat-treatment temperature is high, higher
thermal shrinkages were observed.  Thermal expansion was observed for the
specimens that were post-heat treated under applied pressure. Thermal expansion
can be attributed to the pressure on the fabric plane which inhibited thermal
shrinkage and facilitated thermal expansion. The results of wash shrinkage test
revealed that laundering caused fabric panels to shrink. The findings also revealed
that agitation and the three-dimensional movement during drying caused

considerable change in knitted fabric structure.

Rubber print curing led to the most significant thermal shrinkage in the course
direction and the second highest thermal shrinkage in the wale direction among
rubber print curing, sublimation printing, heat transfer printing and bonding
treatment processes. The thermal shrinkage in course direction even exceeds the
accepted thermal shrinkage limits in the garment industry. Thus, the rubber print
curing method was chosen as the post-heat treatment process for the rest of the
studies of this research.  The findings of first study revealed that significant change
in the thermal shrinkage of wale direction and course direction of the fabric panel
subjected to various post-heat treatment processes. This revealed that the thermal
shrinkage allowance has to be adjusted depending on which post- heat treatment

process the fabric panels are subjected to.

The next sets of experiments were performed in order to investigate the effects of
panel parameters and heat-setting temperature on thermal shrinkage. Standard test
method to carry out thermal shrinkages is currently not in existence and therefore all
tests carried out during the research have to be standardized for all the experiments
of this research. Dimensions of the fabric panels to be used in experiments and the
orientation or the panel layout are established by carrying out several experiments.
Though the dimensions for fabrics after dyeing and heat-setting are not restricted, the
dimensions of the fabric panel for post-heat treatment are restricted by the bed of the
heat-curing machine. The other factors considered in finalizing the standard size

were the maximum possible thermal deformations when polyester fabrics are
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exposed to thermal treatments, compatibility with the available heat treatment
machines settings and easy repeatability of the test.

In order to investigate the dimensions of the fabric panels and the orientation or the
panel layout for the standard test method, experiments were performed varying the
fabric specimen size, the layout of the panels and the heat-setting temperature of the
fabrics. The correlation test results showed that thermal shrinkage in the course
direction is predominantly determined by heat-setting temperatures and by the
specimen size. The thermal shrinkage in the wale direction is mainly determined by
the heat-setting temperatures. The layout of the specimen has an insignificant impact
on thermal shrinkage in course direction and the thermal shrinkage in the wale
direction. The findings also revealed that the insignificance of the effect of
measuring position over thermal shrinkages in the wale direction and the thermal
shrinkage in course direction. Therefore the mean thermal shrinkage of panel in the
wale direction and course direction can be represented by the average of the three
measurements of thermal shrinkage in the wale direction and the thermal shrinkage

in the course direction respectively.

Since the heat-setting temperature, specimen size and thermal shrinkage in the course
direction demonstrated strong correlations; a multiple linear regression test was
performed. Estimated regression coefficients (B) were shown to decrease thermal
shrinkage in the course direction for a given heat-setting temperature as the specimen
size increases. The regression analysis further showed that the cut panel layout has
an insignificant effect on thermal shrinkage in the course direction. Furthermore,
compliance with the existing thermal treatment system settings and the easy
repeatability of the experiment are considered for finalizing the standard specimen
size. The cut panel layout which has the grainline parallel to wales was chosen as
the cut panel layout. After considering the key criteria for standard specimen size,
the specimen size 30 X 30 cm?® was chosen for further thermal shrinkage testing.

In order to investigate the thermal behavior of polyester plain knitted fabrics when
heat-set and after a post-heat treatment process, the thermal shrinkage behavior of
heat-set polyester knitted fabrics is studied using the results of Differential Scanning
Calorimetric (DSC) and measuring the shrinkage values after a post-heat treatment
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(heat-curing) process. The thermal behavior of polyester fabrics after heat-setting
and after heat-curing is investigated using DSC analysis and the fabric shrinkage.
Analysis was carried out on fabrics knitted using 100% polyester yarns and found
that the primary effect of the heat-setting is the change in effective temperature of the
heat treatment. No significant difference between effective temperatures is observed
in low heat-setting temperatures, while the effective temperature of fabrics heat-set at
temperatures higher than 160°C increases with the increasing heat-setting
temperature.  The study on the percentage of shrinkage of yarns due to curing at
different temperatures confirmed this behavior.  The variance analysis of the
percentage of shrinkage caused on yarns in the cured fabrics at different temperatures

endorsed this behavior.

There are key finding of the DSC and thermal shrinkage analysis of the yarns of
heat-set and heat-cured at various temperatures. The shrinkage of yarns on heat-set
fabrics due to post-heat treatments (heat-curing) at temperatures below or equal to
140°C was not significant, while the shrinkage of yarns of cured fabrics at higher
temperatures is significant. Thus, it can be recommended that when subject to heat-
based processes, the effective temperature of the polyester fabrics is the major
determinant of the observed thermal shrinkage. The DSC analysis was performed
for the second set of fabrics and the similar change of effective temperature was
observed. Hence it is evidence that the temperature is the main factor. The change of
effective temperature with the heat-setting temperature is Heat treatments cause the
structure to significantly change, when the applied heat is more than the effective
temperature. The structure remains stable so long the applied heat is less than the
effective temperature. The effective temperatures are changed due to post-heat
treatments. This reveals that the effects of heat on polyester depend on the thermal
history and hence the fabrics procured by garment manufacturers may rarely have the
thermal history of the polyester fabrics. Furthermore, heat-setting at higher
temperatures converts the polyester structure into a more crystalline state and makes
the structure to be more thermally stable. Heat-setting even at very high
temperatures causes no change to the crystallinity percentage of the polyester
structure. The analysis carried out on a fabric (fabric A) was repeated for a second
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fabric (fabric B) in order to establish and accept the observed behavior of polyester
fabric A is common to all polyester fabrics manufactured under using similar yarns
and similar conditions. Fabric B delivered similar results from the DSC analysis and

the thermal shrinkage.

The results of the above experiments revealed that heat treatment processes have
caused thermal deformations in 100% polyester knitted fabrics. Heat-based
processes on thermoplastic fibre materials are well known to cause the materials to
shrink (Wilson, 1974). However, it is yet to be investigated that, whether the
contribution of the yarn itself or the knitted fabric structure has more significant
impact on the thermal deformation when the knitted fabrics are subjected to heat
treatments. Because of the thermal shrinkage of the constituent yarns in the fabric
and the change in the loop shape, knitted fabrics can change their dimensions. The
next set of experiments were performed in order to analyse the extent to which the
thermal shrinkage of polyester yarn affects the thermal shrinkage behavior of
polyester knitted fabrics and the effect of heat on fabric parameters. After dyeing,
heat-setting and subsequent heat-curing processes, the thermal shrinkage behavior of
polyester yarn and the plain knitted fabric made of the same yarns were analysed.
The thermal effects were investigated on yarns, yarns in fabrics, and densities of
wale and course of the fabrics. Comparison was made of yarn in hank form and yarn
in the knitted stitch. The thermal effects on other parameters of knitted fabric were
also analysed. The results revealed that thermal shrinkage in course direction is
highly associated with the width-wise extension applied during heat-setting and the
thermal shrinkage in the wale direction is highly correlated with the yarn shrinkage

behavior in hank form.

A significant change in polyester thermal behavior at 160°C was observed. There is
a clear difference in the thermal behavior of polyester below and above its effective
temperature (160°C).  Although thermal shrinkage is expected after heat-setting,
thermal expansions are also observed at temperatures below 160°C in the knitted
stitches. Yarns in the fabric extend at low heat-setting temperatures due to the

external forces applied to the stenter, while yarns shrink at high heat-setting
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temperatures. However, there is a clear difference between shrinkage of the yarn in

the hank and shrinkage of the yarn in the fabric at the same heat-setting temperature.

Heat-setting causes the fabric to decrease the wales density with increasing
temperature, while the effect on course is to increase the course density. At low
curing temperatures (below 160°C) the shrinkage observed is unpredictable however
Is very low and thermal shrinkage in wale direction is directly correlated to the yarn
shrinkage. Thermal shrinkage in the course direction due to curing is mainly due to
the width-wise tension exerted at the preceding heat-setting process. In order to
validate the results of the yarn (yarn A) and the fabric (fabric A), same experiments
were performed for a second yarn (yarn B) and fabric (fabric B). The result of the

second yarn and fabric also confirms the finding of the first yarn and the fabric.

The effects of heat-setting temperature and heat-curing temperature on the behavior
of thermal shrinkage have been discussed in initial experiments.  During heat-
setting, temperature is one parameter to adjust and the other two important
parameters are the extension of width and overfeed during heat-setting.  Width
extension and overfeed of fabric is performed during heat-setting to achieve the
required width measurement and to prevent extraordinary fabric deformation due
respectively to width extension.  Since overfeeding is an important heat-setting
parameter, the influence of the percentage of overfeed during heat-setting on the
thermal shrinkage behavior of heat-set fabrics has also been analyzed when exposed

to post-heat treatment processes.

Plain knitted fabrics with different initial stitch lengths were subjected to varying
percentage of overfeed during heat-setting treatment. These fabrics were exposed to
heat-curing at 140°C. The results revealed that overfeed percentage has a strong
positive correlation with courses per inch of the heat-set fabric and there is no
significant correlation between the wale per inch and initial stitch length of heat-set
fabrics.

The initial stitch length and overfeed are identified from the multiple linear
regression equations as the two significant variables to predict thermal shrinkages in

the course direction and the wale direction due to curing. The decreasing stitch
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density and the increasing initial stitch length increase the thermal shrinkage in the
course direction while reducing the shrinkage in the wale direction. Results also
revealed a negative correlation between the thermal shrinkage in the course direction

and the thermal shrinkage in the wale direction at a significant level of 95 percent.

The thermal shrinkage behavior of heat-set polyester/ spandex plain knitted fabrics
when subjected to heat-curing treatments were analysed. The lowest thermal
shrinkage in both course direction and wale direction due to heat-curing treatment
was observed for the fabrics heat-set at 130°C. When subjecting to heat-curing at
190°C and 200°C, the highest thermal shrinkages were obtained for the both course
direction and the wale direction for the heat-set specimens. With the increase in
heat-curing temperature, there is a gradual increase and a trend in thermal shrinkage
in both course direction and the wale direction. The DSC analysis and thermal
shrinkage behavior of heat-set 100% polyester plain knitted fabrics revealed that
when heat-set at 190°C and above the yarns in the fabric more structurally stable thus
resulting in very low thermal deformation. Pre-heating at 198°C and final heat-
setting at 200°C made the polyester / elastomeric fabrics dimensionally stable and
ultimately led to a gradual increase in thermal shrinkages as the curing temperature
rises. Due to pre-heat-setting at 190°C, the permanent stabilization of spandex yarns

at lower denier stabilized the 100% polyester yarns under pre-heat-setting conditions.

The results revealed that heat-set polyester / spandex plain knitted fabric thermal
shrinkage behavior and 100% polyester fabrics show similar trends when the heat-
setting treatment was performed above 190°C and subjected to subsequent heat
treatment. As the subsequent heat-curing temperature increases from 130°C to
200°C, gradually increasing thermal shrinkage behavior was observed for the heat-

set polyester / spandex fabrics.

Considering the results of the research study, it can be recommended that although
the heat-setting was performed to stabilize the dimensions of heat-set polyester /
elastomeric plain knitted fabrics, thermal shrinkage still occurs in varying amounts
depending on the post-heat-treatment process conditions. The results of the DSC
analysis and thermal shrinkage values revealed that due to subsequent heat
treatments, thermal history of the fabric has a significant effect on the behavior of
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thermal shrinkage. Analyzing the results of DSC and the thermal shrinkage behavior
of 100% polyester yarn in hank form and yarn in fabrics revealed that 160°C is a
significant temperature at which heat-setting can be carried out. The shrinkage due
to heat-curing depends entirely on the temperature of heat-setting, particularly at
temperatures above 160°C; the predictability becomes low below 160°C. This shows
the importance of the thermal history of the material. The thermal behavior of
polyester demonstrates trends after 160°C, below this temperature the predictability

is less, and thermal expansion too can happen instead of thermal shrinkages.
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11 CONCLUSION

This research investigated the thermal shrinkage behavior of heat-set
polyester/elastomeric weft knitted fabrics. The study was organized on five specific
objectives as identified in the Introduction section (Chapter 1). Chapters 4 to 9 of
this thesis address these objectives. The key findings corresponding to these specific

objectives are given below.

The first objective was to investigate the thermal shrinkage behavior of commercially
used polyester/elastomeric plain knitted fabrics subjected to heat treatment processes
subsequent to heat-setting. From the results of the Chapter 4 and 5, It was found that
the heat-setting temperature as the significant factor which affect the thermal
shrinkage behavior in course direction and wale direction of the post-heat treated
(heat-cured) fabric panels. The results also reveal that post-heat treatment caused
significant thermal shrinkage in polyester/elastomeric plain knitted fabrics. Low
(below 160°C) heat-setting temperatures caused thermal expansion in subsequent
heat treatments. The results also revealed those temperatures of pre-heat-setting,
final-heat-setting and heat-curing has significant effect over thermal shrinkage

behavior of polyester/spandex plain knitted fabrics.

The garment industry currently does not practice standard testing procedure for
measuring the thermal shrinkage. Therefore all tests carried out during the research
have to be standardized for all the experiments. After a series of experiments and
considering the dimensions of the beds of heat curing machines, the sample size for
thermal shrinkage testing was established as 30cm X30cm. It was found through the
experiments that there is no statistically significant difference whether the sample is
cut parallel to wales or parallel to courses. This is due to the fact that the shrinkage
in wale and course directions has different behaviors and the courses are not
normally perpendicular to wales in weft knitted fabrics, therefore, the optimum
sample size and orientation for thermal shrinkage testing was established as 30cm X
30cm.

The third objective was to investigate thermal shrinkage behavior of single jersey

plain knitted polyester/elastomeric fabrics of different tightness factors. The results
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of Chapters 6, 7 and 8 revealed that thermal shrinkage was evidence of a change in
the structural parameters of knitted material. Structural changes are mainly due to the

change of shape of the loop and/or thermal shrinkage of the stitch length.

Under the fourth objective empirical relationships to predict the thermal shrinkage of
polyester/elastomeric plain knitted fabrics were identified. Results given in Chapter
6 and 7 showed that heat-setting temperature is the primary determinant of the
thermal stability of a fabric under post-heat treatment processes (indicated by the
changing effective temperature). Low heat-setting temperatures (less than 160°C)
resulted in higher subsequent thermal shrinkage (ie. no significant difference
between effective temperatures). Chapter 7 results showed that the shrinkage in
course direction is highly correlated with the width-wise extension applied during
heat-setting and wale direction shrinkage is highly correlated with the shrinkage
behavior of the yarn. Chapter 9 results showed that polyester/spandex fabrics showed
better thermal stability and predictability of thermal shrinkage behavior.

Final objective of research was to provide recommendations to minimize thermal
shrinkage upon heat treatment subsequent to heat-setting process. Based on the
results and analyses given in Chapters 4 to 9 following key recommendations were
formulated.

1. Heat-setting at higher temperatures is recommended for obtaining higher thermal
stability of fabrics subjected to frequent and intensive post-heat treatment
processes

2. The common industry practice of extensively stretching the fabric during heat-
setting actually causes excessive shrinkage in the post-heat setting processes.
Therefore moderate width extension is recommended.

3. Percentage of over feed has strong positive correlation with the courses per inch
of the heat-set fabrics. Therefore moderate percentage of overfeed is
recommended to reduce wale-wise thermal shrinkage

4. The thermal history of polyester or polyester/spandex fabrics has an effect on
shrinkages due to post heat treatments. Therefore it is recommended for garment
manufacturers to obtain the records of thermal history of yarns and the fabric

from the suppliers wherever possible.
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5. 1t is also recommended to conduct post-heat treatment processes (eg. Rubber
print curing, sublimation printing) at low temperatures (below 160°C) where
possible

6. When a garment manufacturing plant receives a fabric causing large variations of
shrinkage and possibly variations at different places within the same roll and
difficult to manger, it can be recommend that the fabric roll be reprocessed at a
temperature above 160°C.

The scope of this research did not cover the effect of time duration of heat-setting

and heat-curing process on thermal shrinkage behavior of polyester/elastomeric

fabrics. Therefore it is recommended for future research to further study and

elaborates on these aspects.

227



Reference List

Abdessalem, S. Ben, Abdelkader, Y. Ben, Mokhtar, S., & Elmarzougui, S. (2009).
Influence of elastane consumption on plated plain knitted fabric characteristics.
Journal of Engineered Fibers and Fabrics, 4(4), 30-35.
https://doi.org/10.1177/155892500900400411

Ajji, A., Cole, K. C., Dumoulin, M. M., & Brisson, J. (1995). Amorphous orientation
of poly(ethylene terephthalate) by X-ray diffraction in combination with Fourier
transform infra-red spectroscopy. Polymer, 36(21), 4023-4030.
https://doi.org/10.1016/0032-3861(95)90981-7

Anton, A. (1968). Detection of Polymer Transition Temperatures by Infrared
Absorption Spectrometry*. Journal of Applied Polymer Science, 12(9), 2117-2128.

Aou, K., Kang, S., & Hsu, S. L. (2005). Morphological Study on Thermal Shrinkage
and Dimensional Stability Associated with Oriented Poly ( lactic acid ).
Macromolecules, 38(18), 7730-7735.

Arghyros, S., & Backer, S. (1982). Mechanics of Texturing Thermoplastic Yarns
Part VIII: An Experimental Study of Heat Setting. Textile Research Journal, 52(5),
295-312. https://doi.org/10.1177/004051758205200501

ASTM D4974 - 04(2016) Standard Test Method for Hot Air Thermal Shrinkage of
Yarn and Cord Using a  Thermal Shrinkage Oven. (2016).
https://doi.org/10.1520/D4974-04R16

ASTM F2894 - 12b Standard Test Method for Evaluation of Materials , Protective
Clothing and Equipment for Heat Resistance Using a Hot Air Circulating Oven 1.
(2015). https://doi.org/10.1520/F2894-14.2

Batra, S. K. (1976). On the heat setting and thermomechanical behavior of
Polyethylene terephthalate and Nylon 66 monofilaments. Journal of Macromolecular
Science, Part B, 12(3), 405-422. https://doi.org/10.1080/00222347608019328

Batra, S. K. (2006). On the heat setting and thermomechanical behavior of
polyethylene terephthalate and nylon 66 monofilaments. Journal of Macromolecular
Science, Part B: Physics, 12(3), 405-422.
https://doi.org/10.1080/00222347608019328

Bhatt, G. M., & Bell, J. P. (1976). Thermal shrinkage of oriented semicrystalline
Poly (ethylene Terepthalate). Journal of Polymer Science: Polymer Physics Edition,
14(4), 575-590. https://doi.org/10.1002/pol.1976.180140401

Black, D. H. (1974). Shrinkage Control for Cotton and Cotton Blend Knitted Fabrics.

Textile Research Journal, 44(8), 606-611.
https://doi.org/10.1177/004051757404400810

228



Blaine, R. (2010). Determination of Polymer Crystallinity by DSC. Thermal
Analysis, 1-3. https://doi.org/10.1016/0040-6031(70)80008-9

Bosley, D. E., & Du, E. I. (1967). Fiber Length Changes and Their Relation to Fiber
Structure. Journal of Polymer Science Part C: Polymer Symposia, 107(20), 77-107.
https://doi.org/10.1002/polc.5070200110

Brown, R. (1999). Handbook of Polymer Testing: Physical Methods. Retrieved from
https://books.google.com/books?id=44ilOV1F3HWC&pgis=1

Caihong, L., Shuqiu, W., Qi, C., Ruijie, X., Bing, H., & Wengiang, S. (2014).
Influence of heat-setting temperature on the properties of a stretched polypropylene
microporous membrane. Polymer International, 63, 584-588.
https://doi.org/10.1002/pi.4548

Carmichael, A. (2015). Man-made fibers continue to grow. Retrieved from Textile
World website: https://www.textileworld.com/textile-world/fiber-
world/2015/02/man-made-fibers-continue-to-grow/%0AMan-Made

Cayuela, D., & Gacén, J. (1994). Contribution of the secondary crystallization to the
overall crystallinity of heatset polyester. Journal of Thermal Analysis, 41(6), 1599—
1605.

Chamberlain F.T.I, J. (1934). Modern knitting stitches. Textile Institute Proceedings,
25(6), P197-P206. https://doi.org/10.1080/19447013408663441

Chen, Q. H., Au, K. ., Yuen, C. W. M., & Yeung, K. W. (2004). An analysis of the
felting shrinkage of plain knitted Wool fabric. Textile Research Journal, 74(5), 399-
404.

Choi, K. F., & Lo, T. Y. (2003). An Energy Model of Plain Knitted Fabric. Textile
Research Journal, 73(8), 739-748. https://doi.org/10.1177/004051750307300813

Choi, K. F., & Lo, T. Y. (2006). The Shape and Dimensions of Plain Knitted Fabric :
A Fabric Mechanical Model. Textile Research Journal, 76(10), 777-786.
https://doi.org/10.1177/0040517507069030

Choy, C. L., Chen, F. C., & Young, K. (1981). Negative thermal expansion in
oriented crystalline polymers. Journal of Polymer Science: Polymer Physics Edition,
19(2), 335-352. https://doi.org/10.1002/pol.1981.180190213

Choy, C. L., Masayoshi, I., & Porter, R. . (1983). Thermal Expansivity of Oriented
Poly(ethylene Terephthalate). Journal of Polymer Science: Polymer Physics Edition,
21(2), 1427-1438.

Clarke, W. (1974). An Introduction to Textile Printing A Practical Manual for Use in
Laboratories, Colleges and Schools of Art.

Cullerton, D. L., Ellison, M. S., & Aspland, J. R. (1990). Effects of commercial heat

229



setting on the structure and properties of polyester carpet yarn. Textile Research
Journal, 60(10), 594-606. https://doi.org/10.1177/004051759006001007

De Boos, A. G., Harrigan, F. J., & Wemyss, A. M. (1986). Hydrothermal Setting of
Wool-Polyester Blend Fabrics. Textile Research Journal, 56(4), 261-269.
https://doi.org/10.1177/004051758605600406

Dennis, L. A., & Buchanan, D. R. (1987). Thermomechanical analysis of the stress
history in heat set Nylon-6 carpet yarns. Textile Research Journal, 57(11), 625-639.

Dismore, P. F., & Statton, W. O. (1966). Chain folding in oriented nylon 66 fibers.
Journal of Polymer Science Part C: Polymer Symposia, 13, 133-148.
https://doi.org/10.1063/1.356245

Drobny, J. G. (2003). Technology Library of Congress Cataloging-in-Publication
Data.

Dumbleton, J. H. (1969). Chain Folding in Oriented Poly(ethylene Terephthalate).
JOURNAL OF POLYMER SCIENCE: PART A-2, 7, 667-674.

Dumbleton, J. H. (1970a). Spin Orientation Measurement in Polyethylene
Terephthalate. Textile Research Journal, 40(11), 1035-1041.
https://doi.org/10.1177/004051757004001111

Dumbleton, J. H. (1970b). Spin Orientation Measurment in Polyethylene
Terephthalate. Textile Research Journal, 40(11), 1035-1041.
https://doi.org/10.1177/004051757004001111

Dumbleton, J. H., Bell, J. P., & Murayama, T. (1968). The Effect of Structural
Changes on Dye Diffusion in Poly(ethylene Terephthalate). Journal of Applied
Polymer Science, 12(11), 2491-2508. https://doi.org/10.1002/app.1968.070121109

Dumbleton, J. H., & Buchanan, D. R. (1968). Annealing Experiments on Drawn
Nylon 66 Fibers. JOURNAL OF POLYMER SCIENCE: PART A-2-2, 6, 1527-1533.

Fakirov, S., Fischer, E. W., Hoffmann, R., & Schmidt, G. F. (1977). Structure and
properties of poly ( ethylene terephthalate ) crystallized by annealing in the highly
oriented state : 2 . Melting behavior and the mosaic block structure of the crystalline
layers. Polymer, 18(11), 1121-1129. https://doi.org/10.1016/0032-3861(77)90105-7

Fischer, E. W., & Fakirov, S. (1976). Structure and properties of
polyethyleneterephthalate crystallized by annealing in the highly oriented state Part 1
Morphological structure as revealed by small-angle X-ray scattering. Journal of
Material Science, 11(6), 1041-1065.

Ghosh, P. (2006). POLYMER SCIENCE FUNDAMENTALS OF POLYMER
SCIENCE Thermal Transitions in Polymers CONTENTS Introduction Glass
transition and Melting Transition Melting Point or First Order Transition Glass
Transition or Second Order Transition Brittle Point Development of. In polymer

230



science.

Greener, J., Tsou, A. H., & Blanton, N. (1999). Physical and Microstructural Effects
of Heat Setting in Polyester Films. Polymer Engineering & Science, 39(12), 2403—
2418.

Groeninckx, G., & Reynaers, H. (1980). Morphology and melting behavior of
semicrystalline poly(ethylene terephthalate). 11. Annealed PET. Journal of Polymer
Science: Polymer Physics Edition, 18, 1325-1341.
https://doi.org/10.1002/p0l.1980.180180613

Gschel, U. (1996). Thermally stimulated structural changes in highly oriented glassy
poly ( ethylene terephthalate ). Polymer, 37(18), 4049-4059.

Gulrajani, M. L., & Saxena, R. K. (1979). Studies of the Glass Transition
Temperature of Polyester Fibre by a Dyeing Method. Journal of the Society of Dyers
and Colourists, 95(9), 330-333. https://doi.org/10.1111/j.1478-4408.1979.tb03489.x

Gupta, V. B. (1995). The Nature of Coupling Between the Crystalline and
Amorphous Phases and its Effect on the Properties of Heat-set Poly(ethylene
terephthalate) Fibres. The Journal of The Textile Institute, 86(2), 299-313.
https://doi.org/10.1080/00405009508631335

Gupta, V. B., Jain, A. K., Chidambareswaran, K., & Radhakrishnan, J. (1994).
Crystal perfection in axially oriented poly ( ethylene terephthalate ) fibers and films
and its dependence on process variables. Journal of Macromolecular Science, Part
B: Physics, 33(2), 185-207.

Gupta, V. B., & Kumar, S. (1976). Evaluation of Crystallinity in Polyethylene
Terephthalate Fibre by X-Ray Diffraction. Indian Journal of Textile Research, 1, 72—
76.

Gupta, V. B., & Kumar, S. (1981a). The Effect of Heat Setting on the Structure and
Mechanical- Properties of Poly(ethylene Terephthalate) Fiber. [l1lI. Anelastic
Properties and Their Dependence on Strcture. Journal of Applied Polymer Science,
26(6), 1885-1895. https://doi.org/10.1002/app.1981.070260613

Gupta, V. B., & Kumar, S. (1981b). The Effect of Heat Setting on the Structure and
Mechanical Properties of Poly ( ethylene Terephthalate ) Fiber . I . Structural
Changes. Journal of Applied Polymer Science, 26(6), 1865-1876.

Gupta, V. B., Majumdar, A., & Seth, K. K. (1974). Structural Changes in Nylon 6
Yarn on Heat-Setting and Friction-Twisted Texturing. Textile Research Journal,
44(7), 539-544. https://doi.org/10.1177/004051757404400713

Gupta, V. B., Radhakrishnan, J., & Sett, S. K. (1993). Interaction between thermal
shrinkage and crystallization in axially oriented poly(ethylene terephthalate) fibres
and films.  Polymer, 34(18), 3814-3822. https://doi.org/10.1016/0032-
3861(93)90505-5

231



Gupta, V. B., Ramesh, C., & Gupta, A. K. (1984). Structure—property relationship in
heat-set poly(ethylene terephthalate) fibers. 1. Structure and morphology. Journal of
Applied Polymer Science, 29, 3115-3129.
https://doi.org/10.1002/app.1984.070291015

Haar, S. J. (2011). Studio practices for shaping and heat-setting synthetic fabrics.
International Journal of Fashion Design, Technology and Education, 4(1), 31-41.
https://doi.org/10.1080/17543266.2010.517569

Haghi, A. . (2011). Heat & Mass Transfer in Textiles. In WSEAS Press.

Han, C. ., Sarathchandran, & Thomas, S. (2012). Poly (trimethylene terephthalate) —
The New Generation of Engineering Thermoplastic Polyester. In H. E. M. Saleh
(Ed.), Polyester (pp. 20-51). Janeza Trdine 9,51000 Rijeka, Croatia.

Heap, S. A., Greenwood, P. F., Leah, R. D., Eaton, J. T., Stevens, J. C., & Keher, P.
(1985). Prediction of Finished Relaxed Dimensions of Cotton Knits—The Starfish
Project: Part 1I: Shrinkage and the Reference State. Textile Research Journal, 55(4),
109-119. https://doi.org/10.1177/004051758505500403

Hearle, J. W. S., Hollick, L., & Wilson, D. K. (2001). Yarn texturing technology.
https://doi.org/10.1533/9781855737655

Heat Setting Stenter ( Stenter Machine ). (2017). Retrieved from Shandong Finestart
Imp.& Exp. Co.,Ltd website:
http://www.finestart.com.cn/index.php?m=content&c=index&a=show&catid=54&id
=61

Hegde, R. R., Kamath, M. G., & Dahiya, A. (2010). Polymer Crystallinity. Change,
1-6. Retrieved from http://www.engr.utk.edu/mse/Textiles/Polymer Crystallinity.htm

Heuvel, H. M., & Huisman, R. (1978). Effect of Winding Speed on the Physical
Structure of Including Orientation-Induced Crystallization. Journal of Applied
Polymer Science, 22, 2229-2243.

Heuvel, H. M., & Huisman, R. (1981). Effects of winding speed, drawing and
heating on the crystalline structure of nylon 6 yarns. Journal of Applied Polymer
Science, 26(2), 713-732. https://doi.org/10.1002/app.1981.070260229

Hsiue, G.-H., Yeh, T.-S., & Chang, S. (1989). The thermal shrinkage of the drawing
poly(ethylene isophthalate terephthalate) copolyester films. Journal of Applied
Polymer Science, 37(10), 2803-2816. https://doi.org/10.1002/app.1989.070371002

Huisman, R., & Heuvel, H. M. (1989). The effect of spinning speed and drawing
temperature on structure and properties of poly(ethylene terephthalate) yarns.
Journal of Applied Polymer Science, 37(3), 595-616.
https://doi.org/10.1002/app.1989.070370302

232



Ibrahim, S. M. (1966). Mechanisms of Stretch Development in Containing 1
Spandex Yarns. Textile Research Journal, 36(8), 696—706.

Ibrahim, S. M. (1968). The Stretch and Recovery Behavior of Elastomeric Yarns.
The Journal of The Textile Institute, 59(6), 296-298.
https://doi.org/10.1080/00405006808659990

Kajiwara, K., & Ohta, Y. (2009). Synthetic textile fibers: structure, characteristics
and identification. In Identification of Textile Fibers (pp. 68-87).
https://doi.org/10.1533/9781845695651.1.68

Karaka, H. C., & Dayloglu, H. (2005). Influence of false-twist texturing parameters
on the structural properties of polyester yam. Indian Journal of Fibre and Textile
Research, 30(March), 37-41.

Karmakar, S. . (1999a). Chemical technology in the pre-treatment processes of
textiles (First). Elsevier Science B.V.

Karmakar, S. . (1999b). Heat-setting. In Chemical technology in the pre-treatment
processes of textiles (pp. 259-278). https://doi.org/10.1002/app.2260

Katayama, K., Nakamura, K., & Amano, T. (1968). Structural formation during melt
spinning process. Kolloid-Zeitschrift & Zeitschrift Fir Polymere, 125-134.
https://doi.org/10.1007/BF02086256

Keum, J. K., & Song, H. H. (2005). Thermal deformations of oriented noncrystalline
poly (ethylene terephthalate) fibers in the presence of mesophase structure. Polymer,
46, 939-945. https://doi.org/10.1016/j.polymer.2004.12.004

Khandaker, S., Bhuiyan, M. A. R., Hannan, M. A., Faruque, M. A. A., Azim, A. Y.
M. A., & Rouf, M. A. (2014). Scope of Polyester Cotton blended single jersey knit
fabric finishing without heat setting. International Journal of Scientific Engineering
and Technology, 3(6), 725-729.

Knapton, J. J. F. (1979). The Wet-relaxed Dimensions of Plain-knitted Fabrics. The
Journal of The Textile Institute, 70(9), 410-410.
https://doi.org/10.1080/00405007908658875

Knapton, J. J. F., Ahrens, F. J., Ingenthron, W. W., & Fong, W. (1968). The
Dimensional Properties of Knitted Wool Fabrics Part I: The Plain-Knitted Structure
1. Textile Research Journal, 38(10), 999-1012.
https://doi.org/10.1177/004051756803801004

Knapton, J. J. F.,, Truter, E. V., & Aziz, A. K. M. A. (1975). 46—the Geometry,
Dimensional Properties, and Stabilization of the Cotton Plain-Jersey Structure. The
Journal of The Textile Institute, 66(12), 413-419.
https://doi.org/10.1080/00405007508630536

Kobayashi, Y., & Keller, A. (1970). The temperature coefficient of the c lattice

233



parameter of polyethylene; an example of thermal shrinkage along the chain
direction. Notes and Communications, 11(2), 114-117. https://doi.org/10.1016/0032-
3861(70)90030-3

Laycock, G., Leung, R. S. ., & Singewald, E. . (2004). Patent No. US 6,776,014 B1.
United States.

Liu, Y., Yin, L., Zhao, H., Song, G., Tang, F., Wang, L., ... Zhang, Y. (2016).
Lamellar and fibrillar structure evolution of poly(ethylene terephthalate) fiber in
thermal annealing. Polymer, 105, 157-166.
https://doi.org/10.1016/j.polymer.2016.10.031

Long, S. D., & Ward, 1. M. (1991). Shrinkage force studies of oriented polyethylene
terephthalate. Journal of Applied Polymer Science, 42(7), 1921-1929.
https://doi.org/10.1002/app.1991.070420715

Lyons, D. W., & Olson, E. S. (1972). Effect of Drying and Heat-Setting
Temperatures on the Removal Characteristics of Polyvinyl Alcohol Size. Textile
Research Journal, 42(4), 199-202. https://doi.org/10.1177/004051757204200401

Mani, S. (2014). Dynamic Elastic Behavior of Cotton and Cotton/Spandex Knitted
Fabrics. Journal of Engineered Fibers and Fabrics, 9(1), 93-100.

Manich, A. M., Carilla, J., Miguel, R. A. L., Lucas, J. M., Franco, F. G. F., Montero,
L. A., & Cayuela, D. (2010). Thermal transitions of polylactide false-twist textured
multifilaments determined by DSC and TMA. Journal of Thermal Analysis and
Calorimetry, 99(3), 723-731. https://doi.org/10.1007/s10973-009-0616-0

Marmarali, A. B. (2003). Dimensional and Physical Properties of Cotton/Spandex
Single  Jersey  Fabrics.  Textile Research  Journal, 73(11), 11-14.
https://doi.org/10.1177/004051750307300102

Maruhashi, Y., & Tadahro, A. (1996). Structure and Properties of Biaxially Stretched
Poly(Ethylene Terephthalate) Sheets. Polymer Engineering and Science, 36(4), 483—
494,

Marvin, D. N. (1954). The heat setting of Terylene Polyester filament fabrics in
relation to dyeing and finishing. Journal of the Society of Dyers and Colourists,
70(1), 16-21. https://doi.org/10.1111/j.1478-4408.1954.th01999.x

Matlin, N. A., & Nuessle, A. C. (1955). Dimensional stabilization of textile fabrics.
Industrial and Engineering Chemistry Research, 47(9), 1729-17309.

Maurer, M. (n.d.). Heat Transfer Paper vs. Sublimation Printing. Retrieved from
https://www.coastalbusiness.com/blog/heat-transfer-paper-vs-sublimation.htmi

Mecklenburgh, G. K. (1950). the Setting of Nylon Fabrics. Journal of the Textile
Institute Proceedings, 41(4), P161-P175.
https://doi.org/10.1080/19447015008664819

234



Miller, R. W., & Murayama, T. (1984). Dynamic mechanical properties of partially
oriented polyester (POY) and draw-textured polyester (PTY) yarns. Journal of
Applied Polymer Science, 29(3), 933-939.
https://doi.org/10.1002/app.1984.070290321

Miller, R. W., Southern, J. H., & Ballman, R. L. (1983). Investigations of Polyester
Fiber Process/Structure/Property Relationships Part I. Textile Research Journal, 53,
670-677. https://doi.org/10.1177/004051758305301106

Misra, A., & Stein, R. . (1979). Stress-Induced Crystallization of Poly(ethylene
Terephthalate) *. Journal of Polymer Science: Polymer Physics Edition, 17(2), 235—
257.

Mitsuishi, Y., & Tonami, H. (1963). CHANGES IN STRUCTURE AND
PROPERTIES OF POLYETHYLENE TEREPHTHALATE FIBERS BY HEAT
TREATMENT. September, 140-148.

Mody, R., Lofgren, E. A., & Jabarin, S. A. (2001). Shrinkage behavior of oriented
poly(ethylene terephthalate). Journal of Plastic Film & Sheeting, 17(2), 152-163.
https://doi.org/10.1106/YOFP-L790-0KEE-YV6J

Mukhopadhyay, A., Sharma, I. ., & Mohanty, A. (2003). Impact of lycra filament on
extension and recovery characteristics of cotton knitted fabric. Indian Journal of
Fibre and Textile Research, 28(4), 423-430.

Munden, D. L. (1959). 26—The geometry and dimensional properties of plain-knit
fabrics. Journal of the Textile Institute Transactions, 50(7), T448-T471.
https://doi.org/10.1080/19447025908659923

Munden, D. L. (1960). Dimensional stability of plain-knit fabrics. Textile Institute
Proceedings, 51(4), 200-209. https://doi.org/10.1080/19447016008664427

Murthy, N. S. (2004). Recent developments in polymer characterization using X-ray.
The Rigaku Journal, 21(1), 15-24.

Nazir, A., Hussain, T., Rehman, A., & Abid, A. (2015). Modelling Heat - Setting of
Cotton / Elastane Knitted Fabrics for Optimum Dimensional Stability. JTATM, 9(2).

NFPA 1975 Standard on Emergency Services Work Apparel. (2019). Retrieved from
NFPA website: https://www.nfpa.org/codes-and-standards/all-codes-and-
standards/list-of-codes-and-standards/detail?code=1975

NFPA 2112 Pass/Fail Test Series Part 4: The Thermal Shrinkage Test. (2019).
Retrieved from https://tyndaleusa.com/blog/2019/07/17/nfpa-2112-pass-fail-test-
series-part-4-the-thermal-shrinkage-test/

Niu, S., Wakida, T., & Ueda, M. (1992). Effect of Heat-Setting Temperature on the
Hydrazine Treatment of Poly (ethylene Terephthalate) Partially Oriented Yarn.
Textile Research Journal, 62(10), 575-579.

235



https://doi.org/10.1177/004051759206201003

Nobbs, J. H., Bower, D. I., & Ward, I. M. (1976). A study of molecular orientation in
drawn and shrunk poly(ethylene terephthalate) by means of birefringence, polarized
fluorescence and X-ray diffraction measurements. Polymer, 17(1), 25-36.
https://doi.org/10.1016/0032-3861(76)90149-X

Onal, L., & Candan, C. (2003). Contribution of fabric characteristics and laundering
to shrinkage of weft knitted fabrics. Textile Research Journal, 73(3), 187-191.
https://doi.org/10.1177/004051750307300301

Otaigbe, J. U., & Madbouly, S. A. (2009). The processing, structure and properties of
elastomeric  fibers. Handbook of Textile Fibre Structure, 1, 325-351.
https://doi.org/10.1533/9781845696504.2.325

Oxtoby, D. ., Gillis, H. ., & Campion, A. (2011). Principles of Modern Chemistry
(7th ed.). Cengage Learning.

Pakhomov, P. M., Shablygin, M. V., Tsaplin, V. A., Baranova, S. A., & Vysotskaya,
Z. P. (1983). The molecular mechanism of shrinkage of polyethylene terephthalate.
Polymer Science U.S.S.R., 25(3), 672-679. https://doi.org/10.1016/0032-
3950(83)90250-2

Pakuta, T., & Trznadel, M. (1985). Thermally stimulated shrinkage forces in oriented
polymers: 1. Temperature dependence. Polymer, 26(7), 1011-1018.
https://doi.org/10.1016/0032-3861(86)90297-1

Park, S. J., & Seo, M. K. (2011). Types of Composites. In Interface Science and
Technology (Vol. 18). https://doi.org/10.1016/B978-0-12-375049-5.00007-4

Peirce, F. T. (1947). Geometrical Principles Applicable to the Design of Functional
Fabrics. Textile Research Journal, 17(3), 123-147.
https://doi.org/10.1177/004051754701700301

Pereira, J. R. C., & Porter, R. S. (1983). Solid-state coextrusion of poly(ethylene
terephthalate). 1. Drawing of amorphous PET. J. Polym. Sci.: Polym. Phys. Ed., 21,
1133-1145. https://doi.org/10.1002/pol.1983.180210713

Peterlin, A. (1977). Plastic Deformation of Crystalline Polymers. Polymer
Engineering and Science, 17(3), 183-193.

Phillips, D., Suesat, J., Wilding, M., Farrington, D., Sandukas, S., Bone, J., &
Dervan, S. (2003). Effect of heat setting on dimensional stability and dyeing
properties of poly ( lactic acid ) fibres. Coloration Technology, 119(3), 128-133.
https://doi.org/10.1111/j.1478-4408.2003.tb00162.x

Pinnock, P. R., & Ward, I. M. (1966). Stress-optical properties of amorphous

polyethylene terephthalate fibres. Transactions of the Faraday Society, 62, 1308.
https://doi.org/10.1039/tf9666201308

236



Postle, R. (1968). 6—Dimensional Stability of Plain-Knitted Fabrics. Journal of the
Textile Institute, 59(2), 65—77. https://doi.org/10.1080/00405006808659967

Postle, R. (1974). 17—a geometrical assessment of the thickness and bulk density of
weft-knitted fabrics. The Journal of The Textile Institute, 65(4), 155-163.
https://doi.org/10.1080/00405007408630442

Postle, R., & Munden, D. L. (1967). 24—Analysis of the Dry-Relaxed Knitted-Loop
Configuration: Part I: Two-Dimensional Analysis. The Journal of The Textile
Institute, 58(8), 329-351. https://doi.org/10.1080/00405006708629880

Preston, J. M., Nimkar, M. V., & Gundavda, S. P. (1951a). Some Aspects of the
Drying and Heating of Textiles: VI—Modifications produced by Thermal
Treatments. Journal of the Society of Dyers and Colourists, 67(5), 169-176.
https://doi.org/10.1111/j.1478-4408.1951.th02717 .x

Preston, J. M., Nimkar, M. V, & Gundavda, S. P. (1951b). Some Aspects of the
Drying and Heating of Textiles VI-Modifications produced by Thermal Treatments.
The Journal of The Society of Dyes and Colourists, 67(5), 169-176.

Prevorsek, D. C., & Sibilia, J. P. (2006). Chain folding in highly oriented poly (
ethylene terephthalate ). Journal of Macromolecular Science, Part B, 5(3), 617-627.
https://doi.org/10.1080/00222347108212557

Prevorsek, D. C., Tirpak, G. A., Harget, P. J.,, & Reimschuessel, A. C. (1974).
Effects of thermal contraction on structure and properties of PET fibers. Journal of
Macromolecular Science, Part B, 9(4), 733-759.
https://doi.org/10.1080/00222347408204559

Prevorsek, D. C., & Tobolsky, A. V. (1963). Determination of non-flow shrinkage
ratio in oriented fibers. Textile Research Journal, 33(10), 795-802.

Quaynor, L., Nakajima, M., & Takahashi, M. (1999). Dimensional Changes in
Knitted Silk and Cotton Fabrics with Laundering. Textile Research Journal, 69(4),
285-291.

Quaynor, L., Takahashi, M., & Nakajima, M. (2000). the Surface Properties and
Dimensional of Plain Knitted Fabrics. Textile Research Journal, 70(1), 28-35.

Rath, J. P., Chaki, T. K., & Khastgir, D. (2008). Change in Fiber Properties Due to
the Heat Treatment of Nylon 6 Tire Cords. Journal of Applied Polymer Science,
108(6), 3960-3967. https://doi.org/10.1002/app

Rath, J. P., Chaki, T. K., & Khastgir, D. (2012). Effect of Thermal Treatment on
Structure and Properties of Polyester Tire Cords. Journal of Applied Polymer
Science, 124(1), 266-274. https://doi.org/10.1002/app

Ribnick, A. (1969). The Thermal Shrinkage of an Oriented Polyester Yarn as a
Function of Time, Temperature, and Stress. Textile Research Journal, 39(8), 742—

237



748. https://doi.org/10.1177/004051756903900807

Ribnick, A., Weigmann, H., & Rebenfeld, L. (1973). Interactions of nonaqueous
solvents with textile fibers Part 11 Isothermal shrinkage kinetics of Polyester yarn.
Textile Research Journal, 43(3), 176-183.

Riesen, R., & Schawe, J. E. K. (2000). Expansion and Shrinkage of Fibres Load- and
temperature modulated TMA measurements temperature calibration of fiber
attachments. Journal of Thermal Analysis and Calorimetry, 59(1-2), 337-350.

Rodgers, J. E. (1988). Effects of Various Suessen Heat Setting Variables on Thermal
Stress  Analysis Measurement. Textile Research Journal, 58(1), 7-11.
https://doi.org/10.1177/004051758805800102

Rodriguez-Cabello, J. C., Santos, J., Merino, J. C., & Pastor, M. J. (1996). Thermally
Induced Structural Changes in Low-Shrinkage Poly (ethylene terephthalate ) Fibers.
Journal of Polymer Science, Part B: Polymer Physics, 34(7), 1243-1255.

Rudolf, A., GerSak, J., & Smole, M. S. (2011). The effect of heat treatment
conditions using the drawing process on the properties of PET filament sewing
thread. Textile Research Journal, 82(2), 161-171.
https://doi.org/10.1177/0040517511413318

Ruland, W. (1961). X-ray determination of crystallinity and diffuse disorder
scattering. Acta Crystallographica, 14, 1180-1185.
https://doi.org/10.1107/S0365110X61003429

Samuels, R. J. (1972). Quantitative structural characterization of the mechanical
properties of poly(ethylene terephthalate). Journal of Plymer Science Part A-2:
Polymer Physics, 10(5), 781-810.

Sardag, S., & Ozdemir, O. (2012). The effects of tandem and conventional vacuum
steaming methods on the properties of yarns. Textile Research Journal, 82(2), 183—
194. https://doi.org/10.1177/0040517511424527

Senthilkumar, M., & Anbumani, N. (2011). Dynamics of elastic knitted fabrics for
sports  wear. Journal of Industrial Textiles, 41(1), 13-24.
https://doi.org/10.1177/1528083710387175

Sharma, S. K., & Misra, A. (1987). The Effect of Stretching Conditions on Properties
of Amorphous Polyethylene Terephthalate Film. Journal of Applied Polymer
Science, 34(6), 2231-2247.

Sichina, W. J. (2000). DSC as Problem Solving Tool: Measurement of Percent
Crystallinity of Thermoplastics.

Smith, F. S., & Steward, R. D. (1974). The crystallization of oriented poly(ethylene
terephthalate)*. Polymer, 15, 283-286.

238



Spencer, D. (1996). Knitting technology. In Kbnitting International (Vol. 103).
https://doi.org/10.1007/s13398-014-0173-7.2

Statton, W. O., Koenig, J. L., & Hannon, M. (1970). Characterization of Chain
Folding in Poly(Ethylene Terephthalate) Fibers. Journal of Applied Physics, 41(11),
4290-4295. https://doi.org/10.1122/1.550434

Stein, R. S., & Misra, A. (1980). Morphological Studies on Polybutylene
Terephthalate*. Journal of Polymer Science: Polymer Physics Edition, 18(2), 327—
342.

Swastik. (2012). Stenter.pdf. Retrieved from
http://www.swastiktextile.com/Download Catalogue/stenter.pdf

Tezel, S., & Kavusturan, Y. (2008). Experimental Investigation of Effects of
Spandex Brand and Tightness Factor o ... Textile Research Journal, 78(11), 966-976.

Trznadel, M., & Kryszewski, M. (1988). Shrinkage and related relaxation of internal
stresses in  oriented glassy polymers.  Polymer, 29(3), 418-425.
https://doi.org/10.1016/0032-3861(88)90358-8

Trznadel, M., & Kryszewski, M. (1992). Thermal Shrinkage Of Oriented Polymers.
Journal of Macromolecular Science, Part C, 32(4), 3-4.
https://doi.org/10.1080/15321799208021428

Trznadel, M., Pakuta, T., & Kryszewski, M. (1988). The influence of internal
stresses on viscoelastic and thermal properties of oriented and aged glassy polymers.
Polymer, 29(4), 619-625. https://doi.org/10.1016/0032-3861(88)90075-4

Ucar, N., & Ertugrul, S. (2002). Predicting Circular Knitting Machine Parameters for
Cotton Plain Fabrics Using Conventional and Neuro-Fuzzy Methods. Textile
Research Journal, 72(4), 361-366. https://doi.org/10.1177/004051750207200414

Ulrich, H. (1937). Polyurethanes. In Encyclopedia of Polymer Science and
Technology (Vol. 4, pp. 26-72). John Wiley & Sons.

Van Amber, R. R., Niven, B. E., & Wilson, C. A. (2010). Effects of Laundering and
Water Temperature on the Properties of Silk and Silk-blend Knitted Fabrics. Textile
Research Journal, 80(15), 1557-1568. https://doi.org/10.1177/0040517510366019

Venkatesh, G. M., Bose, P. J., Shah, R. V., & Dweltz, N. E. (1978). Studies on
heating and cooling of synthetic fibers, yarns, and fabrics. I. Properties of nylon and
polyester filament yarns on heat setting in silicone oil. Journal of Applied Polymer
Science, 22(8), 2357-2377. https://doi.org/10.1002/app.1978.070220825

Vries, H. de. (1980). Orientation, strain measure, and supramolecular structure in
fibre drawing. Colloid and Polymer Science, 258(1), 1-8.

Wang, H. H., & Hu, Y. J. (1997a). Effects of On-Line Heat Treatment During High

239



Speed Spinning of Polyester Filaments on Dye Uptake. Textile Research Journal,
67(6), 428-435. https://doi.org/10.1177/004051759706700607

Wang, H. H., & Hu, Y. J. (1997b). Effects of On-Line Heat Treatment During High
Speed Spinning of Polyester Filaments on Dye Uptake. Textile Research Journal,
67(6), 428-435. https://doi.org/10.1177/004051759706700607

Warwicker, J. O. (1972). The Structural Causes of Variations in Dyeing Properties of
Terylene Yarn Subjected to Dry and Wet Heat. Journal of the Society of Dyers and
Colourists, 88(4), 142—148. https://doi.org/10.1111/j.1478-4408.1972.tb03072.x

Wilson, M. P. W. (1974). Shrinkage and chain folding in drawn poly(ethylene
terephthalate) fibres. Polymer, 15(5), 277-282. https://doi.org/10.1016/0032-
3861(74)90124-4

Wilson, N. (1967). 42 — The stretch and recovery behavior of elastomeric yarns.
The Journal of The Textile Institute, 58(12), 611-625.
https://doi.org/10.1080/00405006708659957

Wu, G., Yoshida, T., & Cuculo, J. A. (1998). Heat induced shrinkage and
microstructural changes in PET: as-spun fibres prepared via “controlled threadline
dynamics.”  Polymer, 39(25), 6473-6482. https://doi.org/10.1016/S0032-
3861(97)10269-5

Zhang, A., Jiang, H., Wu, C., Zhou, L., & Xuan, L. (1985). Effect of Internal Stress
on Lattice Strain in Relaxed Heat Set PET Filaments. Textile Research Journal,
55(7), 387-393.

Zhao, J., Song, R., Zhang, Z., Linghu, X., Zheng, Z., & Fan, Q. (2001). Study of the
physical aging in semicrystalline poly(ethylene terephthalate) via differential
scanning calorimetry. Macromolecules, 34(3), 343-345.
https://doi.org/10.1021/ma000796m

240



Appendices

Appendix Al: Mean thermal shrinkages of three pairs of data point of

fabric specimens

Middle
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Midgdle
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Figure A.11.1: Three pairs of data lines
The mean thermal shrinkage in the wale direction at three pairs of data points (left,
middle and right) for each sample size for cut panel layout 1 and 2 of fabric heat set
at temperature 140°C, 160°C and 180°C are shown in Table Al.1, Table A1.2 and
Table Al.3 respectively.
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Table A1.11.1: The mean thermal shrinkage in the wale direction at three pairs of

data points (left, middle and right) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 140°C

Cut-panel layout 1

Cut-panel layout 2

Size Meas_u ing s-lk-lrienrlggle s-lr;?iilrlggle
point Number . Standard | Number . Standard
of data in the deviation | of data in the deviation

wale- wale-

direction direction
Left 5 2.94 0.51 5 2.87 0.51
3 | Middle 5 2.81 0.38 5 3.00 0.30
Right 5 291 0.62 5 2.90 0.28
Left 5 2.80 0.45 5 3.02 0.23
6 | Middle 5 2.71 0.24 5 3.04 0.24
Right 5 2.81 0.27 5 2.88 0.15
Left 5 2.74 0.47 5 2.92 0.74
10 | Middle 5 2.69 0.24 5 3.31 0.56
Right 5 2.96 0.36 5 3.49 0.37
Left 5 2.75 0.22 4 3.04 1.50
15 | Middle 5 3.01 0.41 5 2.72 0.38
Right 5 3.27 0.23 4 1.90 1.42
Left 5 3.02 0.17 5 3.03 0.92
21 | Middle 5 3.36 0.24 4 3.84 0.42
Right 5 3.21 0.37 4 3.82 1.10
Left 5 2.82 0.22 4 1.90 0.34
28 | Middle 5 2.85 0.17 5 2.21 0.17
Right 5 3.36 0.35 5 2.20 0.72
Left 5 3.25 0.45 5 3.70 1.03
35 | Middle 5 2.89 0.38 5 4.06 0.14
Right 5 2.81 0.55 5 4.27 0.46
Left 5 1.74 0.52 5 2.23 0.55
45 | Middle 5 2.72 0.64 4 1.79 0.84
Right 5 2.24 0.67 5 2.16 0.71
Left 4 1.93 0.88 5 2.66 1.10
50 | Middle 5 2.46 0.66 3 1.94 0.10
Right 5 2.06 0.46 5 1.62 0.13
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Table A1.11.2 : The mean thermal shrinkage in the wale direction at three pairs of

data points (left, middle and right) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 160°C

Size | Measuring Cut-panel layout 1 Cut-panel layout 2

point Number | Thermal | Standard | Number | Thermal | Standard
of data | shrinkage | deviation | of data | shrinkage | deviation

in the in the

wale- wale-

direction direction
3 | Left 5 3.46 0.86 4 3.47 0.23
Middle 5 3.14 0.30 4 2.48 1.33
Right 5 3.27 0.27 3 3.37 0.44
6 | Left 5 2.56 0.18 3 3.74 0.28
Middle 5 2.67 0.11 2 3.53 0.24
Right 5 2.66 0.23 3 3.27 0.35
10 | Left 5 2.79 0.47 3 3.86 0.09
Middle 5 2.73 0.36 3 3.81 0.11
Right 5 2.94 0.77 3 3.39 0.58
15 | Left 5 2.70 0.61 3 3.23 0.28
Middle 5 2.88 0.84 3 3.22 0.18
Right 5 3.18 0.72 3 3.24 0.09
21 | Left 5 3.24 0.02 4 3.04 0.70
Middle 5 3.35 0.33 4 3.15 0.56
Right 5 3.05 0.16 3 3.05 0.20
28 | Left 5 3.06 0.45 2 3.31 0.97
Middle 5 3.68 0.01 2 3.25 0.22
Right 5 3.40 0.75 2 3.21 0.11
35 | Left 5 2.82 0.71 2 3.44 0.17
Middle 5 2.79 0.22 3 3.63 0.20
Right 5 2.71 0.44 2 3.21 0.14
45 | Left 5 1.68 0.53 5 1.09 0.99
Middle 4 2.19 0.38 5 1.91 0.86
Right 5 1.68 0.10 5 1.66 0.29
50 | Left 5 1.83 0.36 5 2.60 0.40
Middle 5 2.19 0.69 4 1.80 0.38
Right 5 1.56 0.11 5 2.10 0.16
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Table A1.11.3 : The mean thermal shrinkage in the wale direction at three pairs of

data points (left, middle and right) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 180°C

Siz | Measurin Cut-panel layout 1 Cut-panel layout 2
e gpoint | Numbe | Thermal | Standard | Number | Thermal | Standard
rof | shrinkage | deviatio | of data | shrinkag | deviatio

data in the n e in the n

wale- wale-
direction direction

Left 5 3.46 0.86 4 3.47 0.23
3 | Middle 5 3.14 0.30 4 2.48 1.33
Right 5 3.27 0.27 3 3.37 0.44
Left 5 2.56 0.18 3 3.74 0.28
6 | Middle 5 2.67 0.11 2 3.53 0.24
Right 5 2.66 0.23 3 3.27 0.35
Left 5 2.79 0.47 3 3.86 0.09
10 | Middle 5 2.73 0.36 3 3.81 0.11
Right 5 2.94 0.77 3 3.39 0.58
Left 5 2.70 0.61 3 3.23 0.28
15 | Middle 5 2.88 0.84 3 3.22 0.18
Right 5 3.18 0.72 3 3.24 0.09
Left 5 3.24 0.02 4 3.04 0.70
21 | Middle 5 3.35 0.33 4 3.15 0.56
Right 5 3.05 0.16 3 3.05 0.20
Left 5 3.06 0.45 2 3.31 0.97
28 | Middle 5 3.68 0.01 2 3.25 0.22
Right 5 3.40 0.75 2 3.21 0.11
Left 5 2.82 0.71 2 3.44 0.17
35 | Middle 5 2.79 0.22 3 3.63 0.20
Right 5 2.71 0.44 2 3.21 0.14
Left 5 1.68 0.53 5 1.09 0.99
45 | Middle 4 2.19 0.38 5 1.91 0.86
Right 5 1.68 0.10 5 1.66 0.29
Left 5 1.83 0.36 5 2.60 0.40
50 | Middle 5 2.19 0.69 4 1.80 0.38
Right 5 1.56 0.11 5 2.10 0.16

The mean thermal shrinkage in the course directions at three pairs of data points (top,

middle and bottom) for each sample size for cut panel layout 1 and 2 of fabric heat
set at temperature 140°C, 160°C and 180°C are shown in Table Al.4 , Table A1.5

and Table A1.6 respectively.
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Table A1.11.4 : The mean thermal shrinkage in the course directions at three pairs of

data points (top, middle and bottom) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 140°C

Cut-panel layout 1

Cut-panel layout 2

_ Thermal Thermal
Size Me;gitjnr:ng Number shirI:ntI;zge Standard | Number shirrl]ntlgaege Standard
of data deviation | of data deviation

course course

direction direction
Bottom 3 6.33 0.31 4 6.72 0.12
3 | Middle 5 6.38 0.35 4 6.72 0.12
Top 3 6.40 0.44 4 6.29 0.75
Bottom 5 5.31 0.65 5 6.51 0.90
6 | Middle 5 5.15 0.79 4 6.30 0.81
Top 5 5.86 0.96 5 6.15 1.18
Bottom 5 6.05 0.31 5 5.47 0.68
10 | Middle 5 5.54 0.66 5 5.99 0.35
Top 5 5.50 0.37 4 541 0.49
Bottom 5 4.79 0.41 5 5.65 0.57
15 | Middle 5 5.17 0.26 5 5.67 0.48
Top 4 5.04 0.45 5 5.97 0.59
Bottom 5 5.19 0.26 5 4.82 0.34
21 | Middle 5 5.23 0.55 5 6.28 1.11
Top 5 4.92 0.50 5 6.41 1.29
Bottom 5 4.76 0.47 5 5.73 0.45
28 | Middle 5 5.39 0.16 5 5.82 0.53
Top 5 511 0.73 5 5.78 0.36
Bottom 5 4.70 0.83 5 5.37 0.36
35 | Middle 5 5.60 0.69 5 5.56 0.49
Top 5 4.93 0.51 5 5.24 0.94
Bottom 5 3.87 0.28 5 441 0.28
45 | Middle 5 4.03 0.46 5 4.69 0.44
Top 5 4.44 0.36 5 4.16 0.53
Bottom 5 413 0.58 4 4.10 0.45
50 | Middle 5 4.28 0.45 5 4.16 0.56
Top 4 414 0.93 4 4.15 0.67
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Table A1.11.5: The mean thermal shrinkage in the course directions at three pairs of

data points (top, middle and bottom) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 160°C

Cut-panel layout 1

Cut-panel layout 2

Thermal Thermal
Size Meas_urmg Number sh_rml;]age Standard | Number sh_rml;age Standard
point of data In the deviation | of data In the deviation

course course

direction direction
Bottom 5 6.16 0.65 4 5.45 1.55
3 | Middle 5 6.03 0.95 5 5.10 1.70
Top 5 6.45 0.00 5 5.38 1.76
Bottom 4 5.85 1.34 5 5.07 1.05
6 | Middle 5 5.65 0.93 5 5.51 0.47
Top 5 6.31 0.66 3 5.45 1.39
Bottom 2 5.25 0.44 5 4.93 0.84
10 | Middle 4 4.93 0.03 5 5.50 0.72
Top 5 6.01 0.53 5 5.37 0.18
Bottom 5 5.03 0.44 5 4.61 0.63
15 | Middle 5 5.50 0.30 5 5.22 0.30
Top 5 5.28 0.36 5 4.83 0.26
Bottom 5 4.92 0.17 5 4.43 0.83
21 | Middle 5 4.96 0.25 5 4.87 0.47
Top 5 4.46 0.45 5 4.38 0.62
Bottom 5 4.40 0.48 5 4.64 0.75
28 | Middle 5 4.74 0.16 5 4.88 0.30
Top 5 4.40 0.50 5 4.56 0.67
Bottom 5 4.75 0.74 5 4.60 0.27
35 | Middle 5 4.46 0.17 5 4.58 0.22
Top 5 4.06 0.47 5 4.38 0.70
Bottom 5 4.26 0.12 5 4.14 0.35
45 | Middle 5 4.24 0.43 5 3.86 0.17
Top 5 4.20 0.85 5 3.92 0.37
Bottom 5 3.20 0.63 5 4.23 0.54
50 | Middle 5 3.79 0.33 5 4.20 0.89
Top 5 3.06 0.53 5 4.18 0.85
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Table A1.11.6: The mean thermal shrinkage in the course directions at three pairs of

data points (top, middle and bottom) for each sample size for cut panel layout 1 and 2

of fabric heat set at temperature 180°C

Cut-panel layout 1

Cut-panel layout 2

_ Thermal Thermal
Size Me;gitjnr:ng Number shirI:ntI;zge Standard | Number shirrl]ntlgaege Standard
of data deviation | of data deviation

course course

direction direction
Bottom 3 3.26 0.06 5 2.65 0.90
3 | Middle 4 3.25 0.05 5 2.98 0.75
Top 3 3.23 0.00 5 2.35 0.81
Bottom 4 2.88 0.02 5 3.23 0.82
6 | Middle 5 2.82 0.73 5 2.36 0.92
Top 3 2.83 0.05 5 2.95 0.56
Bottom 5 2.60 0.27 5 2.89 1.06
10 | Middle 5 2.55 0.41 5 2.91 0.71
Top 5 2.48 0.64 4 2.42 0.32
Bottom 5 2.65 0.78 5 2.39 0.28
15 | Middle 5 2.76 0.32 5 2.97 1.01
Top 5 2.00 0.44 5 2.14 0.61
Bottom 5 2.52 0.30 5 2.26 0.23
21 | Middle 5 2.55 0.25 5 2.36 0.35
Top 5 2.25 0.24 5 2.41 0.38
Bottom 5 1.89 0.29 5 2.08 0.31
28 | Middle 5 2.42 0.52 5 2.31 0.20
Top 5 2.61 0.89 5 1.92 0.24
Bottom 4 2.25 0.27 5 2.30 0.57
35 | Middle 5 2.11 0.26 4 2.19 0.37
Top 5 191 1.22 5 1.80 0.35
Bottom 5 1.82 0.69 5 2.17 0.51
45 | Middle 5 1.85 0.11 5 1.74 0.16
Top 5 1.60 0.39 5 1.54 0.58
Bottom 5 0.84 0.36 5 1.40 0.17
50 | Middle 5 1.57 0.22 5 1.63 0.16
Top 5 1.43 0.70 5 1.06 0.62
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Appendix A2: Results of Levene’s test of yarn in hank and yarn in
fabric of fabric A at 200°C

The results of Leven’s Test of equality of error variances of yarn in hank and wale
direction thermal shrinkage of fabrics subjected to heat curing at 200°C.

Heat setting temperature 130°C
Heat setting temperature 140°C
Heat setting temperature 150°C
Heat setting temperature 160°C
Heat setting temperature 170°C
Heat setting temperature 180°C
Heat setting temperature 190°C

Heat setting temperature 200°C
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F (1, 24) =3.054, p=0.093>0.05
F (1, 23) =3.920, p=0.060>0.05
F (1, 19) =3.925, p=0.062>0.05
F (1, 20) =1.001, p=0.329>0.05
F (1, 23) =2.150, p=0.156>0.05
F (1, 24) =0.463, p=0.504>0.05
F (1, 20) =0.981, p=0.334>0.05

F (1, 21) =0.099, p=0.756>0.05



