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The effect of heat treatment conditions
using the drawing process on the
properties of PET filament sewing thread
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Abstract

For the production of drawn poly(ethylene terephthalate) (PET) filament threads it is useful to determine the relationship
between the drawing process conditions and the resulting product properties. Drawing at an elevated temperature over
a defined time usually causes changes of the polymer structural parameters that influence the mechanical properties of
the filaments. In order to elucidate the physical background of the drawing process for developing the production
process of PET filament sewing thread, the thread was drawn by varying the treatment temperature and contact
time. The effect of the treatment conditions on the structural and mechanical properties of the drawn threads was
investigated, such as the birefringence, crystallinity, and dynamic mechanical properties of the threads’ filaments, as well
as the mechanical properties and shrinkage of the treated threads. Using the drawing process, higher temperature and
contact time up to the critical values (T, =220°C, n, =9 turns) change the structural parameters and, consequently, any
modifications influence changes in the mechanical properties of the threads. Namely, a higher treatment temperature and
contact time increases the degree of crystallinity, the birefringence, and the maxima of the loss tangent and loss modulus
temperature, and a significant increase in the breaking tenacity, elastic modulus and the thread’s tension at the yield point,
and a decrease of the breaking extension is achieved. The observed deterioration of the thread’s mechanical properties
above the critical treatment conditions is attributed to the destructive phenomena of the supra-molecular structure,
resulting in an imperfect structure of the thread’s filaments.
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Introduction

Poly(ethylene terephthalate) (PET) is used for different
applications in the forms of films and fibers of different
orientation and crystallinity. Orientation and crystallin-
ity in polymers are of great technical importance, since
they have the greatest influence on the physical and
mechanical properties." Sewing thread as a polymer
material displays viscoelastic properties that are condi-
tioned by the supra-molecular structure of the built-in
and twisted filaments. During the sewing process, a
high tensile and heat load of the thread arises that
causes deformation of the thread.>!'' Deformations
are reflected in any structural changes in the thread’s
twisted fibers and, thereby, changes arise in the
mechanical properties.* PET multifilament threads for
application in the automotive industry have to fulfill

high-quality demands regarding strength, elasticity,
and friction properties. In order to ensure appropriate
properties, a sewing thread undergoes the drawing pro-
cess at an elevated temperature, in order to improve the
thread’s mechanical properties. The drawing process is
performed between two heated cylinders of a drawing
machine. Polyester is usually drawn at temperatures
above the polymer glass transition temperature, which
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is imparted by the temperature of the first heated cyl-
inder, whilst the heat treatment of the drawn thread
happens on the second heated cylinder. The thread
runs around the driven cylinders at different velocities
in order to produce the required draw ratio for produc-
ing an enhancement in the filaments’ structure and,
consequently, improving the thread’s mechanical
properties.

The production of high-modulus and high-strength
fibers and yarns has been the subject of intense research
over the past few years. It is well known that the impor-
tant drawing conditions that influence any improve-
ment in PET yarn’s structure are the winding speed,
temperature, and draw ratio.'>'? Heat treatment is a
time, temperature, and stress-controlled process. When
drawing at an elevated temperature, the macromolecu-
lar motions are influenced according to the tensile force
and heat treatment conditions, thus changing the fila-
ments’ mechanical properties.""'* In fact, many mor-
phological modifications, such as conformational
changes, strain-induced crystallization, and variations
in crystal size and distribution, are involved when
drawing, and thus orienting, PET.">'® Much research
work has been done on detailed studies regarding the
drawing and heat treatment effect on filaments proper-
ties,'” %’ laser-heating zone-drawing and vibrating hot
drawing.”®?

In earlier research, the structure—properties relation-
ships of the PET filament sewing thread after drawing
at an elevated temperature were investigated using dif-
ferent draw ratios (1.05, 1.10, 1.15, 1.20 and 1.25).%°
Dependence was confirmed between the draw ratio,
structural parameters, and mechanical properties. A
higher draw ratio increases the birefringence, amor-
phous orientation, and degree of crystallinity, as well
as breaking tenacity, elastic modulus, the tension of the
thread at the yield point, and decreases the breaking
extension. The drawing process was performed at a
constant treatment temperature and contact time of
the thread with the heated cylinders of the drawing
machine. An investigation into differently treated
threads by varying the treatment temperature and con-
tact time on the second heated cylinder at a constant
draw ratio was performed during this research in order
to understand the influence of heat treatment condi-
tions on the thermo-mechanical properties of the PET
filament sewing thread.

Thus, much research has focused on determining the
effect of drawing and heat treatment conditions on the
properties of fibers or yarns, but no studies are cur-
rently available regarding the sewing thread. Namely,
after the drawing process, two or more yarns are plied
and joined by twisting. Then, these threads followed the
process of thread dyeing. Both twisting and dyeing pro-
cesses influence the properties of the thread. Drawing

and heat treatment of the thread was performed on a
dyed thread in order to achieve the desired properties.
Therefore, the main aim of this research was a detailed
study of the effect of heat treatment conditions using
the drawing process, on the properties of the PET fila-
ment sewing thread.

Experimental details
Material and samples preparation

An investigation was performed on a dyed and lubri-
cated PET filament sewing thread, for car industry
application, into the influence of thermal treatment
conditions during the drawing process on its structural
and mechanical properties. The thread was produced
from commercial multifilament PET yarn (SANS
Fibers) of 28/72/0, i.e. 28 tex, 72 filaments and zero
twist; as 3-plied and Z-twisted thread with 210 turns/
m and nominal linear density of 84 tex. Furthermore,
the thread was dyed with dispersion dye in a dyeing
apparatus in the form of packages at 130°C for
45min. After the dyeing process the thread samples
were prepared on an Edmund Erdman drawing
machine, type DMW 08/190, by varying the treatment
temperature and contact time on the second heated cyl-
inder, whilst the other drawing conditions on the first
heated cylinder and draw ratio were constant. The tem-
perature of the first heated cylinder was 77 =120°C,
and number of the thread turns that defines the contact
time of the thread with the first heated cylinder was
n; =11 turns, and the draw ratio A =1.14. During the
first treatment procedure the thread was exposed to
different treatment temperatures on the second heated
cylinder, namely 7,=200, 210, 220 and 230°C. The
contact time of 5 turns was constant. The second treat-
ment involved the preparation of threads by using dif-
ferent contact times on the second heated cylinder,
namely n,=7, 9, 11 and 13 turns, and the treatment
temperature of 200°C was constant. In addition, the
sewing threads were surface-treated with a Rayolan
HTM lubrication agent.

Analytical methods

Different analytical methods such as calorimetric mea-
surements, birefringence determination, and dynamic
mechanical, as well as tensile measurements were used
for the investigation into the effect of the drawing pro-
cess conditions on PET filament sewing thread’s
properties.

Birefringence. The compensation method according to
Ehringhaus was used for filament birefringence
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determination using an Ortholux Polarization micro-
scope (Leitz-Wetzlar). The diameter of the filament
was measured microscopically using an eye-piece
micrometer. The measurements were performed at a
wavelength of 546.1 nm (white light), and the birefrin-
gence (An) was calculated from these measurements.!

Differential ~ scanning  calorimetry. The melting
enthalpy was determined by differential scanning calo-
rimetry (DSC) using the DSC-TA-4000-Mettler Toledo
measuring system. Each thermogram was recorded
from 25-350°C. The heating rate was 10°C/min. The
melting enthalpy of the samples (AH,,) was deter-
mined from the area of the curve’s endothermic peak.
The degree of crystallinity (aay) was calculated from
the melting enthalpy of the samples.®’ The melting
enthalpy of the ideal crystalline PET of 140.1J/g was
used for calculation.*?

Dynamic mechanical analysis (DMA). Measurements
of the filaments’ dynamic mechanical properties were
carried out using a Perkin Elmer DMA7 measuring
system at a constant frequency of 10 Hz. The experi-
ment was conducted at 30°C, with a static force of
500mN and dynamic force of 400 mN. A heating rate
of 5°C/min was used. Samples were prepared in the
form of a 72 filaments bundle. The B-relaxation transi-
tions (glass transition) were determined by dynamic
mechanical analysis, having arisen from the movements
of the molecular segments in the amorphous regions.
The results were calculated and graphically processed
by a program operating at the measuring system. Loss
tangent (tand) and loss modulus (E””) were determined
at the relaxation transitions’ maximum, as well as the
temperature of the loss modulus (Tg»).

Shrinkage. Boiling water shrinkage was tested follow-
ing the standard method ASTM D2102* and the initial
lengths of the threads were measured. The threads were
immersed in boiling water for 30 min. After free shrink-
age occurred, the samples were removed from the bath
and their lengths were measured. Then, shrinkage (S)
was calculated from the initial length (Ly) and the
length of the thread after treatment (Lg) and expressed
as a percentage.

Mechanical properties. The measurements of the fila-
ments’ mechanical properties were carried out on a
Vibrodyn 400 dynamometer, connected to a
Vibroskop 400 linear density measuring device, accord-
ing to the standard test method ISO 5079.** Breaking
tenacity, breaking extension and elastic modulus at 1%
extension were calculated from the obtained results.
Measurements were carried out under standard
conditions.*”

The mechanical properties of the yarn and drawn
threads were measured on an Instron 6022 dynamom-
eter according to the standard test method ISO 20623
under standard conditions.”® A mean stress—strain
curve was constructed from the measurements, and
the visco-clastic parameters were calculated and deter-
mined from the mean curve,’’ and from the first,
second and third derivative of the experimental curves
(0’, 67, 6’”), respectively. The elastic modulus (E,) was
determined at the gradation points of the first deriva-
tive curve, where the second derivative curve intersects
the x-axis. The tension at the yield point (cy) was deter-
mined on the curve o(¢) at the position of ¢’”’(¢) =0.
The linear density of the threads was determined
according to the standard test method ISO 1889.%%

Results and discussion

Influence of the treatment temperature and contact
time on the structural parameters

The structural parameters of the drawn PET filament
thread conditioned by the heat treatment temperature
on the second heated cylinder at a constant contact
time of 5 turns are presented in Table 1. The influence
of the heat treatment temperature on the structural
parameters is presented in Figure 1.

The degree of crystallinity of 0.390, determined from
the DSC curve, and a birefringence of 0.2127 were
found for the untreated yarn’s filament. An increase
in the degree of crystallinity was found for the heat
treated threads when compared with the untreated
yarn, Table 1. In Figure 1(a) a trend of increase in
the degree of crystallinity was observed when increasing
the treatment temperature up to 220°C. The highest
degree of crystallinity 0.437 was achieved at a treatment
temperature of 220°C. The heat treatment increases
molecular orientation, as confirmed by the measure-
ments of the filament’s birefringence (Table 1) when
compared with the untreated yarn. The trend of
increase in the birefringence with increasing the treat-
ment temperature was only observed up to a treatment
temperature of 220°C, where the highest An of 0.2350
was achieved (Figure 1(a)). A similar effect from a heat-
setting temperature on increased crystallinity and
molecular orientation for taut annealed multifilament
PET yarn was observed by Gupta and Kumar.?® They
observed an increase in the crystallinity and crystallite
size, as well as in birefringence when the heat-setting
temperature increases. Bigger crystals can grow by
merging the small crystallites into bigger ones, and
during this process some or most of the small crystals
dissolve, depending on the temperature of the heat set-
ting. In addition, the perfection of the crystallites could
be improved by the disappearance of the crystal defects.

Downloaded from trj.sagepub.com at PENNSYLVANIA STATE UNIV on September 18, 2016


http://trj.sagepub.com/

Textile Research Journal 0(00)

Table I. Structural parameters of the drawn PET filament threads conditioned by the heat treatment temperature on the second

heated cylinder

Heat treatment conditions Degree of Temperature of
Sample crystallinity Birefringence Loss tangent Loss modulus loss modulus Shrinkage

T, (°C) n, (turns) ID OAH An tand max E” max (|06 Pa) Termax (°C) S (%)
200 5 D, / 0.2237 0.154 431 / 2.55
210 D, 0.421 0.2268 0.165 4.65 127.55 3.05
220 D3 0.437 0.2350 0.151 3.37 128.07 4.55
230 D4 0.432 0.2340 0.145 5.50 127.89 227
Furthermore, Huisman and Heuvel'?> confirmed an
increase of crystallinity, and both molecular and crys- wH e
talline orientation, with increasing treatment tempera- (a)0.48 0.24
ture. They found that heat treatment at low . » @ . | 023
temperature results in many small crystals, whilst at a 044+ .o ’
high treatment temperature slightly smaller-sized crys- 3 - +o22 =
tallites were formed in the PET yarn. On this basis, it 040+ @
could be supposed that with any increase in the treat- |_| To#
ment temperature up to 220°C, the heat input in the 5 0.20
PET sewing thread increases and the mobility of the untreated 200 210 220 280
macromolecular chains is enhanced. As the tempera- Heat treatment temperature (°C)
ture increases, the mobility of the polymer segments (b) 020 fandmax @ TE"max 130
increases. This allows ecasier alignment of the polymer
segments to the crystals. In addition, increased temper- _omsy A e, T8 §
ature and tensile deformation by the drawing process £ ot0t — L1226 §
probably causes straightening and sliding of the S 0ost | 1o -
strained intrafibrillar tie molecules, which proceed to '
the crystalline domains. This is confirmed by an 0.00 - i eated 200 210 250 230 122
increased degree of crystallinity and birefringence Heat treatment temperature (°C)
after the heat treatment process on the drawing E'max @S
machine. However, a decrease in the degree of crystal- ()6 °
linity and birefringence was observed at the highest s T4
treatment temperature of 230°C (Table 1). We suppose & 4T ° +3 &
that the observed structural changes arise from varia- F ® |, °
tions in the non-crystalline regions and at the beginning E 2T | e 1,
of the small crystallites’ melting process.

Changes in the physical state were observed when untreated 200 210 220 o0 0
scanning the temperature during the DMA experi- Heat treatment temperature (°C)
ments, and the loss tangent (tgd) and loss modulus
(E”) were determined at the relaxation transitions’ Figure 1. Influence of the heat treatment temperature on

maxima, as well as the temperature of the loss modulus
(Tg»), which is used for interpretation of the glass tran-
sition temperature.”” The filaments’ loss modulus E”
represents the molecular relaxation processes in the
non-crystalline regions of the polymer, and is a func-
tion of the amount and degree of orientation of the
non-crystalline chains in the sample.”” With any
increase in amorphous orientation there is an increase
in resistance to thermal mobility; consequently, a lower
loss modulus appears and the glass transition tempera-
ture is higher.” Therefore, we used the loss modulus
maximum as a criterion for an estimation of the amor-
phous orientation. The B-relaxation transitions maxima

structural parameters. Threads were treated at constant contact
time of 5 turns on the second heated cylinder. (a) degree of
crystallinity/birefringence, (b) loss tangent/temperature of the
loss modulus, (c) loss modulus/shrinkage.

(glass transition) of the untreated yarn’s filaments were:
loss tangent 0.131, loss modulus 4.48 x 10°Pa, whilst
the temperature of the loss modulus was 124.21°C.
When compared with the untreated yarn with heat-
treated threads on the second heated cylinder, an
increase in the loss tangent and the temperature of
the loss modulus maximum up to 220°C was achieved,
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whilst the loss modulus decreased (Table 1). A trend of
Tgrmax and glass transition temperature increase
(Figure 1(b)), respectively, and a decrease in the
E"ax With increasing treatment temperature up to
220°C was observed (Figure 1(c)). With an increase of
the treatment temperature to 230°C, a decrease of the
glass transition temperature and an increase in the loss
modulus was achieved, as can be seen in Table 1. The
heat treatment increased the loss tangent (Table 1),
whilst any significant dependence on increasing temper-
ature was not observed. It achieved the highest value at
the treatment temperature of 210°C. On the basis of the
DMA results, it could be concluded that increasing the
treatment temperature up to 220°C on the second
heated cylinder improves the amorphous orientation.
Because the heat treatment was performed just after
the drawing process on a drawing machine, the
sewing thread was heated in a taut state. Therefore,
the tensile deformation and increasing temperature up
to 220°C contributes to greater alignment of the mac-
romolecules along the filament’s axis, and probably
increases trans conformation in the non-crystalline
macromolecules. The increase in the amorphous orien-
tation induced by the heat treatment also contributes to
the increase in the loss tangent and glass transition tem-
perature, and to the loss modulus decrease.

The results of this investigation are confirmed by the
results obtained by Murayama.'* An increase in the
degree of crystallinity and molecular orientation was
found when increasing the treatment temperature and
drawing the PET yarn. As the crystallinity and molec-
ular orientation increased the E”,,,, decreased, and a
shift of E”,.x to higher temperatures was evident,
whilst an increase in the width of the E” peak is attrib-
uted to an increased range of order."* An increase of
the amorphous orientation with any increasing heat-
setting temperatures of the samples treated in the taut
state was also found by Gupta and Kumar.?® On the
other hand, they determined a decrease in the amor-
phous orientation with increasing temperature for
free-annealed samples. Increase in non-crystalline ori-
entation with increasing treatment temperature is also
confirmed by the results of the shrinkage of the threads
in boiling water. The thermally induced shrinkage
occurs as a result of disorientation in the oriented
non-crystalline regions of the fibers.”® It has been
shown that, in PET yarns, shrinkage is a unique func-
tion of the product of the amorphous volume fraction
and amorphous-orientation factor.'® It was observed
that taut annealed samples show a higher shrinkage
than the free-annealed samples, as a result of the con-
traction of highly extended interfibrillar tie molecules.*
Therefore, the higher orientation of the non-crystalline
regions is the reason for higher fiber shrinkage caused
by a disorientation process occurring in the oriented

amorphous phase. The shrinkage was 1.32% for the
untreated yarn. The shrinkage increased during heat
treatment (Table 1). A trend towards an increase in
the shrinkage was observed when increasing treatment
temperature up to 220°C (Figure 1(c)), where shrinkage
of 4.55% was achieved. When heat treatment at a tem-
perature of 230°C was performed, a decrease in shrink-
age to the value of 2.27% occurred. In addition, it was
found that heat treatment on the second cylinder at a
temperature 230°C leads to decreases in the birefrin-
gence, degree of crystallinity, amorphous orientation,
and glass transition temperature. Therefore, a signifi-
cant decrease in shrinkage is reasonable, whilst the
destruction of the filaments’ supra-molecular structure
begins initially in the non-crystalline phase and pro-
ceeds to the crystalline domains.

The structural parameters of the drawn PET fila-
ment thread, conditioned by the heat treatment contact
time on the second heated cylinder at the constant
temperature of 200°C, are collected in Table 2. The
influence of the heat treatment contact time on the
structural parameters is presented in Figure 2.

The heat treatment and increasing contact time of
the thread around the second cylinder improves the
structural parameters when compared with the
untreated yarn, as can be seen in Figure 2. With an
increase in the contact time up to 9 turns, a trend was
found towards an increase in the degree of crystallinity,
birefringence, loss tangent, and glass transition temper-
ature (Figure 2). Any significant influence of the con-
tact time was not observed within the range between 7
and 9 turns, on the loss modulus and shrinkage. Both
parameters express high amorphous orientation
obtained by heat treatment, which is independent of
the contact time. With regard to the findings of Van
den Heuvel et al.,”® Ajji et al.'® and Suzuki and
Mochiduki,* we are assuming that increasing the heat-
ing time up to 9 turns increases the trans conformation
in the non-crystalline molecules. Macromolecules of the
taut thread’s filaments above the glass transition tem-
perature tend to arrange along the filament’s axis.
Therefore, the amount of gauche conformations
diminishes and proceeds to trans conformations. In
addition, a high constant treatment temperature also
contributes to an increase in the degree of crystallinity
and both crystalline and amorphous orientation, as
well as to an increase in the glass transition
temperature.

There are some structural changes that are unex-
pected. These are the low value of the loss tangent at
a contact of 7 turns, and the shrinkage obtained at a
contact time of 9 turns. Moreover, when comparing the
threads marked D1, E1 and E2 that were heat treated at
200°C at different contact times (5, 7 and 9 turns), any
increase in the birefringence and amorphous
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Table 2. Structural parameters of the drawn PET filament threads conditioned by the heat treatment contact time on the second

heated cylinder

Heat treatment conditions Degree of Temperature of
Sample crystallinity Birefringence Loss tangent Loss modulus loss modulus Shrinkage
T, (°C) n, (turns) ID OAH An tand max E” max (|06 Pa) Termax (°C) S (%)
200 7 E, 0.448 0.2310 0.129 3.85 128.94 4.16
9 E, 0.461 0.2351 0.151 3.45 129.75 4.08
I Es 0.449 0.2224 0.150 4.49 124.93 1.03
13 E4 0.439 0.2236 0.125 4.75 124.69 0.77
orientation with increasing treatment time can be seen
in Tables 1 and 2. The unexpected structural changes Dot 1 @ an
caused under heat treatment conditions are attributed (a)0.48 0.24
to the non-uniform treatment of the filaments due to o — 1 o3
their different positions in the twisted thread’s cross- 0.44+ g ’
sections. Namely, sewing thread has a geometry of par- z e T022 5
allel filaments that are twisted to achieve sufficient 040+ © 1 o1
cohesiveness. In this form the filaments are inclined |_| '
under defined twist angles in regard to the longitudinal 036" ————— 5 » s 020
thread axis. According to idealized helical yarn geom- ,
etry, the sewing thread is assumed to be circular in Heat treatment contact time (turns)
cross-section and composed of a series of concentric (b) 0.20 ltan smax @ TE"max -
cylinders of differing radii, where the filaments follow
a helical path around one of the concentric cylinders.*! 0.15+ 1'% .
Therefore, it is supposed that only a part of the thread’s § o104 : 122 %
filaments are in direct contact with the heating cylinder. g o 1 o 'j
On the other hand, it should be stated that textile fibers ~ 0054
are generally non-homogeneous** and, therefore, prop- 1'%
erty variations along the fiber axis can usually be 000 ed 7 9 1 P
observed. Furthermore, when prolongation of the con- Heat treatment contact time (turns)
tact time within the range between 11 and 13 turns of Oenm ®s
the thread around the second heated cylinder at a con- (c)6 6
stant temperature of 200°C was performed, a trend was g
observed towards a decrease in the degree of crystallin- 247 hd e T4 T
ity, birefringence, loss tangegt, gla§s trans.ition temper- § Nl H 1, @
ature, and amorphous orientation (Figure 2). A iy o o
significant decrease in non-crystalline orientation is 0
especially evident from the threads’ shrinkage. untreated 7 9 " 13
Namely, at a contact time of 9 turns of the thread Heat treatment contact time (turns)

around the second heated cylinder, a shrinkage of
4.08% was found, whilst at 13 turns a significant
decrease to a value of 0.77% was achieved (Table 2).
Prolongation of the treatment time enables longer heat
transfer into the thread, which is in direct contact with
the heated cylinder. This leads to a significant mobility
of the macromolecules. An observed decrease in amor-
phous orientation could arise from conformational var-
iations in non-crystalline regions. On the basis of the
gained results, we conclude that at heat treatment con-
tact time over more than 9 turns, the rearrangements in
the amorphous layers affect the crystallites’ outer layers
regions, resulting in a slight destruction of the supra-
molecular structure.

Figure 2. Influence of the heat treatment contact time on
structural parameters. Threads were treated at constant tem-
perature of 200°C on the second heated cylinder. (a) degree of
crystallinity/birefringence, (b) loss tangent/temperature of the
loss modulus, (c) loss modulus/shrinkage.

It could be concluded that heat treatment by the
drawing process improves the structural parameters of
the PET threads’ filaments. Increasing the treatment
temperature within the range between 200°C and
220°C, and increasing the contact time within the
range between 7 and 9 turns of the thread around the
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Table 3. Mechanical properties of the drawn PET filament threads conditioned by the heat treatment temperature on the second

heated cylinder

Breaking tenacity oy, Breaking extension Elastic modulus E, Tension of
Heat treatment conditions (cN/tex) ep (%) (cN/tex) the thread
Sample at yield point

T, (°C) n, (turns) ID Filament Thread Filament Thread Filament  Thread Gy (cN/tex)
200 5 D, 69.4 58.49 18.9 16.72 394 4.75 9.29

210 D, 68.2 58.12 16.3 15.93 411 6.00 8.66

220 D3 714 60.72 14.1 12.13 463 7.41 9.27

230 D, 69.2 59.24 17.1 17.86 391 5.21 8.52
second heated cylinder, a positive trend was observed

toiwards an increase in the deg.ree of crystallinity, bllre- Bob filament @ ob thread

fringence, amorphous orientation, and glass transition (a) 75 65
temperature. It should be emphasized that the drawing < 734 163
process at a constant draw ratio and elevated tempera- § _— o 161 ﬁ
ture (first cylinder) is performed just before the addi- < e e C3

. . £ 69T --- T 59 3
tional heat treatment on the second cylinder, therefore £ 2
this drawing condition also attributes to improved fila- 8 7 T8
ments properties. The process of heat treatment on the S nteated 200 210 220 o0 D
second cylinder at a temperature above 220°C and Heat treatment temperature (°C)
TclbOVC the contact time of 9 turns, legd.s to a decrease @ebflament @ &b thread
in the birefringence, degree of crystallinity, amorphous (b)25 25
orientation, and glass transition temperature. We pre- a4l Log~
sume that the observed structural changes arise from < . g
conformational variations in the non-crystalline £ BT o T
regions, and an initiation of the small crystallites’ melt- 8 104 % +10°
ing process. 5 5

untreated 200 210 220 230
Heat treatment temperature (°C)
Influence of the treatment temperature and
. . . EOfilament @ EO thread
contact time on the mechanical properties (c) 600 9
— 0
The mechanical properties of the drawn PET multifila- & s00T | © T 7§
ment threads conditioned by the heat treatment tem- 40071 1:2
perature are presented in Table 3. The influence of the 5300 £
heat treatment temperature on the mechanical proper- uﬁj 200+ T3d8
ties of the threads is shown in Figure 3. 0-————224 o = 21
. untreate
Whep heat treatment of the PET filament sewing Heat treatment temperature (°C)

thread is performed, the modification of the filaments’

structure affects any changes in the thread’s mechanical
properties. The mechanical properties for the untreated
yarn’s filament were: breaking tenacity 70.80 cN/tex,
breaking extension 17.6%, and elastic modulus 548
cN/tex, whilst the mechanical properties for the
untreated yarn were: breaking tenacity 62.09 cN/tex,
breaking extension 13.54%, elastic modulus 7.60 cN/
tex, and the tension of the yarn at the yield point
11.62 cN/tex. Increasing the temperature of the
second cylinder influences changes in the mechanical
properties of the filaments and threads, as shown in
Figure 3. After heat treatment at the lowest tempera-
ture of 200°C the thread, when compared with the
untreated yarn, had lower values for breaking tenacity,

Figure 3. Influence of the heat treatment temperature on
mechanical properties. Threads were treated at constant contact
time of 5 turns on the second heated cylinder. (a) breaking
tenacity, (b) breaking extension, (c) elastic modulus.

elastic modulus, and the tension at the yield point, and
a higher value for breaking extension (Table 2). This
phenomenon arises due to the twisting of the thread,
where the thread shapes into a spiral form. Within this
form, the filaments are inclined at a defined angle in
regard to the thread axis, which decreases the tensile
strength and increases the breaking extension.*'*
Furthermore, the torsion and compressive loadings of
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Table 4. Mechanical properties of the drawn PET filament threads conditioned by the heat treatment contact time on the second

heated cylinder

Breaking tenacity oy, Breaking extension Elastic modulus E, Tension of
Heat treatment conditions (cN/tex) ep (%) (cN/tex) the thread
at yield point

T, (°C) n, (turns) Sample ID  Filament Thread Filament  Thread Filament  Thread ny(cN/th)
200 7 E, 70.0 62.04 12.3 11.99 482 7.70 10.22

9 E, 73.1 61.59 12.7 12.12 490 7.40 8.62

Il Es 67.0 59.26 18.8 16.70 378 5.80 7.69

13 E4 67.4 59.63 16.9 17.95 379 5.25 7.77
the thread-twisted filaments originate when twisting,
and in particular decrease the elastic modulus. When ]
1 1 ob filament @ ob thread
increasing the treatment temperature up to 220°C a (a) 75 65
trend towards an increase in the breaking tenacity, = 734 163 %
and especially the elastic modulus is observed, whilst § - ° o ler =
the breaking extension decreases with increasing treat- < 601 o Tre | 59 %
ment temperature (Figure 3). The breaking tenacity of § o % ls %
the filament achieved the highest value of 71.40 cN/tex, 8 % % ©
whilst the highest value for the thread’s breaking tenac- 65 Sntreated 7 9 11 13 %
ity was 60.72 cN/tex. When a treatment temperature of Heat treatment contact time (tums)
220°C was used, the breaking extension of the filament (b) 25 Beb filament @ b thread o5
was 14.10% and for the thread 12.13%, whilst the elas-
tic modulus of the filament was 463 cN/tex and for the g 27 e | £
thread 7.41 cN/tex, respectively. The tension of the g BT | o "15§
thread at the yield point does not show any tendency 2 104 % % L2
to vary with increasing treatment temperature, as can
be seen in Table 3. It achieves its highest value of 9.29 ® nteated 7 9 11 13 0
cN/tex at a treatment temperature of 200°C. By Heat treatment contact time (turns)
increasing the treatment temperature, the most exten- (c) 600 B EO filament @ EO thread 0
sive change was achieved for the breaking extension < 500l [© ° _
and elastic modulus when compared with the breaking e 178
tenacity (Table 3). It is well known that improved 5 001 > e 153
mechanical properties are attributed to higher crystal- é 800T 1 i
linity, and to higher orientation of the macromolecules s 2007 s
in both the crystalline and amorphous phases. 100 rreated 7 ) 11 131
Furthermore, Gupta and Kumar®? found, in regard to Heat treatment contact time (turns)

the taut heat-treated samples, an increase in the break-
ing tenacity and tension at the yield point with increas-
ing temperature, and a decrease in the breaking
extension. They established that, beside the crystalline
orientation and the sizes and distribution of the crys-
tallites, the amount and orientation of the amorphous
phase influences the mechanical properties.”'** The
results of this investigation coincide with their findings.
Deterioration in the mechanical properties above the
treatment temperature of 220°C coincides with the
observed structural changes in the presented research.

The mechanical properties of the drawn PET multi-
filament threads conditioned by the heat treatment con-
tact time are presented in Table 4. The influence of the
heat treatment contact time on the mechanical proper-
ties of the threads is shown in Figure 4.

Figure 4. Influence of the heat treatment contact time on
mechanical properties. Threads were treated at constant tem-
perature of 200°C on the second heated cylinder. (a) breaking
tenacity, (b) breaking extension, (c) elastic modulus.

After the treatment at the lowest contact time of the
thread with the second heated cylinder, the thread,
when compared with the untreated yarn, had similar
values for breaking tenacity and elastic modulus, and
a significant decrease in the breaking extension was
achieved, as can be seen in Figure 4. This means that
even a low contact time has a great influence on
changes in the thread’s mechanical properties.
Furthermore, any increase in the contact time of the
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thread around the second heated cylinder up to the
critical value of 9 turns forms a better fibrillar structure,
which is confirmed with increased degree of crystallin-
ity, birefringence, amorphous orientation, and glass
transition temperature. Thereby, an increase in the
breaking tenacity and elastic modulus was achieved,
whilst the breaking extension decreased. A similar influ-
ence of the treatment time, especially on amorphous
orientation, breaking extension and elastic modulus,
can be seen in Figures 2 and 4. The tension of the
thread does not show any expected tendency towards
variation with increasing heat treatment contact time.
It achieved the highest value of 10.22 cN/tex at a con-
tact time of 7 turns. By increasing the treatment time
above 9 turns, a decrease in the breaking tenacity, elas-
tic modulus, and the tension of the thread at the yield
point was achieved, and a significant increase in the
breaking extension arose, as shown in Figure 4. With
prolonged treatment time there is a relationship
between the structural and mechanical properties. It
can be concluded that increasing the treatment contact
time up to 9 turns improves the tensile properties of the
threads. The breaking tenacity of the filament achieves
the highest value of 73.10 cN/tex, whilst the highest
value of the thread breaking tenacity is 62.04 cN/tex.
When a contact time of 9 turns was used, the breaking
extension of the filament was 12.70% and of the thread
12.12%, whilst the elastic modulus of the filament was
490 cN/tex and that of the thread 7.40 cN/tex, respec-
tively. Increasing the treatment time of the PET fila-
ment sewing thread on the second heated cylinder has
a greater influence on changes in the breaking extension
and elastic modulus, when compared with the breaking
tenacity (Table 2).

On the basis of this research it could be concluded
that the heat treatment process leads to a more perfect
fibrillar structure of the threads’ filaments, thereby an
increase in the breaking tenacity, elastic modulus, and
the tension of the thread at the yield point, and a
decrease in the breaking extension can be achieved up
to a critical treatment temperature of 220°C and treat-
ment contact time of 9 turns. The deterioration of the
mechanical properties due to the heat treatment process
at temperatures above 220°C and contact time above 9
turns was found, and coincides with the observed struc-
tural parameters. The breaking tenacity, elastic modu-
lus, and the tension of the thread at the yield point were
decreased, whilst an increase in the breaking extension
was achieved.

Conclusion

The effect of the heat treatment conditions during the
drawing process on the structural and mechanical

properties of PET filament sewing thread was investi-
gated in this paper. The trend towards interdependence
was confirmed between the heat treatment conditions
and structural parameters within the range between a
treatment temperature of 200°C to 220°C, and a con-
tact time of 7-9 turns of the thread around the second
heated cylinder. Increasing the treatment temperature
and contact time increases the degree of crystallinity,
birefringence, and the maxima of the loss tangent and
loss modulus temperature. These structural modifica-
tions also comprise changes in the thread’s mechanical
properties, i.e. an increase in the breaking tenacity, elas-
tic modulus, and the tension of the thread at the yield
point, and a decrease in the breaking extension is sig-
nificant when the heat treatment temperature increases
up to 220°C, and when the contact time increases up to
9 turns. Deterioration of the thread’s mechanical prop-
erties above a temperature of 220°C and a contact time
above 9 turns of the thread around the second heated
cylinder is attributed to the beginning of supramolecu-
lar structure destruction, resulting in a less than perfect
structure of the thread’s filaments.
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