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adhesion properties. Because of this reason, we propose to
lop an air-jet texturing process to produce textured yarns
g high performance filament yarns with as little disturbance as
ible to the parallel arrangement of the filaments, as it is very
ortant for fatigue and mechanical performance, and with as
surface loop formation as possible. By this way we expect to
in tangible improvement in their adhesion properties.

n this paper we report the preliminary work performed by
g conventional PET yarns as they have the same chemical
cture with high modulus and tenacity PET yarns. The aim of
work is to determine the air-jet texturing parameters to keep

parallel structure of the filaments as much as possible without
ing significant mechanical loss and to understand the effects of
et texturing on adhesion behaviour of conventional PET to
er.

xperimental

Materials

n this study commercially produced partially oriented PET
s, which were supplied by Korteks, Turkey were used. Their
erties are given in Table 1.
FL, used for dipping of the yarns and the rubber compound

for adhesion tests were provided by KordSA. An example
ulation for the RFL solution is given in Table 2.

Air-jet texturing studies

n this work, core-and-effect texturing of four supply yarns was
ormed. In each step the number of core and effect components
their overfeed levels were changed to determine the suitable
et texturing parameters in order to keep the parallel structure
e filaments as much as possible with no significant mechanical

. In air-jet texturing, changing the core yarn overfeed has a
ct influence on the strength of the textured yarn while the
t yarn overfeed determines the size of the loops. Core and
t yarn overfeeds usually range from 2 to 15% and 15 to 150%,
ectively [4]. A typical air-jet textured yarn for conventional
iles application is shown in Fig. 1.
o obtain these desired yarn properties the overfeed levels were
low. Only the core component was wetted prior to texturing

the pressure of the air jet was 1.05 MPa. The yarn codes and the
uction parameters are given in Table 3.
ll the air-jet texturing studies were carried out in the
ratories of Korteks, Turkey on a SSM Stähle RM3T machine
the following parameters: 500 m/min texturing speed, 200 8C

er temperature, Hemajet T341 type of nozzle.

Drawing and air-jet texturing of the feed yarns were performed
in one step. The draw ratio was 2.15, and the temperatures of the
drawpins were 55 and 75 8C, respectively.

The yarn with a code of 4CR was produced as a reference yarn by
only drawing of four ends of core yarns without air-jet texturing
with the same production parameters.

2.3. Tensile measurements

Tensile measurements were performed on a Textechno
Statimat ME tensile tester at a gauge length of 500 mm and
crosshead speed of 300 mm/min.

2.4. Optical microscopic studies

The arrangement of the filaments in the yarns was observed by
means of Automatic Trinocüler Stereo Zoom Microscope (Olympus
SZ6045 Model).

2.5. Scanning electron microscopy (SEM)

Scanning electron microscopy studies were carried out in order
to analyze the effects of air-jet texturing on surface topography of
single fibers and also on the yarn geometry. The equipment used
was a Jeol JSM-6335F model scanning electron microscope.

1
rties of the feed yarn

count (dtex) 551

ber of filaments 72

city (cN/dtex) 2.18

ation at break (%) 214.15

Table 2
Typical one stage RFL adhesive formulation [6]a

Dry part (g) Wet part (g)

RF solution

Resorcinol 11.0 11.0

Formaldehyde 6.0 16.2

Sodium hydroxide 0.3 3.0

Soft water – 235.8

Maturation: 25 8C, 6 h 17.3 266.0

Final dip solution

RF solution 17.3 266.0

Latex 100 250.0

Ammonium hydroxide – 11.3

Soft water – 59.2

Maturation: 25 8C, 20 h 117.3 586.5

a Usually adhesion promoter is applied to this formulation.

Fig. 1. A typical air-jet textured yarn for conventional textiles application [7].
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codes and the process parameters of the textured yarns

code Feed yarns used Overfeed of the core (%) Overfeed of the effect (%)

reference yarn) 4 core – –

1 core+3 effect 10 15

D 2 core+2 effect 10 15

4 core 10 –

ase cite this article in press as: S.K. Koc et al., Effect of air-jet texturing on adhesion behaviour of polyester yarns to rubber, Appl. Surf.
i. (2008), doi:10.1016/j.apsusc.2008.05.310
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2.6. Atomic force microscopy (AFM)

Atomic force microscopy belongs to a series of scanning probe
microscopes invented in 1980s [8]. It allows imaging the
topography of both conducting and insulating surfaces in atomic
resolution. Therefore, it is a very useful technique for investigation
of surface morphologies of the textile materials without any
surface treatment such as coating. In this study a Benyuan
CSPM4000 model AFM, in the Laboratories of Jiangnan University
of China was used. Scanning was carried out in contact mode AFM
and the fibers were immobilized on magnetic AFM sample stubs by
the help of a double-sided tape. All the samples were scanned at
ambient conditions.

2.7. Dynamic contact angle measurements and dynamic adsorption

tests

Contact angle is the quantitative measurement of wettability
for a solid surface being wetted by a liquid. The direct
measurement of contact angle for small-diameter fibers is difficult
and two methods are commonly employed: static drop micro-
observation and dynamic testing method. However, the first
method has many disadvantages as it can only acquire static
contact angles [9]. Therefore, in this study the dynamic testing
method based on the Wilhelmy technique, where a solid sample
was immersed and withdrawn into and out from a liquid while
simultaneously measuring the force acting on the solid sample [10]
was used.

In addition to these dynamic contact angle measurements of
the single fibers, wettability of textured yarns were also measured
by means of dynamic adsorption tests.

Dynamic contact angle measurements and dynamic adsorption
tests were performed on the same machine; CDCA-100F produced
by Camtel Ltd., UK.

2.8. H-adhesion tests

After dipping of the air-textured polyester yarns by using a
dipping simulator, they were impregnated H shaped rubber test
specimens and were tested by measuring pull-out force in a
Instron 4502 at a crosshead speed of 300 mm/min, ASTM D4776.

3. Results and discussion

Results of the tensile measurements are given in Table 4. As it is
expected, tensile results show a decrease in tenacity due to air-jet
texturing process. The air-jet texturing turbulence in the nozzle
disorientates the filaments, resulting a decrease in tenacity of the
textured yarn. In addition to this, an excess yarn length due to yarn
overfeed the individual filaments can form loops [11] and therefore
can be disorientated more easily.

In the case of core-and-effect air-jet textured yarns, filaments of
the core components have less overfeed than filaments of the effect
components. This gives a higher orientation to core filaments than
the effect filaments with respect to the textured yarn axis. If the
differences between the overfeed of core-and-effect filaments are

large, then core filaments mainly take up the load and ef
filaments contribute very little to tensile strength [12]. Howeve
this study, both of the overfeed levels were kept low and simila
order to achieve desired yarn properties, so both compone
contribute to tensile strength.

Extension behaviour of a textured yarn can be attributed
extension behaviour of the individual filaments and yarn pack
The originally parallel arrangement of the filaments to the y
axis and their locations are altered due to air-jet texturing proc
Filament entanglements and surface loops anchored in the y
core are occurred, affecting the extension behaviour of the fi
yarn. In this study, an increase in breaking extension value
C3ED and 2C2ED was observed while a decrease was observed
4CC. The increase in breaking extension values of C3ED and 2C
can be attributed to the looped structure of the textured ya
While in case of 4CC there is no effect component to form loop
addition to this, filaments were tangled slightly due to
production parameters resulting a decrease in extension value
4CC.

When all the tensile measurements are concerned, as a resu
the similar and low overfeed levels of the ends, it can be seen
both of the components play role in the tensile behaviour of the
jet textured yarn. However, it is also seen that behaviour of
final yarn is mainly governed by the dominant component.

Table 5 shows the maximum pull-out forces of the H-adhes
tests. The results show an improvement in the adhesion to rub
after air-jet texturing process.

Yarn to rubber adhesion development can occur by mechan
entanglement (interlocking), primary chemical bond format
specific physicochemical interactions such as hydrogen bond
or molecular interfusion [13]. Since air-jet texturing is a f
mechanical process no change of the type of the bonds betw
rubber and yarn is expected. Therefore, the improvement of
adhesion has been attributed to two reasons below:

1. Changes on the fiber surface due to air-jet texturing.
2. Changes of the yarn geometry due to air-jet texturing.

The surface changes of the individual fibers firstly investigate
SEM analysis. Fig. 2 shows the SEM images of the fibers before
after air jet texturing. Comparing all the images no distinct sur
change was observed due to air-jet texturing. However, becaus
the mechanical performance issues, in this work overfeed le
were kept low to maintain the parallel filament arrangement wi
the textured yarn. Therefore, effect of the air-jet texturing on
filament surface could be very little and due to coating of
filaments for SEM studies these changes could be hidden.

In order to have better understanding of the surfaces, A
studies have also been carried out. Fig. 3 shows the AFM image
the filaments taken from the yarns before and after texturing. Fr

Table 4

Table 5
H-adhesion test results

Yarn code Adhesion forc

4CR 27.53 � 3.31

C3ED 42.63 � 4.41

2C2ED 43.84 � 4.30

4CC 27.36 � 5.92

S.K. Koc et al. / Applied Surface Science xxx (2008) xxx–xxx
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Tensile results

Yarn code Yarn count (dtex) Tenacity (cN/dtex) Elongation at break (%)

4CR 1156 4.84 12.65

C3ED 1250 3.09 13.75

2C2ED 1227 3.32 13.29

4CC 1172 3.74 12.25

Please cite this article in press as: S.K. Koc et al., Effect of air-jet textu
Sci. (2008), doi:10.1016/j.apsusc.2008.05.310
these AFM images, some changes were observed in contrast to S
images. However, no clear relationship between the sur
changes and the texturing parameters could be establish
Therefore, dynamic contact angle measurements of the filame
were also performed and the results were analyzed together w
the AFM studies.
ring on adhesion behaviour of polyester yarns to rubber, Appl. Surf.
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able 6 shows the recorded advancing contact angle (Qa),
ding contact angle (Qr), and hysteresis (H), values of the single
s. All of these values represent the wettability of the fibers,
ever, it is declared that surface roughness have much more
ence on receding contact angle while advancing contact is
e related to the surface properties [9]. A decrease in Qa and Qr

es for fibers taken from 2C2ED and 4CC yarns has been
rved. This indicates changes in surface roughness. This result
good agreement with AFM images. However, an increase in
Qa and Qr values were recorded for fibers taken from C3ED

s. In texturing process the bulkiness of the yarn is obtained by

the intermingling of the effect yarns by the air pressure. Therefore,
fibers in the effect yarn move randomly during texturing. It is
thought that as the number of the filaments in the effect
component is the highest for C3ED sample, the filaments in the
effect component behave as bundles rather than as individuals.
Therefore, the effect of air pressure on the individual fiber surface
can be minimal. This can also be seen in AFM image of C3ED
(Fig. 3b).

Both the AFM images and the dynamic contact angle
measurements conclude some surface changes on the filaments
due to air-jet texturing. However, it is well known that yarn

Fig. 2. SEM images of single filaments: (a) 4CR, (b) C3ED and (c) 4CC.

S.K. Koc et al. / Applied Surface Science xxx (2008) xxx–xxx
Fig. 3. AFM images of single filaments: (a) 4CR, (b) C3ED, (c) 2C2ED and (d) 4CC.
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