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Abstract: In this article, water-based polyurethane (PU)
with different concentrations and partial alcoholysis poly-
vinyl alcohol (PVA) were used to coat polyester (PET) har-
ness cord in turn. The surface and mechanical properties
of harness cord before and after coating were evaluated
by performing the tests of dynamic contact angle, mor-
phology observation, bending properties, tensile properties,
and wearability. It was found that the surface properties of
1.5% PU-coated harness cord tended to be stable, and the
mechanical properties of PU(1.5%)/PVA-coated harness cord
were optimal. Compared with PVA-coated harness cord, the
wearability of PU(1.5%)/PVA-coated harness cord showed
a great increment up to 135.7%. This was because the
PU coating effectively improved the interfacial properties
between the PVA coating and the hydrophobic PET fibers
and enhanced the adhesion of the PVA coating to the PET
fibers.
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1 Introduction

Harness cord is widely used in the industries of trade-
mark, carpet, home textile, and towel. It is also the
most important lifting part in the Jacquard loom when
forming a shed. When the loom is in operation at high
speed, the abrasion of harness cord will occur due to the
friction between the harness cord and the comber board.
This abrasion will affect the appearance and properties
of the harness cord and consequently, reduce the produc-
tive efficiency (1,2). Therefore, the wearability of the
harness cord is of great importance. The wearability
of harness cord is mainly dependent on the types of
fiber, structure, surface coating, lubricant, and interfacial
properties between coating and fibers (3-5). The braided
PET harness cord, compared with the traditional twisted
structure, is a torque balanced construction which con-
duces to increase the uniformity and stability of stress
distribution as well as the wearability (6,7). After the
development of such materials as cotton, flax, vinylon,
aramid, ultra-high molecular weight polyethylene, etc.,
the fiber type used for harness cord has been gradually
replaced by polyester (PET) due to its excellent wear-
ability, tensile property, heat resistance, fatigue resis-
tance, and low moisture regain (8). The harness cords
manufactured by these fibers require sizing, such as par-
tial alcoholysis polyvinyl alcohol (PVA), polytetrafluoro-
ethylene emulsion, polyacrylate, etc., and the additives,
including oils, waxes, etc., to improve their wearability
(3,9,10). However, the interfacial properties depend on
the adhesion of the coating to the fiber, which plays a
critical role in the mechanical properties of the harness
cord, especially the wearability.

Because of the symmetrical molecular structure, rigid
molecular chain, high orientation, and crystallinity as
well as less polar groups (except for a small amount of
carboxyl and hydroxyl), the PET fiber presents high
hydrophobicity and chemical inertness, which makes it
difficult to coat (11-13). In general, surface treatment is an
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effective method to improve the interfacial properties
between the coating and PET fiber (14). Alkali decrement
treatment can increase the surface roughness and enhance
the adhesion of the coating to the PET fiber, but it will
reduce the fiber’s mechanical properties (15-17). Corona
discharge, plasma treatment, or ultraviolet irradiation
can introduce free radicals to improve the surface activity
of PET fiber (18-23), but the extensive application of these
methods in actual production is limited. However, dipping
treatment with resin can not only introduce polar groups
to improve the adhesion of the coating to PET fiber but also
avoid the disadvantages mentioned above, which is widely
used in the manufacture of tire cord (24).

PVA, possessing good hydrophilicity, film-forming
property, and adhesion, is one of the most common poly-
mers used for sizing textile materials. Besides, PVA film
presents high strength and excellent wearability (25).
However, the rich hydroxyl in PVA molecular chains is
easy to associate into hydrogen bonds, and the content of
acetate groups is low, so that the adhesion of PVA to
hydrophobic PET fiber is still insufficient (26). Water-
based polyurethane (PU) is environmental friendly and
has close solubility parameter to PET fiber. In order to
improve the adhesion of PVA to PET fibers, PU was
used to pre-coat PET harness cord. At present, only lim-
ited research has been conducted on the manufacture of
twisted harness cord. However, the study on manufacture
and property of braided harness cord has not yet been
reported in research articles except for several patents.
Therefore, in this article, the composite coating method
was used to coat the PET harness cord with PU and PVA
in turn. The surface and mechanical properties of harness
cord before and after coating were evaluated by carrying
out the tests of dynamic contact angle (DCA), morphology
observation, Fourier transform infrared (FTIR), bending
properties, tensile properties, and wearability. These find-
ings can not only present the effect of PU/PVA coating on
harness cord’s properties but will also be helpful to develop
harness cord with high wearability, which will potentially
be used on Jacquard looms widely.

2 Materials and methods
2.1 Experimental materials

The PET harness cord was braided by using the two-
dimensional braiding machine KBL-16-2-90 with 16 spin-
dles (Xuzhou Henghui, China), as shown in Figure 1. The
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Figure 1: Braiding of harness cord.

PET industrial filament, 250D/72F, with high tenacity and
low elongation, was supplied by Jinjiang Wester Special
Fiber Co., Ltd, China. Table 1 lists the basic characteris-
tics of braided harness cord.

The water-based PU (solid content was 65%) and
partial alcoholysis PVA (degree of alcoholysis was 88%)
were kindly supplied by Shanghai C&D international che-
mical (China). Sodium carboxyl methyl cellulose (CMC,
pH 6.0-8.5, viscosity 800-1,200 mPa-s, and CAS 9004-32-4)
and diammonium hydrogen citrate (DAHC, content > 99.0%,
molecular weight 226.18, and CAS 3012-65-5) were used as
the rheological agent and anionic surfactant separately,
which were commercially available from Sinopharm
Chemical Reagent Co., Ltd (China). The wear resistance
additive nano-TiO, (99.8% metal basis, 100 nm, anatase,
hydrophilic, and CAS 13463-67-7) and penetrant 8601 (pH
7.5-8.5) were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd, (China) and Jiangsu Haian Petroleum
Chemical Factory (China), respectively.

2.2 Manufacture of coated harness cord

The manufacture of composite coating harness cord (first
method) used the PU and PVA in turn as shown in Figure 2.
First, 75% alcohol and ultrasonic instrument (80°C, 80 kHz,
500 W, and 30 min) were employed to remove the spinning
oil from the filament surface of the braided harness cords,
followed by washing with deionized water, and drying in an
oven at 60°C. The cleaned harness cord was immersed in
PU solution (solvent was deionized water, 0.5%, 1.0%, and
1.5% concentration) for 0.5 min and squeezed by a double-
roller device developed in our lab, followed by heat setting
under 4.4 N tension and 120°C temperature for 3 min. Then,
the PU coated harness cord was immersed in the prepared
PVA size for 0.5min and squeezed by the double-roller
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Table 1: Characteristics of braided harness cord

Diameter Braiding Breaking Elongation at Bending rigidity Bending hysteresis Wearability

(mm) pitch (mm) force (N) break (%) (gf-cm?) moment (gf-cm) (times)

0.9 3.8 258.55 33.32 0.48 0.97 125,876

Heat Setting
14N 195t

Squeezing

Figure 2: Manufacture of composite coated harness cord with
PU/PVA.

device. The PVA size formula for coating harness cord is
presented in Table 2. Subsequently, the PU/PVA-coated har-
ness cord was heat set under 14 N tension and 195°C tem-
perature for 3 min. The tension was applied to ensure that
the harness cord was stretched 6 + 1% and it was maintained
constant until the harness cord was cooled down. The
second method used PVA size to coat harness cord directly.
The subsequent operation was same as the first method.

2.3 DCA tests

The surface tensiometer model DCAT 11 (Dataphysics,
Germany) was employed to measure the DCA and study
the surface properties of the harness cord before and after
PU coating. Wilhelmy method was extensively used to
test the advancing angle (8,), receding angle (6r), and
contact angle hysteresis (A6) (27), and the A6 was the

Table 2: PVA size formula for coating harness cord

difference between 6, and 6. The test specimen and
schematic diagram are presented in Figure 3. The harness
cord was stuck between two paper cards of 60 mm x 10 mm
with an extension length of 10 mm. The prepared spec-
imen was immersed into the deionized water with a depth
of 3mm and a constant speed of 0.2mm-s'. When the
specimen was immersed into or withdrawn out of the deion-
ized water, the angle 6 between the gas-liquid section and
the solid-liquid interface was 8, and 6y, respectively. The
ambient temperature was 20 + 3°C. The total six speci-
mens of each sample were tested for obtaining the
average DCA.

2.4 Morphology observation

The surface morphology of the uncoated and coated
harness cords was observed by a scanning electron micro-
scope (SEM) model TM3000 (Hitachi, Japan). The acceler-
ating voltage was 15 kV. To avoid charge-build-up problems,
the samples were previously coated with a thin layer of gold
by employing a sputter coater.

2.5 FTIR spectroscopy analysis

The FTIR spectra of the uncoated and coated harness cords
were recorded on a spectrometer model Nicolet 6700
(Thermo Fisher, USA) in the range of 500-4,000 cm™.
The harness cords spectra were obtained using KBr pellets
at room temperature, respectively.

2.6 Bending properties tests

KES-FB-2 bending tester (Kato Tech, Japan) was employed
to test the bending rigidity and bending hysteresis moment
for evaluating the flexibility and elasticity of the PU/PVA

PVA1788 (%) CMC (%) DAHC (%) Penetrant 8601 (%)

Nano-Ti0, (%) Deionized water (%) Size viscosity (mPa-s)

6 0.4 0.08 0.2

2 91.32 441.0
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60mm

Card

Figure 3: Test specimen and schematic diagram of DCA.

coated harness cords (28). The prepared specimen and
determination of bending rigidity are shown in Figure 4.
The harness cord was stuck in the center of two paper
cards spacing 14 mm. The temperature and the relative
humidity were 20 + 3°C and 65 + 5%, respectively. To reduce
the error, five different specimens of each sample were mea-
sured so as to obtain the mean bending properties.

2.7 Tensile properties tests

The tensile tests of PU/PVA-coated harness cords were
carried out using universal electronic strength tester
model WDW-20 (Shanghai Hualong, China) according to
FZ 65002-1995 with 100 mm-min " speed and 20 cm clamp
distance. The temperature and the relative humidity were
20 + 3°C and 65 + 5%, respectively. The final result of
each sample was expressed with an average value of five
specimens.

2.8 Wearability tests

The wearability of harness cord was tested by using the
wearing test device developed in our lab to evaluate the
effect of PU/PVA coating on this property. Figure 5 pre-
sents the schematic diagram of the test. The harness cord
was fastened on the two ends of the oscillating bar that
can reciprocate. The friction action would occur between

Card 1

14 mm

Card 2

Figure 4: Specimen and determination of bending properties.

10mm
X
N
N

Harness cord
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LDeionized Water J

the harness cord and the comber board. In most practical
applications, the load on harness cord is about 150 g; the
speed of harness cord moving up and down is no more
than 450 times-min~'; the friction length of harness cord
ranges from 45 to 120 mm; the angle between harness
cord and comber board is not less than 60°. For improving
the experimental efficiency, the tests were conducted
under more severe conditions to accelerate the abrasion
of the harness cord. Based on a large number of tests, the
parameters of the wearing test device including the load,
speed, friction length, and angle were set to 1,410g,
440 rpm, 16 mm, and 38°, respectively (1). Three repeated
wearability tests of each sample were undertaken. The
temperature and the relative humidity were 20 + 3°C and
65 + 5%, respectively.

3 Result and discussion
3.1 DCA

The DCA of harness cord before and after PU coating is
shown in Figure 6.

As we can see from Figure 6, the 6, and A8 of the
coated harness cord increase gradually with the increase

Oscillating bar

Threading hole

CHOL

- Harness cord

Testing hole —==f

Comber board L»

(front view and
sideview)

Hanging stick
Automatic stop ————=—/"/

sensor W eight

Figure 5: Schematic diagram of wearability test for harness cord.
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Figure 6: Advancing angle (6,), receding angle (6g), and contact
angle hysteresis (A9) of harness cord before and after PU coating.

in the PU concentration. However, the 6y presents a slight
decrease with a stable amplitude. Compared with the
uncoated harness cord, the increased ratio (11.79-38.27%)
of coated harness cords’ 6, are higher than the decreased
ratio (4.03-12.58%) of harness cords’ 6. The DCA difference
of PU-coated harness cord can be ascribed to the change in
the surface roughness. After the PU coating, the surface
roughness of the harness cord was increased. When the
coated harness cord was immersed into and withdrawn
out of the deionized water, the concave-convex structure
on harness cord surface could pin the contact line (i.e.,
solid-liquid—air interface line) and hinder the relative
movement of water on the surface of the harness cord,
which eventually resulted in the increase in 6, and the
decrease in 8y (29-31). Moreover, the higher surface rough-
ness will lead to the greater difference between 6, and 6 as
well as the significant hysteresis. Besides, when the PU
concentration increases to 1.5%, 8, 6r, and Af no longer
present striking variation, indicating that the surface prop-
erties of the coated harness cord tended to be stable.

3.2 Morphology observation

Figure 7 presents the electron photomicrographs of the
harness cord before and after PU/PVA coating. Quite a
smooth surface of PET fibers can be seen in the uncoated
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harness cord, as shown in Figure 7a. The white matting
agent TiO, which is used to scatter light can be observed
on the fibers’ surface. In Figure 7b and c, the PU on the
fibers’ surface, especially in the gap between the fibers, is
clearly visible. When the concentration of PU increases
from 0.5% to 1.5%, more PU adheres to the PET fibers.
The surface morphology of the coated harness cord
with PVA and PU/PVA is shown in Figure 7d—f. In Figure 7d,
the large cracks observed at the interlacing point of strands
reveal the poor adhesion of PVA coating to the PET fibers.
After 0.5% PU coating, as shown in Figure 7e, the cracks
between PVA coating and PET fibers become small. When
the concentration of PU increases to 1.5%, no cracks can be
seen as shown in Figure 7f. The PU/PVA coating can adhere
uniformly to the surface of the harness cord, indicating PU
can improve the adhesion of PVA coating to PET fibers.
The cross section of the coated harness cord with
PVA and PU/PVA is presented in Figure 7g—i. The separa-
tion observed in Figure 7h also reveals the poor adhesion
of PVA coating to the PET fibers. This is because fewer
ester groups exist in the macromolecules of PVA coating
and the large difference in the solubility parameter
between PVA (>52 (J.cm™)"?) and PET (44.8 (J-cm~)"?).
After the PU coating, the PVA coating is closely bonded to
PET fibers, as shown in Figure 7h and i. It is well known
that the interaction of the two polymers is high when the
solubility parameter value of them is close to each other
(32,33). The solubility parameter of PU (43.1 (J-cm™)"?) is
very close to that of PET, thus PU presents excellent adhe-
sion to PET fibers. PU can act as “bridge” between PVA
coating and hydrophobic PET fibers, therefore effectively
improving the interfacial properties between them, and
enhancing the adhesion of PVA coating to PET fibers.

3.3 Structural information from FTIR spectra

Figure 8 shows the FTIR spectra of uncoated harness cord
and coated harness cords with PU(1.5%), PVA, and PU
(1.5%)/PVA.

In Figure 8, the same FTIR spectra of uncoated and
1.5% PU-coated harness cords can be observed. There is
no striking change in the characteristic peaks and absorp-
tion intensity, which is responsible for the low concentra-
tion of PU, resulting in its structural information that
cannot be shown in the FTIR spectra. The characteristic
peaks of PET harness cord at wavenumbers of 725, 873,
1,102, 1,248, 1,409, 1,716, and 2,969 cm ™" can be attributed
to the C-H rocking in long chain methylene, two adjacent
C-H bending on benzene ring, C-OH stretching, C-O
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Figure 7: (a) Uncoated harness cord. (b) 0.5% PU-coated harness cord. (c) 1.5% PU-coated harness cord. (d) Surface morphology of coated
harness cord with PVA. (e) Surface morphology of coated harness cord with PU(0.5%)/PVA. (f) Surface morphology of coated harness cord
with PU(1.5%)/PVA. (g) Cross section of coated harness cord with PVA. (h) Cross section of coated harness cord with PU(0.5%)/PVA.

(i) Cross section of coated harness cord with PU(1.5%)/PVA.

asymmetric stretching, C-H bending on benzene ring,
C=0 stretching of carbonyl, and CH, stretching of methy-
lene, respectively (34-36).

As we can see from Figure 8, compared with uncoated
harness cord, the FTIR spectrum of PVA-coated harness cord
changes significantly around wavenumber of 3,000 cm™.
The broad and blunt characteristic peak at 3,330 cm™ is
attributed to the stretching of associating hydroxyl, which
is involved in intramolecular and intermolecular hydrogen
bonds. The characteristic peak at 2,918 cmis because of the
CH, stretching. At 1,100 cm ™, the absorption intensity of the
characteristic peak is also enhanced, indicating that PVA
increases the hydroxyl content in the coated harness cord.
Although 1.5% PU/PVA-coated harness cord is only 1.5%
more PU than PVA-coated harness cord, the absorption
intensity of infrared spectrum is further enhanced at the
above three wavenumbers. This suggested that the hydrogen
bonds are formed between PU and PVA, which enhances the

Uncoating

1.5% PU coating
—— PVA coating

— 1.5% PU/PVA coating

e

Transmittance (%)

1100
2918
3330

T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumbers (cm™)

Figure 8: FTIR spectra of uncoated harness cord and coated harness
cords with PU(1.5%), PVA, and PU(1.5%)/PVA.
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Figure 9: (a) Breaking force of coated harness cord with PVA and PU/PVA. (b) Elongation at break of coated harness cord with PVA and
PU/PVA. (c) Bending rigidity of coated harness cord with PVA and PU/PVA. (d) Bending hysteresis moment of coated harness cord with PVA
and PU/PVA. (e) Wearability of coated harness cord with PVA and PU/PVA. (f) Intermolecular interaction between PU and PVA.
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hydroxyl content of the coated harness cord. Therefore, PU
can play a real “bridge” role between PVA and PET fibers to
improve their interface performance and make them adhere
more closely.

3.4 Tensile properties

Figure 9a and b shows the tensile properties of the coated
harness cord with PVA and PU/PVA. It suggests that the
breaking force of PU/PVA-coated harness cord presents a
tiny reduction, ranging from 2.4% to 4.9%, compared
with that of PVA-coated harness cord. However, the elon-
gation at break decreases in larger extent as the PU con-
centration increases. For example, the elongation of
PU/PVA-coated harness cord reduces as much as 24.6%
when the concentration of PU is 1.5%. The reduction in
tensile properties of PU/PVA-coated harness cord can be
explained in the following two aspects. Firstly, the PU/PVA
coating will bond the surface fibers of the harness cord
together. It is difficult to adjust the angle between the
surface fibers and the harness cord’s axis when the
load is applied, which results in a low strength efficiency
of the fibers in the axial direction of the harness cord.
Secondly, the inner fibers in the coated harness cord
are first subjected to the load, and the bonded fibers are
hard to deform to share the load, which leads to un-
uniform stress distribution of fibers in harness cord and
the occurrence of fibers’ breakage without simultaneously.

3.5 Bending properties

Figure 9c and d depicts the bending properties of the
coated harness cord with PVA and PU/PVA. Bending
rigidity is the ability of the harness cord to resist bending
deformation. A low value of bending rigidity means the
harness cord has good flexibility. The bending hysteresis
moment represents the magnitude of viscosity of harness
cord during bending deformation. The high bending hys-
teresis moment denotes the low elasticity of the har-
ness cord.

As illustrated in Figure 9c and d, the bending rigidity
and bending hysteresis moment of PU/PVA-coated
harness cord are slightly increased compared with
the PVA-coated harness cord, and the increased ratios are
within 15.3% and 6.6%, respectively. After the PVA coating,
the surface fibers of the harness cord are bonded together,
which limits the movement of fibers. During the bending
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test, the bonded fibers cannot slide against each other
easily and adjust the angle between them and the har-
ness cord’s axis to conform to the bending stress. Since
the PU is a block polymer composed of soft segments
and rigid segments alternately, a uniform flexible and
elastic film can be formed on the surface of the harness
cord. Therefore, the existence of PU does not significantly
reduce the flexibility and elasticity of PU/PVA-coated
harness cord.

3.6 Wearability

The wearability of the coated harness cord with PVA and
PU/PVA is shown in Figure 9e. It is found that the wear-
ability of PU/PVA-coated harness cord is significantly
improved compared with that of PVA-coated harness
cord. When the PU concentration is 0.5%, the wearability
of PU/PVA-coated harness cord is increased by 39.1%.
However, the wearability can be improved up to 135.7%
if the PU concentration is increased to 1.5%.

Because the content of ester groups in PVA macro-
molecules is low and a large number of hydroxyl groups
cannot form hydrogen bonds with smooth hydrophobic
PET fibers, mechanical interlocking force and van der
Waals force are insufficient to ensure the good adhesion
of PVA coating to PET fibers. The excellent adhesion of
PU to PET fibers is attributed to their similar solubility
parameters. PU can form a film on the surface of PET
harness cord and increase its surface roughness, thus
improving the adhesion strength between PVA coating
and PET fibers. The PU coating can also introduce such
polar groups as carbamate group and isocyanate group
on the surface of the PET fibers, which can form hydrogen
bonds or chemical bonds with hydroxyl groups in PVA
macromolecules (as shown in Figure 9f) so as to improve
the interaction between PVA coating and PET fibers
(37,38). In addition, according to diffusion theory, when
the coating process is carried out at high temperature, the
end or middle of PU, PET, and PVA macromolecular
chains are easier to diffuse and entangle each other,
which is also helpful to form the interface layers with
high adhesion strength. The excellent interfacial proper-
ties can prevent the PVA coating from being peeled off by
the shearing force of the comber board, which protects
the PET fibers from directly being worn by the comber
board, thereby improving the wearability of the harness
cord. During the wearabhility test, the coated harness cord
is also subjected to repeated bending forces. Because the
bending properties of PU/PVA-coated harness cord
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do not change significantly, and PU itself has excellent
wearability and toughness (39), the wearability of
PU/PVA-coated harness cord has been greatly improved.

4 Conclusion

In this article, the PET harness cord with uniform PU/PVA
coating and excellent performance was manufactured
by using composite coating method. The bending and
tensile properties of the PU(1.5%)/PVA-coated harness
cord were only slightly decreased compared with that of
PVA-coated one. However, its wearability was greatly
improved by 135.7%. The PU coating could not only increase
the surface roughness of the harness cord, but also improve
the interfacial properties between the PVA coating and the
hydrophobic PET fibers by introducing the polar groups,
thus enhancing the adhesion of the PVA coating to the
PET fibers.
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