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ABSTRACT : Steel tire cords were coated via RF plasma polymerization of acetylene and buta-
diene gas in order to enhance adhesion to rubber compounds. Adhesion of tire cords was mea-
sured by TCAT and T-test as a function of type of gas, plasma powder, treatment time, gas
pressure and Ar gas etching. Some samples were subjected to aging study in distilled water at
80°C for a period of 7 days. After testing, tire cords were analysed by SEM to elucidate the
adhesion mechanism. The highest adhesion values were obtained at 20W, 2min and 25miorr for
acetylene plasma polymerization, and 10W, 4min, 25mtorr for butadiene plasma. polymerization.
However, Ar plasma etching did not affect adhesion, while the adhesion of tire cords increased
rather than decreased, contrary to expectations. It was not possible to elucidate failure mode by
SEM, owing to the rough surface of the tire and the thin plasma polymer coating layer.
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I. Introduction

Most widely used reinforcing material in auto-
motive tires is steel cord which is usually plated
with brass in order to improve adhesion to rub-
ber."? Unfortunately, the brass plating process,
while promoting very good adhesion between
the steel cords and rubber, also generates chemi-
cal wastes that can cause environmental pollu-
tion. Moreover, the brass-plated steel cords are
vulnerable to corrosion due to the galvanic
coupling of brass and steel. In a corrosive envi-
ronment, brass acts as a cathode, and thus
steel, which is an anode, tends to corrode at an
accelerated rate, resulting in durability prob-
lems.* Consequently, there have been numerous
research during the past decades to replace the
brass coating process with one that can provide
not only good adhesion but also high corrosion
resistance without chemical wastes.>®

Plasma polymerization technique is an
environmentally clean process which has been
utilized In electronics and membrane industries
for modifying surface characteristics. Plasma-po-
lymerized films have unique properties such as
good adhesion to metal substrates, low oxygen
and water vapor permeability, and high
resistance to solvents.”® Recently, van Qo] et al.
have utilized a RF (radio frequency) or DC-
plasma polymerization technique with acetylene,
styrene, silane and siloxane to increase the
adhesion and corrosion resistance of steel tire
cords.

In this study, the surface of the steel tire
cord was modified by plasma polymerization,

utilizing acetylene and butadiene, in order to en-

hance the adhesion of the cord to rubber com-
pounds. Conditions for plasma polymerization
were optimized and Ar plasma etching was per-
formed prior to plasma polymerization. Adhesion
was measured by TCAT (tire cord adhesion
test) and T-test, and some samples were ex-
posed to hot water prior to these tests in order
to evaluate their durability. The failure surface
was analysed by SEM in order to elucidate the
adhesion mechanism.

I. Experimental

Bare steel cords with a diameter of 1.28mm
and skim rubber compounds for the TBR belt
tire were provided by Kumho Tire (Kwangjuy,
Korea). Acetylene (99%) butadiene (99.9%)
and argon (99.9%) gases were purchased, with
argon being utilized for the in situ cleaning of
the steel cord. Plasma polymerization was car-
ried out via RF plasma reactor (HPPS-300,
Hanatek) with a stainless steel chamber, manu-
al impedance matching system and mass flow
controller. The chamber was vacuumed to 1072
miorr before introducing the monomer for plas-
ma polymerization. The tire cords were treated
as a function of power (10-30W) and treat-
ment time (1-7min.) under a fixed chamber
pressure of 25miorr. After optimizing time and
power, gas pressure was varied from 10, to 100
miorr. Prior to polymerization, some tire cords
were etched by argon plasma at 30W for 2-
15min under fixed chamber pressure of 20miorr,
In order to Investigate the cleaning effect of
argon plasma.

Samples for the adhesion test, such as TCAT
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and T-test, were prepared with a mold which
was designed for sample dimensions of 20X 20
X 75mm (TCAT) and 20X 20 x 200mm (T-test).
Prior to filling the bottom half of the cavity
with rubber, the mold was heated to 145°C. Then
the plasma polymerized steel tire cords were
placed on both ends of the cavity where each
cord was embedded approximately 20mm into
the rubber. The remaining rubber was stacked
and cured at 145°C for 35min, followed by slow
cooling to room temperature. Samples were test-
ed by Instron 5567 at 10mm/min (TCAT) or
50mm/min (T-test) at RT without aging or
after aging in distilled water of 80C for up to
7 days. Approximately 4-6 samples were tested
and the results were averaged. The surfaces of
the tire cords after plasma polymerization and
being tested were further analysed with Scann-
ing Electron Microscopy (SEM, JSM-5800).

M. Results and Discussion

1. Effect of treatment time

The pull out force of the steel tire cords via
TCAT was increased by plasma polymerization
with acetylene, showing more than 100% im-
provement, compared with approximately 50%
improvement by butadiene plasma polymerizat-
ion (Fig. 1). In general, most of the increment
from acetylene plasma polymerization was at-
tained after only one min. of treatment and the
adhesion did not change significantly with
additional treatment time. The highest pull out
force with acetylene plasma polymerization was
obtained at 2min. and 20W, and at 5min. and
10W, exhibiting 195N, compared to 86N of the
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Fig. 1. Effect of treatment time and power on the
adhesion of acetylene plasma coated (25
mtorr) tire cords by TCAT.
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Fig. 2. Effect of treatment time and power on the
adhesion of butadiene plasma coated (25
mitorr) tire cords by TCAT.

bare tire cord. But the pull out forces of acety-
lene plasma polymerized tire cords was much
lower than that of the brass plated tire cord,
which showed 372N.

The butadiene plasma polymerized tire cords
showed a rather different trend from the acety-
lene plasma polymerized samples (Fig. 2). The
pull out force increased gradually and showed
clear maximum values at 4, 3, and 2min. of
treatment time with 10, 20 and 30W, respect-
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vely. The highest pull out forces obtained by
butadiene plasma was 153N at 4min. and 10W,
compared to 195N from the acetylene plasma
polymerized samples. The difference can be at-
tributed to the nature of polymer coating, which
is determined by the monomers used.

2. Effect of plasma power

Although the plasma power seemed to affect
the pull out force of tire cords, no clear trend
was observed (Fig. 1). At 1 and 3min. of treat-
ment time, 20W provided higher pull out force
than 30W, followed by 10W in acetylene plas-
ma polymerization. However, the highest pull
out force was obtained with 10W, followed by
20W and 30W at 7min. The highest pull out
forces (195N) was obtained with 10 and 20W
at 2 and bmin., respectively. The butadiene plas-
ma polymerized samples showed a different
trend from the acetylene plasma polymerized
samples (Fig. 2). In general, 10W always
showed higher pull out forces than 20W and
30W, with the highest value of 153N at 10W
and 4min,

The T-test samples which were prepared with
tire cords treated at 2min. and 25miorr showed
higher pull out forces with 20W than 10W or
30W (Fig. 3), which is the same trend as that
shown in Fig. 1. As expected, however, 10W ex-
hibited higher pull out forces than 20 or 30W
in butadiene plasma polymerized tire cords. It
was also noted that higher pull out forces
(166N at 20W) was obtained with acetylene
plasma polymerized than with butadiene plasma
polymerization (136N at 10W). It can be said

that plasma power, treatment time and mono-

e Butadiene

280 T Acetylene

Pull-out force (N)

Control 10 20 30
Power (W)

Fig. 3. Effect of power on the adhesion of acety-
lene and butadiene plasma coated tire cords
by T-test (2min., 25miorr).

mer or gas utilized for plasma polymerization
have to be carefully optimized to obtain good
quality films for good adhesion.

3. Effect of gas pressure and Ar etching

In the plasma polymerization of steel tire
cords, most of the experiment was carried out
at 25miorr of gas pressure. However, the pres-
sure was also varied from 10 to 100miorr in
order to maximize the adhesion of tire cords.
Acetylene plasma polymerization was carried
out at 20W for 2min, while butadiene plasma
polymerization was performed at 10W and
4min. The parameters for these reactions were
chosen from Fig. 1 and Fig. 2, respectively. As
shown in Fig. 4, higher pull out forces were ob-
tained with 25miorr than with 10, 50 and 100
miorr, regardless of the gas used. This may
have resulted from the thickness of the coatings
on the tire cord.

Argon gas etching was also performed prior
to plasma polymerization in order to investigate
the cleaning effect of Ar plasma. Etching was
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Fig. 4. Effect of gas pressure on adhesion force of
plasma polymer coated tire cords by TCAT.
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Fig. 5. Effect of Ar plasma cleaning (30W, 20
mtorr) on the adhesion of plasma polymer
coated tire cords by TCAT

carried out at 30W for 2-15min. under 20miorr.
Surprisingly, no change in pull out forces was
detected, as shown in Fig. 5. This can be attrib-
uted to the fairly clean nature of the tire cord
or insufficient cleaning by Ar plasma etching.
The conditions for Ar plasma etching need to
be investigated further if the low pull out forc-
es 1s due to the contaminants on the tire cords.

4. Effect of aging in hot water

Durability studies were carried out with TCAT
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samples which were prepared at optimized condi-
tions of 25mtorr, 20W and 2min. for acetylene
plasma polymerization, and 25mtorr, 10W and
4min. for butadiene plasma polymerization. The
pull out force of aged samples was not deteri-
orated but rather increased even after 7 days
of immersion in 80°C distilled water (Fig. 6).
Such trend may be due to further curing of
rubber during the aging process. The samples
from the brass plated tire cords showed the
same trend as those from plasma polymerized
tire cords. Thus, the aging condition utilized in
this study may not be severe enough to deterio-
rate adhesion of tire cords.
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Fig. 6. Effect of aging time on adhesion of plasma
polymer coated tire cords by TCAT.

5. Failure surface analysis

Since the defects from processing and very
thinness of plasma polymer layer on the tire
cords, it was very difficult to differentiate the
plasma coated tire cords from un-coated cords.
SEM analysis did not detect any rubber on the
failure surface of tested tire cords, and may not
be a suitable technique for such studies (Fig. 7).



Enhanced Adhesion of Tire Cords via Plasma Polymerization 133

(a)

Fig. 7. SEM micrographs of tire cords. (a) as-received, (b) acetylene plasma treated (20W, 25miorr, 2min),

(c) after testing by TCAT.

Thus, it is not clear as to whether the failure
occurred at the interface of the tire cord and
plasma polymer layer, or the plasma polymer
layer and rubber. Further studies with surface
analysis techniques such as XPS and SIMS are
needed before the exact failure mode can be de-
termined.

IV. Conclusion

Adhesion of steel tire cords was enhanced by
plasma polymerization with acetylene and buta-
diene, but not to the extent of those obtained
by brass plated tire cords. Since the characteris-
tics of plasma polymer coating such as cross-
linking density and chemical structure and thick-
ness are dependent on the plasma polymeriz-
ation conditions, these factors should be careful-
ly controlled to obtain maximum adhesion. The
results are summarized as follows:

1. The optimum conditions for acetylene plas-
ma polymerization were 20W, 2min., and 25
miorr, while those for butadiene plasma treat-
ment was 10W, 4min., and 25miorr.

2. Results from T-test and TCAT showed
similar trends, but higher pull out forces were
obtained from TCAT.

3. The adhesion of tire cords coated with
acetylene or butadiene plasma polymer increased
rather than deceased when exposure to 80°C
water for a period up to 7 days.
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