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ABSTRACT

Wool and poly ( ethylene terephthalate) fabrics and film were treated with low-tem-
perature plasmas of helium/argon or acetone/argon under atmospheric pressure for
10 to 180 seconds. Although argon itself cannot independently generate a plasma
under atmospheric pressure by applying high frequency voltage, it is easily generated
by adding a small quantity of helium or acetone to argon gas. Wettability of the fabrics
and surface tension of the film increased considerably with the treatment within 30
seconds. ESCA analysis was used to elucidate the surface chemical composition of
fibers treated with atmospheric low-temperature plasma. Relative O1s intensity in-
creased considerably and oxygen was incorporated in the form of &mdash;CO&mdash; and
&mdash;COO&mdash; on the fiber surface. From these results, it appears that low-temperature
plasma by atmospheric pressure discharge is effective for modifying the polymer surface,
as it acts in the same fashion as low-temperature plasma by glow discharge.

Low-temperature plasma is a useful technique for
treating the surface of fibers or polymeric materials in
a dry system, i. e., without water. Many studies have
already been done on glow discharge treatments for
surface modification of polymers [1-3, 6-17 ] . There
have been some problems with productivity and
equipment costs because the treatment is done at low
pressure (below 1 Torr ) . Therefore, practical appli-
cation to textile finishing has been very slow. Recently,
Okazaki et al. found that low-temperature plasma can
be generated under atmospheric pressure in the pres-
ence of helium [ 4, 5, 18-20 ] . As a practical technique,
this is a very interesting way to modify the surface of
materials.

In this study, we have treated wool and poly ( ethylene
terephthalate) (PET) fabrics and film with atmospheric
low-temperature plasmas of helium/argon or acetone/ /
argon, and report on changes in surface characteristics

such as tension, morphology, and chemical composi-
tion by measuring contact angles and by SEM and
ESCA analyses.

Experimental
Tropical weight wool and PET taffeta and film ( To-

ray Co., thickness 15 ~m) were scoured with toluene
and then with ethanol, each for 5 hours, using Soxthlet
extraction, and finally washed repeatedly with distillod
water and dried in air.

Discharge conditions of atmospheric low-tempera-
ture plasma are similar to that of corona discharge.
The apparatus for the treatment is illustrated in Figure
1. For the helium/argon plasma, each gas was intro-
duced from inlets (7 and 8) controlling the gas flow.
The gas ratio of helium and argon was about 1:1. For
the acetone / argon treatment, argon flowed from a gas
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inlet (9) through acetone vapor ( 10 ) without bubbling
in acetone solution. Acetone contained in argon was

estimated to be about 5 ppm. The current frequency
was 3 kHz, whereas for low-temperature plasma by

glow discharge it was 13.56 MHz. Discharge power
was kept at 80 W, discharge voltage was 4000 to 4200

V, discharge current was 30 to 35 mA, and the inter-

electrode distance was 20 mm. The sample stage had

a diameter of 50 mm.

FIGURE 1. Apparatus for low-temperature plasma treatment under
atmospheric pressure: ( 1 ) power supply, (2) glass belljar, (3) brass
electrode, (4) cock, (5) dielectric layer (polyimide), (6) specimen
for treatment, (7, 8, 9 ) gas inlets, ( 10 ) acetone, ( 11 ) gas outlet.

SURFACE CHARACTERIZATION ,

We evaluated wettability by measuring the time it
takes for 6 ~1 of distilled water dropped on the fabric
to absorb. Contact angles to water (surface tension,
72.8 dyn/cm), glycerol ( 63.4 d~’ n / cm), formamide
(58.2 dyn/cm), and 2,2-thiobisethanol (54.0 dyn/cm)
(which have different surface tensions) of PET film
were measured using a Contangleometer CA-A (Kyowa
Kaimen Kagaku), and afterwards critical surface ten-
sion &dquo;Yc was determined by a Zisman’s plot. We mea-

sured wettability and contact angles twenty times and

used the average.
To estimate the chemical component within several

tens of angstroms of the polymer surface, we made an

ESCA analysis using a Shimadzu ESCA-850. We an-

alyzed the relative intensities of CIs, OIH N Is, and S2p
and curve fittings by wave form separation of the C,s
spectra, determining the relative peak areas cor-

responding to - CH at 285.0 eV, -CO-

and -CN - at 286.0 eV, and -COO- and

-CON- at 288.5 eV.

SEM photographs of the wool and PET fibers treated
with atmospheric low-temperature plasma were at

magnifications of X3500 for wool and X5000 for PET
fibers, using a Hitachi SEM S-800.

. Results and Discussion

SEM PHOTOGRAPHS

SEM photographs of wool and PET fibers treated
with both atmospheric low-temperature plasmas for

30 seconds are shown in Figure 2. The treatments
caused almost no physical damage to the fiber surface.

Although we detected no physical change in the fiber
surface after atmospheric low-temperature plasma
treatment for 30 seconds, as we explain later using
ESCA analysis, the plasma treatments induced an ev-
ident chemical change.

WETTABILITY AND CRITICAL SURFACE TENSION

Wettability values of wool and PET fabrics treated
with the plasmas under atmospheric pressure are shown
in Table I. Wettability of both fabrics increased re-

markably with increased treatment time. The helium/
argon plasma treatment was much more effective at

increasing wettability to water than the acetone / argon
plasma. Although wool is very unwettable because of
its hydrophobic epicuticle layer, the fabric treated with
atmospheric helium/ argon plasma over 60 seconds
became wet very quickly. We therefore believe that the
surface structures of wools treated with both plasmas
are somewhat different.

Probably the helium/ argon plasma etches the fiber

surface, whereas the acetone / argon plasma causes

polymerization of acetone and produces hydrophilic
polymer deposits on the fiber surface. Therefore we

expect that the differences in surface modification from

both plasma treatments affect surface characteristics

quite a bit.
Critical surface tensions of the PET films treated

with the two plasmas under atmospheric pressure are
shown in Table II. Critical surface tension of 43 dyn/ /
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FIGURE 2. SEM photographs of wool and PET fibers treated with atmospheric low-temperature plasmas of helium/acgon and acetone, /
argon. Wool: ( 1 ) untreated, (2) helium/argon plasma for 30 seconds, ( 3 ) acetone/argon plasma for 30 seconds. PET fiber ( 4 ) untreated,
(5) helium/argon plasma for 30 seconds, (6) acetone/argon plasma for 30 seconds.

,

TABLE 1. Effects of low-temperature plasma treatment under
atmospheric-pressure on water penetration of PET and wool
fabrics.

cm for .untreated PET film increased to about 52 dyn /
cm, independent of the plasma gas and treatment time.

TABLE 11. Contact angle to water and critical surface tensioo of
PET films treated with low4empcmtum plasma at atmospheric
pressure.

.

ESCA ANALYSIS

In order to investigate the surface chemical com-
position of the treated wool and PET fabrics, we made
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an ESCA analysis. Relative intensities of C,s, Ols, Nisi,
and S2p are shown in Table III. The Ols intensity in-

creased considerably, independent of fiber type and

treatment time. The increased surface tension is ap-

parently due to oxygen incorporation. ,

TABLE III. Relative intensities of Cl,, 01,, Nl,, and S2p in wide
scanning ESCA analysis of PET and wool fabrics treated with low

temperature plasma at atmospheric pressure.

On the other hand, the N,s intensity of untreated
wool was 9.19~; acetone / argon plasma treatment de-

creased that to about 3.0% and helium/ argon increased

it to about 12.0%, regardless of treatment time. Fur-

thermore, the S2p intensities of the wool treated with
acetone / argon plasma decreased to about 2%, while

that treated with helium/ argon increased to about 5%.

The S2p intensity of wool treated with acetone / argon
plasma decreased compared to the untreated and he-

lium/ argon treated wools.
As we described previously, we believe that acetone /

argon plasma causes plasma polymerization and thin
film deposits on the fiber surface. Therefore, it seems
that the N Is and S2p intensities on the wool surface
decrease because of this. On the other hand, helium/

argon plasma mainly causes etching of the fiber surface,
but does not induce considerable change in chemical

composition such as the N,s and S2p intensities. From
these results, it is clear that both plasma treatments

incorporate much oxygen but have somewhat different

effects on the wool surface.

Curve fittings for wave form separation of the Cl,
spectra of wool and PET fabrics are shown in Figures
3 and 4. Wave separation was divided into three com-

ponents, assuming that peak 1 at 285.0 eV corresponds
to - CH, peak 2 at 286.5 eV to - CO - and

- CN - , and peak 3 at 288.5 eV to -COO-

and - CON - . Both atmospheric low-temperature
plasma treatments of wool and PET fabrics for 30 sec-
onds increased peak 2 and peak 3 compositions con-

siderably, and their relative intensities are shown in

Table IV. It seems likely that the effect of both plasma
treatments on surface characteristics is very different,

but it is difficult to explain the detail from this study.
From these results, we expect that atmospheric low-

temperature plasma causes surface modification even
in times within 30 seconds, and the effect is almost the

same as that of treatment by low-temperature plasma

discharged below 1 Torr. .

FIGURE 3. Curve fittings of C,, spectra of wool fabrics treated with atmospheric low-temperature plasmas (peak 1, peak 2, and peak 3

correspond to -COO-, -CO-, and -CH, ~vely): ( I ) untreated, (2) helium/argon plasma 
for 30 seconds, (3) acetone/argon

plasma for 30 seconds.
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FIGURE 4. Curve fittings of Cl, spectra of PET fabrics treated with atmospheric low-temperature plasmas (peak 1, peak 2. and peak 3
correspond to - COO&horbar;, - CO - , and &horbar;CH,respectivety):(t)untreatcd,(2)heuum/argonptasmafbr30scconds.(3)acetone/at~on
plasma for 30 seconds.

i 

’

TABLE IV. Wave separation of Cl, spectra of PET and wool fabrics
treated with low-temperature plasma under atmospheric pressure.

Conclusions

Wool and PET fabrics and film were treated with
atmospheric low-temperature plasma of helium/ argon
or acetone / argon for 10 to 180 seconds. Wettability
and surface tension increased considerably. As is evi-
dent from ESCA analysis, much oxygen was incor-
porated onto the surface in the form of - CO - and
- COO - . It seems likely that atmospheric low-tem-
perature plasma causes almost the same effect as low-
temperature plasma by glow discharge.
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ABSTRACT

Merino wool top was treated with low-temperature plasmas of helium/ argon and
acetone/argon under atmospheric pressure for 30 seconds and then dyed with two
leveling-type acid dyes, CI acid orange 7 and CI acid red 18, and two milling-type
acid dyes, CI acid blue 113 and CI acid blue 83. Dyeing rate and saturation dye 
exhaustion increased with the atmospheric low-temperature plasma treatments as with
the dyeing of wools pretreated with low-temperature plasma by glow discharge of O2
and CF4. In particular, helium/ argon plasma was much more effective than acetone /
argon plasma at improving dyeing properties, except for CI acid blue 113.

Physical and chemical properties of a solid surface
significantly affect adhesion, wetting, wear resistance,
anticorrosion, and light reflection. Low-temperature
plasma treatment by glow discharge is of interest as an

effective technique for modifying polymer surfaces.
In our previous studies [ 2, 3, 7, 8 ] , we reported that

low-temperature plasma treatments of 02 or CF4 glow
discharge considerably increased dyeing rates for wools
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