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ABSTRACT: This research makes an investigation into the
etching mechanism of atmospheric plasma conditions on the
surface of polyethylene terephthalate (PET) films. Two types
of untreated PET films (S/200 and S/500) were exposed to
plasma for 0 to 5.0 min in 30-s increments. The first set of
each film type was treated in helium plasma, while the
second was treated in oxygenated-helium plasma. Differen-
tial Scanning Calorimetry (DSC) was used to characterize
pre- and post-exposure films. Weight changes and the de-
gree of solubility were also determined. Based on peak area
results, the percent crystallinity of PET S/200 increased by
an average of 4.57% (helium treated) and 13.56% (oxygen-
ated-helium treated), while the S/500 showed only a small

increase. There was no significant change in the melting or
crystallization temperatures of either film type, indicating a
decrease in amorphous content versus an increase in crys-
talline material. Weight loss analysis supports this theory.
Solubility testing revealed a continual decrease in swelling
as exposure time was increased. A model was developed to
predict the change in the degree of solubility for polyphase
surfaces considering the etching rate per phase. The model
was applied to PET with good correlation between the
model and experimental data. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 94: 2383–2389, 2004
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INTRODUCTION

Surface modification of textile materials, such as films,
fabrics, and nonwovens, has always been a highly
focused area of research. By altering the physical and
chemical characteristics of a given material, new prod-
ucts and applications can be created. These processes,
however, can involve numerous chemicals, some of
which are toxic to humans and hazardous to the en-
vironment. Out of this concern come new alternatives
to surface modification, one of the most recent being
plasma treatment. This procedure not only eliminates
the need for wet processing, but it also yields unique
surface characteristics. Several modifications include,
but are not limited to: hydrophilicity/hydrophobicity
alterations, surface roughening, grafting, and surface
functionality.1–10 While these novel changes are pos-
sible, only vacuum treatments have been thoroughly
analyzed and documented. An ideal process would
include an atmospheric plasma chamber to allow for
continuous processing; however, modeling and mech-
anisms in atmospheric pressure plasma have not been
thoroughly investigated. The aim of this study is to

investigate the mechanism of surface interactions and
to develop a model for the effects of atmospheric
pressure plasma on polyethylene terephthalate (PET)
films, specifically the change in surface etching and
solubility. Investigation of these films will be further
extended into the studies of PET polymers in fabric
and fiber forms.

Two types of PET films (S/200 and S/500) with
different thickness were exposed to plasma for 0 to 5.0
min in 30-s increments. The first set of each film type
was treated in helium plasma, while the second was
treated in oxygenated-helium plasma (99% heli-
um/1% oxygen mix). Differential Scanning Calorime-
try (DSC) was used to characterize pre- and post-
exposure films. Weight changes and the degree of
solubility were also determined.

EXPERIMENTAL

The atmospheric plasma facility

The atmospheric plasma facility has an active expo-
sure area of approximately 60 � 60 cm between two
copper electrodes with 5 cm gap separation. Each
copper electrode is embedded in a polycarbonate di-
electric barrier. The device is powered by a 4.8 kW
power supply operating in the frequency range be-
tween 5 kHz and 10 kHz. The device has an inner

Correspondence to: S. R. Matthews (srmatthews01@
hotmail.com).

Journal of Applied Polymer Science, Vol. 94, 2383–2389 (2004)
© 2004 Wiley Periodicals, Inc.



plasma chamber installed inside of an outer chamber,
where the latter is equipped with a fabric rolling sys-
tem for continuous fabric modification treatments.
The working gas is fed into the chamber through gas
flow controllers. Figure 1 shows a schematic drawing
of the experimental facility. When flowing helium or
oxygenated-helium into the plasma chamber, there
will always be a slight amount of air due to the fact
that the chamber is not pumped down and operates at
atmospheric pressure. The device is capable of batch
treatment of films and fabric pieces using a test cell, as
well as continuous operation using the roller feed
system for large fabric rolls or continuous filaments
and yarns. The PET films in this study were exposed
to helium and oxygenated-helium plasma using the
test cell. The test cell is a closed geometry chamber,
with little to no ventilation, in which volatiles are not
continuously removed. Samples are placed on a sus-
pended nylon grid within the test cell, which allows
for complete exposure to plasma on both sides of the
substrate. For these experiments the operating fre-
quency of the power supply was kept constant at 5
kHz. The exposure time was varied between 0.5 and
5.0 min in 30-s intervals. Input power, operating volt-
age, and plate separation were all held constant. The
helium gas flow rate was held at approximately 10
L/m, and an additional flow of 1% oxygen was added

for the mixed gas regime experiments. The plasma
discharge inside of the test cell is uniform and free
from coronas, which allows for uniform treatment of
the exposed samples.

Materials

Melinex® polyethylene terephthalate (PET) films were
obtained from DuPont Teijin Films (Wilmington, DE).
These films were untreated and classified as slightly
hazy. Except for the difference in thickness, both films
were identical in composition, with a thickness of 50�m
for the S/200 samples and 125 �m for the S/500 samples.

Characterization and analysis

Differential scanning calorimetry

Thermal analysis of the samples was conducted using
a Perkin–Elmer 7 Differential Scanning Calorimeter
(DSC). Each sample was scanned at a rate of 20°C/min
over the range of 25°–300°C. The onset melting and
crystallization temperatures were obtained from the
intercept of the baseline and the maximum tangent of
the corresponding exothermic and endothermic peaks.
Peak areas were also calculated to evaluate the
changes in percent crystallinity.

Figure 1 Schematic of the NCSU atmospheric plasma device.
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Weight loss

Each sample was weighed before and after plasma
treatment using an Explorer® microbalance with an
accuracy of � 100 �g to determine weight changes,
gain or loss. The percent weight loss is plotted versus
the exposure time for both S/200 and S/500 samples.

Surface analysis

Atomic Force Microscopy (AFM) analysis was per-
formed, at a satellite location in North Carolina State
University’s engineering department to determine
surface roughness and re-deposition.

Solubility

Portions of each film sample were soaked for 20 h in
100% toluene. The samples were weighed before and
after soaking using a Denver Instrument® M-220D
microbalance with an accuracy of � 10 �g. Their

swelling ability/degree of solubility was determined
from the calculated weight difference.

RESULTS AND DISCUSSION

Differential scanning calorimetry

Results of Differential Scanning Calorimetry (DSC)
showed slight fluctuations in the melt and crystalliza-
tion onset temperatures, with the average temperature
values being no more than 2°C higher than the control,
as shown in Tables I–IV. No conclusions could be
drawn from these measurements since no significant
difference was observed. Following these results, the
crystallinity for each film was analyzed based on the
formula11:

% Crystallinity � peak area/�Ho
f

where ��o
f is the standard heat of formation; and since

it is a constant value, the crystallinity is solely depen-

TABLE I
DSC Results of PET S/200 Treated in He

Exposure time
(min)

Melt onset
(°C)

Peak area
(mJ)

0.0 244.91 166.31
0.5 245.27 167.97
1.0 244.44 150.85
1.5 254.67 155.04
2.0 246.14 178.67
2.5 248.07 174.19
3.0 245.34 179.40
3.5 245.30 195.75
4.0 244.57 172.46
4.5 248.19 175.98
5.0 245.61 188.81

Treated ave. 246.76 173.91
% change �0.76 �4.57%

TABLE II
DSC Results of PET S/200 Treated in He/O2

Exposure time
(min)

Melt onset
(°C)

Peak area
(mJ)

0.0 244.91 166.31
0.5 245.97 156.48
1.0 245.62 191.10
1.5 246.17 181.10
2.0 248.64 176.48
2.5 246.49 190.57
3.0 243.32 197.54
3.5 246.82 214.43
4.0 245.49 200.51
4.5 244.71 185.42
5.0 244.06 195.04

Treated ave. 245.73 188.87
% change �0.33% �13.56%

TABLE III
DSC Results of PET S/500 Treated in He

Exposure time
(min)

Melt onset
(°C)

Peak area
(mJ)

0.0 245.43 171.20
0.5 246.17 177.22
1.0 244.12 172.66
1.5 246.45 165.62
2.0 245.68 161.08
2.5 247.38 208.63
3.0 244.53 171.86
3.5 247.03 172.59
4.0 244.25 160.24
4.5 243.45 186.06
5.0 244.49 182.33

Treated ave. 245.36 175.83
% change �0.76% �2.70%

TABLE IV
DSC Results of PET S/500 Treated in He/O2

Exposure time
(min)

Melt onset
(°C)

Peak area
(mJ)

0.0 245.43 171.20
0.5 246.00 170.36
1.0 244.59 163.63
1.5 242.08 162.53
2.0 245.99 182.72
2.5 246.87 180.12
3.0 244.44 181.05
3.5 245.11 152.09
4.0 246.07 166.27
4.5 245.64 177.19
5.0 245.50 161.68

Treated ave. 245.23 169.77
% change �0.08% �0.84%
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dent on the endotherm peak area. Based on this cal-
culation, there was a significant increase in % crystal-
linity noted for both the helium and oxygenated-he-
lium exposed S/200 films. Specifically, there was a
4.57% average increase in the helium exposed films,
and a 13.56% increase in the oxygenated-helium ex-
posed films. This same increase was observed when
analyzing the exotherm peak area. In contrast, the
S/500 films exhibited little to no change in % crystal-
linity. This minimal effect is most likely due to the
larger thickness of the S/500 films. With this increased
bulk, the DSC may not be as sensitive to the surface
treatment.

The notable increase in % crystallinity for the S/200
films may be explained by several possible mecha-
nisms: (1) an elevation in temperature from plasma
exposure creates thermal energy in the polymer
chains, which then move to form new crystals or cause
small crystals to grow in size; (2) etching creates spac-
ing in the polymer network, allowing for chain move-
ment and further crystallization; (3) amorphous re-
gions are selectively etched due to ease of removal,
thereby shifting the crystalline/amorphous ratio. As
amorphous content is decreased, the percent crystal-
linity is automatically increased. Since no change was
observed for the melt and crystallization onset tem-
peratures, which would indicate an increase in crys-
talline content, the most probable mechanism is a
decrease in the amorphous regions by selective etch-
ing. This mechanism was previously proposed by
Okuno et al. when testing the dyeability of PET
treated in a vacuum plasma.12 The following sections
will further develop the validity of this mechanism.

Weight loss

This experimental configuration allows for surface
etching with an increased etching rate until reaching

saturation inside of the test cell. As no ventilation is
allowed, re-deposition of etched volatiles will be em-
inent. The rate of etching and re-deposition could be
determined from the time-to-saturation measure-
ments of the weight change of exposed samples. Fig-
ures 2 and 3 illustrate the weight loss trend for both
the S/200 and S/500 films in both plasma treatment
regimes. It is obvious from the figures that surface
etching immediately starts when exposing the films to
the plasma. The time-to-saturation, as seen in Figures
1 and 2, indicates the threshold to a re-deposition-
dominating regime. This behavior indicates compet-
ing etching and re-deposition effects in a closed ge-
ometry exposure configuration. For the helium-ex-
posed films, the maximum weight loss is at
approximately 1-min exposure, and the oxygenated-
helium treated samples reached a maximum weight
loss at 2 min exposure. This, in correlation with the
enhanced peak magnitude of the oxygenated-helium
samples, shows that the presence of oxygen in the
discharge provides a higher etching rate when com-
pared to etching in helium-only plasma. Charge ex-
change may also be responsible for the production of
oxygen ions when the test cell is operated using only
helium. Typically, helium is not considered an etchant
gas, but under atmospheric conditions its etching abil-
ity is altered. This is because of the fact that the test
cell will always contain a fraction of air, which in-
cludes the presence of nitrogen and oxygen. With the
presence of air, charge exchange can occur between
nitrogen and oxygen13:

N� � O 3 N � O�

The result of this charge exchange causes an in-
crease in the formation of oxygen ions, which induces
etching of the substrate. Etching will be increased

Figure 2 Percent weight loss versus exposure time for PET
200 treated in helium and oxygenated-helium plasmas.

Figure 3 Percent weight loss versus exposure time for PET
500 treated in helium and oxygenated-helium plasmas.
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further by the addition of oxygen to the feed gas
forming oxygenated-helium plasma.

Model for etching mechanism

For mono-phase surfaces exposed to an ion flux from
nonthermal plasma, the etching is expected to be uni-
form over the entire surface, with a constant etching
rate. When a polyphase surface is exposed to the ion
flux, the expected etching rate will be determined by
the difference between the phases and their corre-
sponding composition. Differential or selective etch-
ing of a polyphase surface depends on the particle flux
and molecules leaving the surface at different rates as
determined by each phase. The time-dependent rela-
tion between the degree of solubility and surface etch-
ing may be linear or nonlinear depending on the dif-
ference between these phases. The total surface etch-
ing may be expressed by the sum of all etching rates
�w on the surface:

�w �

�
j

nj

�
(1)

where nj is the etch rate of the specific phase and �j is
the number of phases in the substrate.

Relating the degree of solubility Ds to the exposure
time of the film to the plasma ion flux and composition
may be expressed by either a linear (eq. (2)) or a
nonlinear (eq. (3)) decay function with respect to �w:

Ds � G � (�w)� (2)

Ds � Ge�(�w)� (3)

where � represents plasma exposure time and G is a
gas determined constant.

For PET the surface is a three-phase composi-
tion,14–16 in which 40% is crystalline and 60% is a
combination of amorphous and ordered amorphous
phases. Thus, for PET, eq. (1) could be re-written as:

Figure 4 Schematic illustration of etching PET in atmospheric plasma treatment showing time evolution of selective etching.

Figure 5 Degree of solubility versus exposure time for PET
200 treated in helium and oxygenated-helium plasmas, and
fitted data to exponentially decaying function.
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�w �
namorphus � nordered amorphus � ncrystalline

3 (4)

Based on this equation and the contribution of each
phase to the total surface etching, a mechanism could
be explained as shown in Figure 4. Due to the high
order and high bond energy in the crystalline phase,
it is assumed that etching of the crystalline regions,
ncrystalline, is almost zero. Etching of the crystalline
phase may be induced with a stronger etchant gas
species; however, this will be a small yield and ncrys-

talline will still be negligible. This means that the ratio
of n/� for PET will vary between 1/3 and 2/3.

Solubility

Because solubility is directly related to the material’s
ability to swell in solution, portions of each film were
soaked in a swelling agent and the effects of plasma
exposure on the films’ solubility was determined.
Since swelling occurs in the amorphous regions, a
decrease in the swelling ability of the film was pre-
dicted. Plots of the percent weight change in films
before and after soaking revealed that the degree of
swelling decreased with increasing plasma exposure
time for both species, which supports the mechanism
of selective etching. As exposure time increases, etch-
ing increases, specifically in the amorphous regions,
causing an increase in percent crystallinity and a de-
crease in solubility. The decreasing solubility trend
shows the rate of change slowing after 1.5 min for
helium exposed films, and after 2 min for the oxygen-
ated-helium exposed films. This corresponds to the
weight loss trend previously discussed. It should also
be noted that the S/200 and S/500 measurements have
an order of magnitude difference due to their differ-
ence in thickness.

Further analysis of the solubility revealed an expo-
nentially decaying trend versus a linear trend. This is
illustrated in Figures 5 and 6. Using eqs. (3) and (4),
the final model can be written as:

Ds � Ge�(n/3)� (5)

Investigation of the experimental results revealed that
the n/� ratio for all samples falls within the predicted
range of 1/3 to 2/3. For the S/500 films treated in
helium-only regime, the n/� ratio is 0.304; but once
oxygen is added to the plasma, the n/� ratio increases
to 0.366. This shows a slight increase in the etching
rate for the oxygenated-helium treatment due to oxy-
gen’s strong etching ability. For the helium-only
treated film n equals 0.912, and for the oxygenated-
helium treated films n equals 1.099. This indicates that
both films had almost 100% of the surface amorphous
regions removed.

The S/200 films showed less difference between the
helium treatment and the oxygenated-helium treat-
ment. Specifically, the helium treated films had an
n/� ratio of 0.5119 and the oxygenated-helium treated
films had an n/� ratio of 0.4488. This relates to n
values equaling 1.536 and 1.346, respectively. These
values are much higher than those observed with the
S/500 films, and show not only a complete etching of
surface amorphous regions, but additional etching of
the ordered amorphous regions as well. These differ-
ences are most likely due to the difference in the film
thickness. Since the S/200 films are thinner, they will
therefore show a more notable etching effect. This
correlates directly to the weight loss trend. Surface
roughening shown through AFM analysis17 also con-
firms this theory.

CONCLUSION

Several effects were observed when exposing PET
films to atmospherically generated helium and oxy-
genated-helium plasmas. Weight loss steadily in-
creases with increased exposure time due to etching
effects. This continues until saturation, which then
shifts the trend to re-deposition of previously etched
film material. Percent crystallinity increases as a result
of selective amorphous etching. The developed model,
which relates degree of solubility to the total rate of
etching and number of phases on the surface, corre-
lates well with the experimental results. The degree of
solubility decreases following an exponential decay
law, which is directly affected by the substrate and
plasma composition.

Future work

Future work in this area will include experiments in
an open geometry to compare to the results obtained

Figure 6 Degree of solubility versus exposure time for PET
500 treated in helium and oxygenated-helium plasmas, and
fitted data to exponentially decaying function.
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in this closed geometry work. Tests will also include
the use of fluorocarbon gases to assess their high
etching effect and to determine the gas-dependent
parameter in the developed model.

The authors gratefully acknowledge the assistance of Brian
Bures during the course of this research, and his help in
providing an insight on device operation and experimental
procedure.
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