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ABSTRACT: In this work, the surface treatment of poly(ethylene terephtalate) (PET)
films in a low frequency (70 kHz) discharge in helium–oxygen mixtures is investigated.
Optical emission spectroscopy and mass spectrometry are used to analyze the gas
phase. Surface properties are analyzed via the X-ray photoelectron spectroscopy (XPS)
technique and contact angle measurements. The treatment conditions are optimized
in order to obtain a surface functionalization, which would show a reduced ageing
effect. The stability of the treated surface via the crosslinking process seems to be
closely correlated to the presence of the helium metastable species in the discharge. A
very good stability with the ageing time is obtained for samples treated in gaseous
mixtures that contain less than 5% O2, conditions for which the oxidized polymeric
structure seems to be formed on a reinforced crosslinked layer. The very efficient loss
of He excited species, for amounts of O2 higher than a few percent, affects the surface
crosslinking. For high quantities of oxygen introduced in the reactor (more than about
50%), a balance is established between the introduction of oxygenated groups and the
ablation of the surface. In this case, the surface degradation has, as a consequence,
the ageing effect. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1367–1375, 1997
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INTRODUCTION A so-called CASING process, well known from
the literature,15 consists of creating a crosslinked

Plasma treatments with nonpolymerisable gases layer with a high cohesive energy as a result of an
(He, Ar, O2, N2, etc.) are largely used to modify inert gas discharge action. Such discharge creates
the surface layer of polymer films.1–14 In order to new bonds, such as C|C, which indicate the
develop plasma techniques on an industrial scale, crosslinking.
the surface modifications should be stable with Helium is the most efficient of the inert gases
time. The ageing effect can be slowed down if a for the crosslinking of the uppermost few mono-
more cohesive and dense layer is obtained be- layers of a polymer,1 with this feature being due
tween the uppermost surface and the bulk mate- probably to the large amount of energy available
rial. to transfer to the polymer surface via ion neutral-

ization, Auger deexcitation, and Penning ioniza-
tion in the polymer.1
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Plasma treatments in so-called reactive gases

Journal of Applied Polymer Science, Vol. 66, 1367–1375 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071367-09 (O2, N2, etc.) have surface functionalization as a
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1368 PLACINTA ET AL.

main effect. Oxygen plasmas are used largely for purity of 99.995%, are used without further puri-
fication; the gaseous mixture is introduced throughthis purpose, with oxygenated functions such as

ether, hydroxyl, carbonyl, or carboxyl being the powered blade electrode. MKS flow-meter/
controllers measure and control the gas flow rate.grafted onto the surface; reactive surfaces are

thus obtained.12 The pressure is measured with a MKS 127A ca-
pacitance manometer and controlled by MKS 252The helium discharge has been used in a two-

step process as a pretreatment before an ammonia exhaust–throttle–valve controllers. The bell jar
is pumped by a TPH 170 (Balzers) turbomolecu-plasma treatment in order to improve the adhe-

sion of polypropylene (PP) to aluminium layer.16 lar pumping system to a typical base pressure of
about 1003 Pa.Treatments in He–O2 gas mixtures are inter-

esting because they produce a surface oxidation The optical emission from the center of the dis-
charge is transmitted to the entrance slit of asimultaneously with a crosslinking reaction in a

one-step process. These two mechanisms, when Jobin–Yvon HRS2 (0.6 m focal length, 1200
grooves/mm grating) monochromator by a 200 mmachieved at the same time, allow to obtain a reac-

tive surface, which also presents good stability optical fiber, permitting to record the 360–800 nm
range.with ageing time. The competitive action of the

two mechanisms will depend, in a critical manner, Effluent gases are analyzed with a quadrupole
mass spectrometer QMG 420-Balzers, attached toon the composition of the gaseous mixture. Such

studies were performed earlier for pure gases and the reactor chamber via a silica capillary tube (f
Å 16 mm; 1 Å 600 mm). Such a configurationalso for some He–O2 mixtures,2 but no detailed

analysis was performed for the whole range of gas is favorable for the recombination of the reactive
species as metastable or radicals. However, it iscomposition, with correlation between the plasma

parameters and the surface modifications. useful to survey the concentrations of the stable
species.In a previous work, the influence of the gas

flow rate on the ‘‘competition’’ between surface The surface properties are determined as a
function of ageing time in air, by contact anglefunctionalization and crosslinking of poly(ethyl-

ene terephtalate) (PET), in a He discharge with measurements (sessile drop) with bidistilled wa-
ter and methylene iodide, using an image pro-oxygen as residual gas (0.3%) was investigated.16

Taking into account the above-mentioned as- cessing system.17

XPS investigations are performed at the ITO-pects, the purpose of this work is to optimize the
treatment conditions for PET in a low-frequency DYS laboratory (University of Paris VII) on a VG

Scientific ESCALAB MKI apparatus, with a non-(70 kHz) discharge with a nonsymmetrical con-
figuration of electrodes in He–O2 mixtures, condi- monochromatic Mg Ka X-ray source, operating in

the constant analyzer energy mode. The electrontions for which the surface functionalization
would show a reduced ageing effect. Optical emis- take-off angle is 907 with respect to the surface.

The pressure in the analysis chamber is about 5sion spectroscopy and mass spectrometry are used
to analyze the gas phase. Surface properties are 1 1008 mbar. Digital acquisition is achieved with

a Cybernetix system, and data is collected with aanalyzed via the XPS technique and contact angle
measurements. In particular, evolution of these computer. Charge correction is determined from

peak fitting of the C1s line with three components,properties versus ageing time is investigated.
the C{C/C{H component being set at 285 eV.

PET 23 mm films are used after washing in
alcohol.EXPERIMENTAL

Materials and Apparatus
Treatment Conditions

The experimental setup is described in detail
elsewere.9 It consists mainly of a glass reactor The influence of gas mixture composition on the

discharge characteristics is investigated in thewith a non-symmetrical configuration of elec-
trodes. Low-frequency power (70 kHz), provided following conditions: constant applied electric

power, 3.3 W; pressure, 1 mbar; total gas flowby an industrial generator, is directly coupled to
the blade-type electrode. The polymer film is en- rate, 100 sccm. The PET film treatment is

achieved for various compositions of the gaseousrolled on the grounded cylinder.
Helium and oxygen, provided by Alphagas at a mixture: between 100% He (with 0.3% residual
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PET FILMS TREATED IN HE-O2 MIXTURES 1369

are favorable for excitation and ionization of the
He species, the other species present in the dis-
charge being excited and/or ionized by Penning
transfer by charge transfer processes.

We should also take into account the electro-
negativity of the oxygen, which leads to a supple-
mentary loss of electrons by attachment and con-
sequent creation of negative oxygen ions. This
may induce a decrease of the rate of direct excita-
tion by electronic collisions. Thereby, the effect of
the decrease of the applied voltage and the simul-
taneous increase of the current on the discharge
are someway attenuated by this mechanism. We

Figure 1 Values of the current and peak-to-peak volt- might expect that in the presence of a less electro-
age applied on the discharge versus the composition of negative gas than oxygen, the variations of elec-
the He–O2 mixture. trical parameters of the discharge would be

steeper.
The diminution in electron energies by addingO2) and 100% O2. In particular, the range for oxy- oxygen in the helium discharge is confirmed bygen contents less than 5% is detailed. measurements of the electron temperature using

a Langmuir triple probe. These results will be pre-
sented later.RESULTS AND DISCUSSION

Electrical Parameters of the Discharge Optical Emission Spectroscopy

The spectroscopic study of the discharge allows toExperiments are carried out at constant applied
electric power. Measured current and peak to record spectra in the visible range of wavelengths.

The emission spectroscopy investigations are ac-peak voltage depend on the relative percentages
of He and O2 in the gaseous mixture. A decrease complished with polymer sample in the discharge.

The species identified are He, O, H, CO, N2 ,in the voltage is observed, accompanied by an in-
crease in electric current intensity, when oxygen and N/

2 .
Variation of the emission intensities of Hedensity increases between above limits (Fig. 1).

These parameters remain almost constant for ei- atoms (all He* lines situated in the visible optical
range are observed on our spectra), O atoms (IOther low (õ20%) or large oxygen contents (ú75%).

Obvious dependence on the relative amounts of at 777 and 844 nm), and those species that are
relevant to the degradation mechanism of the sur-helium and oxygen takes place for intermediate

values. face, i.e., CO (ICO at 520, 561, 608, and 637 nm)
and H (IHa at 656 nm and IHb at 486 nm), areThe electron energies necessary to sustain the

He discharge are high because of the high energy investigated. These intensities present different
behavior versus gas mixture composition.levels of helium. Also, the plasma impedance is

high, due to the low density of the charge carriers. He* lines show a diminution in their intensity
with the increase of O2 content in the discharge,Thereby, as long as He is the major component,

a great amount of energy is necessary to sustain the decrease being greater for percentages less
than about 5% O2 (Fig. 2). The same type of varia-the discharge. The presence of O2, molecular gas

with much lower energy levels as compared to He, tion is observed for H* lines, with the decrease
being more pronounced, and may even vanish al-leads to an increase in the density of the charge

carriers. The plasma impedance diminishes, lead- most completely for O2 contents higher than about
50% (Fig. 2).ing to a consequent decrease in the applied

threshold voltage necessary to sustain the dis- The emission intensity for the O* lines shows a
maximum for intermediate contents of O2 (aboutcharge. The variation of these parameters with

gas mixture composition is almost negligible as 50%) (Fig. 3), a variation that also appears for
the band heads of CO (Fig. 3).long as one of the gases is present in sufficient

large amounts (ú80%), which seems to indicate The steep decrease in the He* lines emission
intensity, observed for less than 5% O2, implicatesthat the breakdown conditions in our discharge
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The transfer to O2 is characterized by a high
rate (kà 200 301 10011 cm3 s01) . Thus, it seems
probable that excited atomic oxygen species are
produced by transfer from He species, especially
the metastable ones.

It must be noticed that Penning ionization from
He metastables (23S state) is also very efficient
in the case of other molecules, which are present
in the discharge, as detected by mass spectrome-
try, such as CO (k à 10 1 10011 cm3 s01) or CO2

(k à 60 1 10011 cm3 s01) .19

The further decrease in the intensity of the O*
Figure 2 Emission intensities of some He* and H* emission lines, after the maximum reached at
lines versus the composition of the He–O2 mixture. about 50% O2, can be explained by O* loss in

collisions with molecular oxygen, as follows:

a very efficient loss of He excited species by trans-
O* / O2 r O / O*2fer to other species with lower energy levels and

sustains the observation in connection with the
The efficiency of this reaction increases when theelectrical parameters.
amount of oxygen in the discharge increases.The increase of the population of the radiative

The variation of the emission intensity of bandlevels can take place by electronic collisions from
heads of CO, as detected in the experiments, canthe ground state or by stepwise processes: excita-
be explained by taking into account the same exci-tion of the metastable states 21S and 23S by elec-
tation transfer as for O*.tronic impact, i.e., the process which requires the

The steep decrease in the intensity of the H*lowest energy, followed by the ‘‘conversion’’ of
lines seems to be the opposite of trend of variationthese states, by collisions with electrons or with
of the H2 species, as detected by mass spectrome-other He atoms, into radiative states. This step-
try (compare with the next section). A largewise process seems more probable because it im-
amount of H2 is formed in the reactor with dis-plies lower electron energies and is justified also
charge-on, for all used mixtures. The importantby the relatively low applied electrical power in
decrease in the intensity of emission seems to in-the discharge. With the increase of the O2 content
dicate a very efficient loss of excited hydrogenin the mixture, the loss of the He metastable
atoms, even in the presence of very small amountsstates by Penning transfer to oxygen species and
of O2. This fact may be presumably due to a rapidthe ‘‘conversion’’ processes of the metastables to
increase in the recombination rate that resultsradiative states are less probable.
from an increase in electron density.20

The maxima obtained for the atomic oxygen
emission lines in a gaseous mixture that contains
about 50% O2 can be explained by taking into ac-
count the excitation mechanisms for these lines.
Generally, electronic collision mechanisms are
proposed, i.e., direct excitation from the ground
state and dissociative excitation of molecular spe-
cies. Both processes can take place at electron en-
ergies greater than a threshold value (about 11
eV for the first and about 18 eV for the second);
but the presence of He in the discharge renders
very efficiently the Penning reaction, fast transfer
(n à 10012 s) , which requires practically no addi-
tional energy,18 as follows:

Hem / O2 r He / O* / O/ / e
Figure 3 Emission intensities of some O* lines andHe/ / O2 r He/ / O / O*
some CO band heads versus the composition of the He–
O2 mixture.He/ / O2 r He / O/ / O*
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Mass Spectrometry

Mass spectrometry enables one to follow the neu-
tral species resulting from the polymer degrada-
tion. Separation between the species with the
same m /e value (N2 and CO) is achieved by using
the fragmentation patterns21 corresponding to the
value of 70 eV electron energy, which is used in
our spectrometer. H2, H2O, CO, and CO2 (m /e : 2,
18, 28, 44) are found to be the main degradation
products.

Figure 4 Mass spectrometer signals for different ef-Values presented in Figure 4 are the differ-
fluent gases, in percentages, measured as a differenceences between the peak relative intensity with
between discharge-on and discharge-off, versus thedischarge-on and discharge-off.
composition of the He–O2 mixture.The comparison with values obtained with

PTFE films in the same conditions allows to sepa-
rate the different contributions to the H2 peak

smaller than for CO. The maximum value isintensity: the hydrogen that results from the
reached earlier for CO than for CO2. After 5% O2,atomic hydrogen abstraction and the amount that
the increase of CO2 becomes faster than that of COoriginates from the desorption from the walls or
so that at 25% O2, their relative intensities are al-different metallic parts of the reactor. Results con-
most equal, and they remain so until 100% O2. Thisfirm that almost all H2 measured with discharge-
fact seems to indicate that CO2 is instead formedon is a product of surface degradation.
in the discharge, through reactions such asThe production of H2 presents a continuous in-

crease with the O2 content in the discharge until
CO / OH* r CO2 / H*about 50% O2, followed by a decrease for higher

quantities of the latter (Fig. 4). This variation is CO / O r CO2
not correlated with the amount of He introduced
in the reactor, which would thus indicate that the Consequently, the production of CO2 could be de-
H2 production is strongly related to the presence pendent directly on the formation of CO, with the
of reactive oxygen. last one being a surface degradation product.

Hydrogen may then be produced by reactions
that involve fragments, such as OH, CO, or CO2,
previously formed by the action of oxygen at the
polymer surface.

≈H¤C©O©C© ©C©O©CH¤≈

O O

≈H¤C©O©C© ©Cı 1 ıOCH¤CH¤≈

O O

ı≈H¤C©O©C© 1 ıOCH¤CH¤≈ 1 CO

O

Water formation, which results from the action
of OH* radicals, in reactions such as

≈H¤C©O©C© ©C©O©CH¤≈

O

1 O¤

1 OH*

1 O

1 H*

R* 1 OH

R* 1 H¤O

R* 1 CO¤ 1 H*

R* 1 CO 1 H¤

O

A fast increase in the CO concentration is ob-
served for a small percentage of O2. The maxi-
mum is followed by a slight decrease, almost
reaching a plateau for high oxygen contents. The
CO2 concentration shows a similar behavior, but
the slope in the CO2 increase for the first few per-
centages of O2 introduced in the gas mixture is

≈H¤C©O©C© ©C©O©CH¤≈ 1 OHı

O O

≈H¤C©O©C© ©Cı

1 ıOCH¤CH¤≈ 1 H¤O

O
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treated samples as compared to the untreated
sample (Fig. 5). uwater shows a considerable de-
crease, even for the He treatment (with a varia-
tion of about 34.5% as compared to untreated
PET). Measurements made immediately after the
treatment evidence the influence of the gas mix-
ture composition on the surface properties for less
than 5% O2. For higher oxygen amounts, the mea-
sured values for water contact angle remain al-
most constant.

The study of the stability of the surface proper-
ties can be an indirect indication of surface cross-
linking of treated PET samples. The He–O2Figure 5 Water contact angle of treated PET versus

the composition of the He–O2 mixture. treated PET films were aged in air at room tem-
perature, with measurements being made during
three months after the treatment (Fig. 6). A veryincreases obviously slower than that of CO and
good stability with time is obtained for samplesCO2. The trend of the formation of H2O versus
treated in gaseous mixtures that contain less thanthe composition of the gaseous mixture is very
5% O2 (about 10% variation of uwater ) .similar to that of H2, thus indicating that oxygen

For 25% O2–75% He and 50% O2–50% He mix-species induce the dominant mechanisms at the
tures, the value for the water contact angle mea-polymer surface.
sured three months after the treatment shows aAt low O2 contents (õ5%), the formation of
variation of about 100%, as compared with theCO2 and H2O is limited by O-atom supply; there-
value measured immediately after the treatment.fore, the H2O and CO2 concentrations are lower
For the 75% O2–25% He and 100% O2 discharges,than the H2 and CO concentrations. At higher O2

this variation is about 120%. The values of theflow rates, the O-atom supply is sufficient to con-
water contact angle on the samples treated in He–vert CO and H2 to CO2 and H2O, respectively.
O2 mixtures that contain more than 5% O2, even
if they present a considerable variation as com-

Contact Angle Investigations pared to the values measured immediately after
the treatment, continue to be smaller than thoseThe surface functionalization is shown by the de-

crease of the measured contact angle of water on for untreated PET; i.e., the treated PET does not

Figure 6 Variation of the water contact angle of treated PET with the ageing time
versus the composition of the He–O2 mixture.
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get back to the untreated form of PET. Thus, it same modifications in the 288.9 eV peak (C3)
shows the introduction of acidic groups.seems that the ageing process, which is very fast

in the first 10 days after the treatment (about The variations of C1, C2, and C3 depend on the
gas mixture composition. C2 and C3 increase with75% of the total variation), keeps acting on rather

long periods. the oxygen amount introduced in the reactor up
to a maximum value for about 50% O2, then de-
crease for higher oxygen percentages. C1 presents

XPS Investigations an opposite type of variation: it presents a mini-
mum value at about 50% O2, then it increases forThe C1s spectrum for untreated PET consists

mainly of the following three distinct peaks, ex- gas mixtures with oxygen as the major compound.
This indicates the degradation action of an oxygencluding the peak due to the p– p* shake-up transi-

tion: the carbon atoms in the benzene ring C1 plasma, with the oxidative functionalities intro-
duced at the surface being etched by action of the(285.0 eV), the methylene carbon singly bonded

to oxygen C2 (286.7 eV), and the ester carbon oxygen species.
The deconvolution of the O1s electron peakatoms C3 (288.9 eV). The O1s spectrum consists

of oxygen atoms singly bonded to carbon O1 (533 shows the change in the relative proportions of
oxygen singly and doubly bonded to carbon. FromeV) and oxygen atoms doubly bonded to carbon

O2 (532 eV). the roughly 50 : 50 distribution (O{C to O|C)
for the untreated material, the plasma treatmentsThe effect of the He–O2 plasma on the PET

sample is to increase the oxygen functionalization give rise to an increase of the proportion of oxygen
singly bonded to carbon functionalities comparedat the surface as compared to the untreated sam-

ple (Fig. 7), as shown by the relative integrated to the lower binding energy component arising
from oxygen doubly bonded to carbon, a fact whichintensity of the high-binding energy components

C2 and C3 (arising from oxidative functionaliza- may suggest a crosslinking surface process.
As is pointed out in the literature,22 crosslink-tion), with respect to that at low-binding energies

(CH), C1, which shows a diminution for the He– ing of PET proceeds by a reaction chain that in-
volves recombination of two aryl radicals obtainedO2 treated samples. The intensity of the peak at

286.7 eV (C2) increases for treated PET due to by hydrogen abstraction from the benzene ring,
as follows:the appearance of alcohol and phenol groups. The

≈© ©COOCH¤CH¤OCO© ©≈

≈© ©COO©CH©CH¤©OCO© 1 Hı©≈

≈© ©COOCH¤CH¤©OCO© ©≈

≈© ©≈ ≈© ©≈

≈© ©≈≈© ©≈

The presence of oxygen induces reactions that to obtain a stable surface; but, at the same time,
a balance between the contributions of the reac-involve chain breaking and surface oxygenation.
tions from inert gas versus oxygen-containingThe two competitive processes, i.e., crosslink-
species with the polymer surface is achieveding and functionalization, take place with differ-
when small amounts of oxygen are added in theent rates, depending on the composition of the
reactor. As long as the added O2 quantities aregaseous mixture.
less then a few percent, the surface crosslinkingA large content of He seems to be necessary
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CONCLUSION

In this work, PET films are treated in plasmas of
mixtures of helium and oxygen, aiming at ob-
taining stable surface properties with time. The
results show that in He–O2 mixtures, the two
competitive processes, i.e., crosslinking and func-
tionalization, can be optimized in order to limit
the ageing. The latter is achieved when the O2

content in the discharge is less than a few percent.
The reinforced crosslinked layer that stabilizes
the surface is formed under the action of the He

Figure 7 Intensities of various components of the C1s active species, while the oxygen species induce the
spectrum relative to Ctotal versus the composition of the formation of an oxidized polymeric structure. The
He–O2 mixture. presence of O2 in excess induces a depopulation

of the excited levels of He, particularly the meta-
stable ones, a fact which is reflected by a consider-

takes place simultaneously with the surface able decrease of the stability of the surface proper-
functionalization, as it was pointed out in a pre- ties of the treated polymer.
vious work 16 for treatments of PET with resid-
ual oxygen present in a He discharge. This work was supported by a French Government
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