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Treatments of PET in an ion beam-low density plasma system, in ox gen, have been 
realised. Low energy (100-500 eV), but relatively high does (3.0.10’ -9.0.  10l6 ions/ 
cm2) for ions were used. In this first part, the surface modifications of PET films 
(investigated by IR spectroscopy, X-ray diffraction, contact angle measurements, XPS 
angle resolved) are presented. Both chemical and physico-structural modifications take 
place simultaneous during ion beam treatments. The initial polar group content, 
immediately after the treatment, but more than this the physico-structural modifications 
like cross-linking and a restructured crystalline content determine the dynamic effects 
which control the ageing mechanisms. 

? 

Keywords: Ion beam; low density plasma; surface modification; cross-linking; dynamic 
effect; ageing mechanism 

INTRODUCTION 

It is well known that London-Lifshitz and Lewis acid/base interactions 
are among the main ones involved in interfacial forces [I]. Also, the 
thermodynamic work of adhesion is a measure of such interfacial 
forces [2], whch in their turn can explain the properties of the wide 
variety of complex materials. 

*Corresponding author. 
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230 M. GHEORGHIU er al. 

For example. metal-polymer adhesion has been shown to br 
determined to a large extent by acid-base interactions, which modify 
interfacial bonding [3]. Although adhesion in polymer composites can 
arise from primary chemical bonds, from London-Lifshitz interactions 
across the interface or from mechanical interlocking, acid-base inter- 
actions are the most generally useful chemical forces that are available 
to modify interfacial bonding [4]. The selection of a biomaterial, as 
being biocompatible on a long-term basis, suppose besides the other 
criteria (damage to adjacent tissue, toxic or allergic reactions etc.), the 
values for its surface free energy components adsorption on 
biomaterials (as the earliest stage in blood coagulation) generally 
involves non-specific binding, depending on the local distribution of 
the heterogeneities on the biomaterial surface. Josefowicz and co- 
workers stood out that biospecific functional polymers may be 
obtained by random substitution of macromolecular chains with 
suitable chemical groups [5b]. 

On the other hand, the practical importance of surface modification 
of polymers has imposed extensive researches on the ageing of the 
plasma treated polymer surfaces [6- I I].  Mechanisms like thermal 
decomposition of the modified layer, which were supposed to be 
responsible for the observed increase of water contact angle, were 
ruled out by different analysis [7]. Now it is clear that dynamic erects 
control the surface properties of polymers and also a possible 
restructuring of the mobile surface in the working environment must 
be taken into account [7-91. 

In a previous paper it has been shown that a so called ion beam 
induced epitaxial crystallization (IBIEC) takes place for poly(ethy1ene 
terephthalate) films subjected to the action of oxygen ions of relative 
low energy (100-500 eV), but at high doses (loi6 ion/cm2) [12]. The 
mechanism IS mainly controlled by the ratio between the fluence of fast 
atomic; and molecular oxygen ions. This ratio determines the 
probability for the yielding of the polymer chains with critical 
dimensions and also the rates for the dynamic defect annealing and 
the defect production. The etching regimes for PET samples, as a 
function of ion energy and dose were also proposed. 

The present paper stands out that, starting from an amghoteric 
poly(ethy1ene terephtkalate) surface, basic or acidic surfaces may be 
created by treatments with oxygen ions of different energies and doses. 
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PET FILMS SURFACE MODIFICATION 23 1 

Moreover, the evolution of the surface energy components with the 
“ageing” time is specific for the different treated samples. This is not 
only due to the various types of functional groups and their content 
introduced immediately after treatments, but also to the distinct 
dynamic effects that are the results of the plysico-structural and 
chemical changes of the treated surfaces in &he ion beam-plasma 
system. The first part of the paper presents data about surface 
modifications, while the second one will show the characteristics of 
the gas plasma phase together with the possible mechanisms 
responsible for the observed surface modifications and their change 
during ageing. 

EXPERIMENTAL 

The poly(ethy1ene terephthalate) (PET) film, 25 p, Terom @ (produced 
in Romania) was treated in an ion beam-low density plasma system 
(IB-LDP), after washing in alcohol. 

The experimental set up is described in detail elsewhere [5c, 121. It 
consists mainly in a low density target plasma through which drifts a 
positive ion beam. 

Typical parameters are: 9.10’ ~ m - ~  -density of the source plasma, 
lo6 ~m-~-densi ty  of the target plasma, 3 eV-medium electron 
temperature and 0.25 eV -medium ion temperature. The average 
energies of the beam oxygen ions were: 100 eV, 300 eV and 500 eV. 
Treatments were performed at the following doses: b1 = 3.0. 1015 ions/ 
cm2, 62 = 1.5. 1OI6  ions/cm2 and b3 = 9.0. 1OI6 ions/cm2. A saturation 
regime for ion tracks is realised at 61, while for 62 and S3 a 
reimplantation regime is obtained [13]. 

For the sake of simplicity the following notation of the samples is 
used E (ion energy) - 6 (dose). 

The polymer sample was not cooled during the treatment, that the 
thermal effects, due both to the ion bombardment and the radiation 
from the hot cathode of the target plasma, must be considered. 

The following methods for surface investigation were used: free 
surface energy determination, IR spectroscopy, X-ray diffraction and 
X P S  angle resolved. 
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232 M. GHEORGHIU er al. 

The surface free energy components were dete-mined by sessile drop 
technique. The reported values are the average over at least ten 
measurements performed on many area region of the sample surface, 
the typical dispersity of the values being f2”. 

Here is necessary to briefly point out some aspects concerning the 
notion of thermodynamic work of adhesion. In the earlier modelling 
of the physical interactions between molecules across the interfaces, 
the thermodynamic work of adhesion is given by the expression [14]: 

where yt, 7;‘ are the dispersive component of the surface energy for 
solid (s) respectively liquid (I) and yf, y f  are the polar ones. The 
second term in the right part of the equation (1) was arbitrarily 
assigned to “polar effect”, even its magnitude seldom correlated with 
the dipole moments of the materials [14]. This excess contribution to 
the magnitude for W, could be identified with acid-base interactions 
and thus [ I  51: 

where Wtb refers to the contribution of acid-base interaction. 
The notions of acidity and basicity must be understood in the sense of 

Lewis theory (electron donor-acceptor). The formation of bonds 
between two molecules is made by partial or complete charge transfer. In 
practice, two main concepts are used to classify the acid-base strength of 
liquids: the Drago and Gutmann formalisms. In Drago’s studies, each 
substance is considered exclusively acidic or basic. The possibility of an 
amphotcric character is therefore ignored, whereas it is taken into 
account in Gutman model [16]. 

Therefore, the acid-base contribution to the work of adhesion Wib 
water-polymer, may be obtained in accord with [ 151: 

The surface tension of the liquid 71 and its contact angle O may be 
measured directly, while the Lifshitz-van der Waals contribution to the 
solid surface energy y 4” is obtained using a non-self-associating 
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PET FILMS SURFACE MODIFICATION 233 

liquid with no acidic or basic character (i.e., a “neutral liquid”) with 
the relation: 

Y S  L w =  (y) .(l+cosep,b,) (4) 

where eprobe and are the contact angle and surface tension respec- 
tively for neutral liquid. In terms of the LW-AB model, Young’s equ- 
ation can be written [ 171: 

where y+ and y- note the contribution due to the electron acceptor 
(Lewis acid) and donor (Lewis base) part respectively, for solid (s) or 
liquid (1). 

Polar and dispersive component of the surface energy were 
determined with relation (1) and acid, base components with relation 
(5). The values for the surface energy components of the liquids used 
in this study are given in Table I. 

The IR spectra were obtained on a Nicolet FTIR spectrometer (with 
620 Advantage Processor). 

A X-ray diffractometer HZG, operated with CoKa radiation, in 
standard (at high and small angles) and grazing X-ray incidence 
geometry, has been used. Taking into account the value for linear 
absorption coefficient for polymers [ 181, have been calculated the 
penetration depths of CoKa radiation as a function of the X-ray 
incidence angle, w. The X-ray penetrates entire PET film sample for 
w 2 2”, as can be observed from Figure 1. 

The XPS spectra were obtained on a ESCALAB MkII (VG 
Scientific) photoelectron spectrometer, with an AlKa X-ray source, 
and a low energy flood gun for charge compensation. The total 

TABLE I The values for the free surface energy components of the liquids used in this 
study [17] 

_ _ _ _ _ _ _ _ ~ ~ ~  ~ 

Component of the free surface energy (mN/m) 
- Liquid YILW 7: YI 71 

water 21.7 25.5 25.5 72.8 
formamide 32.0 3.0 22.4 57.4 
a-bromonaphthalene 44.8 0 0 44.8 
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234 M. GHEORGHIU et al. 

FIGURE 1 Penetration depth of CoKa in PET film sample vs. incidence angle LO. 

instrumental resolution, measured as FWHM of the Ag 3d5p photo- 
electron peak, was 0.5 eV. The angle between the direction of the 
incident X-ray and that of observation was fixed by analyser entrance 
slit, 50", while the angle between the sample surface and the direction of 
observation, a, was variable. Correlation between a and the sampling 
depth, d =  3X sin a, is given in the Table I1 (A is the inelastic mean free 
path for photoelectrons, which is 26 A in polymers, at 1200 eV mean 
energy). It is also considered that the material is a homogeneous one. 

RESULTS AND DISCUSSION 

Specific Structural Features of the Untreated Polymer 

The density of the film samples was 1.392 g/cm3 and the degree of 
crystallinity (as determined from density data) was 65.0%. 

TABLE I1 Correlation between a and the sampling depth d 

22.5 31.5 52.5 
30 41 62 
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PET FILMS SURFACE MODIFICATION 235 

The X-ray diffractogram (in Bragg-Brentano geometry) exhibits the 
peak due to (100) planes (28=30") (Fig. 2, curve l), for which the 
interplanar spacing was d(l00, = 3.4478 A, in well agreement with 
literature data [18]. The enlargement of (100) peak base is due to the 
amorphous phase, which mainly is ascribed to the chaotically 
distribution of the -CH2- groups with respect to (100) benzene 
ring plane. The degree of crystallinity, from X-ray data, was 61.1%. 
The mean crystallite size perpendicular to (100) plane, was D(loo) = 60 A. 

30.09 

FIGURE 2 
and for grazing incidence (curve 2 w = 8", curve 3 w = 4"). 

Diffractogram of the untreated PET in Bragg-Brentano geometry (curve 1) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
4
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1
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The X-ray long period, determined from small-angle scattering data, 
was L=39 A. As a function of w, the (100) peak intensity is given by 
the number of (100) planes that have a well-defined orientation in 
respect with sample surface. Smaller the incidence angle w, greater 
must be the angle 0 for which Bragg scattering takes place. Therefore, 
the decrease in (100) peak intensity with the decrease of w (Fig. 2, 
curves 2 and 3) shows a diminished crystallite content whose (100) 
planes make great angles with sample surface plane. 
IR spectra for untreated PET film is similar to that for PET with 

high crystalline content, but its ATR-IR spectra (shown Fig. IOa) has 
some similarities with that for amorphous polymer (shoulders or 
bands at 1445, 1370, 1045, 900 cm-’). 

The Cls spectrum for untreated PET consists of three distinct peaks 
(without the peak due to r-r* shake up transition), similar with those 
presented in literature [19]: the carbon atoms in the benzene ring CI 
(285 eV), the methylene carbon singly bonded to oxygen C2 (286.7 eV) 
and the ester carbon atoms CJ (288.8 eV). Two peaks, due to the 
carbonyl 0, (O=C, 532 eV) and ester O2 ( G - C ,  533 eV) oxygen 
atoms are stood out in the 0 1 s  spectrum of the untreated PET. 
Resolved peak areas do not agree with the calculated carbon ratio, 
3 : 1 : 1, the content in carbon singly bonded to oxygen C2 being greater 
than the content in carbon double bonded to oxygen C3, especially in a 
surface layer thinner than 30A. This behaviour can be explained 
knowing that in a paracrystalline structure, like in PET foils, the 
spaces between crystallites are completed with an amorphous phase 
which is determined by the chaotically and homogeneous distribution 
of the -CH2- groups. The difference of almost 10% in the 
intensities for O2 and 0, in the untreated PET could be due to the 
presence of some residual monomer or to the cyclic oligomers [12]. 

The untreated PET has a hydrophobic (with a low value for non- 
dispersive, or acid-base component y :b = 2.2 mN/m) and amphoteric 
(7: = 7; = 1.1 mN/m) surface. 

Surface Energy Data 

The sessile drop measurements were made both immediately after 
treatment and at various time intervals after the treatment. These last 
measurements were made to stand out the so called “ageing” effect. 
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The values of the acid-base component (y tb = 7,’ + 7;) correspon- 
dent for PET treated in IB-LDP system are higher in respect with 
those obtained for the untreated sample (7:b = 2.2 mN/m), no matter 
the dose and the energy of the ions are (Tab. 111). The increase of the 
acid-base component could be an indication of functional groups 
introduction into the surface exposed to the ion bombardment, the 
number of these ones being higher, higher the dose and the energy of 
the ions are. 

Acid 7,’ and base y; surface energy components vs. ion energy and 
dose (as they were measured immediately after treatment) are 
represented in Figure 3, in which arrows mark the values for untreated 
sample. For treatments with 100 eV ions, both 7,’ and 7,- increase at 
S1, but at higher doses slightly depend (increase) on 6. Treatments with 
oxygen ions of 300 eV increase y,’, excepting at the lowest dose when 
this one is slightly diminished as comparing with untreated PET 
(Fig. 3a), while 7,- has greater values than for the initial PET, for all 
doses, with a lower value for b2-300 sample (Fig. 3b). Extremely 
different dependencies 7,‘ and 7,- versus S are shown for samples 
treated with 500 eV ions. 7,’ obviously increases for samples treated at 
S1 and S2, while at h3 it decreases around the value for untreated 
sample (Fig. 3a). 7,- increases with S up to 23 mN/m at S3 (Fig. 3b). 

The evolution of y f b  (Tab. 111), 7,’ (Fig. 4) and y; (Fig. 5) with the 
ageing time stand out some common features. More or less decreasing 
of T,”~,  7,’ and 7; with the ageing time is observed, which is the 
general trend stood out for polymers treated in RIBE or IBE system 

TABLE 111 Acid-base component of the surface free energy for PET samples treated in 
IB-LDP system 

ageing time (days) 
0 I 3 7 

61-100 
62-100 
63-100 
61-300 
62-300 
63-300 
61-500 
62-500 
6q-500 

6.4 
8.3 
9.1 
5.6 
7.2 

12.3 
6.5 

12.4 
24.3 

7.2 
7.6 
9.5 
4.5 
4.7 

10.4 
5.9 
6.8 

15.1 

6.0 
7.0 
8.3 
5.6 
5.0 
9.6 
4.6 

12.7 
10.2 

17.5 
6.5 

11.2 
9.8 
5.2 

12.4 
5.7 

11.7 
10.0 
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POLY(ET€IYL,ENE ITREPETHALATE) FILMS WITH DIFFERENT CONTENT OF ACID- 

BASE PUNCTIONALITIES. 1. SURFACE MODIFICATIONS 

20 
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FIGURE 3 a) Acid 7: and b) base y- component of the surface energy vs. oxygen ion 
energy and dose. 
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POLY(ETHYLENE TEREPHTHALATE) FILMS WITH DIFFERENT CONTENT OF ACID- 

BASE FUNCTIONALITIES. 1. SURPACE MODIFICATIONS 

FIGURE 4 
and c) 63. 

Evolution of 7,‘ with “ageing time” for PET samples treated at: a) 6,, b) 62 

[7, 9, 111. These evolutions are function of the treatment conditions 
being different even in the case when the initial (immediately after the 
treatment) values are comparable. For example, the samples 6,- 100 
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POLY(ETHYLENE TEREP6TEALATE) FILMS WITE DIFFERENT CONTENT OF ACID- 
BASE FUNCTIONALITIES. L SURFACE MODIFICATIONS 

FIGURE 5 Evolution of 7%- with “ageing time” for PET samples treated at: a) 6 , ,  
b) 62 C) 63. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
4
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



PET FILMS SURFACE MODIFICATION 24 1 

and 61-500 has almost the same initial values for rtb (Tab. 111) and 
also for ys- (Fig. 5) ,  but evolution in time stand out different dynamic 
surface effects for the two samples. 

7tb increase seven days after the treatment (as comparing with the 
values obtained immediately after the treatment) for the samples 
treated with ions of 100 and 300 eV, at the lowest dose. This increase is 
higher lower is the ion energy (Tab. 111). For 1!7~-100 this increase is due 
mainly to the increase in 7,- (Fig. 5a) while for S1-300 to the increase in 
7,’ (Fig. 4a). Such unexpected feature was also observed by Brennan 
and co-workers for oxygen plasma treated PEEK [8]. 

The total polar group content is more stable as the energy and dose 
increase with an exception for 63-500 sample. Therefore -ytb is almost 
unchanged for &-loo, S3-300, 61-500 and &-SO0 (Tab. 111). 

On the other hand, data for 7,’ and 7,- evolution with the ageing 
time show two main aspects. Firstly, the samples with an initial 
pregnant surface acidic character like S3-100, s3-300 and b2-500 (Fig. 4, 
0 days after treatment) evolve to a pregnant basic one (Fig. 5, 7 days 
after treatment); conversely, the sample b3-500 with a pregnant basic 
character immediately after the treatment (Fig. 5c, 0 days after 
treatment) evolves to an acidic one (Fig. 4c, 7 days after treatment). 
Secondly, samples which do not present a prevalent acidic or basic 
character (like d2-100, h2-300, b1-500) are more stable in time (show no 
important modification in their acid or base surface component). 
These aspects are very important for practical purpose of such 
modifications. 

Without giving at this moment an explanation of the above 
presented surface energetic data it must briefly pointed out few 
aspects concerning the dynamic surface effects, as are presented in the 
literature [8, 9, 201. The increase in the surface concentration of 
hydrophilic or hydrophobic groups leads to highly asymmetric surface 
structure, which in turn causes much stress and many different stress- 
induced mechanisms as: outdiffusion of untreated subsurface mole- 
cules through the modified layer, short range reorientation of 
macromolecular segments or side chains, chemical reactions between 
introduced groups and surroundings or the chemical groups of the 
parent polymer. The short range monomeric or segmental motion such 
as the rotation of a side chain around a carbon-carbon bond (p 
relaxation), take place within the modified layer, leading to burial of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
4
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



242 M. GHEORGHIU er 01. 

polar group away from the surface. This mechanism is expected 
independent of molecular weight. The long range motion and out 
diffusion of untreated molecules is much more demanding intense of 
activation energy and it has a strong dependence on molecular weight. 
While minor effects were observed in the short range recovery 
mechanisms, the onset of recovery by long range mobility was 
lowered, the lower cross-linking [8, 91. Therefore, two main conditions 
must be fulfilled to reduce the recovery mechanism: a maximum 
amount of oxygen introduced on the surface, which interact by 
hydrogen bonding and a higher reticulated content [20]. 

Values for 7,' and y;, seven days after the treatment, are given in 
Figure 6, to show more clear the predominant acidic or basic surface 
character of each sample. Samples which have mainly basic character 
are: 6,-100, S3-100, S2-500 and 63-300, while those which have acidic 
character are 61-300 and 63-500. The others do  not present a prevalent 
acid or base character. 

XPS Data 

It must pointed out that XPS data were obtained after more than a 
month from the treatment and these data could be corroborated only 

POLVIETIIW INETUUWHTIIAUTE) Q I M S  W l l l l  PI~FtRtNlCDN~NTOF~CIPMPC FUNCTIOYALITIU I SURFACE MODLPIChIlONS 

FIGURE 6 Diagram with 7,' and 7;-, seven days after the treatment of PET samples. 
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PET FILMS SURFACE MODIFICATION 243 

with the surface energy data obtained seven days after the treatment. 
Even in this case a straight correlation between the values of the 
surface energy components and XPS data is difficult to get through. 
That since, as it is well known, the sessile drop measurements give 
information about chemical structure for the uppermost layers, while 
the XPS signal for a given species integrates across a layer of few tens 
angstroms. When such a correlation is an obvious one this could be a 
sign that induced modifications are the same in the uppermost and in 
the deeper layers. 

PET samples were stored in closed vessel, in air, under normal 
conditions of temperature and humidity. 

Different carbon contents as percentages from the total carbon [C,] 
are given in Table IV as a function of treatment conditions and 
electron take off angle (or sampling depth). Ols/Cls, &C/C and 
O=C/C atomic ratios as function of photoelectron take-off angle are 
given in Figures 7,8 and 9, for samples treated at different ion energies 
and doses. In these figures arrows mark the correspondent values for 
untreated PET at 22.5", 37.5" and 52.5" electron take-off angles. 

Treatments with 100 eV ions do not appreciable modify [C,], while 
[C2] increases (especially at the highest dose) and [C3] decreases for all 
investigated sample depth (Tab. IV), as comparing with untreated 
sample. Ols/Cls is smaller with 6-8% than for pristine polymer, in 
layers of about 30-50 8, of the S1-10O sample (Fig. 7a). A slight 
diminished Ols/CIs ratio is stood out in S2-100 sample, only in the 
superficial layers, while an important decrease of about 12% is shown 
in the profoundness of S3-100 sample. Decrease in Ols/Cls ratio is due 
to the decrease in &C/C, for all doses (Fig. 7b). The decrease in 
0-C/C, concomitantly with a slight increase in O=C/C (Fig. 7c) (as 
comparing with the values for untreated PET), can explain basic 
(donor) character of b1-10O and &-lo0 samples. 

Treatments with 300 eV Ions 

[C,] increases especially for S2-300 and S3-300 samples. [C2] doesn't 
change, while [C3] decreases with 3-6% as compared with untreated 
sample (Tab. IV). The Ols/Cls ratio has a decrease of about 8-9%, for 
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POLY(ETHYLENE TEREPHTIULATE) FILMS WITH DIFFERENT CONTENT OF ACID- 

BASE FUNCTIONALITIES. L SURFACE MODIFICATIONS 

a. photoelectrons take off angle (dgr) 

b photoelectrons take off angle (dgr) 

FIGURE 7 
angle (sampling depth), for samples treated with 100 eV ions, at different doses. 

Values of: a) Ols/Cls, b) 0 -C/C and O=C/C ratios vs. electron take-off 

all investigated sample depths in b1-400 sample (Fig. 8a), decrease due 
both to diminishing in W / C  (Fig. 8b) and O=C/@ (Fig. 8c) ratios. 
Almost unchanged value ofOls/Cls ratio for b2-300 sample is the result 
of the decreased c l - C / C  and increased O=C/C.  The increased Ols/ 
C 1 s for b3-300 sample is duc to increasing in both C r C / C  and O=C/C. 
It must also stood out an extremely uniform depth profile for the values 
of these ratios for all samples treated with 300 eV ions. XPS data doesn’t 
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PET FILMS SURFACE MODIFICATION 

c. photoelectrons takeoff angle (dgr.) 

FIGURE 7 (Continued). 

POLY(ETWLENE TEREPHTHALATE) FILMS WITH DIFFERENT CONTENT OF ACID- 

BASE FUNCTIONALITIES. 1. SURFACE MODIFICATIONS 

photoelectron take-off angle (dgr.) 

a 

241 

FIGURE 8 Values of: a) Ols/Cls, b) O-C/C and O=C/C ratios vs. electron take-off 
angle (sampling depth), for samples treated with 300 eV ions, at different doses. 
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248 M. GHEORGHIU et al. 

photoelectron tnkcolT angle (dgr.) 

b 

photoelectron takeoff angle (dgr) 

C 

sustain the surface energetic for these samples which suggests that the 
acidic or basic groups are mainly created in a thinner layer than the 
sampling depth for photoelectrons (even for the lowest value of a). 
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PET FILMS SURFACE MODIFICATION 

POLY(ETHYLENE TEREPETHALATE) FILMS WITH DIFFERENT CONTENT OF ACID- 

BASE FUNCTIONALITIES. I. SURFACE MODIFICATIONS 

photoelectron take-off angle (dgr.) 

a. 

249 

photoelectron take-off angle (dgr.) 

b. 

FIGURE 9 Values of: a) Ols/Cls, b) &C/C and O=C/C ratios vs. electron take-off 
angle (sampling depth), for samples treated with 500 eV ions, at different doses. 

Treatments with 500 eV Ions 

[C,] is increased, mainly in deeper layers and at low dose. [C,] has an 
increase in all investigated depths, only for S3-500 sample, while [C,] 
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photoelectrons take off angle (dgr) 

C. 

FIGURE 9 (Continued). 

' I l r l I  
1600 1LW 1200 lmo .Y:m.l 600 

C. 

FIGURE 10 IR spectra 

I 1  

"-1 Mn 
b. 

for: a) untreated and treated 

!Moo ('MI 12m ,000 

a. 

PET at 61, b) 62 and c) 63. 
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PET FILMS SURFACE MODIFICATION 251 

decreases for all treated samples with 500 eV ions (Tab. IV). Ols/Cls 
increases with 18-20% for all investigated depths of b1-500 sample. 
The increase of about 5% for this ratio, for b2-500 sample, is stood out 
only in the superficial layers. For b3-500 sample Ols/Cls increases with 
= 5% in the uppermost layers and has a sharp increase of about 20% 
at a depth of around 50 A (Fig. 9a). The increase of Ols/Cls, for 
samples treated at 6' and S2 is due to the increase of O=C/C, while for 
the sample treated at S3 is mainly due to &C/C increasing (Figs. 9b 
and c). These data also sustained the surface energy data: S2-500 has a 
basic character, while S3-500 and acidic one. 

IR Spectroscopy Data 

It must pointed out that the treatments do not appreciable modify the 
film thickness. 

Treatments at the Lowest Dose 6, (Fig. 10a) 

Cis shoulders are appreciable diminished in 61-100 sample, but 
increased in S1-50O sample, as comparing with untreated PET. These 
features sustain a decrease and an increase respectively in amorphous 
content for the above mentioned samples. A diminishing of 1578 cm-' 
band (due to @o) is also observed in S1-100 sample, while the same 
band is increased in b1-500. For this last sample, the 973 cm-' band, due 
to CH-benzenic is increased as comparing with untreated PET sample. 

Treatments at the Medium Dose a2 (Fig. lob) 

IR spectra for S2-10O sample is similar with that for S1-10O. Bands 
corresponding to cis phase are increased in 62-300, but obviously 
diminished in b2-500 as comparing with untreated sample. For the 
same samples 1578 cm-' peak is increased. 

Treatments at the Highest Dose a3 (Fig. 1Oc) 

Cis shoulders are extremely diminshed and even vanished in S3-300, 
but especially in 63-500 sample. The 1570 cm-I and 872 cm-' bands 
are diminished in the same samples. 
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252 M. GHEORGHIU ef al. 

The above mentioned results suggest important modifications in 
amorphous and crystalline content of the oxygen ion beam treated 
PET. Such modifications will be stood out also by X-ray diffraction. 

X-ray Diffraction Data 

The X-ray diffraction at wide angles (Tab. V and Fig. 11) shows that 
generally, the main (100) peak doesn’t modify his position (8) or the 
width at 50% maximum intensity (p). This means that ions do not 
significantly change (in the bulk of the sample) the degree of ordering 
due mainly to the preferred orientation of the benzene rings in the 
specimen plane. However, some modifications appear, especially at 
higher ion energies and doses. 

Therefore, X-ray patterns of 100 eV treated samples are similar to 
that for untreated PET. Some additional small peaks appear at low 
angles, due (100) planes of CH2 groups, especially in b3-100 sample 
(Fig. 1 la). The amorphous halo is diminished with increasing dose, for 
300 eV treated samples (Fig. 1 Ib). A decrease in (100) peak intensity 
and also in crystallite size on the normal direction to the (100) plane 
(D) is stood out for b2-300. A decrease of D is stood out for 62-500 
sample (Tab. V). The amorphous halo is slightly diminished in 62-500 
samples (Fig. 1 Ic). 

The values for long period L, as were determined from small angle 
diffraction data, are given also in Table V. As comparing with 
untreated sample, L, which represents the medium distances from the 
crystalline domains [16], is slightly increased in b2-100, S3-100 and 
b3-500 and decreased in b3-300 and b1-500. This feature could be due to 

TABLE V 
system 

X-ray diffraction data at wide angles for PET samples treated in 18-LDP 

Sample W g r . )  @) d(d ) mu.) N) 
6,-100 15.04 40.2 3.4478 2.548 60.3 
62- 100 15.04 42.1 3.4478 2.548 60.3 
63- 100 15.04 41 .O 3.4478 2.399 58.7 
61-300 15.04 39.4 3.4478 2.548 60.3 
62-300 15.02 39.4 3.4528 2.315 58.2 
63-300 15.01 37.4 3.4550 2.389 58.6 
61-500 15.04 35.4 3.4478 2.375 60.3 
62-590 15.04 39.4 3.4478 2.311 55.7 
63-500 15.04 42.1 3.4478 2.414 60.3 
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I 

253 

I 

1l1l1l111111111 
36 22 

2 8  
36 22 

2 8  

FIGURE 11 
and c) 500 eV. 

X-ray patterns for PET samples treated with ions OF: a) 100 eV, b) 300 eV 

two competitive processes: one which induced distortions .in crystallite 
structure and other a recrystallization process. 

In Figures 12 are given the main peak (100) intensities, as functions 
of ion energy and dose, for three values of the incident angles w. The 
arrow marks the (100) peak intensity for untreated PET, at the same w. 
Generally, oxygen ion beam treatments of PET determine the increase 
in number of (100) planes which make angles different from zero with 
the sample surface plane, N(loo)w. The number of planes which make a 
relative large angle with sample surface, N(100)-4, increases with 6 for 
300 eV ion energy treated samples, but do not depend on 6 for 100 eV 
and 500 eV treated PET samples (Fig. 12a). is prominent 
increased when it is pass from saturation to reimplantation regime of 
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POLY(ETBYLENE TEREPBTBALATE) FILMS WITA DIFFERENT CONTENT OF ACID- 

BASE FUNCnONALITIES.1. SURFACE MODIFlCATIONS 

120 - 

I10 - -  

? 

i - Loo-- 6 
P 
v - 

90 -- 

... 

unkealed 

-+ 
0 2 6 8 in 

dos:(E+16. ionilcm2) 

a 

0 2 4 6 8 

dose (E+16, ioni/em2) 
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10 

b 

FIGURE 12 
w=6" and c) w=8" .  

Intensity of (100) peak vs. treatment dose and ion energy for: a) w=4",  b) 

dose, for ion energy of 100 eV and 500 eV; it does not depend on 6 for 
samples treated with 300 eV ion energy (Fig. 12b). N ( l o o ) . ~  does not 
depend on dose for samples treated with ions of 100 eV, is diminished 
for 63-300 sample and tends to saturate with dose for samples treated 
with ions of 500 eV. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
4
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



PET FILMS SURFACE MODIFICATION 255 

240 
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0 2 dosg(E+16, ioni/gm2) 8 10 

C 

FIGURE 12 (Continued). 

CONCLUSIONS 

Since a tentative explanation of the mechanisms involved in the above 
mentioned surface modifications will be presented in the second part 
of this paper, after the presentation of the results on the plasma gas- 
phase analysis, now there will be pointed out only few important 
aspects. 

Both chemical and physico-structural modifications take place 
simultaneous during ion beam treatments and treated samples' ageing. 

The introduction of the oxygen functionality in the PET surface, 
stood out by the values for 7tb and those for 7,' and y;, starts for the 
samples treated at the lowest dose S1. However, the content in such 
functionality is not one which could award a prevalent surface acidic 
or basic character for the samples treated at this lowest dose. 

The acidic functionality contents increases with treatment dose, at 
the same ion energy, while the basic ones are not too much influenced 
by the treatment dose. The S3-500 sample is an exception having a very 
high value for 7,- and a diminished value, closed to that for untreated 
PET, for 7:. 

The initial polar group content (immediately after the treatment), 
but more than this the physico-structural modifications like 
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256 M. GHEORGHIU et al, 

cross-linking and a restructured crystalline content (stood out by 1R 
spectra and X-ray diffraction at grazing incidence geometry) determine 
the dynamic effects. 
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