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Plasma treatment of polyolefins:
Influence of material composition: 1.
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Injection-moulded plates of ten polypropylene (PP) and thermoplastic polyolefin (TPO) materials with
varying material composition (different type of rubber, varying degree of ethylene etc.) were characterized
before and after oxygen plasma treatments. Untreated materials were studied by means of differential
scanning calorimetry (d.s.c.), size exclusion chromatography (s.e.c.), Fourier-transform infrared spectro-
scopy (FT'i.r.), attenuated total reflectance (ATR) and transmission measurements, and the effect of plasma
treatment conditions was followed by X-ray photoelectron spectroscopy (X.p.s.) and contact angle
measurements. S.e.c. analysis revealed only minor variations among the materials, while the d.s.c. and
FTi.r. experiments confirmed that the differences were to be expected as a result of the variation in material
composition. The FT'i.r.—ATR results showed that all samples had a gradient in material composition. The
materials were generally more rich in PP in the topmost ~ 200 nm than in the first ~800nm, and a lesser
extent of ethylene modification and/or rubber was observed in the topmost ~ 200 nm. It was also shown that
the degree of surface crystallinity was normally greater at ~ 800 nm than at ~200nm, and that a higher
mould temperature led to a higher degree of surface crystallinity. The water contact angles and the atomic
composition showed that the materials were more oxidized after plasma treatment at high power-to-gas
pressure (P/G) ratios than at low ratios. Moreover, the dependence on material composition was weak for
samples that were plasma-treated at low P/G ratios whereas the materials that were least ethylene-modified

were less oxidized than the others at high P/G ratios. © 1997 Elsevier Science Ltd.

(Keywords: oxygen plasma treatment; characterization; material composition)

INTRODUCTION

Polypropylene (PP) and physical blends of PP with
ethylene-propylene rubber (EPR) or ethylene-propylene-
diene-monomer (EPDM) rubber (also known as ther-
moplastic polyolefins, TPOs) are widely used materials
in industrial applications. One important area is the
automotive industry, in which they are used for
manufacturing exterior and interior components. The
low surface energy is a major drawback, however, as
components such as bumpers and dashboards must often
be lacquered or glued to fulfil application demands.
Achieving satisfactory adhesion properties thus requires
a pretreatment that can promote bondability. A com-
monly used pretreatment specifically for the successful
lacquering of bumpers, has involved the use of an
adhesion promoter, i.e. a chlorinated polyolefin dis-
solved in a mixture of organic solvents such as toluene
and xylene'. Although solvent-based primers work
satisfactorily from an adhesion point of view, their use
is complicated by the fact that both chlorinated products
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and organic solvents are undesirable from an environ-
mental point of view.

Surface modification by cold-glow discharge plasmas
is an environmentally attractive alternative to the use of
primers. A low-temperature plasma is a partially ionized
gas consisting of atoms, molecules ions, radicals and
a multitude of excited spe01es A broad spectrum of
electromagnetlc radiation is also produced as the excited
species return to lower energy states”. Oxygen and nitrogen
are gases commonly used for the plasma treatment of
polyolefins. These result in oxidation of the surface and
hence an increased surface energy. In our experience, it is
rarely the degree of oxidation that determines the sub-
sequent level of adhesion, but rather the plasma par-
ameters* and the material composition®. The plasma
parameters mainly affect the concentration of active species
in the plasma®—in particular the radiation intensity—and
thus the amount of radicals being formed in the substrate,
while the material composition chiefly determines what
types of radicals are formed. Consequently, as TPOs do not
form an unequivocally defined group of materials
(although they are chemically similar), their response
towards plasma treatments are completely different™
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The primary goal of this study, which is the first part
of two, was to characterize a number of specifically
designed PP matrices and TPO materials and to carefully
analyse their surface properties before and after selected
oxygen plasma treatments. The purpose was to elucidate
whether the materials respond differently towards
oxygen plasma treatments as a result of their chemical
and morphological composition. The ultimate goal,
however, was to determine whether a relation could be
found that correlates the material composition with the
adhesion properties obtained after plasma treatments.
The adhesion propertres and the locus of failure will be
discussed in part two’.

EXPERIMENTAL
Materials

Ten polypropylene-based materials supplied by
Boreralis, Norway, were used in this study. The mater-
ials, designated A1-A4 and B1-B6, were specifically
designed for this study and are presented in Table 1.
Materials A1-A4 are ‘PPs’ with a varying degree and
type of ethylene modification while materials B1-B6 are
TPOs. All TPOs contain the same amount of rubber
(25 wt%). This set of materials allows us to compare and
investigate the effect of the following parameters:

(a) random versus block ethylene modification;
(b) increasing amount of ethylene modification;
(c¢) choice of matrix (same rubber);

(d) choice of rubber (same matrix);

(e) molecular weight of rubber phase (same type);
(f) mould temperature (i.e. surface crystallinity).

The materials contain comparable (standard) amounts
of stabilizers and, in addition, all materials except for Al
contain a small amount of carbon black. The materials
were received as injection-moulded plates of the size
150 x 70 mm and a thickness of 3 mm. All materials were
injection-moulded using the same processing parameters

Table 1 Description and chemical composition of materials

(mould temperature 40°C and melt temperature 230°C)
except for B6, which was injection-moulded into plates
using mould temperatures of 30°C and 70°C. Finally,
it should be noted that, although the material com-
positions are known, these materials are still based on
commercial components, one consequence of which was
that we did not have access to the pure rubbers.

Differential scanning calorimetry (d.s.c.)

D.s.c. was used to obtain information on the melting
temperature (7y,), crystallization temperature (7,) and
melting enthalpy of the bulk materials. In order to more
easily compare the materials, the melting enthalphies
were recalculated as the degree of crystallinity (C) by
using 1657 ¢! as the reference heat of fusion for a 100%
crystalline isotactic PP®. The samples were exposed to the
following temperature ramp: heating 40—200°C; cooling
200—40°C; heating 40—200°C. All runs were performed at
a temperature rate of 10°Cmin~!, and typical sample
weights were 10 mg. The measurements were carried out
using a DSC 7 from Perkin—Elmer. The reported values
for T, and C are calculated from the second heating run.

Size exclusion chromatography (s.e.c.)

Molecular weights (My,) of the materials were
obtained by s.e.c.. The samples were dissolved in 1,2,4-
trichlorobenzene (5 gl™') at 135°C for 7h. The measure-
ments were carried out on a Waters 150CV system
equipped with three columns—two Shodex AT-80 M/S
and one MP 613 E column (particle size 10 ym, normal
pore size distribution)—swollen in 1,2,4-trichloro-
benzene. The calibration is based on narrow polystyrene
(PS) standards and transferred to polyethylene (PE) via
universal calibration. The molecular weights were then
recalculated to PP calibration.

Fourier-transform infrared spectroscopy ( FTi.r.)

FTir. spectroscopy was used to obtain structural
information on the materials. For analysis of the bulk

C2 content® Diene content

Designation Material Description (mol%) (mol%)
Al ‘PP Randomly C2-modified PP 9 -
A2 ‘PP’ Block C2-modified PP 9 -
A3 ‘PP’ Block C2-modified PP 20 -
A4 ‘PP’ Block C2-modified PP 33 -
B1 TPO Randomly C2-modified PP (same as Al) 9 -
+25wt% EPR 64 —
B2 TPO Block C2-modified PP (same as A3) 20 -
+25wt% EPR 64 -
B3 TPO Randomly diene-modified PP - 14
+25wt% EPR 64 -
B4 TPO Block C2-modified PP (same as A3) 20 -
+25wt% EPDM 63 1.3
BS TPO Randomly diene-modified PP - 1.4
+25wt% EPDM 63 1.3
B6® TPO Block C2-modified PP (same as A3) 20 -
+25wt% EPR® 64 -

¢ C2 is the ethylene content

b Plates were produced using two different mould temperatures: 30°C (B6 ) and 70°C (B62)
¢ The EPR in B6 has a higher molecular weight than the EPR in materials B1-B3
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materials, thin films (~40-50 yum) were made by melt-
pressing (190°C, 5tons, 30s) small pieces cut from the
plates. The films were analysed by ordinary transmission
measurements. Attenuated total reflectance (ATR) was
used for analysis of surfaces. ATR is the FTi.r. technique
normally used for surface characterization of polymers,
and the penetration depth varies between 0.1 and 10 um
depending on wavelength (A), angle of incidence (6),
refractive index of the crystal (n.) and the refractive
index of the sample (r)°.

Two different crystals were used in this study: germanium
(Ge), n, = 4.0; and KRS-5 (a mixture of thallium bromide
and thallium iodide), n, = 2.35. The incident angle was
48.7° when the Ge crystal was used (crystal endface angle
45°; optics angle 60°) and 45° when the KRS-5 crystal was
used (crystal endface angle 45°, optics angle 45°)'°.
refractive index of the polymer samples is con51dered to be
similar to a PP homopolymer, i.e. n, = 1.5'°. Using these
conditions, the penetration depth (d,) is approximately
0.06 A for the Ge crystal and 0.22 A for the KRS-5 crystal.
The sample chamber was purged with dried air to achieve
high quality spectra. 20 scans were co-added for all samples,
and the resolution was 4 cm ™! The analyses were carried out
on a Perkin—Elmer FTIR 2000 system equipped with a
triglycine sulfate (TGS) detector.

Plasma treatments

The plasma reactor used in this study is a commer-
cially available batch reactor (Technics Plasma, model
3027-E) located at the Institute for Surface Chemistry,
Stockholm. The process chamber is made of aluminium
and its inner dimensions (width x height x depth) are
650 x 600 x 700 mm. The chamber, originally designed
for chemical etching of printed circuit boards, contains
120 tubular electrodes, eight gas inlets and two gas
channels with flow regulators. The power generator
(ENI, model EGR 3200B) is tuned at 35kHz, with a
maximum output of up to 3000 W. The vacuum system
includes a two-stage monoblock pump (Leybold-Heraeus,
model DK 100) with an ultimate pressure of 15-20mTorr
and a working pressure in the range of 100—1200 mTorr.
The pressure in the chamber is controlled by a Leybold-
Heraeus Thermovac TC gauge and a MKS Baratron
capacitance manometer (Type 221A, Power Supply/
Digital readout model PDR-C-1B).

Prior to treatments, the system was purged in order to
remove impurities and to achieve as reproducible
treatment conditions as possible. The purging procedure
included evacuation of the system down to 60 mTorr,
inlet of oxygen to a pressure of 1000 mTorr and a second
evacuation of the system down to 60 mTorr. This cycle
was repeated twice before the pressure was raised to the
desired treatment pressure. The reactor was purged with
oxygen for 1min before the plasma was ignited.
Treatments were carried out at different discharge
powers (200—-2000 W), combined with various gas pres-
sures (100—800 mTorr), resulting in power-to-gas pres-
sure (P/QG) ratios between 0.25 and 20, see Table 2. No
measurement was made of the flow rate. The treatment
time in all experiments was 30s. Six plates were treated
each time, and the sample plates were symmetrically
placed at fixed positions in the upper part of the reactor.

Static contact angle measurements

Static contact angle measurements using water as the
probing liquid were carried out on both untreated and
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Table 2 Power-to-gas pressure (P/G) ratios resolved into powers and
gas pressures

P/G Power Gas pressure

(WmTorr™!) W) (mTorr) Materials treated
0.25 200 800 Al-A4 and B1-B6
1.0 800 800 Al-A4
2.5 2000 800 Al1-A4 and B1-B6
8.0 800 100 Al-A4

10 2000 200 B1-B6

20 2000 100 B1-B6

plasma-treated samples in order to follow the changes in
wettability. Droplets of deionized water (4 ul in volume)
were positioned at different locations on the plates and at
least six readings were taken for each plate in order to
determine average values. Both the advancing and the
receding contact angles were measured. The measure-
ments were made immediately before lacquering, and
typical standard deviations were 2—3°.

X-ray photoelectron spectroscopy (X.p.s.)

X.p.s. was used to determine the atomic composition
of untreated and plasma-treated samples. The analyses
were carried out using a Mg K, X-ray source (1253.6¢eV)
at 11kV and 250W The pressure during acquisition
was <1 x 107 Torr and the take-off angle (the angle
between the analyzer and the sample surface), ¢, was
varied between 25° and 70°, corresgondlng to an
‘effective’ sampling depth of ca. 4-9.5nm" . The analysed
area was 0.8mm in diameter. The analyses were per-
formed on a PHI 5500 ESCA system from Perkin—
Elmer, and the sensitivity factors used were according to
the Perkin Elmer manual. The X.p.s. data are estimated
to be accurate to within & 1 atom%.

RESULTS AND DISCUSSION
Analysis of bulk materials

D.s.c. The numerical results of the d.s.c. and s.e.c.
experiments are summarized in Table 3. The d.s.c. melt-
ing curves are shown in Figure 1. The block character of
the ethylene modification and the increasing ethylene
content in the series A2-A4 are evident in form of
weak PE melting peaks in the region of 110-125°C (see
Figure 1). Although the ethylene content varies, Table
3 shows that no significant difference in the melting

Table 3 Melting temperature (Ty), degree of crystallinity (C),
crystallization temperature (7.), and molecular weights—number
(M,) and weight (M,,) averages—as measured by d.s.c. and s.e.c..
Molecular weights are given in PP calibration

Tn C Tostart  Topeak Mn X 10_ M, x 1073
Designation (°C) (%) (°C) ({9} (gmol 1 (gmol Iy
Al 150 54 119 113 32.5 200
A2 163 56 124 112 31.5 200
A3 161 51 121 110 28.2 243
Ad 160 37 122 111 26.0 220
B1 150 41 122 113 40.7 178
B2 163 39 132 118 27.4 190
B3* 146 34 118 105 35.9 244
B4 162 42 129 116 24.8 195
B5® 147 39 123 106 27.6 237
B6 162 34 123 113 34.5 196

4 Corresponding values for the diene-modified PP used in these
matenals are 148 C, 49%, 121°C, 111°C, 374 x 10’ gmol' and
280 x 10° gmol™!
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Figure 1 Melting curves of the materials as measured by d.s.c.
Temperature rate 10°Cmin~

temperatures (7T,) can be observed except for the
randomly modified PP, which reveals a lower Ti,.
Furthermore, materials B3 and B5 (based on the diene-
modified PP) reveal a lower degree of crystallinity and
a lower T,, than B2 and B4 (corresponding materials
based on A3). Similar to Al, the former materials’
decrease in T, is a consequence of the PP matrix being
randomly modified. Moreover, it can be deduced from
Table 3 that all TPOs have a degree of crystallinity close
to that expected for these materials, i.e. 75% of the value
obtained for the corresponding PP matrix. Comparing
A3, B2 and B4 (pure block ethylene-modified PP matrix
and corresponding materials with EPR and EPDM), and
B3 with BS (diene-modified PP with EPR and EPDM,
respectively), it can be concluded that the ethylene in
the EPR is to a higher extent than in the EPDM in the
form of blocks. This is shown by larger peaks in the
region where PE melts in the case of B2 and B3 as
compared with B4 and B5. A comparison of Al and
B1 supports this conclusion. Similarly, a comparison of
B2 with B6 reveals that the EPR with the higher molecu-
lar weight also has less ethylene in the form of blocks
than the ‘normal’ EPR. With respect to the crystalliza-
tion behaviour of the materials, the most interesting
observation is that the rubber phase in B2 and B4 leads
to a considerable increase in both the start and peak
crystallization temperatures as compared with the pure
matrix (A3), while the rubber phase in B3 and BS instead
lowers the peak crystallization temperature as compared
with the PP diene matrix. This may affect the segregation
and crystallization behaviour of the materials during
production of the plates.

S.e.c. Table 3 also reports the molecular weights of
the materials in PP calibration (number and weight
averages). It can be seen that the molecular weights are
in the same order of magnitude, although materials B3
and BS have slightly higher weight averages, owing to
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Figure 2 FTir. transmission spectra (in absorbance) for films of
approximately the same thickness. The figure shows the —-CH,— rocking
vibration. A split peak indicates partial crystallinity

the fact that the matrlx itself has a higher weight average
(280 x 10% gmol~ 1, It should also be noted that material
A3 has a slightly higher weight average than the other PPs.

FTir. The interesting part of the FT'i.r. transm1ss1on
spectra is the peak in the region of 720-740cm™ !, which
corresponds to the —CH,— rocking vibration. ThlS part
of the spectra is shown in Figure 2. The spectra are
shifted vertically but are otherwise comparable. The
position of the peak gives an indication of how the
ethylene units are distributed'?!? and, as the films have
approximately the same thickness, the peak intensity
gives an estimate of the ethylene content. In addition,
the shape of the peak provides information on the crys-
tallinity of the sample—a single peak at ~ 720 cm™! indi-
cates no crystallinity, whereas a doublet with peaks
around 720 and 730 cm ™! indicates partial crystalhmty12
The figure confirms that the ethylene content increases
from A2-A4 and that the major part of the ethylene
units are present in long blocks. It is also evident that
the ethylene in Al is randomly distributed, as the peak
is positioned at 733 cm™!, corresponding to isolated ethy-
lene units'®. Moreover, the figure supports the d.s.c.
results as it indicates a greater extent of ethylene to be
in the form of blocks in the materials containing the
‘normal’ EPR (compare B2 with B4, and B3 with B5).
This is further supported by difference spectra made
between B2 and A3, and between B4 and A3, which
showed that the EPR had much more material at
720cm™! than d1d the EPDM, which prlmarlly had a
peak at ~ 724 cm ™!, indicating shorter blocks'?. Further-
more, the EPR in B6 also seems to have less ethylene in
the form of blocks than the EPR in B2. In addition, the
block character of the ethylene in the ‘normal’ EPR is
illustrated by comparing A1 and B1; in B1, peaks appear
at 720 and 730cm™! and, as no sign of these peaks is
observed for Al, they must originate from the EPR.



Surface characterization of unmodified materials

FTir.—~ATR. By using both Ge and KRS-5 crystals,
FTir.—ATR can be used to compare the structural
composition at different depths from the surface. When
the Ge crystal is used, the topmost ~ 200 nm is analysed,
while the first ~ 800 nm is analysed when using the KRS-
5 crystal (the values are estimated for A = 2900 em™h).
The FTi.r.—ATR spectra of the -CH; and —CH,— asym-
metric (as) and symmetric (s) stretching region of the
materials are shown in Figures 3a—6b. The spectra are
scaled with respect to the peak at 2920cm™, i.e. the
2920cm™! peaks in all spectra have the same intensity.
We have chosen to display the results in four different
plots in order to more easily see and compare the influ-
ence of certain material parameters. As a result, some
materials may be present in more than one plot. The
peak intensities and peak positions in this part of the
spectra provide useful information about the materials.
The ratio between 2950cm™"' (—~CHj, as) and 2920 cm™
(—CH,—, as) gives a measure of the extent of propylene
and ethylene in the surface region. It is also possible to
gain information on the surface crystallinity by studying
the —CH, (as) peak. The band at 2959 cm™~!, which
is often observed as a broadening of the band at
2950 cm ™!, becomes better resolved and less intense as
the degree of crystallinity increases'*. Another interest-
ing part of the spectra is the —CH,— (s) stretching region
between 2840-2850cm~!. If the peak appears at
2840cm™!, it corresponds to methylene units Ipresent in
isotactic PP; if it instead appears at 2850cm™, it corre-
sponds to methylene units present in the rubber phase
or in the ethylene-modified part of the PP!415 However,
a transmission spectrum of A1 showed no sign of a peak
at 2850 cm™!, which indicates that, if the ethylene units
are isolated, these two methylene units also appear at
2840cm™". Thus, the peak at 2850cm™ indicates the
presence of ethylene in the form of shorter or longer
blocks.

Figure 3 displays the ATR spectra obtained for the
different PPs using the KRS-5 crystal (a) and the Ge
crystal (b?. It is evident that more —CH; groups
(2950cm™') are present in the first ~200nm than in
the first ~800nm of the block ethylene-modified PPs
(A2—-A4), while the randomly modified PP (A1) shows
roughly the same amount at both depths. Comparing the
spectra obtained using the KRS-5 crystal, the most
obvious difference among the materials is the peak at
2850cm™! that arises from the ethylene modification,
which increases from A2 to A4—as one would expect
according to the bulk composition. Furthermore, the
spectra obtained for Al at the two depths reveal no
differences. As the transmission spectrum for Al
revealed no peak at 2850 cm™!, nothing can be concluded
as regards the concentration of ethylene at the two
depths for this material. This is not true for A2—-A4,
however, which show quite different compositions at the
two depths. In fact, no sign of the block ethylene
modification (absence of the peak at 2850 cm™!) can be
observed for A2, while a weak sign can be observed for
A3 when the Ge crystal is used. For A4, the peak is
clearly present, although it is less intense than in the case
when the KRS-5 crystal is used.

Figure 4 compares the spectra obtained for TPOs that
contain the same rubber (EPR) but which are based on
different PP matrices. As for A2—-A4, B2 and B3 show a
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Figure 3 Comparison of FTi.r.—ATR spectra (in absorbance) of four
differently modified PPs. (a) Spectra obtained using KRS-5. (b) Spectra
obtained using Ge
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Figure 4 Comparison of FTir.—ATR spectra (in absorbance) of
materials that contain the same rubber phase but are based on different
matrices. (a) Spectra obtained using KRS-5. (b) Spectra obtained using
Ge

greater peak at 2950 cm~! when the Ge crystal is used
than when the KRS-5 crystal is used, while instead Bl
shows a slightly higher 2950 cm™! peak at the KRS-5
depth. The figure also reveals that, at the KRS-5 depth,
B2 is the material with the largest peak at 2850cm™",
followed by B3 and B1. In the case of B2, the peak may
originate from the ethylene modification and/or from the
rubber phase, whereas the peak must originate from
the rubber in the case of Bl and B3. This is because,
according to the transmission spectra, A1 does not reveal
any peak at 2850 cm~!, while the matrix is diene-
modified in the case of B3 and consequently does not
contain any ethylene. At the Ge depth, B2 is again the
material with the largest peak at 2850 cm™}, followed by
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Figure 5 Comparison of FTir.—ATR spectra (in absorbance) of
materials containing EPR (B2, B3) and EPDM (B4, BS5) rubber. (a)
Spectra obtained using KRS-5. (b) Spectra obtained using Ge

B1 and B3. In this case, however, it appears more likely
that the peak originates from the rubber phase, as no sign
of this peak is observed for A3 at this depth (Figure 3b).
Moreover, it is interesting again to note that B1, contrary
to all other materials, seems to have a lesser amount of
rubber (more PP) at the KRS 5 depth than at the Ge
depth, as the peak at 2850cm ™ is smaller in the former
case.

Figure 5 shows materials that are based on the same
matrix (B2/B4 and B3/B5) but that contain different
types of rubber, EPR (B2/B3) or EPDM (B4/B5). As for
previous samples, a greater extent of —CH; and a lesser
extent of rubber and/or ethylene-modified material is
found at the Ge depth than at the KRS-5 depth. It can
also be seen that the peak at 2850cm ™ is greater for the
materials containing EPR than for corresponding
materials containing EPDM, in particular for the spectra
shown in (b). This may be interpreted such that more
EPR than EPDM is present in the first ~ 200 nm, or that
a greater extent of ethylene in the form of blocks is
present in this region for the materials containing the
EPR (recall the d.s.c. melting curves and the FTi.r.
transmission spectra).

Figure 6 displays materials based on the same matrix
and rubber type (EPR) but with the difference that the
rubbers have different molecular weights (My,). The
figure also shows the effect of a higher mould tempera-
ture during production of the plates. A higher mould
temperature primarily affects the degree of surface
crystallinity-—the higher the mould temperature, the
higher the crystallinity (the peak at 2959cm™ " is better
resolved in the case B6?, i.e. mould temperature 70°C).
The effect can be observed at both depths, but is less
pronounced at the KRS-5 depth, although the degree of
crystallinity for most of the samples is lower at the Ge
depth than at the KRS-5 depth, at least as indicated by
the 2959cm™ peak Another 1nterest1ng observation is
that the rubber in B6' and B6® seems to be equally
distributed at the two depths, which is not the case for B2
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Figure 6 Comparison of FTir.—ATR spectra (in absorbance) of
materials containing EPR rubber of different molecular weights. (a)
Spectra obtained using KRS-5. (b) Spectra obtained using Ge

or any of the other TPOs. Still another observation is
that all three samples appear to have a nearly identical
composition down toa depth of ~200nm, as they have
similar 2950 cm™!/2920 cm ™! ratios and rubber contents
(2850cm™}).

It is obvious from the above discussion that the surface
composition is a function of both analysing depth
and material composition. A few general trends can be
distinguished:

(a) the surface becomes more rich in PP (as measured by
the 2950 cm™!/2920 cm™! ratio) when approaching the
outermost surface, with the sole exception of B1;

(b) the extent of ethylene modification and/or rubber is
higher at the KRS-5 depth than at the Ge depth
(comparison of 2850 cm™ Pand 2840 cm™ ) agam with
the exception of B1. This agrees with the increase in
PP observed when approaching the surface;

(c) most samples show a lower degree of surface
crystallinity (increase in amorphous material) when
approaching the outermost surface.

Valence-band X.p.s. As the FTir.—ATR results
indicated the extent of PP to increase when approaching
the outermost surface, an attempt was made to gain
structural information on a thinner layer than can be
reached by FTir.—ATR. The X.p.s. technique—with
a probing depth of less than 10 nm—is more surface-
sensitive than FTi.r.—~ATR but, although the core level
lines give valuable information about the chemical
composition, they provide little information on structure
(similar spectra will be obtained for saturated hydro-
carbon polymers). On the other hand, the valence-band
(VB) region (~0-40¢eV) can be used to identify hydro-
carbon polymers as each polymer has its own character-
istic VB'®. Thus, in favourable cases, the VB region can
be used to distinguish whether it is mainly PP or rubber
that is present at the outermost surface. Unfortunately,
all materials display quite similar VB structures,
although the TPOs generally show a lesser resemblance
to the characteristic PP structure than do the PPs, as
exemplified in Figure 7. This indicates that at least a
small quantity of the rubber phase must be present
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Figure 7 VB-X.p.s. spectra acquired at ¢ =45°. The spectra are
shifted vertically. No correction for surface charging was made, which
results in the peak positions being located ca. 2.5eV too high

even in the topmost 10 nm of the TPOs. Apart from this
observation, only minor differences were observed
among the materials, from which no further conclusions
could be drawn.

Characterization of the plasma-modified materials

Water contact angle measurements. The effect of
oxygen plasma treatments on wettability is shown in
Tables 4 (PPs) and 5 (TPOs). The tables also include
the water contact angles of the untreated materials.
Table 4 shows that similar advancing contact angles
are obtained for all P/G ratios up to 2.5, after which a
decrease is observed. The same trend is observed in the
receding contact angles, but the decrease is in this case
already discernible at P/G=2.5. The only difference

Table 4 Water contact angles (advancing, 6,; receding, 6g) for
untreated and plasma-treated PPs (A1-A4)

P/G ratio

Untreated 0.25 1.0 2.5 8.0

Material 9A 9R 6‘A 9R 0A 0R 0A 9R 0A OR

Al 94 87 715 29 77 34 75 33 68 7
A2 100 95 76 32 77 30 76 26 70 11
A3 102 94 74 29 77 28 76 23 71 11
A4 98 91 71 26 73 24 73 16 61 8

Table 5 Water contact angles (advancing, 6,; receding, 6g) for
untreated and plasma-treated TPOs (B1-B6)

P/G ratio

Untreated 0.25 2.5 10 20

Material OA GR gA OR 0A oR GA GR HA (9R

Bl 101 95 77 33 74 27 68 7 63 6
B2 103 95 62 17 63 18 56 9 49 5
B3 99 94 8 32 79 25 73 9 71 8
B4 103 94 65 22 69 21 63 10 51 5
BS 97 93 81 33 79 2 71 10 69 9
B6! 100 94 70 26 70 23 62 52 5
B6? 101 8 68 16 67 14 58 5 51 5
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found when comparing the materials is that the A4
material generally exhibits lower contact angles than
do the other materials. Again, this effect is most
pronounced in the receding contact angles. Table 5
shows that the advancing contact angles obtained for
the TPOs decrease at P/G ratios higher than 2.5. The
receding contact angles are also more or less constant
up to P/G =2.5, although some TPOs (e.g. B3 and BS)
already show a decrease at this treatment condition.
Comparing the various TPOs, it appears that Bl (con-
taining the randomly ethylene-modified PP) and the
materials with the lowest ethylene content, B3 and B35
(i.e. the three materials based on matrices that were not
block ethylene-modified), demonstrate higher contact
angles than the other TPOs.

Atomic composition as measured by X.p.s. X.p.s.
analysis was carried out on untreated samples and
samples plasma-treated at the lowest and highest P/G
ratios. The results are summarized in Tables 6 (PPs)
and 7 (TPOs). In accordance with the contact angles
shown in Table 4, all PPs reveal a higher level of oxida-
tion after plasma treatment at P/G=28.0 than after
plasma treatment at P/G =0.25. As regards the oxygen
content, no significant variation can be observed as a
result of material composition, neither at P/G=0.25
nor at P/G=28.0. On the other hand, the nitrogen con-
tent increases as the ethylene content in the bulk materi-
als increases. The same trend can be observed for both P/
G ratios and, although nitrogen may be incorporated
into the surface at the moment the plasma-treated sam-
ple is exposed to air, or be present at the surface as a
result of migration of nitrogen-containing stabilizers, it
is unclear why this trend is present.

Table 7 summarizes the atomic compositions obtained
for the TPOs. The table reveals that the variation in
oxygen content after plasma treatment is generally
greater for the TPOs than for the PPs. This may not be
too surprising, keeping in mind that TPOs are more
complex materials than PPs. It can also be seen that
the oxygen content is higher after plasma treatment at
P/G =20 than after plasma treatment at P/G=0.25.
Furthermore, it can be noted that the materials based on
the diene-modified PP (B3 and BS) are considerably less
oxidized after plasma treatment at P/G = 20 than are the
other TPOs. At this point, it is interesting to refer to a
paper concerning corona treatment of polyolefins by
Sutherland er al'’. They observed a lower oxygen

Table 6 Atomic composition of untreated and plasma-treated PPs as
measured by X.p.s. The reported results are initial values obtained at
¢ = 45°

Treatment conditons Material At% C At% O At% N
Untreated Al 98.0 2.0 0.0
A2 99.8 0.2 0.0
A3 98.9 0.7 04
A4 98.5 1.5 0.0
P/G=0.25 (WmTorr') Al 88.5 115 0.0
A2 89.4 10.3 0.3
A3 89.3 10.1 0.6
Ad 87.6 10.9 1.5
P/G=8.0(WmTorr™)) Al 82.9 16.5 0.6
A2 82.0 17.5 0.5
A3 82.4 16.5 1.1
A4 81.5 15.6 29
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Table 7 Atomic composition of untreated and plasma-treated TPOs
as measured by X.p.s. The reported results are initial values obtained at
& =45°

Treatment conditions Material At% C At% O At% N

Untreated Bl 98.0 2.0 0.0
B2 99.8 0.2 0.0

B3 99.9 0.1 0.0

B4 99.9 0.1 0.0

BS 99.7 0.3 0.0

B6! 99.1 0.9 0.0

B6* 98.4 0.8 0.8

P/G=0.25 (WmTorr™') Bl 88.5 11.5 0.0
B2 84.1 13.5 24

B3 88.8 11.0 0.2

B4 86.6 11.2 22

BS 89.1 10.3 0.6

B6' 87.4 10.7 1.9

B6? 84.9 12.9 22

P/G=20 (WmTorr™!) Bl 83.9 16.1 0.0
. B2 82.8 15.2 2.0

B3 88.2 11.2 0.6

B4 81.7 17.0 13

B5 86.6 13.4 0.0

B6! 779 20.2 1.9

B6* 80.1 17.8 2.1

content on a PP sample than on a corresponding PE
sample after corona treatment, regardiess of treatment
levels. The behaviour was explained as being the result of
chain scission reactions, which produce volatile low
molecular weight oxidized fragments As PP is more
prone to chain scission than PE'®!’  a greater loss of
oxygen is observed in the former case. Similar results and
conclusions are also reported by Papirer et al®®
although, in that case, the PP and PE samples were
subjected to flame treatment. Indeed, the same course of
events can be used to explain why, in our case, B3 and B5
reveal considerably lower oxygen contents than the
others after plasma treatment at P/G =20, as these are
the only materials that are based on a non-ethylene-
modified PP matrix. However, although the contact
angles also indicated a difference between Bl and the
materials based on the block ethylene-modified PP (the
former revealed higher contact angles, as did B3 and BS5),
no significant difference in oxygen content seems to be
present between these materials. An interesting obser-
vation is nevertheless that B2, B4 and B6 (the TPOs
based on A3) reveal higher nitrogen contents than the
other TPOs after plasma treatments at both P/G=0.25
and P/G=20. Considering the results presented in
Table 6, it seems as though the nitrogen content increases
with increasing ethylene content and presence of rubber.
Since both factors affect the mobility of the samples, it
appears as though the nitrogen originates from nitrogen-
containing stabilizers which are attracted to the surface
by the increase in surface polarity invoked by the plasma
treatment.

Depth of oxidation. Apart from the X.p.s. analyses
performed at ¢ = 45°, analyses were also made (using
the same samples) at 25° and 70° according to the follow-
ing order: 45° (the values reported in Tables 6 and 7), 25°,
45°, 70° and 45°. The main objective was to identify
whether the thickness of the oxidized layer varies as a
result of material composition and P/G ratio. This can
be done by comparing the oxygen contents obtained at
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different take-off angles. Moreover, information on the
stability of the oxidized layer can also be gained by
following how the oxygen content varies with X-ray
exposure time (comparison of all oxygen contents
obtained at 45°). Indeed, a decrease in the oxygen con-
tent was found with increasing exposure time (the
decrease was ca. 20% after 25 min of X-ray exposure),
indicating that the samples were affected by the X-ray
radiation. A 51m11ar observation was reported by
Nowak ez al.¥', who detected a serious drop in the O/
C ratio for an oxygen plasma-treated PP under pro-
longed X-ray exposure. The analyses made at different
take-off angles (these were made consecutively within
15min of X-ray exposure) revealed that the oxygen
content is more or less independent of the take-off angle
(apart from the small decrease caused by the X-ray
radiation) for all samples treated at P/G=0.25. As
regards the higher P/G ratio, neither the PPs nor the
major part of the TPOs (B1-B3, B5) showed any
dependence on take-off angle. Consequently, the only
conclusion that can be drawn for these samples is that
they must have oxidized layers thicker than 10 nm. This
can be compared with the results of Strobel er al?,
who reported the oxidized layer to be ca. 10nm after
corona and remote air plasma treatments, 2—5nm
after flame treatment, while the oxidized layer after
treatment in a mixture of air and ozone in combina-
tion with ultraviolet light resulted in a considerably thicker
layer (in the range of 10nm—1 um). Although no depen-
dence on take-off angle was observed for most of the
samples treated at P/G =20, a clear decrease in the
oxygen content is seen for B6' and B6%, and an even
more pronounced decrease is observed for B4, see
Figure 8. This reduction in oxygen content is far too
large to be an X-ray-induced damage, and the oxidized
layer is obviously significantly more shallow for these
samples than for the rest of the samples. At present, no
factor has been found that can fully explain why these
particular samples should have a thinner oxidized layer,
but it could be a result of different gradients in the
material composition within the first 0—50nm of the
samples.
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—&— B3
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20r —v— BS
< —e— B6'
S 18+
l—é/ —'.—‘ B62
g
S 16+
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Figure 8. Oxygen content vs X.p.s. take-off angle after plasma
treatment at P/G =20



CONCLUSIONS

The most important findings observed during this work
can be summarized as follows:

(a)

(b)

©

)

The s.e.c. results revealed only minor differences
among the materials, while the d.s.c. and FTi.r.
experiments confirmed that the differences are to be
expected as a result of the variation in material
composition.

All materials showed a gradient in material com-
position as measured by FTi.r.—ATR. The samples
were generally more PP-rich at the outermost
surface, and a greater extent of the ethylene-modified
material and/or rubber was found at ~ 800 nm than
at ~200nm. Furthermore, most of the samples
showed a lower degree of surface crystallinity in the
topmost ~ 200 nm than in the first ~800nm, and a
higher mould temperature led to a higher degree of
crystallinity.

The water contact angles and the oxygen content
were little affected by P/G ratios up to 2.5. At higher
ratios, all samples were more oxidized. Moreover, at
P/G =0.25, only minor differences in water contact
angles and oxygen content were observed as a
result of the material composition. At higher P/G
ratios, the differences were more pronounced, the
materials with the lowest ethylene content being less
oxidized.

X.p.s. analysis revealed that the thickness of the
oxidized layer was for most samples greater than
10nm. However, B4, B6' and B6? showed signifi-
cantly thinner oxidized layers than the other TPOs
after plasma treatment at P/G =20.
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