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In this work we used the Photoacoustic Spectroscopy (PAS) to evaluate the crosslinking of the
copolymer from ethylene vinyl trimethoxysilane (EVS) and the grafted vinyl trimethoxysilane (VTS)
on low density polyethylene (LDPE). PAS is used for sounding the overtone bands and stretching
frequencies combinations of the groupings -Si-OH, =CH2, -CH3 and -CH2-CH3, in the near and
medium infrared range. The samples were typically prepared with 3%, 5% and 7% of catalyst and
crosslinked in the temperatures of 70, 80 and 900C. Using the overtone bands of -OH groups the
PAS shows the optimum combination, pointing a better crosslinking e�ect for 800C and in the range
5% to 7% of catalyst, typically.

I Introduction

The Photoacoustic Spectroscopy (PAS) is usually used
for a nondestructive analysis of a variety of materi-
als in the visible and infrared range [1, 2]. As it is a
spectroscopic technique, it is expected that identifying
the absorption bands in the cross-linking process can
follow the cross-linking process. Although the cross-
linking process could be monitored using Fourier trans-
form technique (FTIR) in the far infrared range (10000
to 40000 cm�1), by using the PAS technique it is made
easier to analyze the process in the near infrared (NIR,
800 to 1600 nm) and medium infrared (MIR, 1600 to
3200 nm) because of the overtones of hydroxyl bonds
and their combination with stretching modes of CH
bonds that are found either more de�ned or separated
in this spectral range[3, 4].

Nowadays, polymeric materials have been largely
utilized in industries for producing a wide range of spe-
cial goods, each one for a speci�c purpose of appli-
cation. It is concerned that medium voltage applica-
tion is a big deal for both the grafted PE and ethylene
vinyltrimethoxysilane (EVS) due to the needs of a good
thermal conductivity and high electric rigidity. The re-
duction of the electric rigidity occurs after crystalline
phase is broken up either during fabric process or after
the extreme conditions of usage like in the hostile envi-
ronment like that found in power delivery wiring [5].

One of most utilized polymer is polyethylene (PE)
that should be modi�ed to achieve the electric require-
ments to be used as insulating material. Aside ther-
moplastic and rubber cross-linked, PE is the worldwide
used as electrical insulating wires, especially in applica-
tions that need high temperature operation. The physi-
cal properties of cross-linked PE can be enhanced in this
process and they will be dependent on the cross-linking
rate [6]. Usually, the PE cross-linked by means of Sio-
plas technology [7], is found mostly in the low voltage
wiring, because it comprises a good heat transfer allied
to the low electrical conductivity.

In this paper we present the PAS study of the cross-
linking process in the grafted PE and for the Copolymer
EVS. The overtones band are followed for a set of sam-
ples that were prepared using mainly two free variables,
catalyst concentration and temperature of water vapor,
utilized for cross-linking the polymers.

II Photoacoustic Method

The spectral range of our interest here is 700 to 2600
nm corresponding to NIR and MIR region, where the
absorption bands are mainly due to overtones and com-
bination of the fundamental modes of vibration and ro-
tational bands. The many possible combination such
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as stretching, bending, scissoring, wagging make it dif-
�cult to assign the fundamental absorption.

The molecules present a harmonic behavior for high-
energy vibrational states and present a tendency of dis-
sociation if the bond has a high potential energy. In

this case the vibrational state no longer can behaves as
a harmonic oscillator and anharmonic state takes place.

It can be shown that for an anharmonic oscillator
the energy is given by [8, 9, 10]:

c

E = h�osc(� + 1=2)� h�oscxe(� + 1=2)2 + h�oscye(� + 1=2)3 + :::; (1)

d

here xe and ye are anharmonic constants, � is the quan-
tum level index, �osc = (c=�0) is the oscilattor fre-
quency, being c the speed of light and �0 is the fun-
damental absorption peak in nm or cm�1.

The most remarkable feature of such a molecular an-
harmonic vibration is that transition for more then one
energy level is allowed. The overtones transition rates
is increased and it reduces the transition probability for
higher energy bands, so the 1st overtone is weaker and
so it will be the 2nd one if they are compared to the
fundamental absorption. The overtone may occur at
wavelength between �0=2 and �0=3 and thus the over-
tones for a speci�c molecule do not occur at the same
spectral region.

The near infrared region is dominated by stretching
modes of O�H , N �H , and C�H bond in both ways
as overtones or as combination with other vibrational
types. The overtone bands can be better isolated in the
NIR and MIR region due to the anharmonic constant

variation or better instrumental resolution. If a spe-
ci�c overtone is assigned then it can be taken for the
analysis.

By means of the PAS method, in the region 1050-
2600 nm we were able to identify and assign the absorp-
tion bands for the polyethylene, referring to the over-
tones and their combination with stretching modes. It
was possible to accompanying the cross-linking process
of the sample in an indirect way.

The photoacoustic e�ect consists in generating an
acoustic signal inside a tightly closed cell �lled with gas.
The acoustic signal comes from a sample that transfers
heat to the gas after being illuminated by modulated
light in a given frequency !. The heat is transferred
into the gas at the same frequency as sample is heated
producing then the periodic pressure 
uctuation inside
the chamber. A sensitive microphone coupled in the
cell detects this e�ect. The actual temperature in the
sample surface is given by [1]:

c

�F (0) =
�Io

ks�2s(r
2 � 1)

�
(b+ 1)(r � 1)e�sls � (b� 1)(r + 1)e��sls + 2(b� r)e��ls

(g + 1)(b+ 1)e�sls � (g � 1)(b� 1)e��sls

�
; (2)

d

where

b =
kbab
ksas

; g =
kgag
ksas

; r = (1+j)
�

2as
=

�

�s
;

(3)

ai is a thermal di�usion length (cm�1), � is the opti-
cal absorption coeÆcient at a wavelength (cm�1) with
intensity I0, is the thermal conductivity (cal/s.cm.0C),
and de index \s" stands for sample, b= backing and
g= gas. Equation 2 is obtained by solving the coupled
set of di�usion equation for the adjacent medium: gas,
sample and sample backing. Rosencwaig and Gersho [1]

showed that if boundary conditions are applied to the
heat 
ow and temperature continuity in the interfaces
and Eq. (2) can be simpli�ed using the characteristics
of the sample after comparing then with those speci�ed
for the gas and backing.

The photoacoustic signal is shown to be given by
the equation:

SF =

����
Po�(0)`g�gTo

���� ej�F ; (4)

where 
 is the speci�c heat ratio cp=cv, �g is the gas
complex di�usion coeÆcient, P0 and T0 are the ambient
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pressure and the room temperature, respectively. The
instrumental phase is �f and the gas column depth is
`g, and �(0) is the interface sample-gas temperature.

III Experimental

III.1 Material and the Cross-linking
Method

It is known that both copolymer EVS and grafted
PE are susceptible to cross-linking when they are un-
der vapor condition and also it is known that these
cross-linked materials presenting some structural dif-
ferences. In the silane grafted polyethylene, the
vinyl trimethoxysilane is grafted to the polymer chain
through the H� abstraction from main chain, resulting
in a C2 bridge bonded to the trimethoxysilane. In the
EVS copolymer system the trimethoxysilane were intro-
duced during the polymerization and the trimethoxysi-
lane group is bonded to the main chain through the
silicon atom.

In the case of silane cross-linking under water vapor
and in the presence of condensation catalyst, the alkoxy
group of the silane derivative is converted to silanol
group and undergoes a condensation reaction with a
hydroxyl in a adjacent chain to form \Si � O � Si"
type network. Both, the hydrolyses of alkoxy silane to
silanol and their condensation reaction occurs almost
instantaneously [11].

The cross-linking mechanism of silane grafted PE
and EVS copolymer used here follows that described
by Kumar [12] and Hjertberg [13], respectively, (see
Fig. 1.) Silane-grafted PE results in a longer and more
mobile network when compared with the EVS copoly-
mer and they have been subject of studies of many
researches. The interest is focused in many impor-
tant factors seeking a better understanding about cross-
linking kinetics [14, 15, 16] and also on the morpholog-
ical changes induced in the polymer chain [5, 17, 18].

 

Figure 1. Mechanism of condensation reaction of silanol
groups: a) Copolymer EVS and b) Silane grafted PE.

For the present paper we have taken the �nal con-
densation reaction as the main base for an indirect spec-

troscopic analysis of the cross-linking process in the
near and medium infrared range.

III.2 Sample Preparation

Commercial pellets of copolymer (200 g) were ex-
truded with three di�erent concentration of catalyst
that is utilized as cross-linking initiator. The pellets
were then milled in a knifed mill suitable for polymers.
After this step the pieces were hot pressed in order to
perform the copolymer �lms (85 � 595 �m thick) and
placed in a freezer after being locked in special packing.

The pellets of low density polyethylene (LDPE) (600
g) was kept in a oven at 800C for 12h and after, it
was grafted with 40ml of vinyltrimethoxysilane (VTS)
whose reaction was initiated by 2.5g of benzoyl per-
oxide by steering the solution during 1h. The grafted
LDPE was then extruded using the same amount of cat-
alyst as in the copolymer EVS described above, keeping
also the same steering velocity, torch rate and temper-
ature. The �nal grafted LDPE, after being grounded,
was hot pressed to make �lms (90-385 �m thick), were
maintained in adequate recipients and kept in a freezer
before the cross-linking process.

The grafted (LDPE + VTS) polymer (hereafter
named as PEg) and the copolymer EVS (named as
Cop) �lms were cross-linked in humidity saturated at-
mosphere in a glass reactor for 8 hours in thermostatic
controlled bath at di�erent temperatures. In this way a
32 factorial planning design has been applied, the tem-
perature levels were 70, 80 and 900C and the catalyst
concentration were 3, 5 and 7%, in mass. It resulted
in nine experiments plus the three base sample, one for
each concentration of catalyst.

III.3 Analysis

Figure 2 shows the home made experimental ar-
rangement for the spectroscopic analysis. It is com-
prised of an arc lamp of 1000 Watts produced using
high pressure Xenon gas (ORIEL 68820). Emitted light
is collimated into the inlet slit of the monochroma-
tor (ORIEL 77250) which is settled to refract visible
light by means of grating in the visible region (ORIEL
77296), near infrared (ORIEL 77299) and medium in-
frared (ORIEL 77300). They allow one to scan wave-
lengths from 180 to 800 nm, 800 to 1600 nm and 1600
to 3200 nm, respectively. The di�racted wavelengths
passes throughout an outlet slit 3 mm wide and after
getting o� the monochromator, the superior orders of
di�raction is eliminated by means of a band pass op-
tical �lters. Monochromatic light is then modulated
using a high stability mechanical chopper (Stanford SR
540) that gives to the system the reference pulse sig-
nal that is feed into the lock-in ampli�er (EGG 5110).
The collimated and modulated light is focused using
two quartz lens (f1=100 mm and f2=150 mm) and the
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beam is directed onto the photoacoustic cell, passing
by a quartz window and heats the sample. The cell
body has a very sensitive and capacitive microphone
coupled in (Br�uel & Kj�aer BK 2669). The photoacous-
tic signal is collected by the microphone and fed into
the lock-in. A personal computer (PC) using a usual
IEEE boarding performs the signal detection and wave-
lengths scanning. The PAS acquisitions were all done
using the frequency of 20 Hz and the light power was
800 W.

Figure 2. Photoacoustic spectrometer arrangement. MC =
monochromator; F �lter selecting band; M = mirror; L =
lens; C = chopper; LIA lock-in-ampli�er; PC = computer
for data acquisition.

IV Results and Discussion

As we already have discussed earlier, the usage of the
PAS was really necessary in order to follow the over-
tones of the absorption bands referring to hydroxyl
bonds and their combinations with stretching modes
that were seen presented in the spectral region of NIR
and MIR. This was an eÆcient way for studying the
raising of the cross-linking.

The total PAS spectra (NIR+MIR) for a spe-
ci�c sample grafted polyethylene with VTS (coded as
PEg7%80

0C) can be observed in Fig. 3.
This is a representative spectrum observed for both

set of samples, grafted PE and copolymer EVS. The
whole set of PAS spectra is not shown but the same
absorption structure was observed, despite of existing
small di�erences in the intensities. Furthermore, no
such absorption band could be related straightforward
to the silanes group in the spectral range used. The
observation of these groups could be very helpful as
they indicate directly the cross-linking of the material.
FTIR experiments could only show that silanes group
was present and so, that the cross-linking process was
initiated, but they were not able to show any evolution
that would help us in this study.

The bands assignments for the samples used here
were done by comparing the found absorption peaks

with some preliminary studies in the polyethylene itself
[12, 13]. that have presented the assignment for almost
absorption bands observed in our samples [19, 20].

We analyzed our PAS spectra and by comparing
them we have assigned the polyethylene. Table I sum-
marizes our �ndings and in this table the column named
\peaks" are the labeled peaks presented in Fig. 3.
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Figure 3. Typical photoacoustic spectrum for the
PEg7%800C sample given against wavelength in nm.

The way we took for analyzing the PAS spectra was
done performing a gaussian �tting of the spectra by set-
ting the eight most prominent peaks observed in Fig. 3.
The analysis strategy was to take the ratio of intensities
for two distinct peaks for a sample, performing normal-
ization with the same ratio of its respective \base". In
this way one can observes if the cross-linking increases
or decreases this \ratio". The following equation was
used in this analysis [21]:

ratio(i; j) =
(peak i=peak j)sample%

(peak i=peak j)base%
(5)

By returning to Fig. 1(a) and Fig. 1(b) which shows
the condensation reaction involved in the cross-linking
process for PEg and Cop, one can conclude that sample
presenting PAS spectra with reduced intensity ratio for
-OH groups, based upon Eq. (5), indicated that more
cross-links are formed once the silane groups are cross-
linked by means of the hydroxyl radical.

Following this statements we have plotted all ratios
of the sample in Figs. 4 (NIR) and 5 (MIR). We advise
the reader that these two �gures are only representa-
tives for the PAS intensities ratio, vertical axis. The
horizontal axis gives us only a better visual sight of
these ratios.
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Table I - Tabulated infrared bands assigned to PE in NIR and MIR range.[19]

Wavelength Observed Assignment
nm Peaks [observation]
1250 1 2nd overtone [characteristic of -CH2- and CH3- groups]
1400 2 Free OH , 1st overtone
1420 3 Combination �CH* +[�CH2� , CH3� groups]
1760 4 1st overtone [characteristic of�CH2� groups]

1800� 1920 5 Free OH , combination
2020 6 Probably a combination [characteristic of terminal ole�n methylene

group]
2080� 2140 6 Combination �CH* +[characteristic of terminal ole�n methylene group

O � CH = CH2. Region of �OH combination band of alcohols]
2150� 2200 6 Combination �CH + [characteristic of (cis) internal instauration ]

2240 7 Combination �CH + [characteristic of CH3� groups]
2300� 2480 7 and 8 Combination �CH + [characteristic of �CH2� groups]

*�CH stands for all possible combination modes of CH bonds, including symmetric and asymmetric vibration,
stretching, rotation, torsion.
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Figure 4. Normalized PAS intensity in the NIR range for the peaks ratio a) Peak1/Peak2 of PEg samples; b) Peak2/Peak3
of PEg , c) Peak1/Peak2 of copolymer EVS samples; d) Peak2/Peak3 of copolymer EVS samples. Lines are eye guides.

Looking at the normalized peak ratios plotted in
Fig. 4(a)-4(b) (PEg) and 4(c)-(d) (Cop), referring to
the NIR PAS spectra, we can see that between the PEg

and Cop sample with 5% catalyst and cross-linked at
800C presented a better cross-linking rate. The ratio
peak1/peak2, shown in Fig. 4(a) and 4(c) (frames for
curves 5%), were the most prominent and as a con-
sequence, the ratio peak2/peak3, Fig. 4(b) and 4(d)
(frames for curves 5%), presented a small decreases.
The latter, that is referred to the ratio [ 1st over-
tone of Si-OH/�CH + -CH2- , -CH3] also indicates

that the combination group's contribution to PAS in-
tensity could be taking place. As we already have
stated earlier, this ratios mainly shows that either PAS
intensities assigned for Si-OH have decreased or the
PAS ratio for -CH2-, -CH3 and stretching combination
�CH with the -CH2- and -CH3 groups, have been en-
hanced. For instance, this result at least shows that
samples PEg5%80

0C and Cop5%800C were the best
cross-linked ones. Still observing Fig. 4(a), sample
PEg7%80

0C have been also cross-linked but less than
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PEg5%80
0C while samples Cop7% (Fig. 4(c)) have not

change et all. On the other hand, the poorest cross-
linked set looked to be the 3% catalyst samples. For
both PEg and Cop in Fig. 4(a) and 4(c), almost no
changes can be seen in the frames for 3%, the ratio
[2nd overtones of �CH2� and CH3-/1

st overtone of
Si� OH ] is constant but, in Fig. 4(b) and 4(d), there
exist an indicator of a poor cross-linking process for the
whole set of 7% and 3% catalyst, pointing the poorest
as the PEg3% set, Fig. 4(b).

Figure 5 shows the PAS intensities for normalized
peak ratios in the MIR region, where Fig. 5(a)-5(b)
are for PEg samples and Fig. 5(c)-(d) for Cop sam-
ples. In this �gure we are plotting the normalized peak
ratios for PAS absorption band assigned for 1st over-
tone of -CH2-, combination of free -OH and combina-
tion of �CH with �CH2�. According to our strategy
of analysis we conclude that sample PEg5%80

0C seems
to be the best cross-linked in this spectral range, Fig.
5(a) frame named 5%. By analyzing the plot ratios
for PEg3% and PEg7% we can see a decreases in both
plots, indicating a poor cross-linking reaction (see Fig.
5(a) frames 3% and 7%). If we take a look in Fig. 5(c)
and (d) it is possible to see some degree of cross-linkings
for samples Cop3%800C, Cop3%900C, Cop5%800C and
also for Cop7%700C. Although the increases in these
normalized plot ratios for the MIR range show almost
the same ratio, in general they were about 1.2, the NIR
range shows a better result, where the ratio were near
to 4.0 for PEg5%80

0C and almost 3:0 for Cop5%800C.

The overall of these results shows that by following
1st overtone of free OH and combination of stretching
frequencies for �CH2� and �CH3 groups in the NIR,
and also the 1st overtone of �CH2� and combination
frequencies of free OH in the MIR range, it is possi-
ble to have some insights about the cross-linking pro-
cess in these two polymer, grafted PE with VTS and
EVS copolymer. Mainly it was observed that 800C was
enough to have a good cross-linking when it is combined
with 5% of catalyst.

Owing to monitor the cross-linking e�ects that
would be present in the sample, we have also performed
a Frequency Scanning in the light pulse at some speci�c
wavelengths. The range of this frequency scanning was
10 to 100Hz at the wavelengths 1732 nm (peak4 as-
signed as 1st overtone of �CH2� groupings), 1850 nm
(peak5 attributed to free OH combination), 2300 nm
(peak7 combination of �CH2� groups) and 2400 nm
(peak8 also �CH2� combination). In general, in doing
such scanning one may be able to make studies of depth
pro�les distribution for the absorption groups beneath
the surface of the polymer. This information is also
very important because the cross-linking activation is
believed to start at the polymer surface. Our �ndings in
studying both silane grafted PE (PEg) and copolymer
EVS (Cop) are discussed below.
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Figure 5. Normalized PAS intensity in the MIR range
for the peaks ratio a) Peak4/Peak5 of samples PEg ; b)
Peak5/Peak8 of PEg; c) Peak4/Peak5 of copolymer EVS
samples; d) Peak5/Peak8 of copolymer EVS samples. Lines
are eye guides.

By �tting the log-log plots of PAS intensity against
frequency of pulse for all representative peaks described
in the last paragraph, we observed that the absorption
band intensities showed a negative slop, varying as !�a,
where ! is the angular modulation frequency in Hertz
and the �tted parameter \a" is the slope. It was ob-
served \a" from 0:9 to 1:2 for the peaks from PEg sam-
ples and it runs from 1:0 to 1:4 for the Cop samples.

According to the photoacoustic general theory the
modulation of the frequency can be used as a probe by
means of the expression �(!) = (2�=!)1=2. Here, �
is the polymer bulk thermal di�usivity, � is the heat
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depth penetration at !. It means that � is ruled by the
frequency !. So, at lower frequencies the photoacous-
tic intensity is mainly produced by the polymer bulk
absorption and otherwise, at higher frequencies, the in-
tensity is due to polymer surface absorbing groups.

In a previous study in impregnated LDPE, Gan-
zarolli et al. [19] have proposed that if the slope \a"
is less then (�3=2) one can assume that the absorption
groups that is generating the PAS signal may be more
concentrated in the polymer surface rather than in its
bulk. The consequence of this is that sample might
have a non-uniform thermal di�usivity �. In average,
the frequency scanning at peaks assigned to 1st over-
tone of �CH2� and to free OH combination, peak4
and 5, have not shown so much di�erences for the PEg

series. The PAS intensity slope were found Sf � !�0:8

and Sf � !�0:9, respectively, while it were observed
Sf � !�1:3 for both peak7 and peak8.

Now as to compare, in the series Cop on the other
hand, the PAS intensity slope were observed to be dif-
ferent for peak4, Sf � !�1:2, and peak5, Sf � !�1:0 ,
respectively. For peaks 7 and 8 the PAS intensity slope
were almost not distinguished, remained in the range
Sf � !�1:4 to Sf � !�1:5. Although the peak in-
tensity slopes have not shown any distinct cross-linking
e�ect for both series, PEg and Cop, by using frequen-
cies scanning we conclude that groupings�OH (peak5)
and �CH2� (peak7) have greater concentration in the
polymer surface rather than in their bulks. Also this

gradient pattern is greater for �CH2� than �OH
grouping. Another conclusion we can retrieve from
intensities slopes is that grafted PE samples present
these absorbing groups more concentrated at the sur-
face when compared to slopes found for Cop samples.
This conclusion was supported by analyzing the whole
PAS spectra at 20, 40, 50 and 80 Hz, in the range 1600
nm to 2600 nm for samples PEg, it was observed that
the peaks assigned for �CH2� and �OH decreases
at higher frequencies, but the decreases is more pro-
nounced for �CH2� groups (by comparing PAS spec-
tra at 20 and 80 Hz, respectively). That means that
while intensity for �CH2� is fading way, the intensity
for �OH still remains at higher frequencies.

In table II it is summarized the calculation of the gel
content and crystalline percentage. Gel content is de-
termined by weighting the cross-linked polymer before
and after it has been exposed to an appropriated sol-
vent. The cross-linked phase has a very low solubility
when exposed to the solvent presenting intumescences
[22]. The degree of crystallinity of this phase is then
determined by x-ray di�raction. The crystalline frac-
tion was obtained by integrating the peak area from
two peaks, one for assigned crystalline plane [110] at
2� � 21:60 and the other for plane [200] at 2� � 24:20.
The amorphous peak was integrated with the center at
2� � 20:10 [23, 24].

Table II - Summary of apparent gel content and crystallinity.

Samples Coding Apparent gel content Crystallinity from x-ray
(%) (%)

PEg3%70
0C 32:7 70:1

PEg3%80
0C 35:8 43:6

PEg3%90
0C 44:7 37:9

PEg5%70
0C 36:9 63:5

PEg5%80
0C 37:5 60:1

PEg5%90
0C 45:6 49:9

PEg7%70
0C 45:2 65:4

PEg7%80
0C 47:2 64:7

PEg7%90
0C 49:3 48:8

Cop3%700C 60:2 27:4
Cop3%800C 55:2 71:0
Cop3%900C 65:5 43:1
Cop5%700C 67:1 62:2
Cop5%800C 69:6 59:0
Cop5%900C 74:9 40:7
Cop7%700C 69:9 47:4
Cop7%800C 74:4 36:7
Cop7%900C 74:6 60:9
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It can be observed an apparent increasing in the gel
content with temperature for all catalyst concentration.
The PEg5%80

0C and PEg5%90
0C present nearly the

same value of PEg7%. Also it can be seen that PEg

samples present lower gel content then that for Cop.
This result is believed to be due to a peculiar increasing
of the cross-linkings once the photoacoustic frequency
scanning results indicate that PEg has a more remark-
able cross-linking e�ects in the surface whereas in the
Cop, it looked to spread out in the bulk. In the anal-
ysis of crystallinity, one can see that it decreases with
temperature and it is follows that it indicates a larger
degree for PEg than that for Cop samples, if similar
samples are to be compared. The majority of samples
in the set have pointed this way.

The conclusion one can take from the observed ef-
fects is that if sample is cross-linked at higher temper-
ature, the cross-linking degree is enhanced and on an
opposite way, the degree of crystallinity decreases. It
appears that there is a competition between both and
is reasonable to say that 800C appears to be the opti-
mized point for sample preparation.

V Conclusion

The PAS has pointed out that in the set of sample
we used, the better variable for cross-linking was 800C
and catalyst in the range 5 to 7%, typically. It was
also shown that PAS is a capable technique for evalu-
ating cross-linking rate in copolymer and grafted PE,
by analyzing the overtones absorption band in the NIR
and MIR. In the frequency scanning analysis it was ob-
served no distinct cross-linking e�ect for both series,
PEg and Cop, but it locates groupings �OH (peak5)
and �CH2� (peak7) more concentrated in the surface,
showing a larger gradient for �CH2� than �OH . In-
tensities slopes indicate that grafted PE present these
groups more concentrated at the surface when com-
pared to those for Cop samples.
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