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ABSTRACT: The surface photo-oxidation and photostabilization of photocross-linked

polyethylene (XLPE) have been studied by X-ray photoelectron spectroscopy (XPS),

Fourier transform infrared spectroscopy (FTIR), and thermal-aging measurements. The XPS

and FTIR data gave the evidence that the surface photo-oxidation of XLPE increases

apparently with increasing UV-irradiation time. The main photo-oxidation products have

been identified as hydroperoxides and various carbonyl compounds. The photostabilization

of XLPE can be carried out by suitable pre-irradiation of low-pressure mercury (LPM) lamp

and by addition of hinder amine light stabilizers (HALS). The present study shows that the

optimum time of pre-irradiation with LPM lamp is 10 seconds, which can detach the oxygen

absorbed on the PE surface before the photocross-linking. The addition of HALS into PE

resins can stabilize XLPE very efficiently in the photocross-linking process of PE. Tinuvin

783 is the best photostabilizer among the three kinds of HALS.

1. INTRODUCTION

In recent years, there has been significant breakthroughs in the photoinitiated cross-
linking of thick samples of polyethylene <15) and industrial applications of insulated
photocross-linked polyethylene (XLPE) wire and cable.(68) The mechanism and cross-link
microstructures of the photocross-linking of LDPE and its model compounds have been
studied by spin-trap Electron Spin Resonance (ESR) <9"10' and 13C Nuclear Magnetic
Resonance (NMR).(11) However, UV light not only can initiate the cross-linking reactions, but
also cause photo-oxidation degradation, especially the surface photo-oxidation of photocross-
linked XLPE, which further affects the thermal aging stabilization of the XLPE materials. In
fact, the surface photo-oxidation followed by photoinitiated cross-linking of PE has become a
main problem in developing industrial applications of photocross-linking technique.

In the present work, we have detected and identified the surface photo-oxidation
products of photocross-linked XLPE by X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR). At the same time, the photostabilization of
photocross-linked XLPE has been studied by the surface deoxidation with the pre-irradiation
of low-pressure mercury (LPM) lamp before photocross-linking. The photostabilization of
XLPE has been studied in detail by addition of different hinder amine light stabilizers
(HALS). The purpose of this work is to clarify the mechanism of surface photo-oxidation and
to search for effective methods of photostabilization in the photoinitiated cross-linking of PE.
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2. EXPERIMENAL

2.1 Materials
The branched LDPE resin (1I2A-1, MI=2.0) from Yan Shan Petrochemical Co., Ltd.,

Beijing was used in the present work. Photoinitiator benzophenone (BP) from Shanghai
Reagent Factory No.l (Chemical pure) and crosslinking agent triallyl isocyanurate (TAIC)
from Anhui Institute of Chemical Engineering were used as received without any purification.
Three commercial photostabilizers (HALS) Chimassorb 944, Tinuvin 770, and Tinuvin 783
were supplied by the Ciba-Geigy Incorporation. The numbering and compositions of samples
are listed in Table I.

Table I Sample Compositions
Sample No.

I
II
I I I
IV

Composition
LDPE+BP+TAIC

LDPE+BP+TAIC+Chimassorb 944
LDPE+BP+TAIC+Tinuvin 770
LDPE+BP+TAIC+Tinuvin 783

2.2 Sample Preparation
PE resins with the desired amounts of additives were mixed at 150 °C for 10 min using a

two-roll mill. After mixing, the samples were hot-pressed to sheets of suitable thickness for
5min at 150 °C using a press.

2.3 UV irradiation
Samples were UV-irradiated in an UV-CURE device constructed in this laboratory. The

high-pressure mercury lamp (Philips HPM 15) were used in the photocross-linking of PE,
operated at 2kW, at a distance of 10cm from the surface of samples. The low-pressure
mercury lamp (LMP, type WXZ-1 made in China, 40w, the main emission wavelength
covered the 254nm range) was used for detaching the oxygen aborbed on the PE surface by
the pre-irradiation of LMP lamp. In the deoxidation experiments, the UV irradiation process
was divided into two stages. At first sample was irradiated by a LPM lamp for a given time,
then immediately irradiated by a Philips HPM 15 lamp for 40 s.

2.4 Measurements

XPS Spectra
The XPS spectra were recorded with a VG ESCALAB MK II spectrometer, using Al ka

excitation radiation (hv=1253.6eV).

FTIR Spectra
The FTIR Spectra were recorded with a Nicolet MAGNA-IR 750 spectrometer. In order

to minimize errors from sample thickness, the 1895 cm"1 peak from the C-H deformation
modes of PE was used as an internal reference in this study. The relative absorbance intensity
of C=O at 1718cm'1 was expressed by carbonyl index A1718/Alg95, where A1718 and A1895were
the absorbencies at 1718cm'1 and 1895cm"1, respectively.
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3. RESULTS AND DISCUSSION

3.1 Surface Photo-oxidation of XLPE

3.1.1 XPS Studies

Figure 1 shows the Cls XPS spectra of sample I UV-irradiated with a Philips HPM 15
lamp for different irradiation times. The strong peaks at 285.OeV are due to the Cls electron
from the C-C and C-H bonds of PE. The intensities of small peaks appeared at 286-290eV in
the Cls band increase with increasing irradiation times, which indicates the formation of
photo-oxidation products, such as -C-O-, >C=O, and -COO- groups.

280 284 288 292

Binding energy/eV

Figure 1 Cls spectra of the
sample I UV-irradiated
for different times

280 284 288 292

Binding energy/eV

528.75 532.75 537.75
Binding energy/eV

Figure 2 XPS spectra of the XLPE sample I
after thermal-aging for 168h at 135°C

3.1.2 Thermal-oxidation Aging of XLPE

The surface photo-oxidation in the photocross-linking of PE has a significant effect on
the thermal-oxidation aging property of XLPE. The XPS spectra of Cls and Ols for the XLPE
sample I with different irradiation times after thermal-oxidation aging for 168 h at 135 °C are
shown in Figure 2. It can be seen from the Cls peaks in Figure 2 that the oxidation products
after thermal-aging increase apparently with increasing UV-irradiation times of XLPE
samples. The oxidation products B, C and D marked by broken lines obtained by computer
separating peaks of Cls bands appear at 286.5eV, 288.0eV, and 289.0eV, which have been
assigned to the -C-O-, >C=O, and -COO- groups, respectively. The Ols peaks in Figure 2 also
show that the oxidation products increase quickly with the irradiation time of XLPE samples.
The Ols peak of 40s sample mainly appeared at 532.0eV, which is due to the-COOH and -C-
O- groups. A shoulder peaks of Ols appeared at 533.5eV for the 80s and 160s samples are due
to the >C=O and -COO-.

The stoichiometric O/C radios obtained from the XPS spectra are used to characterize
the degree of oxidation. The O/C data of XLPE samples before and after thermal aging are
listed in Table II. The O/C values of 40s and 80s samples before aging were 0.08 and 0.09,
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respectively. But the 0/C value increased rapidly to 0.20 when the irradiation time of sample
prolonged to 160s, which almost approaches the 0.24 value after the 40s sample was thermal-
aged. These data give the positive evidence that the degree of surface photo-oxidation in the
photoinitiated cross-linking of PE is of crucially important for the thermal-oxidation property
of XLPE materialsy.

TablellO/C values of the XLPE sample I
Irradiation time

O/C before aging
after aging

40s
0.08
0.24

80s
0.09
0.28

160s
0.20
0.29

3.1.3 FTIR Studies

Figure 3 shows the FTIR spectra of sample I with different irradiation times. The main
changes of spectra were found near the 3400cm'1 and 1718cm1 peaks from the hydroxyl and
carbonyl groups, respectively. Their relative intensities increase with increasing irradiation
times. The 3400cm'1 region has the two main absorption peaks at 3367cm"1 and 3440cm1. The
3367cm'1 peak is dominant in the samples of 20s and 40s shorter irradiation times. The
absorption peak of 3440cm"1 becomes dominant in the sample of 160s irradiation time. The
former might be due to the O-H stretching mode of a hydroperoxide (R-O-O-H), while the
latter due to the O-H of a hydroxide (R-O-H). The corresponding absorption peaks of C-0
stretching mode in the 160s sample was found at 1176 cm"1. The carbonyl absorption was
mainly centered at 1718 cm'1, showing the formation of carbonyl groups. The broad spectra
indicated that several kinds of carbonyl compounds, such as >CO, -CO-, etc., were formed
during UV irradiation. These data are in good agreement with those obtained by WPS.

4000 3200 1800 1500

cm"1
1200 900 600

Fig.3 FTIR spectra of sample irradiated for different time

3.2 PhotostabilizationofXLPE

3.2.1 Deoxidation by Pre-irradiation of LPML

The UV light of 254nm from the low-pressure mercury (LPM) lamp can scavenge the
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oxygen absorbed on PE surface by photochemical reactions. The absorption and diffusion of
oxygen in the sample play an important role in the photo-oxidation reactions of polymers. So,
the photoinitiated cross-linking of PE is usually carried out in an inert atmosphere because
oxygen suppresses the cross-linking process. However, it is costly and not convenient for
industrial applications of photoinitiated cross-linking technique of PE. Detaching the oxygen
absorbed on the PE surface before photocross-linking could be carried out by a suitable pre-
irradiation of LPM lamp.

The surface photo-oxidation of samples with and without the pre-irradiation of LPM
lamp has been detected and identified by FTIR and XPS methods. The carbonyl index
A,718/A1895 is used to be characteristic of the degree of oxidation, as described in the
experimental section. Figure 4 shows the change of carbonyl index for the samples of
different pre-irradiation times. It can be seen that the carbonyl index decreases significantly
within the irradiation time 15s of LPM lamp. However, the 10s irradiation time of LPM lamp
is an optimum value because of the lowest carbonyl index, as shown in Figure 4. The
carbonyl index increases rapidly when the pre-irradiation time is 20s.

The XPS studies show that the Cls and Ols peaks of sample without pre-irradiation
appear 285.0eV and 532.5eV, respectively. The new shoulder peaks at 287.0eV and 533.7eV
after the pre-irradiation of LPM lamp are due to the surface oxidation products. The relative
intensities (RI) of surface oxidation products can be defined as the value of RI = I287/I285 f° r

the Cls peak and RI = I533.7/I532.5 for the Ols peak. Table III lists the data obtained from the
corresponding XPS spectra. Apparently, the XPS data of the surface photo-oxidation products
are similar to those obtained by the FTIR spectra. The pre-irradiation of 10s is an optimum
value in the present work because the 287.OeV and 533.7eV peaks of surface oxidation
products in the XLPE samples were not formed after the 10s pre-irradiation of LPM lamp.

Table III. Comparison of the Relative Intensities (RI) of surface photo-oxidation products
obtained from the I287/I285 values of Cls peaks and the I53:> 7/I532.5 values of Ols peaks

Pre-irradiation
Time (s)

0
5
10
20

RI obtained from the
I2ii7/I285 values of C,, peaks

4.33
4.88

0
8.36

RI obtained from the
lm 7/I5,2 5 values of O,, peaks

2.921
0.688

0
10.05

3.2.2 Addition of Photostabilizer HALS into PE Risen

Photostabilizer HALS can efficiently decrease the surface photo-oxidation formed in
the photoinitiated cross-linking of PE. The carbonyl indexes obtained from the FTIR spectra
for the XLPE samples with and without HALS are shown in Figure 5. It can be seen that the
carbonyl indexes of samples II, III, and IV with different HALS are much lower than that of
sample I without photostabilizer. Photostabilizer Tinuvin 783 is the most efficient among the
three HALS.
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Fig.4. Changes of carbonyl index in the
XLPE films with the pre-irradiation times

4. CONCLUSIONS

Fig.5. Comparison of Photo-stabilization
of Different HALS

(1) The surface photo-oxidation in the photoinitiated cross-linking of PE increases with
increasing irradiation time. The main photo-oxidation products are hydroperoxides and
carbonyl groups.

(2) Detaching the oxygen absorbed on the PE surface by suitable time pre-irradiation of low-
pressure mercury lamp decreases the surface photo-oxidation in the photocross-linking of
PE. The optimum time of pre-irradiation is 10 s in the present work.

(3) Photostabilizer Tinuvin 783 is the most efficient among the three kinds of HALS in the
present studies.
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