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The yield of crosslinking of polyethylene induced by r-ray irradiation was increased by the
presence of fluorine containing monomers such as tetrafluoroethylene and chlorotrifluoroethylene.
The graft polymerizations of these monomers were also observed with the increase in the gel fraction.
‘The gel formation in the mixture of chlorotrifiluoroethylene and acetylene was higher than that in
each monomer alone. The absorption of G-F bond and the decrease in the amounts of unsaturation
groups were observed in the IR spectra of the samples irradiated in the presence of fluorine contain-
ing monomers. The highest yield of crosslinking was obtained with the use of butadiene grafted
polycthylene with the remarkable decrease in the amounts of unsaturation groups. The mechanism
of the crosslinking reaction and the role of fluorine containing monomers has been discussed on the
basis of these results.

1. INTRODUCTION

Recently, it has been reported that the yield of crosslinking of polyethylene
induced by r-ray irradiation is increased by acetylene® and by the mixture of some
fluorine containing monomers and acetylene.”

The present paper is a report of a more detailed study of the radiation-induced
crosslinking of the polyethylene in the presence of fluorine containing monomers.
Changes in gel fraction, degree of graft polymerization, chemical structure and
mechanical properties of the polyethylene irradiated in the presence of fluorine con-
taining monomers have been measured.

The role of the fluorine containing monomers in the crosslinking reaction has
been discussed on the basis of these results.

II. EXPERIMENTAL

Low density (0.92 g/ml) polyethylene film (0.2 mm, thickness, 3.6 x 10°, number
average molecular weight) was used in the experiment. Fluorine containing
monomers such as tetrafluoroethylene, chlorotriflucroethylene, hexafluoropropylene,
vinylidene fluoride, and vinyl fluoride were supplied from Daikin Kogyo Co. Ltd.
r-Irradiation in the presence of monomers was carried out as follows; polyethylene
film (about 0.1 g) was placed in a glass ampule of 40 ml volume. After evacuation,
gaseous monomers was introduced to the ampule. The ampule was irradiated
with a ®Clo source in the dose rate of 0.05 Mrad/h at room temperature.

The gel fraction was determined by extracting the sample in a 100 mesh stainless
steel basket with boiling p-xylene for 20 h. The degree of graft polymerization was
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defined as mole of grafted monomer per 100 grams of polyethylene from (W’-W) x
100/WM, where W, W’ are the initial and final weights of the sample, and M is the
molecular weight of monomer. IR spectra of the polyethylene were obtained on a
Nippon-Bunko model DS-403G infrared spectrometer. Mechanical properties of
the polyethylene were measured with a Shimadzu autograph.

II. RESULTS AND DISCUSSION

1. Crosslinking and Grafting of the Polyethylene Irradiated in Fluorine
Containing Moenomers

~ The gel fraction and the degree of graft polymerization of the samples by r-ray
irradiation of 2.5 Mrad in vacuum and in the presence of various kinds of fluorine
containing monomers are listed in Table I. Irradiation in tetrafluoroethylene (TFE)
or chlorotrifluoroethylene (CTFE) gave higher yield of crosslinking than that in

Table I.  Gel Fraction and Degree of Graft Polymerization of Polyethylene Irradiated by
7-ray with 2.5 Mrad in the Presence of Fluorine Containing Monomers

atmosphere degree of graft polymerization gel fraction

(mole/100 g) (%)
vacuum — 12.6
tetrafluoroethylene 0.015 31.8
chlorotrifluoroethylene ’ 0.116 62.0
hexafluoropropylene 0.009 12.8
vinylidene fluoride 0.003 5.8
vinyl fluoride 0.013 7.3

vacuum. Whereas the gel formation in the presence of hexafluoropropylene (HFP)
was nearly equal to that in vacuum. In the presence of vinylidene fluoride (VdF)
or vinyl fluoride (VF) brought about lower yield of crosslinking than that in vacuum.
The gel fraction and the degree of graft polymerization were increased by the pres-
ence of the monomer containing large number of fluorine atom except VdF, and
the highest in the presence of CTFE. As shown in Fig. 1, the gel fraction of the
polyethylene irradiated in various fluorine containing monomers increased with the
degree of graft polymerization. These results indicate the crosslinking in the pres-
ence of fluorine containing monomers is one of the side reaction of graft polymer-
ization. ‘

Figure 2 shows the relation between the irradiation dose and the gel fraction
of the polyethylene irradiated in the presence of various fluorine containing
monomers. The gel formation was found at the irradiation of 1.25 Mrad in vacuum,
and increased with the irradiation dose. ‘The gel fraction of the polyethylene ir-
radiated in the presence of HFP was a little higher than that in vacuum. The gel
point was observed at 0.5 Mrad in TFE and the gel fraction was almost same
as that in acetylene. The gel fraction of the polyethylene irradiated in CTFE
remarkably increased with the irradiation dose without induction period.
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Fig. 1. Gel fraction and number of terminal vinyl of polyethylene versus degree of
graft polymerization.
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Fig. 2. Relation between irradiation dose and gel fraction of polyethylene
irradiated in the presence of fluorine containing monomers.
Q; vacuum, (P; tetrafluoroethylene, @©; chlorotrifluoroethylene,
@; hexafluoropropylene, @; acetylene.
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The Charlesby Pinner’s plot® did not give a straight line in the experiment
irradiated below 5.0 Mrad. It might be caused by low degree of crosslinking in
this experiment. While, in the presence of CTFE, the results give a straight line,
“and the G values for chain scission and crosslinking were obtained:as 6.9 and 7.6
respectively.

2. IR Spectra of the Polyethylene

Changes in IR spectra of the polyethylene irradiated in the presence of fluorine
containing monomers are shown in Fig. 3 and Table II. The various kinds of
absorption bands assigned to C-F bonds were observed in the range from 1400 cm™
to 1100 cm.™ The bands assigned to C-F bonds at 1230, 1175, and 1100 (strongest)
cm™! were observed in the polyethylene irradiated in the presence of TFE. In the
polyethylene irradiated in the presence of CTFE, the bands appeared at 1300, 1258,
and 1072 (strongest) cm™. These C-F bonds increased with the irradiation dose.

On the other hand, the band at 964 cm™! assigned to trans vinylene increased
under the irradiation in vacuum, whereas the band at 908 cm™* assigned to terminal
vinyl slightly decreased. In the presence of fluorine containing monomers, es-
pecially GTFE, the remarkable decrease in the terminal vinyl was observed under
the irradiation. The gel fraction of the polyethylene irradiated in fluorine contain-
ing monomers increased with the decrease in the terminal vinyl as shown in Fig. 1.
The terminal vinyl decreased remarkably with the degree of graft polymerization.

These results indicate that, in the presence of fluorine containing monomers,
side chain polymer radical formed by grafting of fluorine containing monomers (M)
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Fig. 3. IR spectra of the polyethylene irradiated with 1 Mrad in the presence of
fluorine containing monomers
(1); non-irrad, (2); tetrafluoroethylene, (3); chlorotrifluoroethylene,
(4) ; hexafluoropropylene.
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Table II. Changes in IR Spectra of the Polyethylene Irradiated in the Presence of Fluorine
and Unsaturated Monomers

atmosphere dose C-F* f/lgir;r?ene** f;;r;iff‘l vinylidene**
non-irrad. 0.0 — 0.046 0.097 0.271
vacuum 5.0 _— 0.122 0.091 0.271
ol 1.0 — 0.091 0.108 0.265
acetyle
yiene 2.5 — 0.110 0.135 0.265
1.0 0.56 0.046 0.075 0.227
tetrafluorocthy- 2.5 0.96 0.038 0.027 0.145
5.0 1.30 0.030 0.022 0.101
y a 1.0 0.44 0.030 0.022 0.044
chlorotrifluoro-
hotone 2.5 1.16 — — —
5.0 1.39 — — —
hexafluoropro- 1.0 0.27 0.061 0.086 0.233
pylene 2.5 0.37 0.068 0.070 0.227

*, log IofI. ** number/1000 C.

reacts with the terminal vinyl contained in polyethylene to lead crosslinking without
consuming the number of radical.

~CH,~CH-CH,~

~CH,-CH~ + ~CH,-CH-CH,~ —> -CH
CH (l]Hz ............ (1)
C"]H2 (l\l/I)n
~CH,~-CH~
~CH,-CH-CH,~
-CH
(IJH2 +m+1)M —— ~CH,~CH-CH,~
(l\l/[)” (l]H_(M)m_M. ...... (2)
~CH,-CH~ C‘1H2
o,
~CH-CH,~

3. Crosslinking of the Polyethylene Irradiated in the Mixture of CTFE
and Acetylene
As has already been reported by us,” radiation-induced crosslinking of poly-
ethylene is promoted by the presence of the mixture of unsaturated monomers and
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Fig. 4. Relation between molar ratio and gel fraction, and degree of graft
polymerization of the polyethylene irradiated with 2.5 Mrad in the
mixture of chlorotrifluoroethylene and acetylene.

fluorine containing monomers. In Fig. 4 is shown the relation between the molar
ratio of the mixture (CTFE-acetylene) and the degree of polymerization, and the
gel fraction of the samples. The degree of graft polymerization of the samples re-
markably increased by the addition of GTFE to acetylene. The gel formation in the
mixture was higher than that in acetylene and CTFE alone. The highest gel frac-
tion was obtained in the equi-molar mixture of CTFE and acetylene.

It can be considered from Fig. 4 that the polymer vinyl radical formed by the
addition of acetylene makes crosslinking due to hydrogen abstraction mechanism.?”

. /0H=éH | .
~CH~CH~ + CH=CH — ~CH,~CH~  eeeeereens (3)
l
CH,
/GH=éH /(.]H—-GHZ—(!]H
~CH,~CH~ 4 ~CHCH,~ —> ~CH,~CH~ (IIHZ ------------ (4)

In the presence of acetylene containing a small amounts of CTFE, graft reaction
of CTFE to the polymer vinyl radical results in the formation of internal vinylene
group as functional group in side chain.

/CH= CH /CH= CH-(CF,-CFCl) ,,—CFz—éF Cl
~CH,~-CH~ +4(n+1)CF,=CFCl>~CH,-CH~ = ‘ceccrnaenen (5)
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On the contrary, in the presence of CTFE containing a small amount of acetylene,
CTFE grafts to chain side radical, and acetylene reacts with the radical to form
polymer vinyl radical. The radical makes crosslinking due to hydrogen abstraction

mechanism.
. y (CF,~CFCl),_,~CF,~CFCl
~CH,~CH~4nCF,=CFCl > ~CH~CH~  eveereees (6)
/(CFZ—CFCI),,_I-CFZ—(.]FGI /(GHZ—CFCI),,—GH=6H
~CH,~-CH~ 7 +CH,= GH —> ~CH,~-CH~ = ceevireniens (7)
/<GF2—0F01),,-0H=61H |
~CH,-CH~ +~CH-CH,~ —
l
CH,

-
_(CF,~QFCl),~CH,-CH

~CH,-CH~ CH, e (8)
l

Ihternal vinylene group may also be formed by the graft reaction of CTFE to side
chain polymer radical in graft branch.

/(CF2-0F01),,-0H=C':H

~CH-CH~ +CF,= CFCl —
_/(CF~CFOl) ,~CH=CH~CF,-CFCl
~CH2—0H~ .. i C eessrresenns (9)

4. Crosslﬁ.lking of the Butadiene Grafted Polyethylene Irradiated in the
Presence of Fluorine Containing Monomers

In order to give an unsaturation groups to the sample,  polyethylene was ir-
radiated wi"c_h'2.5 Mrad in the presence of butadiene at normal pressure. The ab-
sorption of unsaturation groups in the IR spectra and the weight increase of sample
were observed without gel formation. The butadiene grafted polyethylene was
irradiated in the presence of fluorine containing monomers. = Table III indicates
that the extent of unsaturation groups decreased remarkably under the irradiation
in the presence of fluorine containing monomers, especially CTFE. The gel frac-
tion increased with! the decrease in the amounts of the terminal groups. In the
presence of CTFE, the gel fraction of the butadiene grafted polyethylene (79 9,) was
higher than that (62 %) of the non-grafted polyethylene with the same dose of
irradiation.

On the basis of these results, a followmg ‘crosshnklng mechamsm of the poly-
ethylene in the presence of fluorine containing monomers might be proposed. Two
radicals formed under the irradiation in vacuum may lead to crosslinking as a

“result of radical recombination. In the presence of fluorine containing monomers,
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Table III. Gel Fraction and Changes in IR Spectra of the Butadiene Grafted Polyethylene
Irradiated with 2.5 Mrad in the Presence of Fluorine Containing Monomers
gel gfﬁl;f%r;il(})ff trans vinylene | terminal vinyl vinylidene
atmosphere fraction merization |number | conver- | number | conver- | number | conver-
(%) (mole/100 g) | /1000 C | sion (%) /1000 G |sion(%)| /1000 C | sion (%)
control 0.0 0.100 8.64 — 3.10 — 0.42 —
vacuum 38.9 — 7.91 8.6 2.60 16.1 0.39 6.1 ‘
tetrafluoro-
ethylene 32.8(57.4) 0.002 7.28 15.8 2.32 25.0 0.36 13.6
chlorotrifivoro- 149 0600)]  0.102 | 2.80 | 676 | 015 | 951 | 013 | 69.7
ethylene

( ); the gel fraction of non-grafted polyethylene irradiated with 5.0 Mrad

side chain polymer radical formed by grafting of CTFE reacts with the unsaturation
groups to take place crosslinking as described in the reaction (1) and (2).
As described before, the degree of crosslinking increased with the increase in the

degree of graft polymerization.

The order of the reactivity of fluorine containing

monomers in the graft polymerization was CTFE>TFE>VF>HFP>VdF. The
degree of graft polymerization is dependent on the reactivity of the monomer in
the graft polymerization. Therefore, with the use of the polyethylene containing
the same amounts of terminal vinyl groups, the acceleration effect of fluorine con-

elongation (%)
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Fig. 5. Relation between gel fraction and mechanical properties of
polyethylene irradiated with 5.0 Mrad in the presence of
fluorine containing monomers. )
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taining monomer in the crosslinking increased with the increase in the monomer
reactivity in the graft polymerization.

5. Mechanical Properties of the Crosslinked Polyethylene

Figure 5 shows the mechanical properties of the polyethylene in the presence of
fluorine containing monomers. The increase of yield (6,) and break point (o),
and the decrease of elongation were observed after the irradiation in the presence of
fluorine containing monomers. The yield and break point increased slightly with
the gel fraction, whereas the elongation decreased remarkably with high degree of
gel (over 50 %,).
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