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Abstract

The influence of UV-radiation on the molecular characteristics of low-density polyethylene in dependence of samples’ thickness and the
dose has been investigated by methods of viscosimetry, light scattering, turbidimetry and gelation measuring. It was established that the
destruction and crosslinking processes of macromolecules proceed simultaneously with the irradiation. In a range of doses previous to
gelation increase of mass-average molecular mass and degree of branching of macromolecules accompany the irradiation. The intensity of
change of the molecular characteristics is lowered along with the increase of samples’ thickness, as soon as the basic molecular trans-
formations occur in a thin film layer of the samples’ surface.

For the same reason the gelation point dose decreases along with the decrease of samples’ thickness and the destruction-to-crosslinking
speeds ratio rises up to a constant value, but lowers with decrease of samples’ thickness.

It has been assumed that the degree of change of molecular characteristics is independent of samples’ thickness and mechanisms o
influence of UV- andy-irradiation on polyethylene is simila© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction the LDPE in dependence of irradiation dose and samples’
thickness.

In previous works the results of investigations of influence  Itis known, that under the influence of UV-irradiation the
of a vy-irradiation on the molecular characteristics of low- destruction and crosslinking processes of macromolecules
density polyethylene (LDPE) were given depending on the proceed in polymers and also the oxidizing processes are
samples’ thickness, the intensity and dose [1,2]. A remark- activated, especially when the irradiation is carried out in
able growth of average molecular mass of LDPE was the presence of air [3—7]. It is well known that photo-
established. The growth was linear for the mass-averagechemical changes proceed most intensively in a surface
molecular mass and at the initial doses is mainly the result layer of polymers, as soon as the changes fade in the process
of the increase of macromolecular branching. Consequently,of the motion of radiation into the polymer [8—11]. The
the macromolecular effective hydrodynamic volumes have speed of oxygen absorption by the given quantity of poly-
been changed and therefore the dependence of the viscositymer is proportional to the surface area [12] and conse-
average molecular mass on the doses was going throughluently decreases with increase of polymer samples’
minimum at the initial dose [1]. In addition, it was shown thickness [13]. The equations describing the influence of
that the destruction and crosslinking processes of macro-oxygen diffusion speed of photo-oxidation of polyethylene
molecules proceed simultaneously with the irradiation. A are received [14]. The space—time evolution of the photo-
significant dependence of the specified changes on irradiationageing process accompanied by an increase of absorption
intensity and irradiated samples’ thickness has been estabhas been studied as well. For some most important cases the
lished [2]. formation of a limit layer was shown with the absorption

The present work will describe the results of viscosi- profile being constant under further light action [15-16]. For
metric, light scattering, turbidimetric and solubility investi- the simplest cases, the evolution of the aged layer is the
gations and the influence of ultraviolet (UV) irradiation on process of the motion of this profile into the polymer sample.

The thickness of the aged layer is estimated to &l 3 cm

*Tel.: +7-3742-5543-41: faxs+7-3742-151800. [17]. In the case of very thin samples, the thickness obviously
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Table 1
Intrinsic viscosity's experimental f{]y) and calculated f];) values, mass-average molecular m@8g), mean-square radii of gyratioaR?)Y2), branching
index (@) and mass-average number of branching per molgayl¢ of UV-irradiated LDPE 1000, 500, 200, 1@Gn. thick samples for various exposure time

Exposure (Minutes) g (dlg™ [n] (dlg™ M, X 10°° (R)Y2 (A) g m,
Samples thickness—10@dm

0 1.33 3.260 2.84 338 0.408 10.3
20 1.33 3.535 3.20 367 0.376 12.2
40 1.34 3.755 3.50 379 0.357 13.5
60 1.35 3.962 3.80 396 0.360 13.2
90 1.35 4.164 4.08 413 0.324 16.1
120 1.36 4.456 4.51 431 0.303 18.2
Samples thickness—5Q0m

0 1.34 3.260 2.84 338 0.411 10.2
20 1.36 3.535 3.20 368 0.384 11.7
40 1.35 3.835 3.61 379 0.357 135
60 1.37 4.054 3.92 396 0.337 15.0
90 1.39 4.206 4.14 413 0.330 15.6
120 1.41 4.629 4.77 431 0.305 18.0
Samples thickness—2Q0m

0 1.33 3.261 2.84 338 0.408 10.3
30 1.35 3.741 3.48 373 0.361 13.2
60 142 4.109 4.00 402 0.345 144
90 1.44 4.456 4.51 419 0.323 16.2
150 145 4.924 5.23 460 0.294 19.2
180 1.47 5.306 5.84 483 0.277 21.3
Samples thickness—1Qm

0 1.34 3.258 2.84 338 0.411 10.3
30 1.40 3.681 3.40 368 0.381 121
60 1.42 3.998 3.84 397 0.355 13.4
90 1.45 4.316 4.30 414 0.335 15.7
150 1.48 4.843 5.10 452 0.305 18.0

Also it is shown, that the speed of crosslinking of LDPE performed in cis decalin at 78 0.01°C. The efflux time
grows by the decrease of samples’ thickness and degree obf the solvent was 98 s. The solvent and solutions were
crystallinity of polymers. The crosslinking occurs mainly in  filtered through a No.3 glass filter (at @) before the
the amorphous phase of polymers. The increase of themeasurements. The following formula was used for the
degree of branching of macromolecules has a remarkablerelation of molecular mass and intrinsic viscosity [1]
influence on the character of oxidation of LDPE [18-19].

[n] = 6.8x 10 *M*67®

The intrinsic viscosities of branched polymersj
were measured experimentally. The intrinsic viscosity that

Details of the sample preparation are presented in Ref. corresponds to the linear macro_molgcules with t_he same
[1]. LDPE 40, 100, 200, 500 and 10Q0n thick films have ~ Molecular mass {])), the branching indexg a ratio of

2. Experimental

been studied. mean-square radii of gyration of branched and linear
UV-irradiation is carried out in the open air with the use Polymer samples with the same molecular mass) and the
of a mercury-discharge lamp with = 2537 nm The mass-average number of branching per molecuifg) (

exposure intensity in the ultraviolet part of spectrum is Were calculated by the ways described in Ref. [1].
7 mWicn?. The distance from the center of the lamp to | "€ experimental errors were within allowed limits of
the sample is 30 cm and the temperature on the surface O1{;1ppropr|ate_methods ar_1d did not exceed 1% at viscosimetric
the sample is about 4G. gnd. 8%.at Ilght. scattering measurements. The gel contents
The viscosimetric, light scattering and turbidimetric N irradiated films were evaluated after a prolonged
investigations of all the samples were conducted in the &Xtraction of 2.5g samples with hot xylene. Results were
range of doses in which they are practically completely "€Producible to within approximately 0.01 g.
soluble. Conclusions about full solubility was based on
the absence of the insoluble portion after filtration of
solutions through glass filter No.3. 3. Results and discussion
Intrinsic viscosity measurements in Ostwald’s capillary o
viscometer (capillary’'s  diameter—0.64 mm) were The values of experimentaln], M, (R»HY? and
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tical thickness as a gnct:on 0 exiﬁ)ostére or sample thicknesg(circle identical thickness as a function of exposure for sample thickness: (
1000, square 500, triangle 200, rhomb 100, cross 40. circle 1000, square 500, triangle 200, rhomb 100.

calculated §]q, m,, for the investigated doses and samples  These phenomena can be connected with the change of

thickness are given in the Table 1. form of macromolecules during irradiation. The dependence
The dependence of the ratio of intrinsic viscosities (R)Y%/M,, ~ f(M,,), given in Fig. 4, can be considered as
(consequently anil,) irradiated (jy]g) and initial ([n]gnita) the criteria of this change. The evident decrease of

samples of identical thickness from irradiation time are (R2)1’2/I\7IW indicates the increase of macromolecules
shown in Fig. 1 (more detailed data in Ref. [20]). As it is branching during the radiation process. However, it is
seen from the given diagram, with increase of irradiation time considered more reliable to estimate the branching by the
(dose) a small growth of this ratio is observed, especially for relation of viscosity and molecular mass, because of
the thick samples. At the same time achievement of gel point the difference in averaging ofl,, and (R%)Y2 measured by
after certain irradiation time (360, 310, 240, 210 and 120 min the light scattering method. Thus, in Fig. 5 the relation
for the samples’ thickness accordingly 1000, 500, 200, 100 [n]/[0];nta ~ f(My) and [nlg/[n]ginitial ~ f(M,,) for

and 40pm) testifies, that an increase of molecular mass is different thickness of samples are shown. As it is seen
taking place, owing to formation of intermolecular cross from the corresponding curve$yl/[n]initar ~ f(My) is
bonds. Further investigations of irradiated samples by the linear and independent of the samples thickness, whereas
method of light scattering has fixed a considerable growth [n]g/[n]gnita ~ f(M,,) is visibly deviating from the linear-

of mass average molecular m#lk,) during irradiation. The ity. This fact indicates the increase of branching during the
dependencies of the ratio of mass average molecular mass oirradiation. It is evident, that the increase of molecular mass
irradiated (M,,) and initial (My,jniia) Samples of identical  of samples occurs mainly due to the increase of branching.
thickness on irradiation time are shown in Fig. 2. Also This conclusion is confirmed by the corresponding values of
(R)Y? has a similar behavior. The dependencies of the m, (see Table 1).

ratio of mean-square radii of gyration irradiatedR?)Y?) Let us discuss the dependence of molecular characteristics’
and initial (R?)X2,) samples of identical thickness plotted transformation on the samples’ thickness during irradiation.

against irradiation time are shown in Fig. 3. A small growth of ] (andM,) by the decrease of samples’
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Fig. 2. The dependence of the raki, /M, jniia LDPE samples of identical o .
thickness as a function of exposure for sample thicknesscircle 1000, Fig. 4. LDPE samplegR?)"*/M,, as function ofVi,, for the sample thick-
square 500, triangle 200, rhomb 100. ness um): circle 1000, square 500, triangle 200, rhomb 100.
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Fig. 5. LDPE sampleBn]i/[n] jnitar (1) @andnlg/[n]giniiar (2) s function oM, for the sample thicknesg.(n): circle 1000, square 500, triangle 200, and rhomb
100.

thickness testifies the results of Fig. 1. Also, the growtklgf characteristics in dependence of the decrease of samples’
with the decrease of samples’ thickness given in Fig. 2 is thickness is connected by this circumstance. Further, even
insignificant. The meanings qR?)"? and (R)Y*/M,, are the probability of decreasing of molecular characteristics by
independent of samples’ thickness (see Figs. 3 and 4 anddecrease of samples’ thickness is not excluded. Really, then
Table 1). Thus we conclude, that the molecular character-we can justify the nonlinear growth of]g/[1]gniia ratio by
istics’ transformation is practically independent of samples’ the doses growth for thin films given in Fig. 1, if we assume,
thickness. Really, the concurrence of results of nhumerousthat by thickness decreasing the degree of macromolecular
investigations convinces us about the proceeding of photo-branching is lowered. It can be the result of the effect of the
chemical processes on a surface layer of polymers [5—-10].high presence of oxygen in the photo-oxidation process for
The formation of a limit aged layer of a polymeric film was thin films. Obviously, this problem may be solved by investi-
shown with the absorption profile being constant under gations of aged surface cuts of films.
further light action [15]. As already mentioned, the speed In Fig. 6 turbidimetric curves of initial and irradiated of
of oxygen absorption by the given quantity of polymer is various duration’s samples are given (samples thickness—
proportional to the surface area [12] and consequently 1000um). As it is shown, the bimodality of turbidimetric
decreases with increase of polymer samples thickness [13].curves is observed for the irradiated samples. It shows
In all results quoted in this work, we manipulate only by two irradiation concomitant processes—destruction and
average values of molecular characteristics. Hence, thecrosslinking. With the increase of irradiation time (dose)
given quantity of polymer used for measurements containsthe precipitate thresholds shifts to the left which testifies
many deep layers, not affected by irradiation at the greaterto increase of high molecular fraction in a sample. The
thickness, which is not considered during averaging. There-investigation of samples of smaller thickness has given
fore, we consider that the observed small growth of molecular similar results. The greater expression of these processes
should be noted in case of smaller thickness, taking into
consideration the influence of the surface oxidation effects.

*_100 A§§3° The results of definition of gel content as a function of
%‘ 80 A3$° exposure time for the different thickness films of LDPE are
_§ aq,° given in Fig. 7. The data testifies the lowering of gel point
= 60 a%o dose with the decrease of thickness (360, 310, 240 and
g at® 210 min for thicknesses of 1000, 500, 200 and 100 mm)
O 4 = : that will be well coordinated to the behavior of change of
s, ° the molecular characteristics of the same samples from the
20 2 fv irradiation time (see Figs. 1 and 2). The trend in the data
o Y f o specifies, that for all thickness the relative magnitudes of

chain destruction and chain crosslinking processes when
30 40 80 . 80 70 both occur simultaneously to estimate the extent of cross-
Precipitator content, % L. . . . s .
linking relative to destruction during the initial exposure.
Fig. 6. The turbidimetric curves of LDPE 10@8n thick samples for the However, as the t!'er\_d further indicates, the ratio of
exposures (minutes): circle 0, closed circle 40, triangle 90. destruction-to-crosslinking frequency mounts to constant
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. 50 thickness. Even the probability of decreasing of molecular
:\_,. <L # characteristics by samples’ thickness lowering was not
8 40 > X excluded. This fact and the fact, that the gel content
H zL A percentage is lowered by the samples’ thickness growth, is
‘T” 30 AN argued by the circumstance, that the basic radiative chemical
o A T E processes of UV-irradiation are located in surface limited
20 ? o layers of polymer films.
¢ b 0 The qualitative comparison of the results of the influence
104 00 of y- and UV-radiation on LDPE indicate, that both destruc-
tion and crosslinking processes occur simultaneously in
0 _QO both forms of influence. The influence is limited only by
0 50 100 150 diffusion of oxygen duringy-irradiation, when it is limited

both by diffusion of oxygen and penetration of radiation
during UV-irradiation. Consequently the molecular trans-
Fig. 7. LDPE samples gel fraction percentage as function of exposures missions are deeper and evident in casey-dfradiation,
(hour) for sample thicknessu(n): circle 1000, square 500, triangle 200, as soon as the p0|ymer is transformed in whole volume
rhomb 100. .. . !
whereas the molecular transmissions in case of UV-
irradiation are proceeding in the layer surface area.

Exposure, Hour

values. It might be caused by a highly crosslinked rigid
structure inhibiting further crosslinking reaction. The
comparison of rates of gel formation during irradiation for
different thickness films shows that the chain destruction is
favored in thicker films. Obviously it can be connected to
the fact, that the basic radiative chemical processes of UV-
irradiation are located in surface limited layer of polymer
film [15].

References

[1] Barkhudaryan VG. Polymer 2000; in press.

[2] Barkhudaryan VG. Polymer 2000; in press.

[3] Ranby B, Rabek JF. Photodegradation. Photo-oxidation and photo-
stabilization of polymers, 1975 chap. 4.

[4] Tidjani A, Arnaud R. Polym Degrad Stab 1993;39(3):285.

[5] Severini F, Gallo R, Ipsale S, Ricca G. Polym Degrad Stab
1993;41(1):103.

[6] Jen Hgio Kai, Wei-Liang Chen, Yu-Ming Chang. J Mater Sci
1997;32(13):3607.

[7] Commereuc S, Waillant D, Phillippart JL, Lacoste J, Lemaire J,
Carlsson DJ. Polym Degrad Stab 1997;57(2):175.

4, Conclusion

The viscosimetry, light scattering, turbidimetry and

gelation measuring investigations of ultraviolet irradiated
LDPE in open air testify that the chain destruction and
crosslinking processes take place simultaneously. Conse-
qguently, the correlations of molecular fractions of LDPE
are changed. At the initial exposure of radiation, the cross-
linking process is prevailing. But in further irradiation the

[8] Kostromin WW, Golovkina IW. Plast Massy 1990;8:68.
[9] Komitov P, Kostov G, Stanchev S. Polym Degrad Stab
1989;24(4):303.

[10] Bao Jun Qu, Yun Hua Xu, Wen Fang Shi, Bengt Banby. Macro-

molecules 1992;25(20):5220.

[11] Gorelik BA, Kolganova 1V, Listvoj BG, Drabkina AM, Golnik AG.

Polym Degrad Stab 1993;42(3):263.

ratio of destruction-to-crosslinking frequencies is increasing [12] Wilson JE. Ind Eng Chem 1955;47:2201.
to constant values obviously because of forming highly [13] Grievson BM, Haward RM, Wright B. Thermal degradation of

crosslinked rigid structure inhibiting further crosslinking
reaction.
It was obtained, that for the given samples’ thickness by

polymers. SCI Monograph 1964;13:413.

[14] Cunleiffe A, Davis A. Polym Degrad Stab 1982;4(1):1737.
[15] Bituryn NM, Genkyn WN, Sokolov WW. Vysokomolek Soed A

1982;24(4):748.

the irradiation exposures growth the speed of mass-averaggi6] Yeom B, Yu YJ, McKellop HA, Salovey R. J Polym Sci A

molecular mass is higher than that for intrinsic viscosities

1998;36(2):329.

values. The phenomena are explained by the growth of [17] Giesse R, De Paoli Marco A. Polym Degrad Stab 1988;21(2):181.

degrees of macromolecules chain branching.
Also, it was obtained, that the molecular characteristics’

[18] Cordonnier M. Plast Rubber Compos Process Appl 1987;8(1):27.
[19] Bely WA, Stepanov WF, Koretskaja LS, Rozancev EG. Mechanika

Polymerov 1976;4:603.

transformation practically is independent of samples’ [20] Barkhudaryan VG, Avetisyan MG. Uch Zapisky YGU 1988;3:5.



