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: SUMMARY

Several indusjrial appljcation_s_,of ionizing radlatmn ‘are based on radlatlon Cross-
linking of polymers: crosslinking: of wire and cable insulation, production of heat
shrinkable .materials, plastic. foam,:etc. Radiation, induced crosslinking has been the
subject of many studies, especialy ,the gel formation and -effect of polymer structure
and irradiation conditions on the yield of crosslinks. Much less has been done to stu-
dy crystallization of crosslinked .polymers in general and-radiation crosslinked polymers
in particular. It has been shown, for example, that the total crystallinity -.in irradia-
ted polyethylene is not affected‘;;;,except at very high absorbed doses. On the other
hand it is significantly reduced in polypropylene and poly-l-butene already at doses
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about the gel point. In all cases remelting of irradiated polymers further reduced the
total crystallinity.

In this work it is shown that not only the total crystallinity, but also the crys-
tallization kinetics are affected by radiation induced crosslinks. The rate of crystalliza-
tion indicated that the crystallization can be separated in two processes Wwith different
growth mechanisms. The yate of rc‘boli‘ng "is an important factor which determines the
crystallization procedure and affects other properties dependent on crystallinity and
morphology of crosslinked semicrystaline polymers.

KEY WORDS Iomzmg tadiation; ‘Radiation crosslinking; Yield of crosslinks;
Crystallinity. ’ ~ '

INTRODUCTION

Crystallization kinetics of polymers has been the subject of numerous studies (1).
The crystallization kinetics of crosslinked polymers and in particular of radiation
crosslinked polymers has been studied to a significantly lesser extent. Most of the
published data deal either with melting- behaviour or with the structure of irradiated
polymers. It was shown (2, 3) for example, that supermolecular structures crystal-
lization behaviour™ of irradiated polyethylene change significantly. This subject is of
ihcreasing interest due to continuously expansion of industrial applications based on
radiation crosslinking of polymers. .

On irradiation, several processes occur concurently in polymers crosslmkmg, mo-
lecular scission, change of unsaturation and formation of small amount of gases, mainly-
hydrogen. The relative significance of these processes depends mainly on the type
of polymer, irradiation conditions and to some extent also on supermolecular structure.
It is well established that polyethylene crosslinks easily, while polypropylene mainly
degrades on irradiation (4). Irradiation of polymer melts results in the formation of
homogeneous network structure, while irradiation of solid.semicrystalline material pro-
duces an inhomogeneous structure, since almost all crosslinks  occur in the amorphous
phase or at the surface of crystaline pha’se (5). Practicaly no crosslinks are formed
within the boundaries of crystalline regions and the effect on supermolecular structure
of polyethylene is negligible up to very high levels of absorbed dose, of the order of
several thousands of kGy. The significant.change in supermolecular structure was ob-
served, however, when irradiated polyethylene was melted and recrystallized.

The subject of this work was to study the crystallization of several types of pol-
ymers irradiated in semicrystalline state. The special emphasis’ was given to  kinetics
of crystallization of polymers melted after irradiation. The differential scanning calori-
metry (DSC) technique was used to s_tud'y erystallization kinetics. The nonisothermal
or dynamic crystallization téchnique was preférd for this study, as compared to-more
often applied isothermal crystallization techniqiie. This technique wes used successfuly

for the study of crystallization of 'noncrosslinked polyethylene (7) and is belleved to

be closer to many actual polymer processing conditions.

EXPERIMENTAL

Materials.
The following materials were selected for thxs study. high density polyethylene,
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NBS 1475 (National Bureau of Standards reference material, NBS, USA), low density
polyethylene (LDPE), Lothrene 0302 (Cdf Chimie, France). linear low density poly-
ethylene (LLDPE), Dowlex 2552 (Dow Chemacal Co., USA) and isotactic polypro-
pylene (PP), (Aldrich Chem. Comp., USA)

Irradiation,

All iradiations were carrled out at Co- 60 gamma source; in argon ‘atmosphere, at room
temperature and absorbed dose rate. of the order of about 5 kGy/h. All samples were
prepared in the following way: polymer was melted and pressed in plates about 5 mm
thick. The circular shapes were clit and encapsulated in DSC alummum pans, in which
1rrad1at10n was performed..

Calorimetry ’ ‘ £ .

Differential scanning calorlmeter (DSC), DSC-2. Perkin Elmer, USA, was used
for the study of crystalllzatlon kmet1cs Samples of 5-10 mg were prepared as descri-
bed. After irradiation, samples were remelted in DSC. Before any crystallization run,
the sample was held for 10 minutes at temperature about 20 degrees -above melting
temperature in order to destroy any traces of previous crystallinity> The crystalliza—
tion was performed at cooling rates 2.5, 5, 10 and 20 deg/min from the starting tem-
perature to 320 K. The crystallization exotherms were recorded, digitized by a graphic
digitizer and al,l; calculations done-on a small computer system. Experimental results
were presented as plots of % of crystallinity in the function of time, and further
analyzed according to Avrami plot of log(—1n (1-X)) versus log (time). The heat
of crystallization, time required- to reach 509 of total crystallinity, the Avrami expo-
nent were calculates in a usyal way for these parameters. .The crystallization tempera-
ture was determined as that point which corresponded to the maximal deviation from
the base line on crystalllzatlon exotherm. It can be mterpreted as the temperature of
the maximal rate of crystallization, i. e. the temperature (and time) at which grow-
ing fronts of crystals impinge'one on another (7).

' RESULTS AND DISCUSSION

Figure 1 shows the crystall‘iiation exotherms for différent materials and several
absorbed doses near or above the gel point. For all materials studied here the shift of
crystalllzatlon exotherms to lower temperatures(higher undercooling for crystalhzatlon)
was observed. In addition all three drfferent types of polyethylenes studied here exhi-
bit the appearance of double max1ma endotherms at’ the absorbed doses above the gel
point. This behavmur 1nd1eates that the presence of crosslmks ‘affects " the crystallrza—
tion procedures in 1rrad1ated samples, besides mhrbltlng the overall degree of crystal—
hmty It can be postulated that in nonerosslmked or sllghtly crosslinked matenalsy
cham foldmg dommates the crystalllzatlon mechamsm whxle highly crosslmked mate—
rlals crystalhze accordmg to mlcellar model. The same effect was reported earller (3)
in the case of me]t 1rrad1ated hlgh densrt_y polyethylene and was observed by X- -ray
analysrs In hxghly crosslmked sample (HDPE, 1450 kGy) agam only one max1mum
was observed mdrcatmg the. dommatlon of mlcellar crystallrzatron '

A

Flgure 2 shows the “heats of, crystalhzatlon for dlfferent absorbed doses. The values
correspond to the primaty -crystallization .only, but due.to some ambiguity in sgparating
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Fig, 1 DSC crystallization exotherms, Dynamic crystallization at cooling rate 5 K/min.
(A) - LDPE, 1- unirradiated, 2- 100 kGy, 3- 200 kGy, 4- 500 kGy.
(B) - HDPE, 1- unirradiated, 2- 200 kGy; 3- 500 kGy, 4~ 1450 kGy.
(C) - LLDPE, 1~ unirradiated, 2- 500 kGy.
(D) - PP, l-unirradiated, 2- 500 kGy, 3- 1000 kGy.
t.

1t from secondary crystalllzatlon they are 1nterpreted with some precautlon It is
obvxous that the heat of crystallinity is sxgmflcantly reduced in HDPE and PP, but
almost unaffected in LDPE and LLDPE. Apparently the crosslmks add relatively little
imperfections to already highly branched structures “of LDPE and LLDPE while in
linear HDPE presence of crosslinks 51gmf1cantly change ‘the condmons of crystalllza—
tion due to increased ‘level of branchmg points.” The decrease of the crystalhmty in PP
cannot be explamed in terms of crosslinks. It is probably due to overall molecular
degradauon. although some crosslinks may ‘also act ‘as mhlbltors for crystalllzatlon
procedure, Within the _experimental error the heats of crystalhmty (and overall crys-
tallinity) do not depend on the cooling rate. ‘

Figures 3-5 show the crystallization temperatures in the function of cooling’ rates.
for different absorbed doses. for LDPE, HDPE and LLDPE, respectively. Figures -7
show half times of crystallization in the function of absorbed dose fori- different
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Flg. 4 Crystalhzatlon temperature in the function
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Fig, 3 Crystallization temperature in the function of

cooling rate.

LDPE, Umrrad1ated(+), 100 kGy(x)\

200 kGy (T, , 500 kGy( <> 0)

cooling rates.

Fig. 5 Crystallization temperature in the
" function of cooling rate.
-LLDPE, Unirradiated( + ), 500 kGy
<D, D)

As expected the crystalllzauon temperatures decrease with increase of

cooling rates, but also with absorbed dose. The half life of crystallization increases
with :absorbed dose. The effect-is more pronounced .at low. coolmg rates and- negligible

at higher cooling rates. .

The:attempts to use approach descnbed by Ozawa (8) to calculate the Avram1
exponent for heterogeneous . nucleation conditions from nonisothermal crystajlization,
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Fig. 6 Half time of dynamic crystallization in the function
of absorbed dose, at different cooling rates. .
HDPE, 2.5K/min(+), 5K/min(x), 10 K/min
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Fig. 7 Half time of dynamic crystallization in the function .

of absorbed dose, at different cooling rates,
LDPE.V 2.5K/min (+), 5K/mim(x), 10 K/min
(), 20K/min(Q). = S '
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was not successful, since linear dependence beetween the cooling rate and Avrami- or-
dinate was not obtained. Instead, the Avrami exponent was calculated in'a usual way.
In that case, it can be assumed that due to continuous increase of supercooling, the
number of nucleation centers increases with time, Therefore, the Avrami exponent
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should be greater by one unit than the equivalent exponent corresponding to isother-
mal crystallization conditions. This was actualy observed. the values between 3 and 4
were calculated for materials studied. The deviations of Avrami exponent from integer
values have been many times reported in literature and it is not surprising that it
was common behaviour for dynamically crystallized samples in this work. In irradia-
ted samples additional complication in applying the Avrami equation arises from the
fact that two different slopes were observed in almost all samples. It can be conclu-
ded that this type of analysis of dynamic crystallization data in radiation crosslinked
samples has a very limited value. '

In conclusion, it may be said that the kinetic analysis of crystallization by non-
isothermal DSC can provide very useful informations about crystallization procedures
and change of crystallization procedures from noncrosslinked to highly crosslinked
materials. The crosslinking strongly influence the crystallization behaviour, rates and
temperatures. At the low degrees of crosslinking two different crystallization procedu-
res may take place in the same polymer, one after the other. The two processes are
clearly separated on time/temperature scale and can be easily identified by DSC. It has
been postulated that the cabin folding dominates in noncrosslinked or slightly crosslinked
polymers and occurs very fast at low undercoolings. In crosslinked polymers the
micellar crystallization takes place at larger undercoolings. The properties dependent on
crystallinity and crystalline structure of polymers should be affected accordingly.
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