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EFFECT OF IRRADIATION ON DENSITY OF POLYMERS 

B. A. Briskman and S. I. Rozman UDC 678.742:046 

A survey is made of available data on the effect of irradiation on the density of 
several polymers. Results of measurements are presented pertaining to the density 
of polyethylene, polystyrene, polymethyl methacrylate, and polytetrafluoroethylene 
at temperatures from --196 to +I00~ 

The few available published data on the density of irradiated polymers pertain to the 
temperature range of +20~ and higher. It seems appropriate to separate the data pertaining 
to crystalline substances from those pertaining to amorphous ones, inasmuch as irradiation 
affects them through different mechanisms. 

In crystalline polymers (polyethylene, polypropylene, polytetrafluoroethylene, etc.) 
the change of density is related to amorphization (or with increasing crystallinity, as in 
the case of polytetrafluoroethylene, with fragments of molecules aligning together and form- 
ing small crystals during the process of radiative decomposition) and to cross-linkage of 
polymer chains occurring principally in the amorphous phase. The change of density in 
amorphous polymers (polystyrene, polymethyl methacrylate, etc.) is determined by the compet- 
ing processes of radiative linkage and decomposition. Amorphization of polymers lowers their 
density, since Pc > Pa (densities of crystalline phase and amorphous phase respectively) over 
the entire temperature range. As a result of radiative linking, the density of a polymer 
increases on account of the decreasing free space. Decomposition has, as a rule, the oppo- 
site effect. 

In many cases radiative macroeffects involving density, viz., those associated with 
pore and crack formation as a result of gas evolvement during irradiation, must also be 
taken into account. Such effects depend overridingly on the irradiation temperature and on 
the power of the absorbed radiation dose. 

The data in Fig. 1 represent results of density measurements made for high-density 
polyethylene at +20~ [1-3]. The parameter here is the irradiation temperature to. At 
relatively low irradiation temperatures to (20-30~ the amorphization of high-density poly- 
ethylene resulting in a decrease of density is largely compensated by radiative linking. 
Consequently, the density either hardly changes or slightly increases over a wide range of 
absorbed radiation doses. As the irradiation temperature to is raised, the amorphization 
of high-density polyethylene accelerates rapidly [4] while the radiative-chemical linkage 
yield changes little. Accordingly, the density of high-pressure polyethylene decreases 
until the radiation dose reaches a certain level of the order of D = 5-7 MgR at which the 
crystal!inity level in the polymer is already low (reduced from 50 to 5-7% at to = 80~ and 
measured at t m = 20~ and then increases as a result of further linking. Measurements of 
HPPE (high-pressure polyethylene) density p at temperatures tm up to 80=C, not published in 
report [i], have revealed that the trend of the p = f(D) curves remains the same as in Fig. 
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Fig. i. Dependence of the density of 
high-pressure polyethylene (a) and of 
its amorphous phase (b) on the absorbed 
radiation dose: (a) numbers next to 
curves are irradiation temperatures 
(~ i) data from [i], 2) data from 
[2], 3) data from [3]; (b) numbers next 
to curves are measurement temperatures 
(~ solid lines correspond to irra- 
diation temperature to = 30~ dash 
lines correspond to irradiation tem- 
perature to = 80~ p, p~ (kg/mS), D 
(MgR). 

la for t m = 20~ except that the density minimum corresponding to to = 80~ gradually 
flattens. An explanation for this is that the difference Pc -- Pa decreases as the tempera- 
ture of specimens increases. 

The existence of a minimum on the p = f(D) at to = 160~ > Tmelt is, apparently, re- 
lated to partial recrystallization of a specimen during cooling after irradiation. 
Analogous results were obtained in another study [5] with use of mixed gamma-neutron radia- 
tion (to = 80~ Another study [6] has established that irradiation of high-pressure poly- 
ethylene with doses up to 20 MgR results in the appearance of a minimum on the p = f(D) 
curve at D = 5 MgR (t m = 20~ and a monotonic increase of density at tm = 150~ An ex- 
planation for the latter trend is that the dependence of density p of molten high-pressure 
polyethylene on the radiation dose relates to radiative linking only. 

The trend of the p = f(D) curves for low-pressure polyethylene (p = 960 kg/m 3) [3] is 
analogous to that for high-pressure polyethylene (p = 920 kg/m3). 

The density characteristics of polypropylene were also studied [7]. Amorphization of 
polypropylene (reduction of the degree of crystallinity from 60% in an original specimen to 
9% after irradiation with a dose of 18 MgR) was found to lower the density from 907 to 889 
kg/m 3 at t m = 20~ Data on the effect of irradiation by y-quanta from a 6~ source on 
the density p and the crystallinity X of polytetrafluoroethylene (measurements made at t m = 
20~ are given in Table i. As has been said before, a characteristic feature of poly- 
tetrafluoroethylene is that irradiation increases the degree of crystallinity and this 
causes its density p to increase with increasing radiation dose. 

One of these authors (B. A. Brisk/nan) participated in studies of several amorphous 
polymers in which data on polystyrene [i] and on the amorphous phase of high-density poly- 
ethylene [4] were obtained. The low radiative yield of linkages in polystyrene was what 
caused the density to hardly change with irradiation in doses up to 27 MgR. The recorded 
increment of density was 0.6% at t m = 20~ 

The situation is different with the density p of the amorphous phase of high-pressure 
polyethylene [4]. Its density Pa = f(D, tm) for to = 30~ was calculated from data on the 
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Fig. 2. Schematic diagram of measuring appa- 
ratus: i) dewar flask; 2) thermistor in circuit 
for automatic regulation; 3) electric heater- 
evaporator; 4) metal tube for nitrogen feed; 5) 
stopper (foam plastic); 6) hose for nitrogen 
feed; 7) electric heater; 8) lid of test cell; 
9) suspension; i0) copper coil; ii) thermocouple; 
12) test cell beaker; 13) outer jacket with 
thermal insulation; 14) model VLA-200 balance. 

TABLE i. Dependence of Density and Crystallinity of Poly- 
tetrafluoroethylene 

Adsorbed dose, 
MgR o 

[I] 

0,17 I 1,26 

[s] [9] 
I 

0,047 1,90 0 i 0,02 0 1,0 

2 234  2 , p  2,A54  ,72 2,, 012,22, PX,10-%kg/rn'; [2, I55 '72 1 I 
% 62 -- i -- -- 

[10]* [I0]? 

0 0,01 0,04 0 I 0,0i  0,1 

Adsorbed dose, [9] 
MgR 0 0.0011 0,01 

m 

2,156__ 2,166__ 2,183__ 

*Irradiation in vacuum. 
tIrradiation in air. 

p. 10-3,kg/m~; 
X, % 

2,21 
65 

9 2 18 2,29 
95 

crystallinity of irradiated high-pressure polyethylene, those data based on values of the 
specific heat. The density p~ of HPPE specimens irradiated at the temperature to = 80~ 
was determined through linear extrapolation of experimental data on the density of this ma- 
terial from D = 10-15 MgR to D = 0. The results are shown in Fig. lb. Over the entire 
range of radiation doses, up to 30 MgR, the density Pa increases by 8-10% as a result of 
radiative linking. The temperature coefficient of density is almost independent of the 
radiation dose and equal to 6"10 -~ (~ -I (at to = 30~ over the entire 20 < t m < 800C 
range of measurement temperatures. The values of density Pa at t m = 20~ agree closely with 
the data in study [5] on high-pressure polyethylene irradiated with doses up to 4 MgR. The 
increase of pa with higher to is, apparently, related to a higher radiative yield of link- 
ages, which, according to other data [ii, 12], changes by a factor of 4 as the irradiation 
temperature is increased from --196 to +73~ 

The preceding survey of available experimental data on the effect of irradiation on the 
density of several representative polymers is limited, as a rule, to the +20~ measurement 
temperature. Only in two or three studies were data obtained at higher temperatures, and 
then only for polyethylene. The complete absence of data on the subzero temperature range 
greatly inhibits, for instance, further studies of the mechanism of radiative effects with 
regard to thermal conductivity of polymers. There is evidence that such a correlation 
exists also between the specific heat and the density of linear polymers [13]. 

In this connection, these authors have studied the density of several representative 
polymers (polyethylene, polystyrene, polytetraf!uoroethylene, polymethyl methacrylate) at 
temperatures from "196~ to tmax, the upper temperature limit depending on the melting point 
of the material and on the radiation dose. Following are the data on the density of non- 
irradiated specimens. 
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Fig. 3. Temperature dependence of the density p and the 
volume expansion coefficient =: (a) high-pressure poly- 
ethylene; (b) polystyrene; (c) polymethyl methacrylate; (d) 
polytetrafluoroethylene; (a) i) data from [i], 2) data 
from [15], 3) data from [19], 4) data from [20]; (b) i) 
data from [i], 2) data from [15], 3) data from [16]; 4) 
data from [17], 5) data from [18]; (c) i) data from [16], 
2) data from [21]; (d) data on P from [9], 2) data from 
[20], 3) data from [22], 4) data on ~ from [23]; dark dots 
represent data of this study; ~ (K-I), p (kg/m3), t (~ 

The density was measured by the method of hydrostatic weighing in the dynamic mode 
(Fig. 2). The test cell was replaced byoneof the pans of a model VLA-200 analytical balance. 
The test cell was equipped with an electric heater and a copper coil for pumping nitrogen 
vapor from a dewar flask, with an electric heater inside, also a thermistor for automatic 
disconnection of the heater when the level of liquid nitrogen has dropped by a certain 
amount. The density at --196~ was measured indirectly in a special dewar flask with liquid 
nitrogen in lieu of the test cell. As working fluids for pouring into the test cell beaker 
were used standard iso-octane (Government Standard 4374-48) at temperatures from --I00 to 
+30~ water bidistillate at temperatures from i0 to 30~ and nonane (pure) at temperatures 
from 20 to 150~ The density data for these fluids were taken from a monograph on this 
subject [14]. The maximum systematic error of measurements, according to standard formulas 
for the error of results of indirect measurement, was 0.4%. The random error, based on a 
0.95 confidence interval, did not exceed 0.1%. Intense evaporation of nonane at tempera- 
tures above 100~ limited the range of measurements to that temperature and not higher. Use 
of dodecane (tboll = 210~ and nonodecane (tboil = 300~ is suggested for further studies. 

The results of density measurements made on specimens of polyethylene, polystyrene, 
polymethyl methacrylate, and polytetrafluoroethylene, as well as already published data, are 
presented in Fig. 3. The maximum discrepancy does not exceed 0.8% for any of the polymers, 
except at--196=C. Here the difference between the results of this study and the results 
in study [15] is 2% for polyethylene and 3% for polystyrene, with the maximum error of mea- 
surements in study [15] estimated at • Possible causes of such a discrepancy are: dif- 
ference in the composition of original specimens (a small difference of crystallinity in the 
case of polyethylene), fundamentally different methodological approaches (hydrostatic weigh- 
ing in this study, attenuation of ~-particle flux in the specimen in study [15]). At the 
20~ temperature, meanwhile, the difference between results of both studies does not exceed 
0.5%. 
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On the basis of the data on density p at temperatures from--100 to +I00~ these 
authors have calculated the volume expansion coefficient ~ according to the relation 

I dv 

vo dt 

where  v i s  t h e  s p e c i f i c  vo lume and vo i s  t h e  s p e c i f i c  vo lume a t  0~ A p p r o x i m a t e  v a l u e s  
were  a l s o  o b t a i n e d  f o r  a a t  t e m p e r a t u r e s  i n  t h e  v i c i n i t y  o f  77~ The r e s u l t s  o f  t h e s e  
c a l c u l a t i o n s  a r e  shown i n  F i g .  3.  A c o m p a r i s o n  w i t h  p u b l i s h e d  d a t a  was made w i t h  t h e  a i d  
of results of dilatometric measurements for determining the linear expansion coefficient B 
of polyethylene [19, 20], polymethyl methacrylate [21], and polytetrafluoroethylene [20, 
22, 23], all these results collected together in one reference [24]. The calculations are 
based on isotropy of polymer properties, i.e., on the assumption that ~ = 38. 

It is to be noted that the values of ~ in study [15] refer to the true linear expansion 
coefficient 

1 dL 

Lt dt 

The values of B obtained for polytetrafluoroethylene correspond to crystallinity X at 
20~ in one case X2o = 83% [22] and in another case X2o = 50% [20]. The crystallinity of 
specimens in this study was calculated according to the relation p = 2.0 + 0.3X, which 
yielded 62%. The agreement between t~e results~of this study with those of studies [20] and 
[22] is entirely satisfactory, inasmuch as the linear expansion coefficient B of polytetra- 
fiuoroethylene in the low-temperature range is known [22] to decrease with increasing 
crystallinity. Several studies, [24] for instance, have revealed a sharp peak of ~ within 
the vicinity of +20~ a peak associated with a phase transformation of the first kind in- 
volving change of the elementary lattice from a triclinic to a hexagonal one. This study 
did not reveal such a transition, possibly because of the dynamic mode of density measure- 
ment during heating as well as during cooling at rates of ~ l-2~ 

In a monograph on this subject [25] are given values of 8, mean over temperatures from 
--80 to +45~ for polystyrene and polymethyl methacrylate. The corresponding values of 
are 2.32'10 -~ and 2.28.10 -~ (~ -:, respectively. The mean-integral values of density p 
over the same temperature range are 2.57'103 and 2.51.103 kg/m 3, respectively. Considering 
the averaging mode, one must regard a deviation of 10% as acceptable. 

We conclude, therefore, that the method of hydrostatic weighing in the dynamic mode 
yields sufficiently reliable data on the density of polymers and supplementary data on the 
volume expansion coefficient. The next stage of this study will cover the density of 
irradiated polymers over the same temperature range. 
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THERMAL CONDUCTIVITY OF COLLOIDAL CAPILLARY POROUS BODIES 

IN THE PROCESS OF STRUCTURE FORMATION 

I. M. Lyashkevich, G. S. Raptunovich, 
and L. G. Chernaya 

UDC 66.047 

The article presents the results of the experimental investigation of the thermal 
conductivity of a solidifying system in the process of formation of a capillary 
porous structure. 

The thermophysical processes occurring in colloidal capillary porous bodies have a sub- 
stantial effect on structure formation and on the eventual physicomechanical properties of 
materials. For instance, the structure formation of binder-based disperse systems is 
directly connected with the regularities of heat and moisture transfer in them. Investiga- 
tion of the thermal conductivity of such systems in the process of their solidification in 
the course of a long time is therefore very important for the study of problems of the in- 
ter=elation between the structural, thermal, and strength characteristics of binders. 

The present work represents the first investigation of the thermal properties in the 
process of formation of a capillary porous structure of the solidification of a modeling 

monomer binder, viz., gypsum. 
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