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Synopsis 
Young’s modulus and the mechanical damping factor have been determined between 

-180 and +280°C. (a t  a frequency of several kilocycles), in samples of isotactic poly- 
propylene, isotactic polystyrene, and fruns-1,4-polybutadiene, subjected to pile irradia- 
tion (7-rays and neutrons) at -,-doses from 90 to 4000 Mrad. I n  isotactic polypropylene 
no important structural changes are produced by the irradiation, except for a partial 
destruction of crystallinity. The samples receiving high radiation doses exhibit a low 
temperature loss region, which is attributed to the formation of a certain number of 
branches. Isotactic polystyrene shows very slight modifications of the dynamic me- 
chanical properties a t  room temperature. At low temperature an increase of intensity 
of the 6 relaxation phenomenon (probably due to oscillations of phenyl rings) with in- 
creasing radiation dose is observed. Important structural modifications produced by 
the radiation, destruction of crystallinity accompanied by crosslinking, which transform 
the material into a crosslinked rubber, are observed in truns-l,4polybutadiene. Unlike 
conventional (sulfur) vulcanization, crosslinking by radiation does not cause a marked 
shift of the glass transition point. A secondary low-temperature relaxation effect, not 
existing in the unirradiated material, appears in the mechanical loss curves of the irradi- 
ated samples; it  is attributed to the formation of -CH2- sequences in the main chains 
through saturation of C=C bonds. The mechanical spectrum of irradiated polybuta- 
diene is very similar to  those shown by crosslinked ethylene-butadiene copolymers. 

The main effects caused by irradiation of high polymers with high- 
energy particles are the formation of crosslinks between macromolecular 
chains and degradation. Such transformations are usually accompanied 
by development of gaseous products (hydrogen, carbon monoxide, carbon 
dioxide, hydrocarbons, etc.) and, in the case of crystalline products, by 
partial or complete destruction of crystallinity. 

The reactions which predominate and determine the final physical 
properties of the products irradiated depend in part on the chemical 
structure and physical state of the polymer subjected to irradiation, in 
part to the stability of the free radicals formed during such treatment. 
In  the case of vinyl polymers it has been found that a certain relationship 

* Paper presented a t  the XX IUPAC Congress, Moscow, July 12-18, 1965. 
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exists between chemical structure and irradiation effects, so these materials 
can be classified into network-forming and degrading polymers. Poly- 
ethylene, for example, belongs to the first category and tends on irradiation 
to be transformed to highly crosslinked products; polyisobutylene, on the 
contrary, belongs to the second category and, under the action of the radia- 
tions, degrades. 

In  a series of investigations on the effects of irradiation on physical prop- 
erties of high polymers carried out recently in our laboratories, the dynamic 
mechanical properties (Young’s modulus and damping factor) of some 
stereoregular crystalline polymers (isotactic I)olyi)roi)ylene, isotactic 
polystyrene, and t~~ans-l,4-~~olybutadiene), irradiated in  the atomic pile, 
have been determined. 

As Young’s modulus arid mechanical losses are strictly related to the 
structure, to the types of forces existing between macromolecules, and to 
their molecular mobility, the investigation of the dynamic mechanical 
properties a t  diff ererit temperatures can give very useful information about 
changes provoked by irradiation in high polymers. 

Of the polymers examined, polypropylene, whose chemical structure is 
intermediate between that of polyethylene and that of polyisobutylene, 
degrades and crosslinks simultaneously. 

Polystyrene, on the contrary, practically does not degrade a t  all, but 
shows a certain limited tendency to crosslinking, specially when high doses of 
radiation are employed. 4,5 The high radiation resistance exhibited by this 
polymer has been attributed to the protective action exerted by the pres- 
ence of the bulky phenyl rings along the chairi.6 Consequently, the radia- 
tion effects on polystyrene may be regarded, a t  least from certain points of 
view, beneficial rather than deleterious, considering that the formation of 
crosslinks improves the resistance of the material both to solvent attack 
and to the action of heat. 

Polybutadiene behaves in a similar way to diene elastomers and natural 
rubber.’-l0 It exhibits, in fa(%, a very peculiar teiidency for crosslinking 
without showing, a t  least for not too large doses of radiation, degradation 
effects. The radiochemical yield for crosslinking G, is particularly high 
and increases with increasing dose if irradiation is carried out a t  tempera- 
tures above the glass transition point (-80°C.). During irradiation a 
certain quantity of gases (hydrogen, methane, ethylene, propane, etc.) is 
evolved. The quantity of hydrogen evolved is much lower than the theo- 
retical amount calculated on the basis of liberation of two hydrogen atoms 
for each C-C rrosslinli formed ; this  discrepawy has been explained by 
supposing that most of the hydrogen liberated during irradiation is to be 
utilized to lower the degree of unsdturatiori of the macroniolecular chains.IO 

Also cis-tmns isomerization occurs in irradiated polybutadiene; par- 
ticularly, when polymers with prevailing cis-1,4-strurture are irradiated.I1 
In the case of t~*ans-l,4-polybutadierie, however, the isomerization reaction 
very soon reaches an equilibrium state corresponding to about 80% of the 
total insaturation. l 2 v I 3  
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EXPERIMENTAL 

Samples of isotactic polypropylene and polystyrene and of trans-1,4- 
polybutadiene have been examined. 

All samples subjected to irradiation were compression-molded in an inert 
(nitrogen) atmosphere, in the form of small cylinders (0.8 cm. diameter, 
6 cm. height), then annealed for about 48 hr. (in presence of nitrogen) at 
temperatures about 10°C. below the relative melting point, and finally 
slowly cooled to room temperature. 

The irradiation was executed in the reactor of the Sorin Society in Salug- 
gia (Italy) with mixed radiations (fast and slow neutrons arid associated 
radiations) a t  room temperature, in presence of air, with gamma doses 
(absorbed) varying from 90 to 4000 ;\had. 

The presence of oxygen may profoundly modify the mechanism of 
reactions occurring in high polymers in the course of irradiation ; however 
substantial differences between samples irradiated in vacuo and samples 
irradiated in the presence of air, have only been found for spec3imens in the 
form of very thin sheets. In our case, owing to the relatively large dimen- 
sions of the specimens submitted to irradiation and to the low pernieability 
towards oxygen showii by the materials examined, the effects of the irradia- 
tion in air are practically equivalent to those obtainable under vacuum. 

Of the various samples, after irradiation, the dynamic mechanical prop- 
erties (dynamic Young's modulus E and damping factor Q-l) were deter- 
mined by an electrostatic method at  medium frequency (several kilocycles) 
based on the excitation of extensional vibrations of the specimen, in a 
temperature range from -180 to 240°C. Young's modulus E was cal- 
culated from the measured fundamental resonance frequency f by means 
of the simplified equation: 

E = 4f212d = dv2 

where d is the density, 1 the length, and u the sound velocity of the specimen. 
As measure of the damping factor the reciprocal of the resonance co- 

efficient Q was taken, the latter being calculated from the width of the 
resonance curve. All the measurements were carried out under vacuum, 
with a residual pressure of about mm. Hg, in order both to reduce 
additional energy dissipation due to the air viscosity and to avoid tempera- 
ture variations during the execution of the experimental measurements. 

RESULTS 

Isotactic Polypropylene 
Eight samples of isotactic polypropylene (intrinsic viscosity [ v ]  = 3.26 

dl./g. in decalin a t  135"C., dz0 = 0.914 g . /~*m.~ ,  x-ray rrystdlinity 7.5%, 
melting point T, = 174"C.), commercial prodwts of AIontwatini S.p.A., 
irradiated with doses varying from 90 to 2200 Alrad (gamma doses ab- 
sorbed), with integrated flux between 0.19 and 39.90 X 10l6 thermal 
neutrons/cm.2, have been examined. 
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In  Table I the experimental values of the density d, sound velocity v, 
Young’s modulus E,  and damping factor &-l determined a t  20°C. are 
reported as functions of the radiation dose adsorbed R and of the inte- 
grated thermal neutron flux @. 

In  Figure 1 the values of the density and of the Young’s modulus are 
shown graphically as functions of the radiation dose R. 

As i t  can be seen from the data reported in Table I and Figure 1, the 
density, in the early stages of the irradiation (for doses up to 270 Mrad) 
remains constant, then for higher doses tends to decrease, passes trough a 
minimum value (for R = 1320 Mrad), and finally increases with increasing 
radiation dose. The Young’s modulus decreases in the early stages of 
irradiation, passes through a minimum value for R = 1320 Mrad, and 
finally increases with increase of the radiation dose adsorbed. 

TABLE I 
Density, Sound Velocity, Young’s Modulus, and Damping Factor a t  20°C. 

in Irradiated Isotactic Polypropylene 

a x 10-16, E X  
thermal 10-10 

R, neutrons/ 4 U dyne/ 
Sample Mrad cm.2 g./cm.3 m./sec. cm.8 &-I x 102 

- 
90 

180 
270 
360 
860 

1320 
1800 
2200 

- 
0.190 
0.965 
1.450 
1.930 
9.780 

23.700 
18.300 
39.900 

0.914 
0.914 
0.914 
0.914 
0.911 
0.894 
0.889 
0.893 
0.895 

2200 
2170 
1860 
1600 
1500 
1400 
1300 
1500 
1550 

4.47 
4.34 
3.16 
2.34 
2.05 
1.75 
1.50 
2.01 
2.10 

7.60 
9.00 

11 .OO 
13.80 
12.00 
11.40 
21 .OO 
19.10 
7.00 

In  Figures 2-4 the value of Young’s modulus and of the damping factor, 
relative to the different specimens irradiated with different doses, are 
reported as functions of temperature from about - 180” to 180°C. 

The Young’s modulus Qf the unirradiated sample a t  temperatures 
below To assumes values of the order of 8 X 1O’O dyne/cm.2, characteristic 
of rigid polymers; with increasing temperature, it first decreases slightly, 
due to the thermal expansion, and then, between Td (-10°C.) and T, 
(60°C.) exhibits a sharp drop of values due to the excitation of cooperative 
motions in the main chain (glass transition) (Fig. 2).14 At higher tem- 
peratures, E still continues to decrease with increasing T but a t  a rate 
comparable with that shown in the low-temperature range. 

Behavior analogous to that described above is shown by the E-T curves 
for specimens subjected to irradiation; the only differences which can be 
noted as compared with the unirradiated sample consist simply in changes 
in the absolute values of Young’s modulus and in the position of To, which 
shows a small shift towards lower temperatures. 
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In the unirradiated sample the damping factor Q-l a t  temperatures 
below T,, is characterized by relatively low values (of the order of 1 X lo+) ; 
a t  higher temperatures, it tends initially to increase and then to decrease 
after having passed through a maximum value Td at about 40°C. (Fig. 2). 
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Fig. 1. Density d aiid Young’s modulus E a t  20°C. in isotactic polypropylene irradiated 
with doses up to 2200 Mrad as functions of radiation dose. 

Fig. 2. Young’s modulus E and the damping factor &-I as functions of temperature in 
isotactic polypropylene irradiated with doses up to 270 Mrad: (A) unirradiated; ( 0 )  
R = 90 Mrad; (A) R = 180 Mrad; (0) R = 270 Mrad. 
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Fig. 3. Young's modulus E and the damping factor Q-' in isotactic polypropylene ir- 
radiated with (0) 360 Mrad and (0) 860 Mrad, as functions of temperature. 
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Fig. 4. Young's modulus E and the damping factor Q-' in isotactic polypropylene ir- 
radiated wit.h ( 0 )  1320 hlrad, (0) 1800 Mrad, and (A) 2200 Mrad as fwnctions of tem- 
perature. 
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The existence of a niaximum of mechanical loss a t  40°C. is attributed to 
the relaxation effect associated with the glass t ran~i t i0n. l~ 

Analogous behavior is also shown by the samples irradiated with doses 
up to 270 NIrad; however, the damping peak, although it remains practi- 
cally fixed on the temperature scale, shows a progressive increase of height 
with increasing radiation dose (Fig. 2). 

The samples subjected to higher radiation doses exhibit a behavior simi- 
lar to that of the unirradiated sample, except for secondary relaxation 
effects a t  low temperature, characterized by a high loss region extending 
from about - 100 to about -40°C. which does not appear in the mechan- 
ical loss curves of the preceding samples (Figs. 3 and 4). Besides for the 
sample irradiated with R = 860 Mrad the peak in the Q-I-T curve is 
separated into two peaks close to each other. 

Isotactic Polystyrene 

The isotactic polystyrene samples subjected to irradiation had the follow- 
ing characteristics: [ q ]  = 2.19 dl./g. (in benzene at  30°C.); dzo = 1.08 
g . /~ rn .~ ,  x-ray crystallinity about 40%, T,  = 230°C.). The material was 
furnished by Montecatini S.p.A. 

In  Table I1 values of the density d, the sound velocity v, the Young’s 
modulus E, and the damping factor Q-I determined a t  20°C. in six samples 
of isotactic polystyrene, receiving irradiation doses R of 90-3600 Mrad, 
with integrated flux @ between 0.189 and 64.7 X 1OI6 thermal neutrons/cm.2 
are reported. 

As can be seen from the data reported in Table 11, in the samples sub- 
mitted to irradiation, while the density and the damping factor remain 
constant, the sound velocity and Young’s modulus exhibit gradual slight 
decreases with increasing radiation dose. 

In  Figure 5 the values of the Young’s modulus and of the damping factor 
of the unirradiated sample and of the samples irradiated with relatively 
low doses (up to 360 Mrad) are reported as functions of temperature be- 
t,ween room temperature and the melting point. 

TABLE I1 
Density, Sound Velocity, Young’s Modulus, and Damping Factor a t  2OOC. in 

Irradiated Isot,act,ic Polystyrene 

R, 
Sample Mrad 

Q x 10-16 
thermal 

neutrons/ 
cm.2 

4 
g . / ~ m . ~  

v, 
m./sec. 

E X  
10-10, 

dyne/ Q-’ X 
cm.2 102 

- 1 
2 97 
3 360 
4 680 
5 1320 
6 3600 

0.189 
3.740 
6.910 

23.700 
64.700 

1.08 
1.08 
1.08 
1.08 
1.08 
1.08 

2300 
2280 
2260 
2225 
2160 
2130 

5.72 1 .o 
5.62 1 .0  
5.52 1 . 0  
5.35 1 .o 
5.03 1 .o 
4.00 1 .o 
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*- 

Fig. 5. Young's modulus E and the damping factor Q-1 in isotactic polystyrene ir- 
radiated with doses up to 360 Mrad as functions of temperature between room tempera- 
ture and the melting point: (0) unirradiated: (0 )  R = 97 Mrad; (A) R = 360 Mrad. 

I n  the unirradiated sample it can be observed, starting from room 
temperature, that the Young's modulus, with increasing temperature, 
a t  first remains practically constant, showing only a slight decrease of 
values due to the thermal expansion; successively, between T ,  (100°C.) 
and T,  (160°C.) exhibits a marked drop of values, due to the glass transi- 
tion.14 At still higher temperatures, the E-T curve shows a behavior 
which is quite similar to that shown in the lower temperature (below T,) 
range till the melting point is reached. 

The damping factor curve a t  temperatures below T,  shows relatively low 
mechanical loss values which are practically constant with increasing 
temperature. At  temperatures above the glass transition point To, 
two high-loss regions are seen: one, a, characterized by a rather sharp 
maximum of damping a t  about 140°C. and another, a', which begins a t  
temperature a little below 2OO0C., characterized by a rapid increase of 
mechanical loss with increasing T.  

The elastic and anelastic behavior of the samples submitted to low 
radiation doses, in the temperature range considered, is quite similar to 
that shown by the unirradiated sample: no significant difference is found, 
even between the absolute values of the quantities measured. 

In  Figure 6 the Young's modulus and damping factor values determined 
between room temperature and 240°C. for isotactic polystyrene samples 
subjected to higher radiation doses (680-3600 Mrad) are plotted against 
temperature. For these samples, with increasing radiation doses, a pro- 
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Fig. 6. Young’s modulus E and the damping factor &-I in isotactic polystyrene ir- 
radiated with (A) 680 Mrad, (0) 1320 Mrad and (0 )  3600 Mrad as functions of tem- 
perature between room temperature and the melting point. 

Fig. 7. Damping factor in irradiated isotactic polystyrene as function of temperature in 
the low temperature range. 
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gressive small shift of the glass transition point T ,  and of the a damping 
peak towards higher temperatures is observed. 

In  Figure 7 the values of the damping factor for the low-temperature 
range (between room temperature and - 180°C.) are reported against 
temperature for some of the isotactic polystyrene samples examined, to- 
gether with the corresponding curves for two unirradiated samples, under 
annealed and quenched (amorphous) conditions. Quenching was carried 
out by dropping a sample of molten, unirradiated isotactic polystyrene into 
liquid nitrogen. 

As the experimental data reported in Figure 7 indicate, a t  very low 
.temperature, in isotactic polystyrene another loss peak exists, which has 
been attributed to a secondary relaxation effect (a transition), probably 
associated with oscillations or wagging of phenyl rings around the C-C 
bond, which link them to the main chain. The activation energy of this 
process, calculated from the shift of the loss peak temperature with fre- 
quency, is about 9.0 kcal./mole. l5 

Comparing the experimental results for irradiated samples with those of 
the unirradiated, annealed polymer shows that, with increasing radiation 
dose, while the position of the peak on the temperature scale remains 
practically unchanged, its height tends to increase. 

The maximum height for the 8 peak is exhibited by the unirradiated 
quenched sample (amorphous). 

trans-1 ,I-Polybutadiene 

The polybutadiene samples subjected to irradiation, commercial product 
(Phillips), had the following characteristics: [ q ]  = 1.26 dl./g. (in benzene 
a t  25"C.), dzo = 0.972 g . / ~ m . ~ ,  x-ray crystallinity = 40%; T, = 90°C.; 
composition 90% trans-1,4; 8% cis-1,4; 2% l,2). 

In  Table I11 the experimental density d, sound velocity v, Young's 
modulus E,  and damping factor Q-l, determined a t  20°C. are reported 

TABLE I11 
Density, Sound Velocity, Young's Modulus, and Damping Factor at 20°C. in 

Irradiated trune-l,4-Polybutadiene 

Sample 

1 
2 
3 
4 
5 
6 
7 

R, 
Mrad 

O X  
10 -16, 

thermal 
neutrons/ 

cm.2 

- 
200 
400 
600 

1500 
2000 
4000 

- 
1 . 8  
5 . 0  
9 . 3  

16.0 
35.0 
71.8 

4 8, 
g . / ~ m . ~  m./sec. 

0.972 700 
0.950 400 
0.940 380 
0.950 470 
0.970 800 
0.972 950 
0.995 1230 

E X  
10 -10, 

dyne/ 
cm.2 

0.476 
0.152 
0.136 
0.210 
0.621 
0.879 
1 ,500 

&-' x 102 

5.20 
5.80 
7.35 

10.50 
15.35 
10.50 
4.30 
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for seven samples of trans-l,4-polybutadiene, irradiated with doses varying 
from 200 to 4000 Mrad, with integrated flux between 1.8 and 71.8 thermal 
neutrons/cm. * 

In  Figure 8 the density and the Young’s iuodulus values a t  20°C. are 
plotted against radiation dose R. 

1.5 /“ 11.00 c, 
0.98,- 

1 i  0.97 x 

rn 
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DCMrads)  

Fig. 8. Density d and Young’s modulus E a t  20°C. in trans-1,4-polybutadiene irradiated 
with doses up to 4000 Mrad as functions of radiation dose. 

Fig. 9 Young’s modulus E and damping factor Q-1 in trans-1,Ppolybutadiene as func- 
tions of temperature. 
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Fig. 10. Young’s modulus E and damping factor &-I in trans-1,Ppolybutadiene sam- 
(A) R = 200 ples irradiated with doses up to 600 Mrad as functions of temperature: 

Mrad; (+) R = 400 Mrad; (0) R = 600 Mrad. 
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Fig. 11. Young’s modulus and damping factor in trans-1,Ppolybutadiene samples 
irradiated with doses between 500 and 4000 Mrad as functions of temperature (0) R = 
1500 Mrad; (0) R = 2000 Mrad; (A) R = 4000 Mrad. 
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Fig. 12. Young's modulus at - 100°C. of irradiated trans-l,4polybutadiene as function 
of radiation dose. 

R(Mrads)  

Fig. 13. Young's modulus a t  160°C. in irradiated trans-l,Ppolybi~tadiene as function of 
radiation dose. 

The data reported in Table I11 and Figure 8, show that, with increasing 
radiation dose adsorbed, the density and the Young's modulus first tend 
to decrease, reach minimum values for R = 400 Mrad, and finally increase. 
The damping factor, on the contrary, tends first to increase with increasing 
radiation dose and then for higher radiation doses, decreases, after passing 
through a maximum value at 1500 Mrads. 

In Figure 9 the Young's modulus and the damping factor of the un- 
irradiated sample at  different temperatures between - 180 and +lOO"C., 
are reported as functions of T. The E-T curve exhibits three successive 
changes of slope at  about -75°C. ( T g ) ,  +30"C. (Tx)  and +9O"C. (T,,J, 
attributed respectively to the excitation of cooperative motions of chain 
segments in the amorphous regions (glass transition) to a crystalline phase 
transition, and to the melting of crystalline regions.l6 
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The Q-I-2' curve for the same unirradiated sample exhibits two mechan- 
ical loss maxima, one (a) lovated at  -48°C. and another (X) a t  +55"C., 
and a high dissipation region (a'), near the melting point of the material, 
characterized by a rapid increase of mechanical loss with increasing tem- 
perature. The three phenomena are associated with the corresponding 
transitions of the modulus, which occur in the same temperature range as 
above indicated. 

In  Figures 10 and 11, Young's modulus and damping factor determined 
in the samples of irradiated t~ans-l,4-polybutadiene are reported as func- 
tions of temperature between - 180 and 240°C. 

From the comparison of the Young's modulus and damping factor versu8 
temperature curves, for the irradiated and unirradiated samples, the follow- 
ing main differences can be observed. 

(1) At low temperature, below To, with increasing radiation dose, E 
first decreases, then reaches a minimum value between 600 and 1500 
Mrad, and finally shows a small increase (Fig. 12). At temperatures 
above the crystalline melting point, while the Young's modulus of the 
unirradiated sample drops to very low values, due to the viscous flow, the 
modulus of the irradiated samples assumes values of the order of 1W 
dyne/cm.2, characteristic of rubbery materials, whose values increase with 
increasing radiation dose and with increasing temperature (Fig. 13). 

(2) The crystalline phase transition, which occurs a t  Tx in the unirra- 
diated sample, is not noted in unirradiated samples after the early stages of 
irradiation (Pig. 10). 

(3) The position of the glass transition point, 011 the temperature scale, 
remains practically unchanged after irradiation, despite the increase of the 
network density (Figs. 10 and 11). 

(4) In  all the irradiated samples a new secondary relaxation effect 
(7 )  is observed a t  low temperature, characterized by a damping maximum 
a t  about -100°C. (Figs. 10 and 11). The position of the damping peak 
on the temperature scale is practically the same for all the samples; the 
height of the y peak on the other hand, first increapes with increasing radia- 
tion dose and then tends to decrease, after passing through a maximum. 

(5) The main damping peak (associated with cooperative motions in 
the main chain) is shifted towards higher temperatures with increasing 
radiation dose. Its height first increases and then decreases with increasing 
R, after passing through a maximum a t  R = 400 Ahad (Figs. 10 and 11). 

DISCUSSION OF RESULTS 
The examination of the experimental results permits first of all con- 

firmation of the differences in behavior of the different materials investi- 
gated. 

Polypropylene 
The effects of the irradiation on isotactic polypropylene samples sub- 

jected to relatively low doses (up to 1320 Mrad), consist chiefly in a lowering 
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of the Young’s modulus. This is related essentially to a reduction of the 
degree of crystallinity as a result of irradiation (as the density data and the 
increase of height of the damping peak indicate) and with the plasticizing 
action exerted by the low molecular weight degradation products, formed 
in the course of irradiation. 

The slight shift of the glass transition point T ,  towards lower tempera- 
tures observed in the pamples irradiated with relatively low doses, is to be 
ascribed to the same radiation actions, although, as the doses employed are 
all higher than the critical dose corresponding for gelation of the material,2 
a certain number of crosslinks per chain is present in the samples con- 
sidered, whose effects are opposite to those due to the destruction of 
crystallinity with respect to this plasticizing effect. 

In  the samples receiving higher radiation doses, however, the effect of 
the network formation prevails over the decrease in crystallinity, and the 
Young’s modulus increases with increasing dose. 

The fact that in the initial stages of irradiation, the effect of crystallinity 
reduction on the elastic modulus should largely overcome that due to 
crosslinking is quite reasonable. In fact, in the samples of polypropylene 
submitted to the lowest radiation doses the crystallinity is still quite high 
and the crystallites, being interconnected, form a continuous phase, which 
has a large effect on the modulus. In  the samples submitted to higher 
doses, however, the residual crystallites, fragmented by the irradiation, 
constitute a dispersed phase, which behaves, from the point of view of their 
effect on the modulus, as an inert filler of relatively high elastic modulus. 

In  conclusion, for a given reduction of the degree of crystallinity, the 
lowering of the modulus should be higher, the higher the initial crystalline/ 
amorphous ratio is. 

This is confirmed by comparison of the density and of the modulus data 
(Pig. 1). In these samples, while the density remains almost constant, the 
Young’s modulus decreases to a large extent. 

It should be noted that in all the examined samples, receiving the highest 
radiation doses, the mechanical spectrum is typical of that for semicrystal- 
line polymers. In  particular, a t  temperatures above the glass transition 
point, after complete relaxation of the modulus (Ts), the latter, contrary to 
the elasticity theory, which predicts an increase of the elastic modulus in 
crosslinked amorphous rubbers with increasing temperature, still decreases 
with increasing T.  The negative temperature coefficient of the modulus 
can be reasonably explained by the presence of a certain number of crystal- 
lites and particularly with the decrease of the crystalline/amorphous ratio 
with increasing temperature. 

On the basis of the present results, it can be considered that in isotactic 
polypropylene receiving radiation doses up to about 2000 Illrad, a t  room 
temperature, the crystallinity be not completely destroyed. 

In  conclusion, as concerns the shape of the mechanical spectrum of 
polypropylene, no important changes are produced by the irradiation. 
except for the samples submitted to high radiation doses, which exhibit a 
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low temperature loss region; this however does not seem to be of great 
significance. The latter may be due to the formation of a certain number 
of short branchings and/or to the diffusion of low molecular weight prod- 
ucts produced by radiolysis. 

Polystyrene 
In isotactic polystyrene, very slight modifications of the dynamic 

mechanical properties at room temperature are observed. This is due to 
the fact that polystyrene, at this temperature, is much below its glass 
transition point, so the structural changes provoked by the irradiation 
(crosslinking and eventual reduction of crystallinity), cannot largely 
modify the values of the elastic and anelastic parameters. 

The small lowering of E values at  all temperatures and the shift of the 
a peak towards higher temperatures with increasing radiation dose (ob- 
served in samples subjected to high radiation dose) indicate respectively a 
partial destruction of crystallinity and formation of crosslinks in these 
samples. From x-ray examination a gradual decrease of degree of crystal- 
linity with increasing dose (from about 40% in the unirradiated samples to 
about 20% in the samples irradiated with 300 Mrad) has been found. 
This lowering of crystallinity, however, is not evident from density data. 

As regards the low-temperature 6 relaxation effect, the increase in height 
of the relative loss peak with increasing radiation dose may be associated 
with the reduction of crystallinity as a result of the irradiation, if such a 
phenomenon can be considered to be mainly due to motions in amorphous 
regions. This seems to be case; in fact, the 6 damping peak of the unirra- 
diated quenched sample, which is amorphous, exhibits the maximum height. 

The fact that the 6 damping peak temperature remains practically 
unchanged with increasing radiation dose indicates a constancy of the 
activation energy of the molecular process associated with this phenomenon 
in all samples. Evidently, the relaxation mechanism responsible for the 6 
process is not much influenced by factors affecting interchain barriers or 
intermolecular cohesion; it is, however, strongly influenced by intrachain 
barriers, as it has been recently demonstrated by investigations made in our 
laboratory on some ring-substituted polystyrenes and other polymers 
containing benzene rings in the side chains. I 7 - l 9  

Polybutadiene 
The lowering of E values at  room temperature in truns-l74-polybuta- 

diene, during the early stages of irradiation, is due mainly to the reduction 
of the crystalline/amorphous ratio (as density data indicate), whose effect 
is greater than the opposite effect due to the crosslinking. On the con- 
trary, the successive increase of Young’s modulus with increasing radiation 
dose (for R above 400 Mrad) can be attributed to the greater effect of the 
network formation. 

It should be noted that at  room temperature, irradiated polybutadiene 
behaves as a crosslinked, partially crystalline rubber; the elastic modulus, 
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then, depends on both degree of crosslinking and crystallinity. It may be 
related to these quantities by a relation of the type*O: 

E = d(RT/ATc)(l + A X  + BX')  

where d is the density, R the gas low constant, the number-average 
molecular weight between crosslinks, X the volume fractions of crystallites, 
and A and B are constants. 

For evaluating the two effects separately, a comparison of the elastic 
modulus of the various specimens should be made at temperatures above 
the melting point of residual crystallites and at  temperatures sufficiently 
lower than the glass transition point. In the former case, the effect of 
crystallinity on elastic modulus is nil; in the latter case, at contrary, it is 
the effect of the crosslinks which can be neglected. 

From the high temperature values of the elastic modulus of the irradiated 
specimens (Fig. 13), it can be observed that, except for the first two samples 
(1 and 2), whose crosslink density is not sufficient to hinder chain slipping, 
in all the other specimens the Young's modulus increases with increasing 
radiation dose adsorbed. At low temperature (-lOO"C.), on the other 
hand, the Young's modulus, in the early stages of irradiation (up to 600 
Mrad of irradiation dose adsorbed), decreases with increasing R, because 
of the lowering of the crystalline/amorphous ratio. For doses higher than 
that limit, it remains practically constant (Fig. 12)) as these samples are 
practically amorphous, and the difference in degree of crosslinking has no 
effect on the value of the elastic modulus. 

Of some interest is the comparison of the mechanical spectra of the 
samples irradiated with doses up to 600 Mrad and that relative to the un- 
irradiated polybutadiene sample (Fig. 10). 

The X loss peak, due to the crystalline phase transition, tends to dis- 
appear because of the progressive reduction of the crystallinity by the 
irradiation, as is also indicated by the E-T curves. The a' peak seen in the 
irradiated samples can be reasonably attributed to the melting of residual 
crystallites. 

The increase of the height of the a damping peak and its shift towards 
higher temperatures may be related respectively with the reduction of the 
crystallinity and with the increase of the mean apparent activation energy 
associated with this transition, because of the sterical hindrance of cross- 
links. 

The secondary relaxation effect y observed at about -100°C. in the 
irradiated samples may be attributed to the formation, by irradiation, of 
-CHZ- sequences in the main chain, the motion of which gives rise to a 
mechanical relaxation effect at  that temperature (at the frequency em- 
ployed by u ~ ) . ~ ~  This is confirmed by the fact that the initial insaturation 
decreases with increasing radiation dose and also by the fact that a mechan- 
ical spectrum very similar to that of the irradiated polybutadienes is 
shown by samples of this same material subjected to partial hydrogenation 
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(Fig. 14). On the basis of these results the irradiated polybutadienes may 
be regarded as crosslinked ethylene-butadiene copolymers. 

One particular aspect of the radiochemical crosslinking in comparison 
with the conventional vulcanization with sulfur consists in the fact that, 
while in the vulcanized products the glass transition point T, is shifted 
towards higher temperatures with increasing content of combined sulfur, 
in the irradiated samples this point remains practically unchanged on the 
temperature scale, as the crosslink density increases. Evidently, in the 
vulcanization with sulfur, in addition to the formation of crosslinks between 
chains, there is also a marked increase of intermolecular cohesion due to the 
formation of strong polar groul)s along the chain. This is confirmed by 
the dielectric data for vulcanized rubbers, which indicate an increase of the 
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Fig. 14. Damping factor in irradiated and in hydrogenated trans-l,4polybutadiene as 
function of temperature. 

dielectric conslaill and dielectric loss with increasing degree of vulcaniza- 
lion because of thc increase of the oricntatioiial polarizability of the niole- 
cules. 

A similar effect has been found by Schinieder and Wolf hi the examina- 
tion of the dynamic mechanical properties of irradiated natural rubber.22 

In the specimen receiving the highest radiation doses (Fig. l l) ,  the de- 
crease of height of the loss peaks may be associated with the reduction of 
the number of the chain elements capable of contributing to the correspond- 
ing relaxation, because of the excessive crosslinking. The widening of the 
relaxation region however, is associated with the widening of the relaxation 
time band. 

CONCLUSIONS 

I+om the discussion of the experimental data it can be seen that irradia- 
tion produces no significant modification of properties in isotactic poly- 
propylene and isotactic polystyrene. 
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To the contrary, of great interest are the structural modifications pro- 
duced in trans-l,4-polybutadiene. First of all, the existence in the irradi- 
ated polymers of a remarkably low-temperature relaxation in effect, whose 
importance becomes coniparable with the main relaxation effect, is ex- 
pected to be accompanied by a noticeable improvement of the mechanical 
properties of polybutadiene at low temperature, specially as concerns 
brittleness. It has, in fact, been demonstrated that, in polymer showing 
important low-temperature relaxation effects connected with motions in 
the main chain, the brittle point is, in general, shifted towards tempera- 
tures much lower than the glass transition point.23 This suggestion is 
c.onfirtiied by the fact that hydrogenated polybutadienes (whose mechan- 
i c d  spcc%rriiii we ~)rovcd to 1x1 vcbry similar to that of the corresponding 
i r d  iat rtl n i w t  crinl) \how :L I iiucli i i u l  )roved low-1 euq)cmture perforniarire 
a.; c * o i i ( ~ r i i ~  iiicc*l-iwiiic*nl ~)rolicrt irbs it\ c*oiiil)ared 

JIoreovw, t lir f a d  tlmt t l i c b  iiiteriimlecdtr (diesion is iiot increased by 
effcrt of radio(-licniicxl (-ro\slitil\iiig, i i i  c . o i ~ t  ra \ t  to u hat happens with the 
c~oiivriitlo~ial .sulfur vihmimtmii, iiiny Ii;t17c :t iiotic*cahle iiiflucncc 011 the 
elastic 1)ropcrtieb of po1ybut:tdiciic rubl)cr\. 

i t l i  polybutatdierie 

Thanks are due to the management of Societh Soriii for perinitting the irradiation of 
the samples in their reactor. 
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Le module de Young et le facteur de l’amortissement mkcanique ont Ctd dCtermin6s 
entre -180 et +280°C (It des frCquences de quelques kHz) pour des Cchantillons de 
polypropylbne isotactique, polystyrene isotactique et trans 1,4-polybutadibne, soumis It 
des radiations y par irradiation par pile et par des neutrons avec des doses y de 90 B 
4000 Mrads. Dans le cas du polypropykne isotactique, on n’a pas pu obtenir de varia- 
tions de structure importante par suite d’irradiations auf une destruction partielle de la 
cristallinitk. Les Bchantillons soumis It des doses d’irradiation ClevCes montrent une 
r@gion de perte B basse tempkrature qrii eat attribuhe B la formation d’un certain iiombre 
de ramifications par suite de l’irradiation. Le polystyrbrie isotactique montre de trbs 
faibles modifications et des propri6tCs dyrianiiques m6caniques It temperature de cham- 
bre. A basse temperature, une augmentation de l’intensitk du ph6nombtie de relaxat,ion 
(probablement dfi It l’oscillation des anneaux aromatiques) a 6tk observ6e avec un ac- 
croissement de dose d’irradiatioii. Des importantes modifications struct,urales provo- 
qudes par la radiation, la destruction de la crist,alliiiith accornpagnde de pontage qui 
transforme le matkriau en un caoutchouc poritB ont ktk observes dans le ras du poly- 
butadibne 1,4-lrans. Contrairemerit A la vulcanisation conventionnelle sous l’influence 
du soufre, le pontage par radiation ne cause pas u n  glissement notable du point de 
transition vitreuse. Un second effet de relaxation It basse l,emp@rature, qui n’existe pas 
pour un matBriau non irradiB apparait dam les courbes de perte mdcanique des Bchantil- 
lons irradiCs; il est attribuC It la formation de sBquences -CHZ- dans la chaine princi- 
pale par suite de la saturation des liaisons C=C. Le spectre mCcanique du polybuta- 
dihne irradiB est trbs semblable It ceux montrBs par les copolymbres Cthylkne-butadikne 
pontCs. 

Zusammenfassung 

Der Young-Modul und der mechanische Dampfungsfaktor wurde zwischen - 180 und 
280°C (bei einer Frequenz von einigen kHz) an Proben von isotaktischem Polypropylen, 
isotaktischem Polystyrol und trans-1,4-Polybutadien bestimmt, welche einer Reaktor- 
best,rahlung (r-Strahlen urid Neutronen) mit ?-Dosen von 90 bis 4000 Mrad unter- 
worfen worden waren. Bei isotaktischem Polypropylen wurderi durch die Bestrahlung 
mit Ausnahme einer partiellen Zerstorung der Kristallinitat keirie wesentlichen Struk- 
turanderungen erzeugt. Proben, die der Einwirkung hoher Strahlungsdosen unter- 
worfen worden, waren, zeigen einen Tieftemperatiirverlustbereich, welcher auf die Bildung 
einer gewissen Zahl von Verzweigiingen diirch die Bestrahlnng zuruckgefuhrt wird. 
Isotaktisches Polystyrol zeigt eine sehr schwache Modifixierung der dynamisch-mech- 
anischen Eigenschaften bei Itaumptemperatur. Bei niedriger Temperatur wird eine 
Zunahme der Intensitat des “6”-Relaxationsphaiiomens (wahrscheinlich wegen der 
Oszillation der Phenylringe) mit steigender Bestrahlungsdosis beobachtet. Weitgehend 
durch die Bestrahlung hervorgerufene Strukturmodifikationen, von einer Vernetzung 
begleitete Zerstorung der Kriatallinitat, welche das Material in einen vernetzten Kaut- 
schuk umwandeln, werderi bei trans-1,4-Polybutadien beobachtet. Im Gegensatz zur 
konventionellen (Schwefel-) Vulkanisation verursacht die \-errlet zung durch Strahlung 
keine merkliche Verschiebung des Glasumwandlungspunkts. Ein sekundarer Tief- 
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temperatureffekt,, der beim nichtbestrahlten Material nicht vorhanden ist, tritt in den 
mechanischen \.erlustkurven der bestrahlten Proben auf; er wird auf die Bildung von 
-CH>Sequenzen in der Hauptkette durch Sattigung von C=C-Bindungen zu- 
ruckgefiihrt. Ilas mechanische Spektrum von bestrahltem Polybutadien ist demjenigen 
von vernetzten Athylen-Butadiencopolymeren sehr ahnlich. 
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