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ABSTRACT: The stress relaxation of unoriented (A= I) and oriented().= 9) high density polyethylene (HDPE) was studied 
for different levels of radiation (0, 100, 300, and 500 kGy). The relaxation behavior is analyzed in terms of a formerly established 
two-process model. In that model, one process is related to the crystal and the other to the amorphous fraction of a polyethylene 
sample. The modified viscoelastic properties of HDPE, due to effects of orientation and irradiation, are reflected in changes 
in viscosity coefficients and elasticity moduli of these two fractions. This made possible better comprehension of the nature 
of changes in the relaxation behavior of HDPE induced by irradiation and orientation. 
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The effects of ionizing radiation and orientation on 
the mechanical relaxation of polyethylene have been the 
subject of recent publications. 1 - 6 Some of these studies 
have shown an increase in intensity of the stress relaxation 
with orientation. 1 - 3 This behavior is a consequence of 
the reduced mobility of highly stretched tie molecules in 
oriented samples. It has also been shown that radiation 
crosslinking can improve stability to applied stress up to 
30%. 2 - 6 Formation of network suppresses the cold flow 
and increases internal resistance of the sample. 

For better understanding of the influence of irradiation 
and orientation on the relaxation behavior, in our 
previous paper4 we proposed a two-process model for 
the stress relaxation in linear low density polyethylene 
(LLDPE). The model is based on the assumption that 
the stress relaxation can be represented with two ther­
mally activated processes acting in parallel, each related 
with one fraction of polyethylene sample: crystal or 
amorphous. The process which takes place in a crystal 
domain is, in fact, a propagation of defects through the 
lattice, as it has been established earlier by Wilding and 
Ward. 7 

This approach is explored further in the present paper 
by examining the effects of orientation and different 
adsorbed doses of radiation on the relaxation behavior 
of high density polyethylene (HDPE). Since the relaxa­
tion process is very sensitive to prior structure of the 
samples, we used differential scanning calorimetry 
(DSC) and gel measurements to find out the changes in 
the crystal fraction and the degree of network formation 
respectively. 

EXPERIMENTAL 

In these investigations HDPE HIPLEX EHM 6003 
p=0.96gcm- 3 and Mw=76700 was used. Preparation 
and irradiation of the samples are described in previ­
ous studies. 3 - 5 There are two types of samples, unori­
ented (A= 1) and oriented (A=9), which were exposed to 
6 °Co gamma-source up to absorbed doses of 0, 100, 300, 
and 500 kGy. Initial elasticity moduli of unirradiated 
samples were E=0.6GPa for A= 1 and E=2.9GPa for 
A= 9. These values were obtained from stress-strain 
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measurements using Zwick tensile testing machine at a 
load rate of 20 em min- 1 . 

The stress relaxation measurements are also performed 
on a Zwick tensile machine using same load rate. 
Specimens were held at constant strain (e=3%) and 
constant temperature (24oC) between 8 and 18 h, 
decreasing of stress being continually monitored. Ex­
traction in boiling xylene for 24 h was used for deter­
mination of the gel content. The melting endotherms 
of unconstrained samples were recorded on a Perkin 
Elmer DSC-2 at 10 K min - 1 from 320 to 430 K. The heat 
of fusion of each sample is determined from the area 
under the endotherm curve and the degree of crystallinity 
is calculated assuming a value of 289 J g- 1 for 11Hr of a 
theoretical 100% crystalline polyethylene. 

RESULTS AND DISCUSSION 

Figures 1 and 2 depict the stress relaxation of un­
oriented (A= 1) and oriented (), = 9) samples for var­
ious irradiation doses respectively. In these figures the 
stress relaxation curves are normalized with respect to 
the initial stress 0"0 (stress at t=O). For both A= 1 and 
A= 9 residual stress increases with increasing irradiation 
dose, which shows a decrease in intensity of the stress 
relaxation. This is a consequence of the reduced cold 
flow due to crosslinking effects. 2 - 6 It can also be seen 
that the shape of the relaxation curves is changed after 
orientation, but only slightly altered after irradiation 
for one specific draw ratio. A comparison between 
unirradiated samples of different draw ratios is given in 
the inset of Figure 1. Residual stress for A= 1 is larger 
than that for A= 9, suggesting better stability upon 
loading of unoriented samples, as already mentioned in 
the introduction. 

Normally, the relaxation curves consist of two parts: 
exponential and power-law region. 8 In the begin­
ning of the relaxation process, stress decays rapidly 
(exponential part) and after that passes into slow decay 
(power law). For the unoriented sample, duration of 
exponential decay is approximately I 00 s, while for the 
oriented sample it is only 0.5 s. Such behavior of the 
oriented HDPE is in conflict with our previous results 
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Figure 1. Stress relaxation curves of unoriented (}. = I) HOPE normalized with respect to initial stress ( u 0 ) for various levels of radiation: 0 
( 0 ),100 (.&), 300 (\7), and 500 (•) kGy. Inset shows normalized relaxation curves of unirradiated A= I ( 0) and A= 9 (•) samples. 
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Figure 2. Stress relaxation curves of oriented (}.=9) HOPE normalized with respect to initial stress (u0 ) for various levels of radiation: 0 (0), 
100 (.&), 300 (\7), and 500 (•) kGy. 

for the oriented ultra-high molecular weight polyethylene 
(UHMWPE) 5 and the LLDPE. 3 Obviously, formation 
of fibrous structure due to stretching significantly 
influences the relaxation processes in HDPE. It should 
be emphasized that )0 = 9 is the maximal draw ratio we 
could obtain with this simple orientation technique. 

In order to explain the relaxation behavior of HDPE, 
as in previous papers,4 •5 we assume that a satisfactory 
representation may be given by the superposition of two 
thermally activated processes acting in parallel, using 
time-dependent viscosity coefficients 
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1 + :J' (1) 

assigning i = 1, 2 to each process. The two-process model 
is continuum-mechanical model which is shown in Figure 
3. Decaying of stress in this system is given by the 
following equation 

( 
f ( f 

CJ(t)=e£1 1 +BE2 1 + ,
2 

, (2) 

where CJ is the stress, B is the strain, tis the time, £ 1 , E2 
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the Young moduli, and 1] 1 , 11 2 the viscosity coefficients. 
In the fitting procedure, by using eq 2 it is possible to 
find coefficients 11? (from now on 1] 1), ('7 2), and moduli 
Eb £ 2 of the crystal and amorphous fraction. We shall 
adopt r 1 = r 2 = 1· s in order to preserve full time-scale 
equality and consistency of evaluated viscoelastic 
parameters with Maxwell-Wichert model9 

O"(t)=c£1 exp(- r)+c£2 exp(- t). (3) 

Former model (valid at times less than few seconds) is 
based on the same multielement combination (Figure 3) 
as our model, but assumes time independent viscosity 
coefficients. 

Fits to eq 2 of the original experimental curves are 
given by the solid line in Figures 4 and 5. In the fitting 
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Figure 3. Two Maxwell elements (dashpot and spring in the line) 
connected in parallel as representation of two-process model. Each 
Maxwell element represents one fraction of polyethylene. 

time(s) 
Figure 4. Decaying of stress versus time of unoriented (A= 1) HDPE, unirradiated 0 (0), and irradiated with 100 (.A), 300 (\7), and 500 (•) 
kGy in air. Fit to eq 2 is given with solid line. 
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Figure 5. Decaying of stress versus time of oriented (A=9) HDPE, unirradiated 0 (0), and irradiated with 100 (A), 300 (\7), and 500 
(•) kGy in air. Fit to eq2 is given with solid line. 
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Figure 6. Coefficient of viscosity tit (circles) and Young moduli E 1 (squares) of crystal fraction for two different draw ratios: A= I (open 
symbols) and A=9 (full symbols) . 
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Figure 7. Coefficient of viscosity (circles) and Young moduli £ 2 (squares) of amorphous fraction for two different draw ratios: A= I 
(open symbols) and A=9 (full symbols). 

procedure we used Hooke-Jeeves non-linear estimation 
method. Figures 6 and 7 show the obtained coefficients 
and moduli plotted versus irradiation dose. Assuming 
that the relaxation process associated with the crystal 
fraction is a consequence of the c-axis slip in crystal 
lamellae6 or a propagation of the defects in the lat­
tice, 7 it can be concluded that such process must be 
characterized by a larger value of viscosity coefficient (or 
a smaller activation volume4 ) than the coefficient as­
sociated with the amorphous fraction. Because of that, 
process 1 is associated with the crystal and process 2 
with the amorphous fraction. 

Table I shows that the gel content of the A= 1 sample 
even at 100 kGy reaches 50 %. It has been shown 1 0 •11 

that radiation induced crosslinking occurs preferential­
ly on the surfaces of lamellae. Therefore, the crystal 
viscosity 171 for the A= 1 sample will increase as 
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Table I. Gel content as a function of irradiation dose 

A= I 

Irradiation dose Irradiation dose 
Gel content/% Gel content/% 

kGy kGy 

100 50 100 47 
300 73 300 70 
500 74 500 73 

irradiation dose increases due to "shield" effects4 of the 
surface network (Figure 6). This is in agreement with 
our results for unoriented and oriented LLDPE and 
UHMWPE4 •5 and also with decreasing of activation 
volume observed in creep measurements. 12 Table II 
shows the heats of fusion, melting temperatures and 
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Figure 8. Melting endotherms of a) unoriented and b) oriented HDPE for different irradiation doses. 

crystallinity which are related to melting endotherms of 
unoriented samples in Figure 8a. Irradiation produces 
an increase in the heat of fusion and consequently in 
crystallinity due to scission of tie molecules. 13 This 
process, together with crosslinking effects at the surface 
of lamellae, leads to an increase4 of crystal modulus £ 1 

of the A= 1 sample as dose increases (Figure 6), although 
at 500 kGy dose, due to a great number of defects, 
crystallinity drops. 

Transformation from spherulit to fibrous structure due 
to the orientation process induces better perfection of 
crystalline regions and higher degree of crystallinity with 
respect to the initial material (Figures 8a and 8b) and 
Table II). Wilding and Ward 14 have shown that the 
activated event becomes more localized if the structure 
has higher degree of molecular alignment and perfection. 
Since the activation event, through activation volume, is 
directly related to viscosity coefficient, larger values of 
crystal viscosity 111 will be obtained due to the orientation 
process (Figure 6). Also, as a consequence of the increase 
in crystallinity and continuity14 of crystal fraction, 
modulus £ 1 of the oriented sample will be larger than 
that of the unoriented one (Figure 6). 

Due to specific structure of oriented samples, £ 1 and 
11 1 do not show the same dependence with increasing 
irradiation dose as unoriented samples. Fibrous structure 
of the oriented samples possesses a large number of 
taut-tie molecules which can be considered as defects in 
crystal structure at their points of entry to the lattice. 15 

Chain scission effects will produce relief of strain regions 
of the crystal, 13•15 hence, an increase of E 1 and 11 1 for 
100 kGy dose is the consequence of increasing crystal­
linity and perfection of crystalline domains (Figure 6). 
This effect can also be related to the highest initial stress 
of the oriented 100 kGy irradiated sample (Figure 5) in 
contrast to unoriented samples where the initial stress 
increases steadily with irradiation. Since process 1 is 
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Table II. Effects of irradiation dose on heats of fusion 
(I'!.H,). melting temperatures (T m), and crystallinity 

(X) of unoriented and oriented HDPE 

I d. . I'!.H,±0.2 I d' . I'!.H,± 1 
rra mtwn T m/K x/% rra 1atwn ______ T /K x/% 
dosejkGy J g _ 1 dosejkGy J g _ 1 m 

0 
100 
300 
500 

159.2 
173.4 
195.6 
180.3 

407 55.1 
406 60.0 
403 67.7 
404 62.4 

0 
100 
300 
500 

202 
206 
199 
192 

411 69.9 
410 71.3 
410 68.8 
407 66.4 

connected with the beginning of stress relaxation,4 •6 

lower values of initial stress means lower perfection and 
elasticity of crystalline domains. Therefore, lower values 
of E1 and 11 1 are obtained in oriented samples for 300 
and 500 kGy doses (Figure 6). The former statement 
can be argued with respect to the formation of new 
thin lamellae manifested as low temperature peak on 
the melting endotherm of oriented samples (Figure 8b). 
The obtained new lamellae are not perfect as those that 
have already existed, which is probably the reason why 
at higher doses ( > 100 kGy) due to large number of 
defects, 11 1 and E 1 decrease despite the high gel content 
(Figure 6). 

High concentration of extremely strained molecules in 
the amorphous fraction, obtained by orientation, induces 
characteristic properties which are reflected in differences 
between E2 and 11 2 for these two types of samples (Figure 
7). By comparing modulus E 2 for A= 9 (approximately 
1.75 GPa) with the same modulus for A= 1 (60 MPa) a 
well known conclusion can be drawn that the orientation 
process significantly enhances elasticity of polyethylene 
along the direction of stretching. On the other hand, 
conformation mobility of highly strained tie molecules 

Polym. J., Vol. 31, No. 12, 1999 



Stress Relaxation in Oriented and Irradiated HOPE 

is limited. Therefore, cold flow in oriented HDPE will 
be more pronounced than in unoriented, giving larger 
values of '12 (Figure 7). Amorphous viscosity 1'/z of both 
samples decreases after irradiation due to crosslinking 
effects (Table I) which prevent cold flow (Figure 7). The 
apparent growth of 1'/z at 500 kGy for the A= I sample 
is the consequence of detrimental effects of irradiation 
at high doses, which is in agreement with our previous 
paper.4 Namely, gel content tends to saturation at 
300 kGy2 · 16; therefore at higher doses irradiation pro­
duces defects in the network which enhance cold flow. 
This effect is not evident in the A= 9 samples probably 
because of the lowering of amorphous fraction in the 
orientation process. Modulus E 1 of unoriented HDPE 
is only slightly changed with irradiation suggesting that 
the improvement of stability to loading is rather the 
consequence of the inhibition of cold flow due to eros­
slinking than of the enhancement in elasticity of the 
network. Large number of constrain molecules in amor­
phous fraction of oriented HDPE, which are responsible 
for high elasticity, are at the same time more liable 
to chain scission. Presumably, these effects induce the 
decrease in E 2 along the draw direction with increas­
ing irradiation dose despite the crosslinking effects 
which suppress slippage of strained molecules (Figure 7). 

It should be noted, that opposite to unoriented 
samples, modulus of elasticity of amorphous fraction E 2 

for oriented samples has a larger value than the modulus 
of crystal fraction E1 (Figures 6 and 7). This is in conflict 
with our previous studies4 · 5 and a possible reason for 
the rapid stress drop (Figures 2 and 5). As already 
mentioned, highly strained molecules can be considered 
as defects in crystal structure at their points of entry to 
the lattice. During fast loading (20 em min- 1) of oriented 
specimen, due to stress concentration at the defects 
points, it seems easier for the molecules in the crystal to 
be pulled out from the lattice than for the constrained 
molecules to slide by each other. After a short period of 
time, due to relief of strain at the defects, stress is 
distributed on taut-tie molecules and passes into slow 
decay. 

It has been shown by X-ray measurements that the 
modulus of polyethylene crystal along the chain axis is 
240-300GPa. 17 •18 Estimated values of modulus E 1 

(450-850 MPa) are much lower due to influence of stress 
concentration. 19 Very high rate of loading is also the 
reason for the low values of crystal modulus E 1 , be­
cause the structure is unable to adjust to applied stress. 
Similar trend is observed by using high stress amplitudes 
in dynamical measurements. 20 

CONCLUSIONS 

Presented results have shown that orientation, as well 
as irradiation, significantly affects the stress relaxation 
behavior of HDPE. As in previous studies4 •5 the stress 
relaxation is described by two thermally activated pro­
cesses acting in parallel. The first, characterized by a 
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high coefficient of viscosity (17 1), is associated to crystal 
fraction. The second process is characterized by a small 
viscosity coefficient (17 2) and corresponds to the amor­
phous fraction. Changes in elasticity moduli and viscos­
ity coefficients of both fractions due to irradiation of a 
A= I sample have revealed similar behavior as in in­
vestigations on the other types of polyethylene (LLDPE 
and UHMWPE). 4 · 5 Contrary to our previous results, 
orientation leads to drastic changes in the relaxation 
properties. Exponential region of the relaxation curve is 
reduced to approximately 0.5 s compared to 100 s for 
unoriented HDPE. Obviously, a large number of taut-tie 
molecules with limited conformational mobility and a 
high degree of crystallinity (X> 70%) in oriented HDPE 
are the reason for this behavior. This is reflected in larger 
values of amorphous E2 than of crystal E 1 moduli of 
oriented samples. Nevertheless, irradiation will improve 
stability to applying load for both samples (}.=I and 
). = 9), because crosslinking effects will reduce the cold 
flow and enhance internal resistance of the structure. 

This study also confirmed, that establishing of the 
dependence of characteristic coefficients and moduli of 
the amorphous and crystal fraction upon irradiation and 
orientation offers good insight into the influence of these 
effects on the relaxation behavior of HDPE. 
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