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Effect of hydrostatic pressure on the yield 
and fracture of polyethylene in torsion 
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Department of Physics, The University of Leeds, Leeds, UK 

Yield and fracture of polyethylene have been studied in torsion tests under superposed 
hydrostatic pressures. Two ductile-to-brittle transitions have been observed. At high strain 
rates and pressures, a conventional ductile-to-brittle transition was found with increasing 
strain rate and pressure. A second ductile-to-brittle transition was observed at low strain 
rates with decreasing strain rate. The yield stress showed a region of low, relatively 
constant, rate dependence at low strain rates, high temperatures and low pressures and a 
second region of higher strain-rate dependence at high strain rates and pressures. In 
contrast, the fracture stress was found throughout to have a relatively constant strain-rate 
dependence of intermediate value between those obtained for the yield stress. These 
features confirmed that failure can be considered as competition between yield and 
fracture processes. The fracture stress became lower than the yield stress at both high and 
low strain rates where brittle fracture was observed, with fully ductile behaviour resulting 
in intermediate conditions where the fracture stress exceeded the yield stress. The 
pressure, strain rate and temperature dependence of the yield stress was well described 
by two Eyring processes acting in parallel, both processes being pressure dependent. 

1. Introduction 
It is known that some polyethylene materials 
subjected to loads well below their normal yield 
stress can fail in an unexpectedly brittle fashion 
when in contact with certain environments such as 
detergents. This subject is reviewed by Howard [1]. 
Predictions of the behaviour of polyethylene 
components under low loads in various environ- 
ments have been hampered by lack of data owing 
to the excessively long times for brittle failure to 
occur in low-load laboratory tests. This present 
research programme was undertaken to obtain 
information on brittle failure of polyethylene in 
short-term tests. 

In previous work, Rabinowitz et al. [2] showed 
that the shear yield stress of  polymethylmethacry- 
late (PMMA) was increased by applied hydrostatic 
pressure to a greater extent than its fracture stress, 
so that PMMA which was normally ductile at 
atmospheric pressure could be made to respond in 
a brittle fashion when tested under hydrostatic 
pressures greater than ~ 320MNm -2. This work 
also showed that the shear yield stress of poly- 
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ethylene was increased by hydrostatic pressure. 
This present work was initiated to investigate 
more fully the effects of hydrostatic pressure on 
the shear yield behaviour of polyethylene and 
to discover whether the application of sufficiently 
high hydrostatic pressure could induce brittle 
failure in polyethylene in a similar fashion to 
PMMA. 

2. Equipment and materials 
The high-pressure torsion apparatus employed in 
these experiments was originally described by 
Rabinowitz et al. [2] with modifications made by 
Joseph and Duckett [3]. It allowed torque-twist  
curves to be obtained at constant twist rates from 

10 -s to 5 x 10 -1 rad sec -1 at temperatures from 
20 to ~ 80 ~ C. Hydrostatic pressures of up to 
500 MN m -2 could be applied to the test sample. 

The testing procedure produced data in the 
form of torque-twist  curves. Shear stress-strain 
curves were calculated from the torque-twist  
curves using an analysis due to Nadai [4] in which 
the shear stress, r, at the surface of a cylinder of 
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T A B L E I Characterization of polyethylene grades used in these experiments 

Polyethylene ~r w MN Density Branch content 
grade 

Rigidex 50 101 450 6 180 0.972 linear 
Rigidex 002-40 134 000 20 800 0.945 - 4 butyl groups/103 C atoms 
Rigidex 006-60 135 000 25 500 0.963 linear 

radius, b, can be calculated from the measured 
torque, M, by 

1 [3M+  
r = 2 r r [ba  ~ ' 

where % the shear strain on the surface of the 
cylinder is given by 

3' = b~b, 

where ~ is the twist per unit length of the cylinder. 
No attempt was made to compensate for the 
strain-rate dependence of the shear stress. 

Three grades of  polyethylene were tested and 
these are listed in Table I. These materials were 
commercially available polyethylene manufactured 
by B.P. Chemicals Ltd. Rigidex 50 and Rigidex 
006-60 were high-density homopolymers while 
Rigidex 002-40 was a medium-density co-polymer. 
The Rigidex 002-40 material was a gas-pipe grade 
of polyethylene and as such contained a yellow 
pigment for identification purposes. The majority 
of  the experiments were conducted on Rigidex 50 
and Rigidex 002-40 samples. A few fracture results 
on Rigidex 006-60 are included for comparison 
purposes. 

The samples were in the form of 8 and lOmm 
diameter solid cylinders with square-shouldered 
ends to permit the application of a torque to the 
cylinder. Specimens of Rigidex 50 and Rigidex 
006-60 were injection-moulded and had a gauge 
length of 25.4 mm while the samples of Rigidex 
002-40 were machined from compression-moulded 
blocks and had a gauge length of 31.75 mm. 

The fracture tests on these materials required 
the specimens to be notched and tested in an agres- 
sive environment. Notching of the samples was 
achieved by pressing a new razor blade into the sur- 
face of the sample at an angle of 45 ~ to the axis of 
the sample. A special jig was constructed to fit on 
the compression stage of an Instron testing 
machine so that the razor blade could be pressed 
into the specimen to a given load ensuring reason- 
ably constant notch depth. The average notch 
depth for the Rigidex50 samples was 0.63mm 
(+ 5%). The notches in the Rigidex 002-40 samples 
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were slightly deeper owing to the slightly different 
resistance of this material to the penetration of a 
razor blade. 

To facilitate a controlled environment, the 
specimens were enclosed in thin rubber sheaths 
into which the desired environment could be 
introduced. In the majority of these experiments, 
the environment was a 10 vol % solution of Igepal 
730 in distilled water. Igepal is a nonylphenoxy- 
poly(ethyleneoxy)ethanol and is a non-ionic sur- 
factant. The rubber sheath was found to contri- 
bute a negligible amount to the measured torque 
on the sample. 

3. Results 
3.1. Rigidex 50 
3. 1.1. General features 
The effect of increasing pressure on the stress- 
strain behaviour of Rigidex 50 samples in torsion 
tests at 20~ and at a constant strain rate of 
9.4 • 10-4 sec -1 is shown in Fig. 1. No attempt was 
made to protect the samples in Fig. 1 from the 
pressure-transmitting fluid, castor oil. It can be 
seen that there was an increase in the initial 
modulus of the material with increasing pressure 
and that, at all pressures up to 400MNm -2, this 
material behaved in a ductile fashion and did not 
fail up to strains of ~ 30% which was the limiting 
strain used in these experiments. 

In general, no maximum was observed in the 
stress-strain curves for polyethylene which would 
correspond to a yield point. Thus a 2% offset or 
proof stress was taken as an indication of the yield 
stress. Fig. 2 shows the shear yield stress, 7y, 
plotted against the applied hydrostatic pressure for 
Rigidex 50 tested at 20~ and a strain rate of 
9.4 • 10-4sec -1 and also at 50~ and a strain rate 
of 2.6 • 10-Ssec q .  (The error bars on the data 
points in Fig. 2 are + 5% of the average value of 
the yield stress obtained from several tests and 
represent a reasonable estimate of the scatter in 
the experimental data.) The yield stress increased 
approximately linearly with pressure but it can be 
seen from the figure that the slope of 0.035 at 
50~ and a strain rate of 2.6 • lO-Ssec -1 was sig- 
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Figure 1 Shear stress-strain curves for Rigidex 50 tested 
in torsion at 20~ and a strain rate of 9.4 X 10 -4 sec -1 and 
at various pressures. 

nificantly less than the slope of  0.063 at 20 ~ C and a 
strain rate of  9.4 • 10 -4 sec -1. The lines through the 
data points in Fig. 2 have slight curvatures, and 
have been calculated from an Eyring rate theory 
which will be discussed in a subsequent section. 

Fig. 3 shows the yield stress as a function of  
strain rate for a series of  temperatures and pres- 
sures. At a pressure of  2 5 0 M N m  -2 at 293K, 
the yield stress varied approximately linearly with 
log (strain rate). However, at higher temperatures 
or lower pressures, the plot of  zy/T against log 
showed distinct curvature, the strain-rate depen- 
dence of  the yield stress increasing with increasing 
strain rate. At atmospheric pressure and 293 K at 
strain rates below ~ 3 x 10 -4 sec -1 and at 
50 MN m -~ pressure at 323 K below a strain rate of  
"~6 x 10-4sec -t, the plots again appeared to be 
linear. The data in Fig. 3 are plotted as ry/T 
against logq, suggested by the Eyring rate theory 
for yield and lines drawn through the data points 
in Fig. 3 are theoretical lines calculated from this 
theory. This will be discussed later. 

Fig. 4 shows the temperature dependence of  
the yield stress of  Rigidex 50 tested at a pressure 
of  2 5 0 M N m  -2 at a strain rate of 9.4 x 10-4 sec-L 
The yield stress decreased approximately linearly 
with increasing temperature from 20 to 70 ~ C. 
Again the line through the data was calculated 
from the Eyring theory. 

I I I I I I 

36 
293K 

32 9.4 xlO -~ sec-~/1 

, /  
28 

24 
? 

2o 

.~ 16 

~:-~ 12 / ~ 2"6xlOSsecl 

4 r r /  I , h I I 
0 100 200 300 400 500 600 

Pressure (MNm -2) 
Figure 2 Shear yield stress as a function of pressure for 
Rigidex 50 tested at 293K and a strain rate of 9.4 • 
10 -4 sec -1 and at 323 K at a strain rate of 2.6 X 10 -s sec -1. 
Curves as calculated from the Eyring theory. 

3. 1.2. Notched samples 
The effects of  pressure on the shear stress-strain 
curves of  notched samples of  Rigidex 50 tested in 
Igepal solution at 20 ~ C and a strain rate of  9A • 
10-4sec -1 are shown in Fig. 5. At atmospheric 
pressure, notched samples of  Rigidex 50 tested in 
Igepal solution remained ductile and the speci- 
mens did not fracture up to 30% strain. With the 
application of  hydrostatic pressure of  100 MN m -2, 
Rigidex 50 still showed extensive ductility but the 
specimens fractured at strains less than 30%. With 
increasing hydrostatic pressure, the strain to 
fracture decreased until at pressures above 
~ 2 5 0 M N m  -2, the samples fractured before 
attaining a 2% offset proof stress, that is, the 
material behaved in an essentially brittle fashion. 
The stress-strain curves of  those notched samples 
which did not fracture were not significantly 
affected by the presence of  the notch or the Igepal 
solution. The stress-strain curves for the notched 
samples which did fracture were also the same as 
the normal stress-strain curves for unnotched 
samples up to the point where the crack growth 
occurred from the notch. At this point, the stress-- 
strain curve for the notched samples decreased 
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Figure 3 Shear yield stress of 
Rigidex 50 as a function of strain 
rate, temperature and pressure. 
Lines calculated from the Eyring 
theory.  

whereas the normal stress-strain curve for an 
unnotched sample continued to increase. This 
maximum in the stress-strain curve for the 
notched samples was taken as the fracture stress. 

Fig. 6 shows the fracture stress plotted as a 
function of  applied hydrostatic pressure. Although 
there was a degree of  scatter in the fracture stress 
data, it can be seen that the fracture stress increased 
approximately linearly with pressure and that the 
pressure dependence of  the fracture stress, approxi- 
mately 0.02, was considerably less than that 
found for the yield stress, 0.063. Fig. 7 shows the 
strain-rate dependence of  the fracture stress, r~-, 
at different temperatures and pressures. They are 
plotted in the Eyring fashion of  rr /T against 
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Figure 4 Shear yield stress o f  Rigidex 50 as a funct ion of  
temperature at  250  MN m -2 pressure and a strain rate o f  
9.4 X 10 -4 sec-L 

log ~ so that they can be directly compared to 
the yield data. At a pressure of  250MNm -2 
at 293 or 323 K, and at a pressure of  400 MN m -2 
at 293 K, the fracture stress appeared to vary 
linearly with log (strain rate) and, moreover, the 
strain-rate dependence of  the fracture stress was 
approximately independent of  temperature and 
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Figure 5 Stress-strain curves o f  notched samples o f  
Rigidex 50 tested in Igepal solution at 293 K and  a strain 
rate o f  9.4  • 10-4 sec - ' .  
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Figure 6 Fracture stress as a function of  pressure for 
notched samples of  Rigidex 50 tested in Igepal solution 

at 293 K and a strain rate of  9.4 X 10 --4 sec -~ .... 

pressure. At high strain rates, high pressures and 
low temperatures, the strain-rate dependence of 
the yield stress was greater than that of the fracture 
stress; at low strain rates, high temperatures 
and low pressures, the strain-rate dependence of the 
yield stress was greater than that for yield. 

When Rigidex 50 was tested at a pressure of 
400MNm -2 at 293 K, it failed in a brittle fashion 
over the whole range of strain rates. This implies 
that the fracture stress was lower than the yield 
stress at all strain rates used at this pressure. 
Notched samples of Rigidex 50 tested at the lower 
pressure of 250 MN m -2 at 293 K failed after con- 

siderable ductility at a strain rate of 3 x 10 -5 s e e  - 1 .  

With increasing strain rate at this temperature and 
pressure, the fracture strain decreased until at 
strain rates greater than approximately 10 -2 sec -~, 
the material failed before attaining its yield point. 
This is the approximate strain rate at which the 
yield stress curve and the fracture stress curve 
intersect in Fig. 7 for this temperature and pressure. 
At a pressure of 250 MN m -2 at 323 K, Rigidex 50 
fractured at strain rates greater than 5 x 10 -4 sec -~ 
but only after considerable ductility. It is antici- 
pated that an intersection of the yield stress and 
fracture stress lines under these conditions would 
occur at a strain rate > 10 -~ sec -~. Thus the inter- 
sections of the yield stress and the fracture stress 
lines in Fig. 7 reflected the onset of brittle failure 
in the material, samples failing before attaining 
their yield stress at strain rates greater than those 
at which the yield stress lines and the fracture 
stress lines intersect. At strain rates slightly less 
than those at which the yield stress lines and 
fracture stress lines intersect, the material still 
failed but only after significant ductility. 

The strain-rate dependence of the yield stress 
decreased with decreasing strain rate (Fig. 3). It 
would be expected that a second set of inter- 
sections between the yield stress and the fracture 
stress lines could occur at low strain rates. A linear 
extrapolation of the data suggests that the inter- 
section would occur at a strain rate of 10 .9 sec -~ at 
293 K and a pressure of 250 MNm -2 and at a strain 
rate of 3.5 x 10-Tsec -~ at 323K and a pressure of 
250MNm -2. This would indicate a ductile-to- 
brittle transition with decreasing strain rate but 
unfortunately, the strain rates at which these 
transitions would occur for Rigidex 50 were lower 
than those available on the present equipment. 
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Figure 7 Fracture stress of  
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3.2.  Rigidex 002-40  
The effects of  pressure on the yield and fracture 
behaviour of Rigidex 00240 polyethylene tested 
at 293 K and at a strain rate of 9.6 x 10 -4 sec -1 are 
summarized in Fig. 8. This material behaved in a 
similar fashion to Rigidex 50 except that the 
Rigidex 00240 material remained ductile to the 
much higher pressure of 400 MN m -=. Only at a 
pressure of  500 MN m -2 did this material fracture 
at strains below 30% and then considerable ductility 
w~s still observed before failure. The magnitude of 
the yield stress for Rigidex 00240 at a given 
pressure was less than that of Rigidex 50 but the 
pressure dependence of the yield stress did not 
appear to be significantly different from that of 
Rigidex 50. 

Fig. 9 shows the effect of strain rate on the 
shear stress-strain curves of notched samples of 
the Rigidex 00240 material tested in Igepal solu- 
tion at 20~ and at a pressure of 400MNm -2. 
The material showed the expected decrease in the 
initial modulus and the yield stress with decreasing 
strain rate. What is more significant, however, was 
that at strain rates ~> 1.9 x 10 -3 sec  -1, the samples 
were ductile while at lower strain rates the speci- 
mens fractured at nominal strains of less than 10%. 
This information is shown in Fig. 10 which is an 
Eyring-type plot of the yield and fracture data for 
the Rigidex 00240 material at 400 MN m -2 press- 
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Figure 9 St ress - s t ra in  curves for notched samples o f  
Rigidex 0 0 2 4 0  tested in Igepal solution at 400 MN m -~ 
pressure at 293 K and at various strain rates. 

ure and 293 K. At high strain rates, the slope of 
the Eyring plot for Rigidex 00240 material was 
similar to that obtained for Rigidex 50 at 293 K 
and 400MNm -2 pressure. At lower strain rates, 
the strain-rate dependence of the yield stress for 
Rigidex 00240 material tended to decrease in a 
similar manner to Rigidex 50 at lower pressures 
and higher temperatures (Fig. 3). It was in this 
region that the Rigidex 00240 material began to 
fail. The line through the fracture stress data in 
Fig. 10 has been drawn with the same slope as that 
obtained for fracture in Rigidex 50 (Fig. 7) since 
the actual slope could not be determined accurately 
from the three data points. 

4. Discussion 
4.1. Ductile-to-brittle and brittle-to-ductile 

transitions 
Brittle failure and yield can be considered as 
competing processes. A material under given test 
conditions will yield or fail in a brittle fashion 
depending on which of these two modes of defor- 
mation occurs at the lower stress at the given test 

condit ions.  It has been shown in Fig. 6 that the 
pressure dependence of the fracture stress of 
Rigidex 50 polyethylene was significantly lower 
than the pressure dependence of its yield stress. 
Thus with the application of sufficiently high 
hydrostatic pressure, the yield stress of this 
material was made higher than its fracture stress 
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and the behaviour of  the material underwent a 
ductile-to-brittle transition. Similarly, the strain- 
rate dependence of the fracture stress of Rigidex 
50 at high strain rates, high pressures or low tem- 
peratures was less than the strain-rate dependence 
of the yield stress under these test conditions (Fig. 
6) and the material underwent a ductile-to-brittle 
transition with increasing strain rate as the yield 
stress exceeded the fracture stress. This was similar 
behaviour to other polymers such as PMMA [2] 
and polycarbonate [5] which show a ductile-to- 
brittle transition with increasing pressure or 
decreasing temperature, and parallels the work of 
Mears et al. [6] who found a decrease in the strain- 
to-failure with increasing pressure for polyethylene 
tested in tension in a pressure medium of kerosene- 
oil mixture. Trent etal .  [7] observed a similar 
reduction in the failure strain with increasing 
pressure for polyethylene tested in tension in 
silicone oil. 

The decrease in the strain-rate dependence of 
the yield stress with decreasing strain rate suggested 
that the fracture stress could again become lower 
than the yield, stress at very low strain rates. For 
Rigidex 50, this condition would have been reached 
at strain rates well below those available on the 
present equipment. However, evidence for this 
second ductile-to-brittle transition with decreasing 
strain rate was observed in the Rigidex 00240 
material. Although extensive yield and fracture 
data were not obtained for this material, the yield 
stress and the fracture stress curves plotted as 
functions of log (strain rate) at 293K and a 
pressure of 400MNm -2 could be extrapolated 
at high strain rates to intersect at a strain rate 
> 10 -1 sec -1 and again extrapolated to low strain 
rates to intersect at a strain rate between 10 -v 

and t 0 -6 sec -1. The intersection at high strain rate 
would correspond to the ductile-to-brittle tran- 
sition already discussed for Rigidex 50. As with 
Rigidex 50, this ductile-to-brittle transition was 
also observed in Rigidex 00240 with increasing 
pressure (Fig. 8). At strain rates just lower than 
those required to cause conventional high strain, 
rate brittle fractures in Rigidex 50, a region of 
strain rate was observed in which samples frac- 
tured after a degree of  ductility. It would be 
expected that a similar region of strain rate in 
which failure occurred after a degree of ductility 
would also be observed with decreasing strain rate 
as the projected intersection of the yield stress 
and the fracture stress lines at low strain rates 
was approached. This phenomenon was observed 
in the Rigidex 00240 material, confirming the 
possibility of  a ductile-to-brittle transition with 
decreasing strain rate. 

In constant strain-rate tests, a ductile-to-brittle 
transition in polyethylene with decreasing strain 
rate has not previously been observed. It should be 
noted that brittle failure of polyethylene in these 
experiments could only be induced by notching 
the samples and subjecting them to an aggressive 
environment under pressure. The need for the 
environment suggests that the brittle-to-ductile 
transition with decreasing strain rate found for 
polyethylene in this work may be related to the 
environmental stress cracking observed in poly- 
ethylenes subjected to low loads for long times 
[1], the effect of hydrostatic pressure being to 
reduce the time scale at which the phenomenon 
is observed. Short-term tests conducted at high 
pressure may thus prove a useful technique for 
the study of long-term failure of polyethylene 
under low loads. 
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It is interesting to note that the fracture stress 
of Rigldex 50 and Rigldex 00240 tested under the 
same conditions were very similar even though these 
two materials were quite different polyethylenes, 
Rigidex 50 being a high-density homopolymer and 
Pdgidex00240 a medium-density co-polymer. 
Several tests were also conducted on a third grade 
of polyethylene, Rigidex 006-60, and it was found 
that its fracture stress was also of  a similar magni- 
tude to Rigidex 50 and Rigldex 00240. This can be 
seen in Fig. 11 in which the fracture stresses for the 
three grades of polyethylene tested at a pressure of 
400 MNm -2 at 20 ~ C are plotted against log 
(strain rate). The small differences in the fracture 
stresses of Rigidex 50, Rigldex 00240 and Rigldex 
006-60 may not be significant since they may have 
resulted from slight differences in the notch 
depths among the materials. The notch was pro- 
duced by pressing a razor blade into the samples 
under the same load for each material and since 
each grade of polyethylene had a slightly different 
resistance to the penetration of a razor blade, this 
notching procedure produced a slight variation in 
the notch depth with different materials. Despite 
this slight uncertainty, the results shown in Fig. 11 
do suggest that the fracture stress did not vary 
greatly between different grades of polyethylene 
and, consequently, the difference in behaviour of 
different grades of polyethylene resulted primarily 
from variations in their yield behaviour. The 
Rigidex 00240 had a lower yield stress than the 
homopolymer grades tested here and resulted in it 
failing in a ductile manner over a wider range of 
test conditions than that seen for the homopoly- 
mers. This greater resistance to brittle fracture 
resulting from the lower yield stress is the essential 
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reason why the co-polymer material has found 
utilization as a gas-pipe grade polyethylene. 

One further point is worthy of note in relation 
to the fracture behaviour. The environment used 
in the fracture experiments was a 10 vol % solution 
of Igepal 730 in distilled water. Igepal was chosen 
as it is the recommended environment for stan- 
dard tests on the susceptibility of a polyethylene 
material to environmental stress cracking [8]. It is 
interesting to note that in the course of this work, 
distilled water was found to be only slightly less 
aggressive than Igepal solution as an environmental 
stress cracking agent. For example, samples of  
Pdgldex 50 tested in Igepal solution at 293 K and 
a strain rate of 9.4 x 10-4sec -1 failed at strains of  
less than 30% at pressures of 100MNm -2 and 
above. With distilled water as the environment, 
samples of Rigidex 50 tested under the same 
conditions of strain rate and temperature were 
ductile at a pressure of  100MNm -2 but failed 
at pressures of 200 MN m -2 and above. Although 
the test conditions of high pressure used here 
were severe, this result does suggest that a water 
environment for polyethylene may not be as 
benign as is generally accepted. 

4.2. Yield behaviour  
In view of the importance of the yield behaviour 
to the response of a grade of polyethylene under 
stress, it would seem advantageous to be able to 
describe yield in a more quantitative fashion. 
Although there is some doubt as to its physical 
significance, a theory due to Eyring [9] has been 
found to describe the yield behaviour of  many 
glassy polymers to a reasonable accuracy. It is 
used here as it provides a relatively simple model 



to describe the present yield data. Polymer flow 
is considered as an activated process, the strain 
rate, ~, at a stress, r, being given by 

, = 2A sinh (r~-~--) exp (-- -~-~--) , (1) 

where zX/-/is the activation energy, T is the absolute 
temperature, v is a constant with the units of 
volume generally called the stress activation 
volume, A is a constant and k is Boltzmann's 
constant. At high stresses (rv >> kT) back reaction 
over the energy barrier can be neglected, and the 
equation can be simplified as follows 

"~ = A e x p  \ kT ]]" (2) 

Ward [10] has previously suggested that the Eyring 
equation may be very simply modified to include 
the effect of hydrostatic pressure on the yield 
stress. He gave a modified form of the high stress 
Eyring Equation 1 as 

5/ = A exp { -(AH-rv+pg2)}kT , (3) 

where p is the hydrostatic pressure and g2 is a 
constant, again with units of volume, called the 
pressure activation volume. Equation 3 results in 
a shear yield stress which increases linearly with 
pressure according to % = to(7, T) + o4o where 
a = f2/v. Hydrostatic pressure increases the energy 
barrier to be overcome by the moving elements 
causing flow, and results in an addition to the 
activation energy in Equation 1 since both forward 
and back activation of the flow elements are 
equally affected by the pressure. 

Plots of the yield stress against log (strain rate) 
for some polymers show a distinct curvature [11-  
13] and a more complex form of the Eyringtheory 
which invokes two flow processes is required to 
adequately describe this phenomenon. The stresses 
for the two processes are considered to be additive 
and the total stress is given by 

T -- k sinh-1 [~11exp(Z~d/1;rP~21) ] 
T v~ 

(4) 
The constants are the corresponding constants in 
Equation 3, the subscripts referring to the first 
and second flow processes. 

The distinct curvature in the plot of the yield 
stress for Rigidex 50 as a function of log (strain 
rate) (Fig. 3), suggests that a two-flow process 
Eyring model can be invoked to describe yield in 
this material. It is assumed here that the 2% offset 
or proof stress is an adequate measure of the yield 
stress under these conditions and further that the 
first flow process can be represented by the high 
stress approximation as in Equation 3. Thus 

ry vlk [ln')'--lnAl+(zM-I1k?~21)] 

+ k sinh_ 1 exp 
v: \ ]J 

(s) 

where ry is the yield stress. At low strain rates, 
low pressures and high temperatures where the 
contribution of the second flow process to the 
total stress is negligible 

1~ (~-) ] k (6) 

and 

- - a l .  ( 7 )  

--~P ] g[, T V l 

At high pressures, high strain rates and low tem- 
peratures, both flow processes can be approxi- 
mated by the exponential form of the Eyring 
equation, and 

_ k k (8) 
In 3'Jp, T Vl V2 

and 

. . . .  + a l  + a 2 .  (9) 

The strain-rate dependence of the yield-stress 
data for Rigidex 50 was shown in Fig. 3, and the 
stress-activation volumes v~ and v2 calculated 
from the gradients using Equations 6 and 8 are 
listed in Table II. The measured slopes at low 
pressures, high temperatures and at high pressures, 
low temperatures of the yield stress against pressure 
curves in Fig. 2 were used to calcglate IR 1 and as 
and, hence, using Equations 7 andS,  ~21 and g22. 
The activation energies and the othe~ constants in 
Equation 5 were obtained from the position and 
separation of the Eyring plots of 7"y/T against log 
(strain rate) at the different temperatures and 
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T A B L E I I Eyring parameters obtained for Rigidex 50 

Parameter Process 1 Process 2 

v (A 3) 650O 3700 
IZ (A 3) 225 105 

0.035 0.063 
&//(k cal mol -~ ) 58 24 
A 1.1 • 10 34 1.5 X 10 ~s 

pressures in Fig. 3 and all these parameters are 
listed in Table II. These parameters were used with 
Equation 5 to generate the curves through the data 
points in Figs 2 to 4. 

It can be seen that the measured dependence of 
the yield stress on temperature, strain rate and 
pressure is well described by this modified form of 
the Eyring equation. The need for two processes 
in parallel was indicated by the curvature of the 
graphs of yield stress against strain rate. The 
inclusion of terms to model the effect of pressure 
on each barrier height implies a non-linear depen- 
dence of yield stress on pressure if a sufficiently 
large range of temperatures and strain rates is 
considered. In particular it implies an increase of 
pressure dependence of yield stress when moving 
from low pressures and strain rates and high tem- 
peratures to high pressures and strain rates and low 
temperatures. The increase in slope occurs under 
the conditions where the second process makes a 
significant contribution to the yield stress. The 
yield data presented here show this effect which 
has not been previously recognized, although 
Pampillo and Davis [14] reported a reduction with 
increasing pressure in the pressure activation 
volume of the flow stress for ultra-high molecular 
weight polyethylene tested in tension. 

The Erying parameters listed in Table II are 
comparable with those reported for other isotropic 
amorphous and crystalline polymers [15] and are 
also similar to those obtained by Pamillo and Davis 
[14] and Wu and Turner [16] for the flow stress of 
ultra-high molecular weight polyethylene. The 
stress and pressure activation volumes for the 
first flow process, which contributed to the yield 
stress over the whole range of test conditions used 
in these experiments, were considerably larger than 
those for the second flow process, which contri- 
buted a significant amount only at high pressures, 
high strain rates and low temperatures. Although 
the physical significance of the activation volumes 
is not clear, the results obtained here for the two 
flow processes suggest that the yield mechanism 
associated with the second flow process which 
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contributed to the yield stress at high pressures, 
high strain rates or low temperatures was more 
localized than that associated with the first flow 
process which contributed to the yield stress over 
the whole range of test conditions. 

5. Conclusions 
(1) It was found that a ductile-brittle transition 
could be induced in even comparatively tough 
grades of polyethylene by the application of high 
hydrostatic pressure. In Rigidex 50 this transition 
arises in a conventional way because of the greater 
strain-rate and pressure-dependence of the yield 
stress compared with the fracture stress. 

(2) At low strain rates the strain-rate depen- 
dence of the yield stress decreased considerably 
and a second type of ductile-brittle transition was 
observed as the yield stress once more exceeded 
the fracture stress. This type of behaviour where 
a polymer becomes increasingly brittle with 
decreasing strain rate has not been seen before. 

(3) The fracture stresses of the three grades of 
polymer, where observed, were similar. Large 
differences in the toughness of these materials 
must, therefore, be attributed to differences in 
the yield behaviour. 

(4) The yield behaviour of polyethylene can be 
described by two Eyring processes operating in 
parallel, both processes being pressure-dependent. 
With this simple model the effect of temperature, 
strain rate and pressure observed here are well 
described. 
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