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Tensile creep tests and stress reduction studies during creep have been carried out for 
polyethylene and polypropylene. The results obtained suggest that a consistent approach 
for the presentation of creep data for these polymeric materials can be obtained since the 
creep curves at 293 K for polyethylene and polypropylene over a wide stress range can be 
superimposed by describing the variation of creep strain, e, with time, t, as e = e 0 + 
ep[1 -- exp (-- K~,t)] + ~st, where eo is the initial strain on loading, ep is the 
primary creep strain, es is the secondary creep rate, and K is a constant. 

1. Introduction 
The creep properties exhibited by thermoplastics 
are determined not only by the stress, temperature 
and humidity conditions during testing but also b y  
the molecular structure, which is affected by the 
conditions under which the samples have been 
processed and stored [ I ] .  The approaches used to 
study creep of polymers vary widely both in the 
testing procedures and in the methods of pre- 
senting creep data [2, 3]. Several studies have also 
considered the response to stress reductions during 
creep and the consequent recovery of creep strain 
[4, 5]. Since a detailed understanding of creep and 
recovery behaviour is needed for optimum exploit- 
ation of thermoplastics as engineering materials, 
the present programme was designed to investigate 
tile creep characteristics of polyethylene and 
polypropytene by examination of (a) the form of 
the creep curves displayed, (b) the stress depen- 
dence of the creep parameters and (c)the strain- 
time response following various stress reductions 
during creep. 

2. Presentation of creep data 
High density polyethylene and polypropylene were 
obtained in the form of compression moulded 
sheets of approximately 2.54mm thickness. Test-  
pieces having a gauge length of 31.75 mm and' a 
width of 6.35 mm were cut from these sheets and 
tested in tension using a constant load Creep 

machine with a 2:1 lever loading ratio. The 
specimen was held in friction grips having a screw 
thread through the centre of the specimen ends. 
Under uniaxial tension, the creep lateral contrac- 
tion ratio, vc(t), can be defined as the ratio of the 
lateral strain to the axial strain recorded after a 
fixed time, t. Although it has generally been found 
that the time and stress dependence of the creep 
lateral contraction ratio is low compared with the 
axial strain behaviour during tensile creep [6, 7], 
only the axial creep strain was monitored in the 
present programme by means of a light aluminium 
extensometer clamped to the ends of the specimen 
gauge length. The extensometer incorporated a 
pair of differential capacitance transducers capable 
of measuring changes in specimen length of 10 nm. 
The creep machine was located in a constant 
temperature room which was maintained at 293 
(+ 0.25) K. 

The variation of the creep strain with time is 
often presented as a semi-logarithmic plot as 
illustrated in Fig. 1. However, with this approach, 
the change in creep rate with time is not immed- 
iately apparent. With the present materials, the 
high initial creep rate recorded immediately after 
the initial extension on loading decreased contin- 
uously with time to an apparently constant rate 
(Fig. 2). Eventually, this constant rate period was 
followed by a stage of gradually increasing creep 
rate which commenced when the strain accumu- 
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Figure 1 Creep curves obtained for 
polypropylene over a range of stresses 
at 293 K, plotted with a logarithmic 
time scale. The tests were discontinued 
at the times indicated. 

lated in a highly localized manner through the 
occurrence of  mechanical instability causing a 
neck to form in the specimen gauge length [8, 9] .  

The variation of  the creep strain, e, with time, 
t, for rigid plastics such as high density poly- 
ethylene [10] ,  polyvinyl chloride [I 1 ] and 
cellulose nitrate [12] has been represented by 
an equation of  the form 

e = e o + / 3 t  p, (1) 

where eo is the initial specimen extension on 
loading and/3 and p are constants (with 0 < p < 1). 
However, equations of  this form were not found 
to satisfactorily describe the data obtained in the 
present work. It can be seen from Fig. 3 that for 

all stress levels examined, a definite steady-state 
creep rate was established, showing a constant creep 
rate over a strain range of  ~ 0.04. Thus, the 
creep behaviour cannot be described by equations 
which predict continuously decreasing creep rates 
(Equation 1) or points of  inflection [13]. More- 
over, Equation 1 predicts an infinite initial creep 
rate on loading (at t = 0), whereas finite values 
were invariably observed. 

An equation which leads to a constant secondary 
creep rate and does not predict an infinite initial 
creep rate can be derived by assuming that a single 
mechanism controls the primary and secondary 
creep behaviour and that the material obeys the 
laws of  unimolecular kinetics [14].  The rate 
constant can be expressed as Kes  where ~s is the 
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Figure 2 Strain/time relation- 
ships for polypropytene tested 
at different stress levels at 
293 K. 
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Figure 3 The variation of the 
creep rate with strain for poly- 
propylene tested at various 
stress levels at 293 K. 

secondary creep rate and K is a constant [15] as 
below. 

d 
d--t (~ - ds) = -- Kds(& -- e~). (2) 

Integration of  this expression gives 

e = e0 + \ K~ s / [ 1 - -  exp (-- K~st)] +~st ,  

(3) 
where e0 is the instantaneous strain on loading and 
eo is the initial creep rate when t = 0. Further- 
more, if the same process determines the primary 
and secondary creep rates then e0 = Aes so that 
the total primary strain, %, is given by [ 15] 

-i ~ 
% \ K~ s ] = . (4) 

It has previously been established that the creep 
curves recorded for polyvinyl chloride [15] can 
be described using Equation 3. To examine the 
applicability of  this approach, the values of the 
parameters in Equation 3 were derived by a least 
squares regression analysis for each test carried out 
in the present programme. The accuracy with 
which the equation describes the creep curves was 
then determined by computing the difference 
between the measured creep strains and the theo- 

retical values given by Equation 3 using the derived 
constants. Throughout most of  the primary and 
secondary creep periods (up to a total creep strain 
of  ~ 0 . 1 2 )  the average difference between the 
experimental strains, e ,  and the calculated values, 
ee, was <0 .0002 .  However, during the initial 
10 to 20%" of  the primary creep life, the difference 
(e e -  e) increased progressively as t approached 
zero, i.e. the actual creep rate decreased more 
rapidly than is predicted from Equation 3 (Fig. 4). 
Although a deviation from Equation 3 at the start 
of  the creep tests was not reported for polyvinyl 
chloride [15],  the behaviour shown iu Fig. 4 was 
invariably found for the creep tests carried out 
with polyethylene and polypropylene. Even so, 
the present results show that the creep curves 
recorded for these materials can be accurately 
described by Equation 3 over most of  the primary 
and secondary creep lives. 

3. Stress dependence of creep parameters 
The creep properties of  thermoplastics can vary 
markedly with stress, i.e. these materials behave 
in a non-linear viscoelastic manner. Creep tests 
were therefore carried out for both polyethylene 
and polypropylene over a range of  stresses at 
293 K. The stress dependence of  the secondary 
creep rate can be represented by an equation 
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Figure 4 The variation of  the true creep strain with time 
during primary creep of  polypropylene at 20.69 MNm52 
and 293 K. The time to the onset  o f  steady state creep, t s, 
was 21 ksec. 

of  the form 
~sO~O n (5 )  

with n ~ 11 for polyethylene and -~ 16 for poly- 
propylene (Fig. 5). In addition, a further series 
of  tests was carried out for polyethylene at 293 K 
in which specimens were tested in tension using 
an Instron machine over a range of  strain rates 
comparable with those found in the creep experi- 
ments. For each tensile test, the stress required 
to maintain a given constant strain rate increased 
until a maximum value was attained, after which 
the stress level decreased gradually as necking 
occurred. Measurements of the strain rate sensi- 
tivity of  the maximum stress are included in 
Fig. 5. Clearly, the results obtained are directly 
comparable with those obtained for creep, showing 
that the stress dependence of  the deformation 
rates can be described by Equation 5, indepen- 
dent of  the method of  testing. 

To examine the suggestion that the processes 
controlling the creep behaviour of  polyethylene 
and polypropylene are the same throughout 
primary and secondary creep, a study was made 
to determine whether the stress dependence of 
the primary creep parameters was~similar to 
that for the secondary creep rate. From Equation 
4, the primary creep parameters are related to 
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Figure 5 The dependence of  the steady state creep rate, 
~s, on the applied stress, o, for polypropylene (o) and 
polyethylene ( , )  at 293 K. Also shown is the strain 
rate dependence of  the maximum stress recorded in 
tensile tests carried out for polyethylene (~) at 293 K. 

~s since, at t = 0, 

eo = (K% + 1)es, (6) 

where ~0 is the computed initial creep rate using 
the derived constants for each creep test. It was 
found that the ratio eo/es was constant (~  4) over 
the entire stress range employed. Yet, as a result of  
the deviation from Equation 3 at the start of the 
creep test (Fig. 4), the computed values of  eo are 
considerably lower than the measured initial creep 
rates, ei, (Fig. 6). Even so, the stress dependences 
of  both e0 and ei are the same as that for es. 

When the primary and secondary creep proper- 
ties can be represented by Equation 3, the primary 
stage ends when e n [ 1 - - e x p ( - - K ~ t ) ]  becomes 
indistinguishable from ep. Measurements of  the 
time to the onset of  the secondary stage, t s, 
established that ~ : , ~ 

Kests ~-4. ' (7) 

Thus, with the present accuracy of  strai.n mea~- 
surement, the primary stage appears to be complete 
when [exp(--K~st)]  ~--0.02. On this basis, the 
creep rate at any fraction of  the primary stage 
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Figure 6 The relationship between the steady state creep 
rate, ~s, and the initial creep rates for polypropylene. 
Open symbols represent measured values (~i) and closed 
symbols are calculated values (e0). 

displayed at different stress levels is directly 
proportional to the secondary creep rate, con- 
firming that the same mechanism controls the 
creep behaviour of  polyethylene and polypropylene 
up to the onset o f  neck formation. 

Although general agreement has not been 
reached on a precise description of  the creep 

behaviour of  thermoplastics [7],  the present 
results support the view [15] that a consistent 
approach can be developed through Equation 3. 
Using the values of  the creep parameters derived 
for polypropylene gives 

( e - - c o )  = 0.017811 - - e x p ( - -  166~st)] + ~st. 

(8) 
Similarly, for polyethylene, the equation takes the 

form 

(e --  Co) = 0.0301 [1 -- exp (-- 97~st)] + ~s t. 

(9) 
The effects of  variations in testing conditions 

are therefore contained in this equation through 
the dependence of  the secondary creep rate on 
stress, temperature, etc. The validity of  this 
approach is then illustrated by the observation 
that the creep curves recorded at different stress 
levels for polypropylene can be superimposed* on 
the theoretical curve given by Equation 8 (Fig. 7). 

4. Recovery  of  creep strain fo l lowing  stress 
reduct ions 

Considerable attention has been = paid to the study 
of  the recovery of  creep strain following complete 
removal of  the load during creep of  polymeric 
materials [2 ,16] .  In contrast, relatively few 
studies have been made of  the strain-time 
behaviour which occurs after removal of  only part 
of  the load [16].  In the present programme, 
polypropylene was used to examine the recovery 
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*The deviation of the experimental results from Equation 8 at the beginning of the creep tests means that the com- 
puted Value of the initial extension on loading, co, is larger than the value actually obtained, % Thus, in superimposing 
the theoretical line given by Equation 8 on the actual values obtained, a correction for this difference has to be made 
(Fig. 7). 

Figure 7 The creep strain/time 
curves obtained at different 
stress levels for polypropylene 
at 293 K superimposed by 
rationalizing the time scales 
through the steady creep rates, 
~s, recorded for each test. 

393 



= 0.938 G 0 - 0 0 1 ~  T 
,o.o.o.o.o-o-o~ % 

I 0 0  s e c  ~ o o ~ , , , _ ~ o  %=o.9o3e 
% = O. 866 i 

~ 0  0 G 

/'r 

i ~ =  O. 786 0- 

4 0  

)t 

O-R= 0 �9 620 0- 
o--, 

Figure 8 The strain-time behav- 
iour observed when the applied 
stress, o, was reduced during 
secondary creep of polypro- 
pylene at 24.13MNm -2 and 
293 K to continue the test at a 
reduced stress level, a R. 

TIME (see) 

of  creep strain which took place when the applied 
stress, or, was reduced by varying amounts, Ao (in 
the range 0.05 to 0 .54o)  during secondary creep, 
and the test continued at the lower stress level, 
oR(= o - - A o ) .  Each individual stress reduction 
was found to be accompanied by an instantaneous 
specimen contraction and invariably followed by 
a period of  recovery in which the negative creep 
rate observed decayed to zero before a new 
positive rate was eventually established (Fig. 8). 
Clearly, the magnitude and duration of  the period 
of  negative creep increased and the final positive 
creep rate decreased with larger stress reductions. 

In load removal studies during creep of  poly- 
carbonate [17],  it was reported that the instan- 
taneous specimen contraction on decreasing the 
load to zero was found to exceed the initial 
extension obtained on loading at the start of  the 
creep test. In the present work on polypropylene, 

two instantaneous strain measurements were made 
from the stress change experiments; namely, eu, 
the instantaneous contraction obtained immed- 
iately on reducing the load by 2xo, and eL, the 
immediate specimen extension observed on 
reloading back to the original stress level after 
the positive 'creep rate was attained under the 
reduced stress. These values, together with the 
instantaneous extension, % recorded on loading 
at the commencement of  the creep tests, are 
presented in Fig. 9. It must be noted that the 
very fast creep rates recorded at the beginning 
of  the tests and immediately after the stress 
changes meant that the values of  eu, eL and e i 
are difficult to measure accurately. However, 
in the present work, there was no discernible 
difference between % eu and eL for the same 
stress change (Fig. 9). The present results thus 
indicate that the deformation processes con- 
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Figure 9 The variation of  the instan- 
taneous  strain with stress for polypro- 
pylene at 293 K. The stress dependence 
o f  the  initial specimen extension on 
loading (• is shown in relation to 
the values obtained when the applied 
stress is changed suddenly by a small 
amoun t  (rr) during steady-state creep at 
24.13 MNm -* (vv),  22.41 MNm -2 (AA), 
21.38 MNm -2 ( . n )  and 20.69 MNm -2 
(co). The ins tantaneous  strains, eu, 
recorded on  reducing the stress by 
various amoun t s  during creep are pre- 
sented as open symbols  while the exten-  
sions, eL, observed on increas!ng: the 
stress by different a m o u n t s  are shown 
as closed symbols.  
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trolling the instantaneous changes in specimen 
length are the same for both loading and un- 
loading with polypropylene. 

The occurrence of  a period of  negative creep 
immediately after the instantaneous specimen 
contraction, eu, on reducing the stress has usually 
been explained on the basis that creep occurs 
under an effective stress, aefe, as [18] 

aeff = (o --  oint) , (10) 

where Oint is the internal stress developed during 
creep. With this approach, the strain-t ime charac- 
teristics recorded following a load reduction 
would be expected to depend on the magnitude 
of  the remaining stress, oR. When OR > Oint, the 
effective stress would be positive so that a new, 

slower, positive creep rate should be obtained 
immediately after the instantaneous specimen 
contraction, eu. When OR = Oint, the effective 
stress would be zero giving a zero creep rate. Only 
when Oefe becomes negative (when oR < o i m )  
should a period o f  negative creep be observed. 

The behaviour observed after stress reductions 
for polypropylene does not, however, appear to be 
compatible with a model based on creep being 
controlled by the effective stress, acre. The exist- 
ence of  a period of  negative creep means that the 
specimen deforms as if suddenly subjected to a 
compressive force. No direct conclusions can be 
drawn from measurements of  the creep rates 
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Figure 11 The stress dependence of  the constant  creep 

rate eventually established following various stress reduc- 
t ions during steady-state creep of polypropylene at 
24.13 MNm -2 (v), 22.41 MNm -2 (A), 21.38 MNm -2 (D) 
and 20.69 MNm -2 (e). For comparison, the dependence 
of the steady state creep rate, ~s, on applied stress, o, for 
uninterrupted tests is presented as closed symbols. 

before and after the stress decrease since the creep 
behaviour of  thermoplastics differs in tension and 
compression [6, 19]. Yet, when the total recovered 
strain, oR, was defined as the difference between 
the strain recorded immediately prior to the stress 
reduction and the value observed when the creep 
rate became zero under the reduced load, oR, the 
relationship between eR and Ao for polypropylene 
tested at different values of  the applied stress 
appears to extrapolate to zero (Fig. 10). The 
elastic stresses developed in the materials during 
secondary creep must therefore be equal to the 
full applied stress, so that periods of  negative 
creep are obtained (Fig. 8) even with very small 
stress reductions (Ao = 0.05 or). As negative creep 
continues the elastic stresses are gradually reduced 
to the value appropriate to the reduced stress 
level. Eventually the positive creep rate attained 
becomes equal to the secondary rate expected for 
an uninterrupted test carried out entirely at the 
lower stress level (Fig. 11), showing that full 
recovery of  the creep properties takes place for 
the materials studied in the present work. 
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5. Conclusions 
Thestrain-t ime behaviour observed during primary 
and secondary creep of high density polyethylene 
and polypropylene at 293 K can be adequately 
described by the equation 

k 

e = e0'~ ep [1 - - e x p  (--K~st)] + ~st. 

However, during the initial 10 to 20% of the 
primary creep lille, deviations occur when the 
creep rate decreases more rapidly than is predicted 
by t~is equation. 

The stress dependence of the secondary creep 
rate and also the strain rate sensitivity of the flow 
stress can be expressed as 

~s0tO n, 

with n ~--16 for polypropylene and n"~ 11 for 
polyethylene. Moreover, the relationship shown 
to exist between the primary creep parameters 
and the secondary creep rates over a wide range 
of strain rates demonstrates that the same defor- 
mation processes control the creep behaviour 
throughout primary and secondary creep. 

Reduction of the applied stress during secondary 
creep to continue the test at a reduced stress level, 
OR, is invariably accompanied by a rapid specimen 
contraction, followed by a period of negative 
creep before a new positive creep rate is eventually 
established. Since periods of negative creep were 
recorded even after very small stress reductions 
(OR "~ 0.96a), the elastic stresses developed in the 
material during secondary creep are equal to the 
full applied stress, o, so that the material behaves 
as if suddenly subjected to a net compressive stress 
immediately following stress reductions. These 
elastic stresses decrease gradually following the 
load reduction until they become equal to the 
reduced stress level, art, at which stage the positive 
creep rate established is identical to the secondary 
creep rate recorded in an uninterrupted test 
carried out entirely under a stress equal to oR. 

Full recovery of the creep properties is therefore 
attained after stress reductions in the range aR ~ 
0.96 to 0.54a carried out during secondary creep. 
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