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Time dependent recovery of oriented
polyethylene
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The recovery behaviour after creep of oriented linear polyethylenes has been studied over
the temperature range 20-60 °C. A range of samples was examined to identify the influence
of draw ratio and molecular weight. It has been shown that in spite of significant differences
in recovery strain level, the recovery kinetics are not affected over a wide range of the
structural variations and experimental conditions. It is concluded that the time dependent
recovery behaviour is consistent with a model where two thermally activated processes are
acting in parallel. More exact values for the activation parameters for both processes of the
model have been obtained by taking into account the time dependent distribution of the
applied stress between these two processes. © 17999 Kluwer Academic Publishers

1. Introduction samples A-1 and A-2 were cut from sheets quenched
In a number of previous publications from this labora-after compression moulding and then drawn to different
tory [1-3] the plastic flow creep as well as the visco-draw ratios at different temperatures in an Instron ten-
elastic creep behaviour of oriented polyethylene (PE}ile test machine fitted with a high temperature oven.
have been described in considerable detail. The maiBecause there was significant scatter in the mechan-
conclusion of these investigations is that the total creefical behaviour of tapes in the creep experiments the
behaviour of oriented linear PE, including the initial monofilament samples B, C-1 and C-2 were prepared
time dependent behaviour, can be described very sati$y melt spinning using standard extrusion techniques
factorily by a model in which two thermally activated and then drawn in either one or two stages in a con-
processes, each in series with an elastic element, atimuous process to fixed draw ratios. All samples were
assumed to act in parallel. annealed in air at (11& 5)°C for 20 h and then cooled
The aim of the present paper is to examine the vaslowly to room temperature in order to stabilise their
lidity of this model for the time dependent recovery structure. Further experiments showed that there is no
behaviour, on the assumption that the kinetics of creepualitative affect of the sample preparation procedures
and recovery should be described by the same set of pan the creep and recovery behaviour.
rameters. With significant simplification of this initial ~ The creep and recovery measurements were made at
model for the case of recovery, the recovery kineticsemperatures of 20, 40 and 80 using a standard dead-
can be easily modelled analytically and some of thdoading creep apparatus in which the deformation was
parameters of the total model can be calculated frommeasured by grip displacement. Details of the apparatus
the fitting of the experimental data. However, analyti-and experiments have been given elsewhere [4]. The
cal equations can only be obtained for both creep antdecovery data were obtained after various creep times
recovery behaviour at low applied stresses. It also hafor several levels of applied stress. The duration of the
to be emphasised that the simple two-process modakcovery tests was at least®’l€(~30 h) and the sample
should be regarded only as a semi-quantitative modedtrain after this test was considered as residual.
to provide physical insight into the deformation mech-
anisms. For a precise description of the wscoelastl%_ Results and discussion

e e s o e o o o STEry-Dorm it 3] deserting creep s e s
also be taken into account unction of creep strain are probably the most instruc-
' tive method of graphical presentation for the tensile
creep experiments. The initial monotonically declining
2. Experimental part of the plot corresponds to the viscoelastic response
Samples were prepared from two commercial grades adf the material, while permanent deformation is clearly
linear polyethylene with different molecular weights, associated with the appearance of a plateau (Fig. 1). For
BP 6007 and BP H020 manufactured by BP Chemicalsnalysis of the kinetics of creep and recovery, however,
Ltd. Sample information is summarised in Table |. Tapea plot of strain rate versus time is more informative. In
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TABLE | Sample information

Polymer Draw Et
Sample grade M,/1000 M,/1000 ratio (GPa) Comments
A-1 6007 131 19 7 4.8 Drawn at 2C
A-2 6007 131 19 12 9.2 Drawnat7&
B 6007 131 19 9 13.7 Drawnat9C
C-1 HO020 312 33 9 15.8 Drawn at 9C
C-2 H020 312 33 20 386 C-ldrawn
at120°C
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Figure 1 Sherby-Dorn plots for:{) sample A-153PP'= 100 MPa; ()
sample Bg2PP!= 33 MPa; @) sample C-2¢2°P!=200 MPa.

this presentation, the immediate elastic component o
deformation, which is not experimentally measured, is

excluded from consideration. In this case (Fig. 2), linear
viscoelastic behaviour is described by a straight line on
the log (strain rate) versus log (time) plot and the plastic

flow component produces the deviation from linearity.

The evidence from experimental observations is that

in the range where linear viscoelasticity applies, all the

samples show complete recovery on unloading and the

time dependence of the recovery strain rate is the sam
asthe creep strainrate. The first aim of the present stud

was therefore to determine the affect of the presence of

any plastic deformation on the recovery behaviour. It
was found that the deviation from linear viscoelastic-
ity in the creep experiment could be produced in two
ways: first by applying higher stress and secondly by
increasing the loading time even at relatively low ap-
plied stress. The effect of loading conditions was stud-

ied in some detail on the sample A-1 and recovery data
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Figure 2 Log(creep strain rate) against log(time) plots at room temper-
ature for: 0) sample A-152°P'=100 MPa; () sample Bo2PP!=33
MPa; (@) sample C-2¢-2PP'= 200 MPa.
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at room temperature were obtained after various creep

times from 30 to 4« 10° s for several applied stresses in
the range from 40 to 150 MPa. Fig. 3 shows that neithe

Figure 3 Effect of applied stress and loading time on the recovery after
creep for sample A-1: (ay2PP'= 60 MPa, loading time:[{) 30 s, ®)
hets, (A) 10° s; (b)52PP'=80 MPa, loading time: W) 10° s, (0) 10*

the applied stress value nor the loading time affect the, (v) 166 s: (c)s2PP'= 100 MPa, loading time:4) 1% s, () 10° s,
recovery strain rate behaviour. It was also found, rathega) 10* s; (- - --) apparent linear fit by lgf'= —2lg(time)—1.1.
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surprisingly, that repeating these tests for the sample 2
B and C at various temperatures produced no signifi
cant differences in behaviour. In all cases the recover?,
data as well as the linear creep strain rates are fitte§ *
very well by the straightline Ig)’'=c+d-lg(t), where
c=-1.1, d=-2.0. Therecovery of sample A-1 atthe
low applied stress (Fig. 3a) after a very short creep timrg
(30 s) slightly differed quantitatively from the general % 7
recovery behaviour of the other samples.

The recovery behaviour of oriented semicrystalline
polymers after the removal of an applied load is as- 9 5 ! 2 T T I s
sociated mainly with the recovery of non-crystalline .
interfibrillar regions, which are essentially a stretchec Log time (sec)
moleqular_network. The existence (_)f a molecular ne'['Figure 5 Effect of molecular weight on log(recovery strain rate) against
work in oriented PE has been confirmed by measurempg(time): @) sample Bf = 60°C; (A) sample C-1f = 60°C.
ments of thermal expansion [6] and shrinkage force [7].

In the simplest theoretical interpretation of the network
stress-extension behaviour [8] the internal stresss
related to the network chain densityand the extension
ratio A, by the relationship

n rate
(¢

Log

o ~ NKT(? — 171 (1)

wherek is Boltzmann’s constant an@l the absolute
temperature. One would therefore expect changes i @
the kinetics of recovery if the structure of the network -
is changed. According to Equation 1, one of the ways 9
to change the properties of the interfibrillar material 0 1 2 3 4 5 6

is to change the molecular orientation in the sample Log time (sec)

by changing the draw ratia. Samples C-1 and C-2

with two very different draw ratios. were therefore Figure 6 Effect of temperature on oIog(recove_ry strain rate) against
examined in an attempt to determine the effect of oriy**} "¢ fcor;:;r:r‘;'g GAK'll(';g;t(i)etozibfge&)“?] 2616%1.05 =0
entation on recovery behaviour (Fig. 4). Unexpectedly,
over the wide range of draw ratios studied, all the sam-

ples showed very similar behaviour in terms of recov-ture of experiment] . The first parameter relates to the
ery strain rate as a function of time. As in the case ofmolecular weight of polymer and would be expected to
the various creep conditions for the samples A-1, A-2be identified by a comparison of the recovery behaviour
and C the recovery can be described by a straight linef samples B and C after creep under similar condi-
with the same coefficients. Even the isotropic sampléions. It was therefore surprising that neither molecular
A (A =1) demonstrates the same recovery behaviouweight nor temperature causes any significant change
after low stress creep. in the recovery kinetics (Figs 5 and 6).

Two other parameters also affecting the stress- It appears from these results that the elastic compo-
extension behaviour of intrafibrillar network are the nent of the polymer network does not affect the time-
network chain densityN and the absolute tempera- dependent recovery behaviour of oriented PE. How-

ever, the recovery of the network also depends on a

2 viscous component of deformation, which is associ-
ated mostly with chain slip processes, in which the
molecules slide past each other parallel to their length.
In phenomenological terms the origin of viscous flow

is the movement of macromolecule segments relative

strain rate (sec™)

Log strain rate (sec)

Log time (sec)

Figure 4 Effect of draw ratio on log(recovery strain rate) against
log(time) for sample A:A) A =1; (®) A=28; (W) A =15; (-3--) ap-
parent linear fit.

to each other and can be described by the activation
parameters of a thermally activated process. It seems
plausible that creep and recovery are to be considered
as one continuous process: loading, creep, unloading,
recovery. We apply the two-process model (Fig. 7a) to
elucidate the apparent insensitivity of the recovery ki-
netics of oriented PE to sample structure and creep con-
ditions. All the elements of the model are involved in the
response of the system at loading and during the creep
but the stiffness of the springs defines mainly the initial
distribution of the applied stress between the arms of
the model. The stress in each arm is then determined
by the relative viscosities of the dashpots. If the values
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interfibrillar network microfibril activation parameters of the dashpot 1 can be calculated
from recovery data.

As mentioned above, the first stage is loading with
an applied stress@P. If the time of loading is short
compared with the shortest sample relaxation time it

E, is possible to use the assumption that the initial stress
distribution is defined by the spring stiffnesses. We call
this the instantaneous loading approximation. This as-

&, Va sumpf[ion is reasonat_nlt_e_for the all gxperiments to be
described. Then, the initial stresses in each arm (i.e. at
the moment = 0) are proportional to the applied stress
and the modulus of the spring:

E,

o))

€019 V;

appIE
o7 = g5 0" 0)=

o ¥PPIE,
Ei+Ex’

)

E E. To describe the response of the material after loading,
the time dependence of stress in each of the arms of the
model should be known. However, exact (analytical)
expressions for instantaneous stresses during creep can
be obtained only for the low applied stress range [3]:

9))

t-3()15 V1

Fwe

cree 2kT
op o ont) = Tlatanl”{exp((Sl —t/v1)}
3)

=l ©) E, oyt Rt) = o@PP 2\';—lTatanr{exp(81 —t/y)}

%1 ’ v1

W =W W

l where

Vioq coH0) KT

Figure 7 Models of mechanical behaviour: (a) two-process; (b) standard 81 = Intan B S s . VL= o ,
eqEV;

01=V1

linear solid; (c) model for recovery after creep. 2kT

EiE>

of the two viscosities differ significantly, at low applied E= E,+E,
stress the stress in one of the arms will be low enough
to neglect any dashpot deformation in this arm. In thisThe equation for the time dependent creep strain of
case the initial model (Fig. 7a) can then be simplified tothe standard linear solid can be obtained as described
the model shown in Fig. 7b, well-known as the standardreviously (see Equation 5 in Ref. [3])
linear solid.

The_ st_andard linear soliq proyides a good first order £eeRt) = a + }m[ f(t)] (4)
description of creep behaviour in polymers, where the b b
low initial creep compliance is described by the stiff
springE; acting in parallel with the soft spring,, and

where

as the flow in the dashpot occurs, the final ‘relaxed’ o aPPhy/, E,V;

creep compliance is reached which is determined only a= KT = KT
by the magnitude of the soft spriifity. An essential fea-

ture of the standard linear solid representation is that f(t) = 1— exp[-b(At + k)]

the kinetics of creep and recovery are more tractable 1+ exp[-b(At + K)]
mathematically [3]. It is also compatable with the two
process model of Fig. 7a. Unloading both the two pro-
cess model and the standard linear solid involves the 1 T1-G b aprp!
instantaneous recovery of the stiff sprig. The dash- K= b n[H—G} G= EXp[m - a},
potV, in the opposite arm of the model can therefore be ! 2
removed from consideration of the recovery behaviour. , E1 Y
Essentially, only two elements of the initial model, the " \E1+E, ‘o1
spring E, and the dashpov, are involved in the re- ) )
covery response which is then described by the modeind the creep strain rate is
of Fig. 7c. . cree .,

Thus from the viewpoint of describing recovery, it gcreeqyy — 22 ) _ _fuFs [sinh(s1 — t/y1})] .
is immaterial which of the models shown in Fig. 7 is E2 Ei1+E2
used for the description of creep. Moreover, whether it ()
is the complete recovery after low stress creep, or thé&ollowing the presentation of the recovery model
partial recovery after permanent flow creep, only the(Fig. 7c¢) the value of instantaneous recovered strain

in which
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(elastic recovery) is therefore determined by the deforstress in dashpot 1 during recovery is very low and then
mation of spring 1 at the last momegwf loading: in the low stress approximation (i.e.dV/kT « 1)

cree appl _ . Cree . oV oV
rec, oy ) o a5 ) smh(—) ~— (11)
0)= = 6
¢10) £ E, (6) kT kT
The initial stress for the recovery process in arm 2 isHence the viscosity of interfibrillar network is given by
then o kT
m=-~o (12)
o ¥0) = 02" NRte) — "Y0)E 01 ¥t
70 = 0, ) (O - The recovery time is then
= o™ _ TN | 1+ =2 (7) i KT
E; T=—=- (13)
E»  éyViE2

and the time dependence of the recovery stress is: L - - .
P y which is exactly the coefficient, describing the time

dependence of the recovery strain rate in Equations 9
and 10.
Thus there are four equations to fit the low stress

2kT
o5*1) = ~of"(1) = -atanhexpba —t/7)] (@

where experiments (i.e. for the case of complete recovery)
V105850) kT for the creep strain (4), creep strain rate (5), recovery
S2=Intanh ———), r2= 7 strain (9) and recovery strain rate (10) vs. time. The fit

2kT 801E2V1

has been performed using a non-linear curve fit with
The recovery strain of dashpot 1 as well as spring 2the simplex search method [9] and the paramefgrs

corresponding to this stress is E>, €y;, V1 were obtained as a result of the best fit
under the constrainE; + E, = Et, where Et is the

o3 () _ 2T le modulus calculated as the slope of an initial

_ atanHexp@, —t/y,)) (9) Sample modulus calculated as the slope of an initia

=) ViE; part of stress-strain curve. The initial estimates of the

Finally the relationship for the recovery strain rate as gctivation parameters have been tgken from .f'tt'ng the
function of time can be obtained simply by differenti- plateau creep strain rate as a function of applied stress.

ating the expression (9) fore¥(t): Some examples of the fit are presented in Figs 9 and 10

G19(t)
E>

SEQC(.[) —

g°t) = = éplsinh@2 —t/y2)] "t (10) 25 _

2.0 -

It was shown previously [1] that the main feature of

the recovery behaviour is that after creep below som& 15 1

critical value of applied stress, complete recovery isS il i =
observed. In particular, the model in Fig. 7c predicts /

%
. . . 1.0 4
complete recovery with a retardation time: &
g
Y O 05 -
E2
. . . . 00 T T T T T T
The experimentally determined recovery kinetics show -1 0 1 2 3 4 5 6

that the system described by the model 5¢ has the san
retardation time for various combinations of parameters
E1, E2, £p;, Vi which reflect the differences in structure. Figure 9 Fitting of creep strain against log(time) for sample B atvarious
One can see easily from Fig. 8 and Equation 8 that themperatures#M) t =20°C; (J) t =40°C; (A) t =60°C.

Log time (sec)
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solid at creep:[{) arm 1, @) arm 2.

Log time (sec)

Figure 10 Fitting of recovery strain against log(time) at room temper-
Figure 8 Distribution of applied stress in arms of the standard linear ature for: @) sample C-252PP'=100 MPa; (0) sample C-1¢2P'=
33 MPa.
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TABLE Il Fitted parameters to the recovery and the recoverable creegjgnificance as in the two-process model, the relative

model values ofE; and E, obtained there are in contradic-
T o g Vi E  E r=ng/E tonto the present results. First, if it is assumed that
Sample (C) (MPa) (51 (nm?) (GPa) (GPa) (s) E; < E; there is not even qualitative similarity to the

" present experimental data when the fitting procedure
Al 20 30 80«1077 16 40 08 394 1? is performed. Only ifE; > E, do the Equations 5 and
A2 2030 701077 12 80 12 4.0kl 10 produce a straight line for both the creep and re-

B 20 33 21x10'? 325 120 1.65 35910° N . )
B 40 32 221012 a4 100 125 35%10f  covery kinetics on the log(strain rate) versus log(time)
B 60 33 2.7x10°12 48 70 105 3.3%1C8 plot. Comparison of the stress relaxation and recovery

c1 20 33 30102 30 145 13 34&1¢  kinetics for these samples also suggests Ehat E,.
C2 20 100 1x107% 11 300 86 35610° |nterms of the standard linear solid model, recovery
from creep occurs due to the energy stored in spring 2
whereas in stress relaxation the same dashpot is driven
and the values of the fitting parameters obtained frommostly by spring 1. Experimental results to be reported
the fitting described above are shown in Table II. separately [10] for the stress relaxation strain rate show
Values for the activation parameters of the two-thatstressrelaxationinoriented PE occurs severaltimes
process model for the materials studied here have bedaster than recovery. Hence, spring 1 must be stiffer than
reported previously [1, 2]. Those values were based ospring 2, in good agreement with the present results.
the equilibrium creep rates in the low stress range. The Because process 2 is mainly associated with the crys-
values for the activation volume of the interfibrillar net- talline phase, one would expect that the modulus of
work, V1 presented here (Table II) are much higher tharthe spring in arm 2 should be higher than the modulus
in previous papers\j ~ 0.5 nn?). The first point to  of spring 1, i.e. the interfibrillar network. However, as
note is that the earlier estimates \¢f were made on mentioned above, all attempts to fit the data using other
the assumption that the stress in arm 1 is equal to theombinations of parameterg{ < E, or E; ~ E,) have
total applied stress. In the present study the time deperdeen unsuccessful. It is concluded therefore that for
dent distribution of applied stress between the arms othe oriented material, arm 2 in the two process model
the model is taken into account and as can seen frorshould be associated with a microfibril, which is the ba-
Fig. 8, at long creep times, arm 1 holds only aboutsic element of the structure of oriented semicrystalline
one-third of the applied stress. The previously reportegolymers. Following previous interpretations, the ac-
values ofV; [1, 2] were therefore too low because the tivation volumeV; is consistent with a crystalline de-
stress values used in the equation for the Eyring dashpddrmation mechanism such as the propagation of de-
strain rate were overestimated. It has to be concludedects through the crystallites while the moduls is
therefore, that the values df obtained here are more consistent with the elasticity of the intrafibrillar non-
correct. In a previous paper [3] an attempt was maderystalline regions. As for the comparatively low value
to describe the time-dependence of the creep and streesthe microfibril moduluss;, it has been shown by Za-
relaxation behaviour of highly oriented PE. A different itsevetal.[11] that the initial modulus of the microfibril
model was adopted and different values Yarwere  in oriented PE is much lower than the crystal modulus.
obtained. These were smaller than the values obtained Following Equation 13, the time dependent recovery
in the present study and in the other previous papersf oriented PE is mainly determined by the properties
[1,2] and were associated with a crystal process, irof two distinct non-crystalline regions. The higher the
contradiction to the conclusions here. elasticity of the intrafibrillar material and the lower the
Although the analysis of the recovery kinetics doesviscosity of the interfibrillar network, the faster the ma-
not allow calculation of the activation parameters forterial recovers. It appears, however, that over the wide
the other thermally activated process described@y = range of structures and experimental conditions stud-
andV,, if the values ok(, andV; have been obtained, ied here, itis very unlikely that these properties change
the stress in arm 1 can be calculated for the equilibriunseparately. As seen from Table Il the value of the retar-
creep. Then the parameters of the second process cdation time is the same for all samples and all condi-
be calculated on the basis of the experimental data fations. Although discussion of the structural aspects of
the equilibrium creep rate as a function of the stress irthe network deformation is unlikely to be very produc-
arm 2. Again, as for the case ¥, this approach gives tive in terms of this phenomenological approach, nev-
more exact values fov, because the stress distribution ertheless, some simple conclusions can be proposed.
is taken into account. For example, for the sample A-IFirst, it is be seen that in oriented PE, the interfibrillar
the values of the pre-exponential factgs and the ac-  non-crystalline material is always much more stretched
tivation volumeV, obtained following this more exact thanthe intrafibrillar regions and the total Young’s mod-
approach are 2 10~ s ! and 0.16 nrf, respectively, ulus of material is determined mostly by valuemf As
compared with 3< 107 s7 and 0.10 nri from cal- mentioned above, the value Bf (as for any polymer
culations on the basis of the dependence of the plateawetwork) is proportional to absolute temperature and
creep strain rate on applied stress. the density of the interfibrillar network. It is evident
Next to be noted is the different relationship betweenfrom our temperature measurements that the viscosity
the values of the elastic parametdfs and E; be- 751 hasthe same dependence ontemperatufg.adso,
tween the present and previous calculations. Althouglvecause the retardation time, i.e. the ratigto E; is
it was stated in paper [3] that the springs have the samie same for samples B and C, the molecular weights of
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which differ significantly, it appears thatthe viscosjty  of the interfibrillar network. The present results sug-
and the modulug, depend in a complementary fash- gest that these properties change in such a way that
ion on molecular weight of the polymer as well as with even for significant transformations of structure such
the temperature of experiment. It is to be concludedas those caused by hot drawing the recovery kinetics
therefore, that the only way to change the kinetics ofof oriented PE samples which have been carefully an-
recovery is to change separately the structures of theealed to stabilise their structure, is very similar.
interfibrillar and intrafibrillar non-crystalline regions.
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