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Abstract The effects of physical
ageing on both glass transitions of
isotactic polypropylenes (homo-
polymer and random copolymer)
are investigated by isothermal
dynamic mechanical spectroscopy
and by low strain creep. The ageing-
time dependent expressions of the
amorphous fractions which undergo
each relaxation are introduced in

a rheological model composed by

a modified Zener model (associated to
the f-relaxation) in series with a y-

element (associated to the x-
relaxation). The agreement between
the responses of this model and the
creep and dynamic results is good
over a time (or frequency) range
covering up to 15 decades for three
kinds of isotactic polypropylenes.
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Introduction

It is now quite well accepted that semi-crystalline poly-
mers exhibit two glass transitions [1]: a lower one (the
B-relaxation) which is associated to molecular motions
occurring in the bulk amorphous phase and an upper one
(the a-relaxation) which results from coupled motions in
the amorphous and in the semi-crystalline phases [1-5].
These transitions are considerably affected by physical
ageing performed at temperatures located between both
relaxation processes [6,7]. In particular, in the case of
polypropylene, physical ageing produces a decrease of the
magnitude of the f-relaxation [8,9] and an increase of the
magnitude [10] and of the time constant [8-10] of the
o-relaxation. In a previous paper, a model has been pro-
posed that accounts for the variations of the fractions of
amorphous material which undergo both relaxations [10].
This model, which considers deformation as a diffusion
process [11], is in good agreement with experimental
linear creep data obtained on isotactic polypropylenes at

creep times longer than 1s, ie., at creep times located in
the a-relaxation region.

The purpose of this paper is to propose a model able to
describe the effect of physical ageing on dynamic mechan-
ical data and on creep data in a time window covering the
f and the « relaxations.

Model
Rheological model in the f-range

In isothermal dynamic measurements performed at room
temperature at frequencies between 10% and 1 Hz, the
B-relaxation gives rise to a loss peak [9] and can therefore
be described by a Zener model whose dashpot is replaced
by a d-element [12] in order to stretch the relaxation over
a wide frequency range (Fig. 1).

Heymans and Bauwens [12] proposed a viscoelastic
element (called d-element) whose response, in the
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Fig. 1 Modified Zener model
associated to the f-relaxation of
iPP
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frequency domain, is given by D* = Dy(iwts)™° corre-
sponding to a fractional differential time domain equation
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where Dy, and 1; denote a compliance and a time con-
stant respectively. The d-exponent has a value between
0 and 1.

This element, introduced into a Zener model (Fig. 1),
yields to the Cole-Cole behaviour
Df(©) = Do+ — 1 M)
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where D, and D, are compliances. This relation allows
a broad relaxation to be described with a very small
number of fitting parameters (typically 3 per transition).

The creep response Dg(t) can be calculated numerically
by two different ways. The first one, used by Heymans
[13], consists in solving the differential equation of frac-
tional order arising from the model. The second one which
is based on the Boltzmann superposition principle requires
only simple mathematical procedures.

Let us consider the Kelvin—Voigt model formed by
the spring (whose modulus is E, =1/D,) in parallel
with the d-element. We can consider that the stress
applied to this element is the sum of the stress it would
undergo in the absence of the spring and of the compres-
sive stress due to the fact that the spring progressively
unloads the d-element. At a creep time ¢, the compliance of
the J-element related to the unloading by the spring at
a time f; 18
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where I is the gamma function. The compressive deforma-
tion &.(¢) resulting from all the unloadings As,(t;) can be
calculated from the Boltzmann superposition principie

D(t
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Since the applied stress o is connected to the total instan-
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taneous strain &(t;) through o = + Adoy(t), Eq. (3)
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Fig. 2 Schematic representation of the mathematical procedure used
in order to calculate the creep response of a modified Kelvin—Voigt
element

can be rewritten as
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Therefore the total strain is
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If ¢(f) is transformed into a sum of N intervals A¢ (see
Fig. 2), Eq. (5) becomes

D, N 1 ush A
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where »n is an integer. At very long times, the spring is
submitted to the applied stress and

¢t >0y =0Dy = NAe . (7

Taking {7) into account, Eq. (6) can be rewritten as

B Db t_n 6_1,:1,, tn_ti 3
n_Dlr(l"‘é)I:N(TB) t,§0< Tp >:| (8)

This equation can be solved numerically: for each value of
n between 1 and N, the corresponding time t, is deter-
mined. The creep compliance can therefore be expressed
by

Dyit) = Dy + ", o)

where D, represents the instantaneous creep compliance.

Rheological model in the a-range

The a-relaxation occurs at times larger than 1072 s when
the f-process is nearly completely relaxed [9]. The unre-
laxed compliance of the a-process is then close to the
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Fig.3 Complete rheological model describing the mechanical behav-
iour of iPP through both glass transitions

relaxed compliance of the f-process and the simplest
model able to describe the behaviour in a time range
covering both transitions consists therefore of a modified
Zener model (associated with the f-process) in series with
a modified Kelvin—Voigt model (associated with the «-
process) (Fig. 3).

The dynamic response of such a model can be calcula-
ted from

D*(w) = D (w) + D¥(w) (10)
where D (w) is given by Eq. (1) and where
D¥(w) = —2 (11)

D,
1+ Da(lwrd)
D, and D, are compliances and 7, denotes a time constant.

The creep response D(t) is the sum of the creep compli-
ances Dy(t) and D,(t) related to both glass transistions.
Dq(t) can be determined numerically from equations (8)
and (9) and D,(t) by solving Eq. (8) where D, Dy, 73 and
o must be replaced by D,, D,, t, and y respectively.

The calculation of D{t) becomes simpler in the particu-
lar case where the maximum creep time is much shorter
than the time constant of the Kelvin—Voigt model asso-
ciated to the a-process. The creep response of this model is
then closely approximated by to the response of the y-
element

(12)

It is interesting to note that this expression is similar to
the one obtained by considering that deformation results
from a diffusion process [10].

In the following sections of this paper, we will opt for
the simplified model arising from this particular case
(Fig. 4). A great advantage of this simplification is to
eliminate the parameter E,(E, = 1/D, = 0) whose accu-
rate evaluation requires either creep data at times much
longer than 1, or isothermal dynamic data at frequencies
corresponding to the low frequency side of the x-peak.
Since none of these data are available in the case of
iPP, the choice of the simplified model appears very
appropriate.

Ei=1/D,
Eo=1/Do NN\
i
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Fig. 4 Simplified rheological model describing the mechanical be-
haviour of iPP through both glass transitions

Effect of physical ageing

It is well known that the molecular motions associated to
the p-relaxation (the lower glass transition), located
around 275 K, occur in the amorphous phase of poly-
propylene. Moreover, as mentioned previously [10], the
s-relaxation process (the upper glass transition) induces
motions of non-crystalline chain segments having a helical
conformation. It was also shown [10] that physical ageing
affects on one hand the fractions of amorphous material
which undergo each glass transition and, on the other
hand the time constant of the a-relaxation.

Considering that the ff — « transformation is a diffu-
sion process, we have found [10] that the expressions of
the amorphous fractions are

%= At? (13)

B=1— A (14)

where ¢, denotes the ageing time, A is a constant and
¢ a parameter between 0 and 1.

As shown previously [10, 14], the expression of the
time constant of the a-process is

ta\!
T, =To| — (15)
To
in the case of dynamic or short term creep tests and
A4\
T, = Tg (16)
To

in the case of long term creep tests. In Eqs. (15) and (16),
1, denotes a constant and u is the Struik’s parameter
whose value is close to 1.

Equation (16) must be introduced in the differential
expressions of the creep compliance D, (). either the classi-
cal differential equation resulting from a diffusion model,
or the differential equation of fractionnal order. The for-
mer has been solved previously [10] and gives rise to

oD 1
ST T
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if 1 (17)
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D, A
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The latter can be rewritten, by taking (16) into account, as

(ov7)

The numerical solution of Eq. (19) is compared to
Eq. (17) on Fig. 5. The values of the parameters are
D,=1GPa~!,ty=1s,7=0.25and u = 0.8 and the age-
ing time is ¢, = 1 s in both cases. It can be seen that both
curves superpose at creep times shorter than t,. On the
contrary, at times longer than the ageing time, this equiva-
lence is no longer valid; the compliance calculated from the
diffusion process becomes greater than the compliance
resulting from the fractional differential equation. For
simplicity, we will choose the former when comparing
theoretical curves with experimental results.

(18)

{ p, d

ol drY

o
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Response of the rheological model
in presence of physical ageing

In order to describe the mechanical behaviour of samples
of iPP of different ages, relations (13) and (14) must be
introduced in the dynamic and in the creep responses of
the model of Fig. 4. In this model, the Kelvin-Voigt and
the y-elements are associated to the lower and to the upper
glass transitions respectively. Since their respective max-
imum compliance is limited by the amount of amorphous
material undergoing each of them, the expression of

Fig. 5 Comparison of
theoretical long-term creep [
curves calculated from the
differential equation associated
to a diffusion model (dashed
line) and from the differential
equation of fractional order
resulting from a y-element (full
line)

D, (GPa™)

a) the complex compliance is

D*(w) = Do + B(Dg (w) — Do) + aD3 (w) (20)

where o and f are given by Egs. (13) and (14) respectively
and Df(w) and Df(w) by Egs. (1) and (11) (taking
E, = 1/D, = 0) respectively. The value of t, appearing in
Eq. (11) can be obtained from relation (16).

b) The creep compliance is
D(1) = Do + B(Dy(t) — Do) + aD,(t) 21

where o, f and Dg(t) are given by Egs. (13), (14) and by
combinating Eqgs. (8) and (9) respectively. With regards to
D, (t), this compliance can be expressed

— at short times: by Eq. (12) taking (15) into account
- at long times: by Eq. (17) or Eq. (18).

Experimental
Material

A commercially-available isotactic polypropylene 1is
used. This iPP is a random copolymer (2-3% ethylene)
supplied by Solvay under the trade name Eltex P KS409.
It is characterized by a quite low crystallinity (around
35%) and has a MFI between 5 and 8 g/10 min (ASTM
D1238).

The tensile creep and the dynamic specimens
were machined from extruded sheets of 1.2 or 2 mm
thick.
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Thermal treatments

In order to erase previous effects of ageing, all the samples
arc annealed at 100°C for 4 h [10]. After quenching in
water at room temperature, the samples are aged at 30°C
in an environmental chamber,

Creep tests

Tensile low strain creep tests are performed at 30°C on
dumbbell-shaped specimens with a gauge length of 40 mm
and a cross-section of 8 x 2 mm?. The apparatus has been
described previously [10].

Dynamic mechanical tests

Two techniques are used: ultrasonics at frequencies be-
tween 0.2 and 6 MHz and tensile resonance in the audio-
frequency range (0.1 to 2 kHz). These techniques have been
widely described by Read et al. [15,16]. In both cases, the
tests are performed at 30°C.

Comparison of the model with the data

The response of the proposed model is compared, on one
hand, with results we obtained on a random PP copolymer
and, on the other hand, with data from the literature
related to PP homopolymers.

Isothermal dynamic measurements

The loss compliance from Eq. (20) is compared in
Fig. 6 with Read et al’s results [9] obtained on iPP
homopolymer (Propathene from ICI) stored at 23 °C for
ageing times of 2.5 and 216 h prior to the mechanical test.
The values of the parameters are reported in Table 1. The
agreement of the model is rather good in the whole fre-
quency window covering the f-process and the high fre-
quency side of the a-process. It is interesting to note that
the use (made by Heymans [13]) of a nested model instead
of a series model improves the fit in the frequency range
covering the high frequency tail of the a-relaxation.

The storage Young modulus obtained at 30 °C on iPP
random copolymer (aged between 2 and 200 h) is plotted
versus frequency in Fig. 7. Since the investigated frequency
range covers mostly the f-relaxation, the contribution of
the o-relaxation is negligible and the theoretical equation

10" D" (@) (Pa™

1 | L 1 1 1

40 1 2 3 4 5 6 7
log (o/rad.s")

Fig. 6 Loss compliance obtained by Read et al. [9] on Propathene
(ICT) stored © 2.5 and 0 216 h at 23 °C. The full curves are calculated
from Egs. (1), (11), (13)-(15) and (20) by taking E, = 1/D, = 0. The
parameters are given in Table 1

Table 1 Parameters for Propathene from ICI

Parameter Value Unit
Dy 0.210 GPa™!
D, 0.667 GPa™!
D/} 21 GPa 15 U343
4 0.345 -
A 0.241 5700929
® 0.0525 -
Dt ™o 0.837 GPa~'s 00329
7 0.25 -
U 0.79 -
used is
E'{w)=9R ! (22)
w) = Re
Do + B(D§(w) — Do)

where Re indicates that the real part is considered. The
parameters giving the best fit are given in the upper part of
Table 2.

Short term creep tests

In Fig. 8, the response of the model (Eqgs. (12), (15) and (21))
is compared with creep data related to iPP homopolymer
(Propathene from ICI) aged 2.5 and 216 h at 23°C[97]. The
data corresponding to times lower than a second have
been obtained from dynamic measurements by using the
Hamon approximation [17]. The data corresponding to
longer times are true creep data. The theoretical curves are
calculated using the values of the parameters listed in
Table 1. On 14 decades of time, these curves fit the experi-
mental results reasonably well.
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Fig. 7 Storage Young modulus 3-
obtained on the random
copolymer (Eltex P KS409 from
Solvay) stored © 2, o 20 and
T 200 h at 30°C. The full
curves are calculated from Eqs.
(1), (13), (14) and (22). The
parameters are given in the
upper part of Table 2

E' (GPa)

Table 2 Parameters for Eltex P KS409 from Solvay (random

copolymer)

Parameter Value Unit
Do 0.295 GPa~!
D, 1.825 GPa~!
9 0.4 -

A 0.2 § 7007
® 0.07 -
Dy/13 160 GPa~'s™04
D, 5.66 GPa™!
H 1 -

Yo 0.305 -

P 0.045 -

Long term creep tests

Figure 9 deals with creep data obtained by Tomlins et al.
[18] on iPP homopolymer (Royalite Propylex from VT
Plastics) stored between 7 and 72h at 23°C. At times
investigated, the f-process is completely relaxed; the
creep compliance related to the lower glass transition
reduces to

The theoretical curves, calculated from Eqs. (17), (21) and
(23), are in very good agreement with the experimental
results. The values of the parameters are reported in
Table 3.

Creep results obtained at 30°C on iPP random
copolymer aged between 40 min and 75 days are plotted in

f (Hz)

o

10 D(t) (Pa™)
s O

w

log (t/s)

Fig. 8 Creep compliance obtained by Read et al. [9] on Propathene
(ICT) stored © 2.5 and 0 216 h at 23°C. For times shorter than
a second, the compliance is calculated from dynamic data (ultra-
sonics, flexural and tensile resonance and tensile non-resonance) by
using the Hamon’s approximation. The full curves are calculated
from Egs. (8), (9), (12)~(15) and (21). The parameters are given in
Table 1

Fig. 10. The theoretical full lines are expressed by Eqgs. (18)
and (21). In the former, the y-exponent decreases with the
storage time following a relation already proposed by

Read et al. [9]
(24)

- ~X
7= VOta

where y, and y denote constants. Table 2 contains the
values of the parameters.
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C

Fig. 9 Long-term creep
compliance obtained by
Tomlins ct al. [18] on Royalite
Propylex (VI Plastics) stored

o 7.0 24and . T2hat 23 C
The full curves are calculated
from Eqs. (13). (14). (17), (21)
and (23). The parameters are
given in the upper part of
Table 3

Table 3 Parameters for Royalite Propylex

2.5 . — — -

2.0

Discussion

Parameter Value

Unit

Dy + D, 0.92
A'Dy 0.2
@ 0.024
AD, ato 0.44
R 0.22

Jt i 0.8

GPa
GPa

GPa”

1

L—0.n2d
15

s

0068

The proposed simplified rheological model (Fig. 4) de-
scribes correctly dynamic and creep data obtained on
various kinds of 1PP, characterized by different crystal-
linity and molecular weights, in a wide frequency or time
range covering up to 15 decades.

This model presents various advantages which are

Fig. 10 Long-term creep
compliance obtained on the
random copolymer (Eltex

P KS409 from Solvay) stored

~ 40 min. = 20 h. .. 10 days
and v 75 days at 30 C. The full
curves are calculated from Egs.
(13). (14). (18), ({21). (23) and (24).
The parameters are given in
Table 2

1) Its broad range of application. This model can in-
deed be used in order to describe data corresponding to

e

D (GPa™)
I

102 104 10" 100

t (min)
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different kinds of loadings including dynamic spectro-
scopy, creep and relaxation (see [ 19]). It 1s also able to take
effects like physical ageing and non-linearity {see [20]) into
account. Morcover, it should be applicable for modelling
the mechanical behaviour of other polymers, for example
of amorphous polymers in a time window covering their
glass transition and their secondary transition.

2) Its easy usc in the time range covering the y-relaxation
of iPP which results from 2 appropriate simplifications. The
first one is due to the choice of a series association of the
rheological elements related to both glass transitions. This
choice 1s appropnate when the magnitude of the f-process is
much lower than the magnitude of the z-process and when
the time constants are strongly scparated (by factor of
10° — 10%) [19]. The second simplification arises from the
reduction of the Kelvin—Voigt element associated with the
upper glass transition into a ;~clement. This simplification is
justified by the relatively short duration of the creep tests
compared with the time constant of the z-relaxation.

3} The good fit for long-term creep tests performed on
the homopolymers (sec also [10]) and on the copolymer
justifies the use of Egs. (17) and (18). obtained by consider-
ing deformation as a diffusion process. This long-term
agreement also supports, on one hand, the fact that the
decrcase of the fi-fraction occurs on the behalf on an
increase of the x-fraction and, on the other hand, the fact
that the fi — « transformation occurs exclusively in the
absence of mechanical stimulus.

4) The casy evaluation of the parameters which arises
from the independence of both glass transitions. High
frequency dvnamic data give rise to the ageing time depen-
dent magnitude of the f-process. This magnitude can then
be introduced in the response associated to the x-process.

Moreover, the values obtained for the parameters are
physically acceptable:

the width of
the value of

- The d-cxponent, characteristic of
the lower glass transition, 1s close to

0.3 introduced by Read ct al
equation.

— The ;-exponent, related to the upper glass transition,
is generally close to 0.25. This value is used by Read et al.
[9] who described the x-relaxation with a Williams Watts
function. In the case of the random copolymer. the de-
crease of the -exponent during ageing could mean that the
deformation of the x-fraction of a strongly aged sampic 1s
harder than the deformation of a young one.

- Struik’s parameter p 1s generally close to 0.8 in the
case of homopolymers. Read et al. [9] and Struik [21] find
0.77 and 0.7 respectively. The higher value obtained for the
copolymer could arise from his greater sensitivity to phys-
ical ageing. This sensitivity 1s supported by the value of
¢ which reflects a faster ff — 2 transformation for the
copolymer (¢ = 0.07) than for homopolymers (¢ = 0.024
and 0.0525).

[9] mn a Cole Cole

Conclusion

A rheological model. composed of a modified Zener model
in scries with a s-element allows a good description of
dynamic and low strain creep data obtained on various
iPP in a wide window of frequency or time covering the
lower and the upper glass transitions. This model is also
able to take into account the effects of physical ageing, i.c.,
an increase of the fraction of amorphous material rclaxing
in the x-range at the expense of the fraction of amorphous
material relaxing in the fi-range and an increase of the time
constant of the upper glass transition which can proceed
during creep experiments.
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