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Abstract: The thermally stimulated currents technique has been used to deter-
mine different relaxation and transition modes in polyvinyl chloride (PVC).
The influence of thermal annealing has also been studied. For each temperature
of annealing, the activation enthalpy and the relaxation times were evaluated and
calculated. A compensation phenomenon was observed. Empirical formulas that
relate the temperature of compensation to the crystallinity rate of the material
were introduced. Furthermore, the influence of physical aging on the mode of
relaxation located in the vicinity of the glass transition was investigated.

Keywords: Polyvinylchloride; Aging; Thermally stimulated currents method

INTRODUCTION

The effect of rubber annealing and physical aging on the microstructure
of polyvinyl chloride (PVC) was investigated in this study. The thermally
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stimulated currents (TSC) technique permitted the determination of
different relaxation and transition modes in the material. TSC measure-
ments were used to study the relaxation properties of dielectric materials
in the solid state, mainly because they allow working in ranges of very
low equivalent frequencies, as well as resolving transitions that cannot
be detected or separated using other techniques, such as fractional polar-
ization or partial cleaning.!'

The TSC technique consists in subjecting the material to a constant
electrical field, which orients sensitive dipoles.l”? The temperature is then
decreased (with the electrical field maintained) in order to reduce internal
motion, thus trapping the polarized dipole in the material. The electric
field is then switched off and the sample reheated, allowing thermal
energy to release the “trapped” molecular motions. As a result, a small
current is observed, corresponding to one or more types of relaxations.

The aim of this work is to analyze the nature of the TSC spectrum in
amorphous PVC, evaluate the relaxation time and the enthalpy of relax-
ation of the elementary processes, and determine the effect of rubber
annealing and physical aging.

The elementary processes (individual modes of relaxation) are
obtained around the glass-rubber transition o peak by using the thermal
windowing technique (thermal sampling or peak cleaning method).®!

The plot of log(t) = f(1/T), where t is the relaxation time, indicates
a compensation phenomenon that demonstrates the existence of an order
within the material in its amorphous phase.”’ This compensation
phenomenon is observed for each temperature of annealing. An empirical
formula is introduced that relates the rate of crystallinity to the tempera-
ture of compensation.

EXPERIMENTAL SECTION
Material and Samples Preparation

The measurements were carried out on polyvinyl chloride (PVC) (4000 M)
with K value 65-67 and polymerization degree, DP, 970-1070!"% supplied
by Cabel (Algiers, Algeria). The sample appeared as a white powder,
which was pastilled under 18 tonnes/cm” pressure. A sample of 1 mm
thickness and 1.2 cm? surface area was thus obtained.

The sample with electrodes shorted was put in the measurement
chamber, which was filled with inert nitrogen and maintained at a con-
stant pressure of 300torr (394 mbar). The current was measured with
an electrometer (Keithley 610C) and recorded using an X-Y plotter.
The platinum temperature sensor Pt100, which was mounted on a holder
adjacent to the sample, allowed the temperature to be measured with a
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precision of 0.1°C. A heating rate of 8°C/min was used. The complex
TSC spectrum was obtained by submitting the sample to a constant
electrical field E, = 3 x 10°V/m for two minutes at a temperature of
polarization 7, = 82°C. The sample was then cooled to liquid nitrogen
temperature at about 7= —175°C. The electrical field was then
suppressed at around 0°C and the electrodes short-circuited for 15min.
Finally, the sample was heated again at 8°C/min to 140°C and the
depolarization current recorded.

To study in more detail the relaxation mode, the peak cleaning
method was used by resolving the complex peak into an elementary spec-
trum with thermal windows of 5°C. The differential scanning calorimetry
(DSC) measurements were performed in a TA Instrument Q10 differen-
tial scanning calorimeter. The temperature of the instrument was cali-
brated with indium. The same indium sample was used for the heat
flow calibration. The calibrations were performed during heating at
10°C/min. The sample was placed in a sealed aluminum cupel, with the
powder of PVC fragments having a maximum contact area with the
cupel. The recording of the spectra of DSC transition was performed
for heating rates of about 10°C/min.

Basic Considerations for Peak Analysis

The obtained complex spectrum is a contribution of many dipole famil-
ies; the peak cleaning method was used to separate each family of dipoles
characterized by a unique relaxation time and activation energy. The
obtained peak is called an elementary peak.'!

For an elementary peak subjected to an electrical field at temperature
T, the sample acquires a polarization P as:

dpP P

a e M

where 7 is the relaxation time and t is the time.
After resolving this equation, it is found that:

todt
P(t :Poexp[—/ —} 2
where 7 is the relaxation time, which is dependent on the temperature T,
which in its turn depends on the time t’; Py is given by the equation:
N2

[12]

Py

where k is the Boltzmann cgonstant, N is the number of dipoles per unit
volume, p is the dipolar moment, T, is the temperature of polarization,
and E;, is the intensity of the electrical field of polarization.
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The variation of polarization is translated into a density of electrical
current J(T).

The Arrhenius formula is applied to describe the dependence of the
relaxation time 7 on the temperature:

«(T) = o exp (i—?) 4)

where AH is the activation energy, 7 !'is the characteristic frequency fac-
tor for a vacancy jump from one lattice site to another, T is the tempera-
ture, and k is the Boltzmann constant.

The expression of the density of current J(T) is:

P W) L[ (-]

where Py, 79, AH, k, T, and t’ were defined in Equations (1)—(4), and tis a
time.

In the range of temperatures where the material is in an iso-
configurational state, the plotting of the inverse of the temperature
versus the logarithm of the relaxation time gives a linear variation.
Eyring!'*! demonstrated this relation based on a model of two lattice sites
separated by a barrier of energy. Also, Hoffman, Williams, and Passa-
glial" demonstrated a linear relation between the enthalpy and the
entropy of activation:

AH = AHj + T AS (6)

where AHj is a constant related to the polymer, AS is the entropy, and T
(called the compensation temperature) is the temperature at which the
free enthalpy AG becomes equal to AH,. Therefore, the Arrhenius equa-
tion becomes:

AH /1 1
(T) = eXP{T (T - T_c) } (7)
where AH, k, T, and T, were defined above, and 7. is given by:
AH
S <kTC> (®)

The plotting of log(ty) versus AH gives a linear relationship.

RESULTS AND DISCUSSION

Figure 1 represents the DSC thermogram of the sample of amorphous
PVC. It shows the glass transition as a step covering a temperature
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Figure 1. DSC spectrum of amorphous polyvinyl chloride (PVC) samples; scan-
ning rate 10°C/min, PVC mass used 10 mg.

interval from 73 to 100°C. The glass transition is defined as the midpoint
temperature of the heat flow rise in the transition, which is about 86°C.
The melting point of the sample is about 288°C.

a-Relaxation Mode

It is well known that either a single peak with well-defined characteristics
or a broad peak including several overlapping peaks can be observed in
TSC spectra of the investigated material. Figure 2 displays a typical TSC
spectrum of PVC powder. The behavior of the o peak as a function of the
polarizing field E, displays a linear dependence, which is shown in the
inset of Figure 2. The temperature of the peak maximum seems not to
be affected by the change of the electrical field, remaining constant at
about 83°C. Ahmed and Fahmy!"” obtained a temperature of the peak
very close to our data (82°C and 83°C); the intensity of the maximum
current of the peak they obtained is also comparable in magnitude to that
found in this work.

The o peak is a complex spectrum attributed to glass transition and
to the o relaxation in the material.l'>'” The latter is clearly detected in
most amorphous polymers. The significant movements of the atoms of
the main chain associated with this transition indicate that the latter is
due to the amorphous segments animated with disordered ones.!'®:!"]

To study this relaxation mode in more detail, the o relaxation peak
has been experimentally resolved into a set of elementary spectra using
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the peak cleaning method with a thermal window of 5°C, as shown in

Figure 3.

Each of these elementary relaxation curves can be mathematically
transformed into their Arrhenius representation and plotted as log(t)
versus 1/T, which expresses the variation of the relaxation time versus
temperature as shown in the individual lines in Figure 4. The activation
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Figure 3. TSC peak profile for amorphous PVC sample obtained by thermal
windowing technique, polarization window AT = 5°C, T, varies from 55 to
100°C, polarization field 3 x 10° V/m, heating rate 8°C/min.
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Figure 4. Arrhenius plot of the relaxation times obtained from TSC measure-
ment for o peak. Dashed lines are fits according to the Arrhenius equation.
The graph shows a positive compensation around T = 86.93°C, t = 15s.

energy and 7, are calculated assuming a dipolar origin using the
Arrhenius equation (Equation (8)). The partial integration method is
used, and the results are reported in Table 1.

The value 2.15 (eV) of the activation enthalpy in the vicinity of the
glass transition is characteristic of a main relaxation mode.!'” The exist-
ence of a compensation phenomenon?®>! is observed for the o relaxation
mode. Indeed, from the Arrhenius diagram (Figure 4), it is observed that
most of the lines converge towards a single point. Its coordinates give the
parameters (T, = 86.93°C, 7. = 15s), which represent respectively the
temperature and time compensations. Furthermore, the linear evolution

Table I.  Specific parameters for « relaxation process involved in the release of
the current, determined by the peak integration method

T, (°C) Tm (°C) AH (EV) To ()

55 65 0.98 3.06 x 10714
60 70 1.53 2.70 x 10722
65 72 1.65 6.92 x 1072
70 76 1.70 2.38 x 107
75 81 1.78 2.74x 1075
80 86 2.15 3.57 x 107
85 91 2.78 8.38 x 107
90 93 3.23 1.11 x 107

95 98 4.71 1.33 x 107%
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Figure 5. TIllustration of the compensation phenomenon observed with the o peak.

of log(t) versus AH confirms the existence of such phenomenon charac-
terizing the mobile amorphous phase (Figure 5). This phenomenon is
associated with the existence of an order in the amorphous phase of
the material.®® Ahmed and Fahmy!"® obtained by TSC in PVC a
compensation temperature of about 86°C. This last value of T, is in a
good agreement with the value obtained in this work.

The last elementary peak, which is isolated at T,,,x = 101°C, repre-
sents a different behavior than those isolated at lower temperatures. In
fact, the Arrhenius plot of Figure 4 shows a nonlinear variation. This
peak is resolved using the Williams-Landel-Ferry equation:?*

+(T) = tov exp (ﬁ) )

where T, is a temperature whose determination allows a linearization of
log(t) = f(1000/T — T..), o is the free volume dilatation coefficient, and
Ty is an pre-exponential factor. The value of T, = 32°C seems to be the
best for the linearization of log(t) = f(1000/T — T.). The parameters o
(free volume dilatation coefficient) and 7, are reported in Table II.

Table II. Vogel parameters related to the peak isolated at Ty, = 101°C with
T, = 100°C, heating rate of 8°C, and polarization field E, = 3 x 10°V/m

T, (°C) Tonax (C) T (O Tov (3) o (K™

100 101 32 6.87 x 107! 597 x 107
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Table III. Various temperatures of annealing T, from 90° to 140°C with an
increment of 10°C; all samples were stabilized for t, = 20 min at the annealing
temperature T,

Sample

PVC, PVC, PVGC; PVC, PVC;s PVC,

T, (°C) 90 100 110 120 130 140

Study of Rubbery Annealing Effect

To bear out the effect of rubbery annealing on amorphous PVC, the sam-
ple was heated from room temperature to temperature T,, definitely
higher than the glass transition temperature T,. In this temperature
range, the material is in what is known as the rubbery state. As long as
the temperature is held at T,, this state is maintained during a time inter-
val At, = 20 min, which corresponds to the duration of rubbery anneal-
ing, which can vary. The application of this process on an amorphous
polymer produces a semicrystalline polymer.?®! This procedure is called
“cold” crystallization® due to the ordered structure obtained from the
glass state. In this work, annealing of six samples was studied. For every
sample, isochronal annealing was conducted at various temperatures T,
(Table III).

The complex spectra obtained for each sample are given in Figure 6,
which shows a diminution of the maximal current of the « relaxation
mode. This reduction is due to the appearance of a crystalline phase in
the material at its amorphous state.”>**) Consequently, some segments
of the main chain are more ordered, they have less mobility, and the «
peak decreases. In a similar work on PVC by TSC, Fahmy and Ahmed?*”
noticed a decrease of the magnitude of current as the time and tempera-
tures of annealing increased. This was due to the increase in the rate of
crystallinity y in the material as confirmed by X-ray spectrum.”! As
described above, for each temperature of annealing, the complex spectra
are resolved in elementary spectra. The Arrhenius representation (log(z)
versus 1/T) was plotted for each temperature of annealing. The appear-
ance of the compensation phenomena can be seen. Knowing the tempera-
ture of compensation T, and the temperature of glass transition, the rate
of crystallinity in the materials can be estimated using the deduced
empirical formula:

_T.(°C) = T4 (°C)
L= TTT.(0)

(10)
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Figure 6. Effect of rubbery annealing on the relaxation peak (o) for different
temperatures T,: (1) no annealing, (2) PVC, T, = 90°C, (3) PVC, T, = 100°C, (4)
PVC; T, = 110°C, (5) PVC4 T, = 120°C, (6) PVCs T, = 130°C, (7) PVCs T, = 140°C.
Polarization temperature T, = 80°C, heating rate 8°C/min, E, = 3 x 10° V/m. (Inset:
plotting of the maximal current versus temperature of annealing.)

where T, is the temperature of compensation and T, is the temperature of
glass transition.

Table IV reports the value of the crystallinity rate according to the
empirical formula (Equation (10)) with different values of annealing
temperature and compensation temperature.

Study of Physical Aging Effect

To study the effect of physical aging, the sample was heated to a tempera-
ture just above the temperature of glass transition in order to make clear

Table IV. Rate of crystallinity (y%) and temperature of compensation for
various temperatures of annealing T, 90° to 140°C with an increment of 10°C;
all samples were stabilized for t, = 20 min

T, (°O)

90 100 110 120 130 140

T, (°C) 93 97.3 100.13 103 106 110.2
7 (%) 7.53 11.61 14.11 16.50 18.87 21.96




16: 08 21 January 2011

Downl oaded At:

Aging and Annealing Effect on PVC a-Relaxation by TSC 111

40

Maximal curred (54)

30

20

Current (pA)

104

Temperature (°C)

Figure 7. Effect of physical aging on the relaxation peak (o) for different tem-
peratures T, (1) no aging, (2) T,e = 50°C, (3) Tay = 55°C, (4) T,z = 60°C, (5)
Tae = 65°C, (6) T,, = 70°C, (7) T, = 75°C. Polarization temperature T, = 70°C,
heating rate 8°C/min, E, = 3 x 10°V/m. (Insets: plotting of the maximal current
versus temperature of aging and plotting of the activation enthalpy versus
temperature of aging.)

the thermal history of the material. Subsequently, the sample was
stabilized at an aging temperature T,, below the temperature of glass
transition for a certain time called aging time t,,. The aging time was then
fixed to 20 min and the temperature of aging T,, was varied. Figure 7
shows the complex spectrum of the o mode for various temperatures of
aging. As can be seen in Figure 7, the effect of the physical aging is char-
acterized by a decrease in the amplitude of the a peak maximum. In the
higher inset of Figure 7, the variation of the maximum current is shown,
and the enthalpy of activation is evaluated using the initial rise method
(Equation (5)); the lower inset of Figure 7 shows a plot of enthalpy of
activation versus temperature of aging. Table V reports the values of
maximal current, polarization, and the activation enthalpy for each aging
temperature T,g.

We see that the closer the aging temperature is to the glass transition
temperature, the more the maximum of the o peak decreases. This is due
to the mobility of the chain near the glass transition temperature.””® The
diminution of the activation enthalpy is observed in the main material.”
Several studies demonstrate the diminution of the specific volume and the
activation enthalpy when the materials become aged.””! It has been
noticed that in PVC and for aging temperatures between 39.5° and
80°C, the Young modulus increases with the time of aging.”® This result
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Table V. Values of maximal current, polarization, and enthalpy of activation for
each aging temperature T,, varying from 50 to 75°C with an increment of 10°C;
all samples were stabilized for t,; = 20min, E, = 3 x 10° V/m, T, = 70°C

Tae (°C) Lnax (PA) Polarization (107 Cb/mz) AH (eV)
50 33.1 3.73 1.20
55 25.96 2.9 1.11
60 21.49 242 1.03
65 18 1.99 0.97
70 14.86 1.65 0.90
75 12.7 1.42 0.80

confirms the diminution of the molecular mobility, and as it is related to
the structural relaxation, the free volume in the material decreases. The
diminution of the activation enthalpy leads to the diminution of the
entropy S. The material evolves from the metastable state, with higher
configurational entropy and enthalpy, to the equilibrium state. This situ-
ation followed the collapse of the configurational rearrangement for the
temperature below the glass transition temperature, at which the equilib-
rium state would not be attainable.*!

CONCLUSION

The thermal relaxation behavior of PVC has been investigated by the
TSC technique over a wide range of temperatures. The measurement
reveals the existence of a relaxation mode around the glass temperature.
The o peak obtained at T, = 80°C is attributed to the dielectric mani-
festation of the glass transition. The complex spectrum has been resolved
into elementary peaks, characterized by one relaxation time. The
Arrhenius diagram shows a linear dependence between log(z) and 1/T.
The enthalpy of activation AH is then deduced, and the value of
AH = 2.15 (eV) around T,,.x = 86°C characterizes the glass transition.
The appearance of the compensation phenomenon has been seen. It is
attributed to the existence of an order within the material in its amorph-
ous phases. The investigation has been extended to the effect of rubber
annealing on o relaxation mode. The latter is characterized by a dimin-
ution of the maximum current due to the growth of the crystallinity frac-
tion in the material. The rate of crystallinity is estimated using an
empirical formula. Then, the effect of physical aging is studied over the
o mode. A diminution is noticed in the maximum current of the o peak
as well as in the activation enthalpy. This diminution is due to the
evolution of the polymer from a metastable state to a stable state in
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the presence of residual mobility. However, if the temperature of aging is
far below the glass transition temperature (more than 40°C), the materials
would never attain the equilibrium state and the motion would be
stopped because of the increasing mobility.
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