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Abstract

The glass transition region of novolac phenol-formaldehyde (NPF) resin was investigated by
integral and partial thermally stimulated depolarization current (TSDC). The experiments were
performed on samples with admixtures which might influence the behaviour of the resin. The
analysis of the activation energy vs. temperature showed three relaxation stages. Each stage was
characterized by the relaxation map and the compensation temperature (T;). The T, related to
the middle stage coincided with the glass transition temperature (T), while the T, and T, were
shifted. A model was proposed for unification of T, and T, by including necessary changes in the
relaxation parameters. For this purpose, an additional activation energy had to be introduced
which was considered as the measure for the rigidity of the investigated system in certain
temperature regions.

Keywords: Compensation phenomenon; Glass transition; Novolac phenol-formaldehyde; x-
Relaxation; Thermally stimulated current

1. Introduction

The use of partitioning in the measurements of thermally stimulated depolarization
current (TSDC) has become very popular as it enables one to divide a relaxation
process into a series of elementary processes [ 1] and to obtain a real distribution of the
relaxation parameters. The partitioning is based on the so-called “thermal windowing”
experiments. An elementary depolarization process is produced by partial polarization
within a narrow temperature window to isolate a narrow relaxation component [2].
The obtained data for relaxation time and temperature for each of the elementary
processes are usually collected in the so-called relaxation map (RM) [3]. The RM is
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a set of Arrhenius lines
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where 7 is the relaxation time of an elementary peak, 7, is the pre-exponential factor and
E is the activation energy expressed in eV. If the Arrhenius lines converge to a single
point, it is considered as the point of compensation with the coordinates: compensation
temperature (T.) and compensation relaxation time (t.). Usually, the polymer system
has more than one T.. Each T, indicates a separate ordering in motion. The more
distant the T,’s are, the greater the ordering segregation [4]. Generally, relaxation map
analysis and the compensation phenomena can be used to characterize the polymers in
quite a different way from other thermal analysis methods [5].

The integral TSDC investigation of pure novolac phenol-formaldehyde (NPF) resin
was performed in 1978 [6]. The origin of peaks which appeared in the vicinity of T, was
explained and the distinction between the dipolar a-peak and the space charge p-peak
was discussed [7,8]. The first TSDC study of NPF by use of the partial technique was
performed in the f-temperature range from 137 to 270 K [9]. Analysis of the Arrhenius
lines showed three different T,'s. One of them was very close to the glass transition
temperature (T,), while the other two were far away and were even irrational
(10%/T, <0). The T, almost coinciding with T, was explained as the consequence of the
free motions not being inhibited by the surrounding structure. The irrational T’s were
explained in terms of inhibited motions. The presence of water in NPF significantly
influenced the position of the T,’s [10]. All the motions were attributed to the rotation
of the phenyl rings.

The aim of this paper was a more thorough study of the glass transition in NPF by
use of partial measurements and the search for compensation phenomena. Another
reason was to consider the physical meaning of the T.’s and the relation between 7, and
T,. Experiments were carried out with pure resin and the resin with additions. The
samples were designed as follows: 1, pure resin; 2, resin with 10 wt% of CaCQ, calcite;
the crystal structure of CaCQO, is centrosymmetric and, therefore, dipole—dipole
interaction between the resin and the filler is excluded; 3, resin with 10 wt% tartaric acid
anhydride (TAA); the crystal grains of TAA possess a permanent dipole [11].

2. Experimental

The preparation of NPF resin was described in a recent paper [9]. The M, was 603.
The T, determined by DSC was 334 K. The fillers were analytical grade crystalline
powders with non-defined particle sizes. The resin and filler were mixed and ground in
a mortar. The mixtures were melted at 373-383 K for 15 min. The samples were 13.6
mm in diameter and 1 mm thick with silver-coated brass electrodes. Other details are
given elsewhere [6,12]. The integral TSDC measurements were performed in the
following way: preheating up to 373 K in the short-circuited state (s.c.s.), polarization
by anelectricfield E, = 4kV cm™ ' at T, = 333 K for 20 min, cooling to the temperature
T, =298 K under E_, storage relaxation at T, in the s.c.s. for 30 min, and depolariz-
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Fig. 1. (a) Procedure for integral TSDC measurements: E , polarization field; T, polarization temperature;
T, storage temperature; t,,, time of preheating; t,, polarization time; ¢, storage time; t,, heating time for
current stimulation. (b) Procedure with the partial polarization: AT, partial polarization temperature; t,,
time for stabilization of cooling rate; At,, partial polarization time.

ation by heating. The cooling rate was 5 K min~ ! and heating rate 2K min~ ' The runs
with the partial polarization were performed differently: preheating up to 373 K,
coolingto various T in thes.c.s. (2K min~ 1, cooling under E,=4kVcm~ 'from T, to
T, —5K (2K min™"),coolingto T in thes.c.s.(SKmin~ ') and storage at T, in thes.c.s.
The time of cooling and storage together was 30 min. Depolarization was performed by
heating at 5 K min~!. In comparison with the recent paper [9], the partial polarization
was simplified so that the E, was applied just during continuous cooling in the
T,— 5K =AT “window”. The same approach was used successfully by other authors
[13]. For a better understanding of the experimental procedure, the related E,, T()
diagrams are drawn in Fig. 1. Diagram (a) is related to the integral runs while (b) is
related to a typical run with the partial polarization performed at AT, = 348-343 K as
an example. The current was measured by a Keithley 617 electrometer.

3. Results and discussion
3.1. Integral TSDC measurements

Depolarization curves of a freshly prepared batch of pure NPF and of NPF with
fillers are shown in Fig. 2. The integral measurements in the a-range were performed in

order to obtain a preliminary insight into the influence of the admixtures. The relatively
low T, of 333 K was chosen in order to avoid the occurrence of the Satellite p-peaks.
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Fig. 2. Plot of TSDC versus temperature for different samples: R, NPF resin; C, resin with CaCOj; T, resin
with tartaric acid. E,=4kV cm™', T, =333 K. T,,, temperature of the peak maximum.

/TSD o

The curve R with maximum at T, = 334 K was obtained with pure resin. The curve Cis
for resin filled with calcium carbonate. The curve T is for resin filled with TAA. One can
see that the addition of calcium carbonate has practically no influence on the
depolarization process. Only T, is slightly shifted to 339 K, probably due to the change
of thermal conductivity in the sample. The addition of 10 wt% TAA increases the
maximum current (/) three times. One can assume that hydrogen bonding between the
components takes place which increases the dipole moments of the moving parts in the
resin.

3.2. Partial polarization

Partial polarization was performed on samples R, C and T. The temperature range
from 288 to 348 K was partitioned into a series of elementary peaks. The peaks were
normalized by subtraction of the parasitic current [12] and the net values for I, are
shown in Fig. 3.

The activation energy E of the elementary peaks was determined by the Christodoul-
ides method [9, 14] using the equation.

IT, T

= - 2
7940(T, — T,) 14866 @)

where T, is the temperature related to I,/2 (low temperature side) and T, is the
temperature of the elementary peak maximum. As the peak is obtained in a relatively
narrow temperature interval, the calculated E can be approximated as a unique value
for the entire elementary peak. The values of E versus T, are shown in Fig. 4. Despite
some dispersion of the points, one may consider two distinctive groups of points and
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Fig. 3. Parameters of elementary peaks obtained by partial polarization. Symbols of samples as in Fig. 1.
Arrows are related to T, obtained in integral measurements.

draw the most probable lines 1, and 1, for all three samples. It was also possible to
introduce an additional middle line 1, between 1, and 15; 1, is defined by points P and P’
in Fig. 4. In the determination of 1, for sample R, the deviated point at T, = 343 K was
neglected. In further analysis, the elementary E values were replaced by E, values which
fit the drawn lines.

All the elementary peaks up to the maximum E are related to the « depolarization
process while the last high temperature peaks are related to the satellite space charge
p-process. In spite of the origin of the released charge, all the results in Fig. 4 represent
the entire energy course of the glass transition. The changes in dielectric behaviour are
a reflection of the changes in the order of the molecular motions.

3.3. Relaxation map analysis

Fig. 5 shows the RM for pure resin. In general, a relaxation line can be drawn on the
basis of a few values for In ¢(7) of an elementary peak and extrapolated to the
compensation point [3]. We determined each of the relaxation lines by two indepen-
dent values, a point and a slope, which can be obtained with the highest possible
accuracy [9]. The upper points are related to the T, of the elementary peaks. The
related 7(T ) values are obtained by the equation

(Ty) = AT W)/ 3)
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Fig. 4. Eversus T, for different samples, related to the elementary peaksin Fig. 2:1,,1, and ], are fitting lines,
s, simulated line; P and P’, spanning points; a/b, ratio of the energy jump; E, average activation energy for 1,
range; AE,, additional average energy to achieve simulated function. Dashed arrows are related to the
elementary peaks with maximum amplitude in Fig. 2.

where 7 (T ), Q(T,) and I, are the relaxation time, residual charge and current at the
peak maximum, respectively. The slopes are determined from E,.

The RM can be drawn or approved mathematically by use of the so-called
compensation line equation [ 15]

E,
0.0862

3
Inroz—chx +Int, 4

This represents a linear function In 7 (E,) in which the negative slope is equal to
10%/0.0862 T,, while the intercept is equal to In .. The related In 7, is determined by
Eq. (1).

As regards the sample R, the initial stage of relaxation related to the line 1, from
Fig. 4 shows the compensation at T_; = 363 K. For the final part of the relaxation
related to 1,, the Arrhenius lines are divergent, showing the compensation at
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Fig. 5. Relaxation map (RM)In t versus 10*/T for NPF resin: I's, temperature regions related to fitting lines
in Fig. 3; T ’s, compensation points. Arrows show T, of the elementary peaks. Dashed arrow is related to the
maximum amplitude peak. Inset: simulated RM with the unique T for |, and 1, regions: O, experimentally
obtained 7; @, simulated t.

T.; =288 K. It is interesting to examine the middle 1, stage and to determine the
related compensation point with only two Arrhenius lines. The compensation
T,, occurs at 343 K which is close to T,. Taking into account the differences between the
two techniques (TSDC and DSC), T, can be approximated to be equal to T,. The
highest slope of 1, in the E(T,,) function corresponds to the highest change in entropy of
the entire relaxation process. This is in agreement with the standpoint that T, occurs at
the maximum of entropy and enthalpy [16]. Instead of the enthalpy of activation (A H),
we write the energy of activation. If one takes

E=AH +RT (5

and knowing that RT is equal to 0.026 eV at room temperature, the energy is
practically equal to the enthalpy. In general, for a certain temperature rate in the TSDC
runs, the position of T, obtained in the described way is dependent on the accuracy of
the parameters of the elementary peaks as well as on the width of the “temperature
windows”.

The RM for samples C and T is shown in Figs. 6 and 7, respectively. The
compensation parameters T and 7, are listed in Table 1. In the initial stage of
relaxation for all the samples, the Arrhenius lines are convergent, giving T, higher
than T, The difference T, — T, increases from sample R across C to sample T.
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Fig. 6. RM for resin with CaCO,.
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Fig. 7. RM for resin with tartaric acid.

According to the recent discussion [9], the position of T, in general depends on the
whole structure interference with molecular motion. Such a conclusion can be sup-
ported by the general discussion about the influence of the hindered molecular mobility
on T, [16]. The difference T, — T is anindication of the width in the distribution of E,
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Table 1
Comparison of results for compensation temperature (T ), compensation relaxation time (t_), factor of energy

jump ( f), average activation energy in l, region (E) and related average energy of internal interference (A_E-,)
for different sample

Samples T../K T..,/K T.5/K I Efev AE, /eV
rcl/s Tcl/s TCJ/S

R 363 343 288 1.73 1.6 1.15
0.29 14.0 1.2 x 10"

C 382 344 199 1.94 1.3 1.2
0.16 328 6.9 x 10**

T 391 343 236 2.06 1.3 1.4
0.023 17 2.8 x 1024

* Approximately coincides with T,.

showing the variety in the molecular motions of the resin. Athigher T _,, alower variety
in the motions exists. The highest T, obtained for sample T can be explained as being
caused by the hydrogen bonding between TAA and NPF. In contrast, the Arrhenius
lines for the 1, region are divergent (in relation to the increasing T), giving T s way
below the T, value. This is a consequence of the post-transition state in the polymer in
which the change in E versus T, is very small or even negative. Such a behaviour was
also present in the S-relaxation of NPF at the end of the relaxation process [9].

3.4. Unificationof T, and T,

Considering T, as the temperature of the cooperative motion, the T, itself is the
compensation point at which the different tendencies of motion are unified. A question
arises as to how to explain the occurrence of various T_’s and their shift in relation to
T,. This problem was discussed in the previous paragraphs. As a contribution to this
discussion, let us analyse once again the initial stage of relaxation in sample R. The
function E(T ,,) was one of the main factors for determination of the related RM. For the
region 1,, the obtained T, occurred at a temperature higher than T, but for 1, the
value of T, was practically equal to T,. The shift of T, towards higher temperatures
was proposed to be caused by an internal structure interference. What should one
change in the function E(T,) for 1, in order to unify regions 1, and 1,, and achieve
T., =T, = T,?Thefirststepis the introduction of a new simulated energy (E;) which
could overcome the structure interference

E,=E, + AE, (6)

where AE_ is the additional energy required for compensation of the surrounding
structure interference. To draw a new RM with the unified regions |, and |,, a simulated
equation is proposed

E,+AE, 10°

X —+1In1, + Aln 1, (7

l =
Int+ Alnzt 00862 T
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or

3

10
= 00862 % T T ®

Int

The simulated parameters with the subscript s are determined as follows. E, can be
calculated from

E =E xf 9)
and
f=a+b (10)
a

where f'is the factor of the energy jump in the 1, region, while a and b are defined in
Fig. 4. The simulated line E(T,) is drawn as line s in Fig. 4. The remained z, can be
obtained by use of the compensation law [15]

E 10° 103
TaoRes\ T T T 1
In7= 50862 ( T T, ) +n. ()
with the simulated values for E,  and the unique T, =T,
E. [10° 10° "
= ()4 1
Int. =5 0862 ( T Tg> Finte (12

Now itis possible to draw the simulated RM for sample R which is shown in the inset of
Fig. 5in which all the Arrhenius lines of the 1, and 1, regions are gathered into a unique
T,= T, Such an analysis was performed for samples C and T as well. According to
Egs. (6) and (9), the proposed energy of internal interference AE, is

AE,=E(f~1) (13)

For the comparison of different samples, the mean AE, for the 1, region was calculated
and is given in Table 1. Finally, one can conclude that the shift of T, in comparison to
T, occurred because the Brownian motion is not sufficient to overcome the resistance
in the matrix during the initial stage of relaxation. This additional energy could be
ameasure of the rigidity in the investigated amorphous polymer systems. Therefore, the
results of AE, show an increase from sample R across C to sample T. The last case is
probably caused by the hydrogen bonding at the interfaces between the resin and TAA.

4. Conclusions

The integral TSDC measurements of NPF across the glass transition were per-
formed on samples with different admixtures which might interfere with the behaviour
of resin. The addition of 10 wt% of TAA caused a three-fold in 1. This was explained in
terms of the interaction of the polar TAA with the moving parts of NPF which
increased the polarizability in the resin.
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Other measurements were performed by partial polarization in which the glass
transition range was covered by 11 separate runs. The elementary peaks obtained were
defined by E and (T ). The analysis of the E(T ) function shows three different linear
stages 1, 1, and 1,. This enables one to draw the related RM’s and to determine the
related T 's. The initial stage 1, shows the T s at higher temperatures than T, while the
final regions, 1;, show T 's atlower temperatures than T,. The T, ,, which is related to the
span between the stages 1, and 1;, was practically equal to the T . It is proposed that the
shiftin T ’sin relation to T is a consequence of the hindered molecular motions caused
by the interference with the surrounding resin structure. An attempt was made to model
a simulated RM for stage 1, in which T, would be equalized to T, e.g. T,. For that
purpose the relaxation parameters were modified and an additional energy AE, had to
be taken into account. AE, might be understood as being equal to the energy of the
internal interference and a measure for the rigidity of the investigated systems. The
calculated AE, for different samples showed a variation dependent upon the admix-
tures. The highest AE, was found in resin mixed with TAA, possibly due to the
hydrogen bonding.
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