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Abstract

In this paper we present an electrical model of simulation. This model is used to simulate
Thermally Stimulated Depolarization Current measurements. The time constant of the model
shows the same temperature behaviour as that observed for amorphous materials. The compu-
tations by means of SPICE software give results which are very close to be behaviour laws
used in the theory of relaxation in amorphous materials.
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Introduction

It is well known that the structural relaxations which principally occur during
physical aging insideill-ordered materials, (glasses, polymers) are strongly tem-
perature dependent.

Indeed, during the production of an amorphous material by melt-quenching, a
rapid decrease in temperature, in a temperature range near the glass transition (7y),
induces an increase in the viscosity so large that the initial thermodynamic state is
frozen-in.

The diagram of Fig. | allows us to represent the evolution of enthalpy H (or
any other extensive variable: V,...) vs. temperature during the production, aging
and reheating of an amorphous material. Above 7T, (from A to B), the low viscos-
ity permits a structural relaxation fast enough for the enthalpy to follow the equi-
librium law. The large increase in viscosity below T, leads to a freezing of the
structure. The actual enthalpy H (curve B—C) diverges from the extrapolated
equilibrium law (dashed line) and has a very small variation. By isothermal an-
nealing at a temperature Ta<Ty, a slow evolution (C—D—E) takes place, which
corresponds to relaxation towards equilibrium.

The relaxation process, at temperature 7, can be described by the following

equation:
dH H-H.
)" 0
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Fig. 1 Enthalpy H vs. time ¢ for glassy materials

which takes into account that the relaxation rate is proportional to the deviation
of the actual enthalpy from the equilibrium value He, and in inversely propor-
tional to the relaxation time 7.

In order to describe the physical dependence of the relaxation rate on both
temperature and structure (i.e. the departure from equilibrium), the relaxation
time 7 is assumed to take a simple form, used previously by most authors [1],

T = Te exp[—c(H — He)] 2)

where Te=aexp(AE/kT), a, c and AE are constants and k is the Boltzman constant.

So, all thermal analysis methods are particularly convenient to study the ag-
ing behavior and to determine the connected time constants. Among these meth-
ods, the most commonly used are: Differential Scanning Calorimetry (DSC),
Dynamic Mechanical Thermal Analysis (DMTA), Dielectric Thermal Analysis
(DETA). ‘

Although the Thermally Stimulated Depolarization Current (TSDC) method
is scarcely used, it is a powerful tool to study low molecular motions in amor-
phous materials.

The aim of this paper is to establish an electrical model which allows, by
simulation, a large set of experimental parameters of TSDC to be determined. In
the range of T, the quantity (H—H.) approaches zero and T assumes approxi-
mately the value 7. In order to simulate the variations of the time constant 7.
with temperature, we propose in the first part a circuit diagram of an experimen-
tal set-up built with current devices and its simulation carried out by the SPICE
software. In the second part, we propose the simulation of a set-up whose time
constant 7. follows Eq. (2) but which is quite difficult to build with usual de-
vices. Finally, we compare simulated results with experimental ones obtained
for amorphous polyethylene terephthalate.
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Theoretical development

Although rather old [2], (the first theoretical developments of the TSDC
method were proposed thirty years ago by Bucci and Fieschi [3]), the method
has become useful since the seventies, to study the storage and the flow charge
mechanisms in semi-conductors and insulators, and now, it is used for the char-
acterization of molecular motions occurring in polymers [4-6].

Represented in Fig. 2, the essence of the TSDC method can be given as fol-
lows. Polarization is done during #, (2 min) at temperature T, chosen in such a
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Fig. 2 TSDC method a) Block diagram of the TSDC experimental apparatus. b) Voltage ap-
plied to the material vs. time. ¢} Temperature vs. times. d) Depolarization current vs.
time, ¢} Position of switch vs. time
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way that no isothermal crystallization appears and under an electric field of
10°V m™. Then, the sample is cooled to 7,=—150°C, the electric field is cut off
and the depolarization current is measured during reheating up to 7}, at
10°C min™".

In its simplest expression, the depolarization of a dielectric is given by:

P=P. exp(%j 3)

where P, is polarization at saturation, T the temperature and AE the activation
energy.
Then, the polarization behaviour can be simulated by an RC network
(Fig. 3) whose differential equation:
dv

TE-'-V:O (4)

has RC as time constant.

CT v

Fig. 3 Network used for the computation of the current

In fact, in a vitreous material, because of structural relaxation, the time con-
stant depends on the temperature and structure. Then, following Tool [7], itis
usual to separate the temperature dependence f{7) and the structural variation
g(€) (cooperative effects). In this model, used in many previous works [1], the
relaxation time can be given by:

AE
In(7) = In(a) + T c(H - He) ; (5)

where the constants a, AE and ¢ depend on the material; A is the enthalpy at the
aging time ¢ and H. the enthalpy when the aging is achieved. Hereafter we con-
sider that, in a small range of temperature around the glass transition tempera-
ture T, the enthalpy deviation can be neglected in Eq. (5). Therefore the relaxa-
tion time should be given by:

. p[% (6)
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To take into account the temperature dependence of the physical relaxation
time (Eq. (6)), the value of R of the RC network must depend on temperature
as follows:

(7)

AFE . To
R=R, exp[ﬁJ with 0= “C‘;

If it is possible to use such a device, it is very difficult to assure a large
range of variation of R, and AE to test the model. This difficulty could be over-
come by expanding, at the first order, Eq. (6) around a temperature 7. (7 is an
arbitrary value in the range of Ty).

—AE
T="1, eXp[ﬁ—i] eXp[M2 TJz Ty exp(=bT) (8)

<

It follows that:

R=Ryexp(—bT)  with Ry= T—C" (9)

Figure 4 shows the new circuit diagram of the electronic simulator in which
the resistor R is given by input impedance Z. of the network inside the broken line.

ClonC: E Lo

Fig. 4 Circuit diagram of the experimental apparatus
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In this network, the voltage-controlled current source is monitored by the
output voltage of the multiplier M:

genel=gv ,  with veu=g v, (10)

The exponential behaviour of Z. is obtained by means of a (—R;C}) parallel
network with the initial condition V;:

t
v, =V, exp(RlclJ (1)

Indeed, the input impedance is given by:

v 5

- = = expl - —— 12
i ggvV exp(t/R,C) 88V, p( Rlcl] (12)

Ze=

Now, it is sufficient to assume that the temperature depends linearly on time
(like in TSDC, T=Tini+rt with the temperature rate r) to obtain the behaviour de-
scribed in Eq. (8).

If this network is not difficult to construct (the different elements are avail-
able from usual devices), the principal interest does not lie in its realization but
in its response to variations in the values of the built-in components. So, instead
of a physical apparatus, we have simulated it by means of the SPICE software.
The simulation electrical diagram and the connected program are given in Fig. 5.

— ‘[ genel = v, v =
v 1a R v,
RO C 1
0
RO a 0 1e30
[ a 0 0.2n
genel a 0 poly(2) (1,0) (a2,0) 0000 1
c1 1 [+ 14u
233 b3 o -le6
JIC ¥(a) = 100
.IC V(1) = 0.128e-12
Jtran 1 120
. probe

.end

Fig. 5 Electrical diagram used in the simulator
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In addition to the R;, Ci, genel and C devices, we notice the presence of an extra
resistor R,. The value (10*° Ohm) of this resistor imposed by the software (all
nodes of the network must be connected to ground by a finite resistor), was cho-
sen in order to keep the characteristics of the electrical scheme.

For instance, the set of values indicated in Fig. 5, simulates an experimental
set-up whose time constant is:

T =1y exp(=br) = 1600 exp[ 14j (13)
The simulated current shown in Fig. 6, has the same shape as an experimen-

tal TSDC curve.

600pA +------ - A e +--- - —“+ - +
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o 1(genel)
Time

Fig. 6 Current depolarization vs. time obtained by the computation

In a TSDC experiment, the time constant T is determined from the depolari-
zation current #(¢) as follows [9]:

Ji(z’)dt’
t
=" (14)

The duration of computation of the time constant from Eq. (14) is very im-
portant, so we prefer calculating this value from Eq. (15).

(1) 0
(f) = R(1)C = lmc_ —g_v_(t_) (15)
dr
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Fig. 7 Variation of 1 vs. time
v(a)

dv(a)
dr

oo o t
1 1 1
1,0 = genel Jt.genel dr= genel ;':genel dr ~ gencl J;genel dt ()=~

The variations of T with time calculated by both Eqs (14) and (15) dis-
played in Fig. 7, show that

* the two ways used to determine 7 lead to identical results,
* the calculated values (T6)cal and (5)car (Tocar=1600.06 s, bs=0.0716 s™') are
in good agreement with the theoretical ones (1,=1600 s, b=0.0714 s™").

In spite of this good agreement, the use of this model is not very suitable.
Indeed, the variations of the time-constant T with temperature are described by
the law exp(—bT) (Eq. (8)) whereas T varies as exp(AE/kT) in TSDC discus-
sions.

However, the interesting fact is the behaviour of the electrical model rather
than its realization, so we propose hereafter a new scheme, which is more diffi-
cult to build, but whose time constant varies with temperature similarly to the
TSDC behaviour and follows Eq. (6): exp(AE/kt).

To reach this goal, we build the following schematic diagram: (Fig. 8)

a) the simulator (C, genel) of the time constant is still placed between
nodes 0 and a (as in the previous set-up) but the voltage controlled current
source is now monitored by a mathematical function given by the simulator
software SPICE instead of a physical voltage:

AE) (16)

1 Az
genel = TovC exp( T

Then, the impedance equivalent to the current source is equal to:
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To AE (17)
R= c eXp| Jr
and follows Eq. (6).
b) Compared to the old diagram, in this new diagram, we have added a func-
tion e, between the nodes 0 and b. This simulated voltage allows the variation of
T with temperature to be described by the following expression:

eb="Tini T 1t

with r=heating (or cooling) rate, t=time, Tin=initial temperature.

a b c d
1 l i ,
TS v ‘{i e v v
Rx [o4 b J Rb c Rc d Rd
0
AE
Ve kv
genel = —7— ey = 300 + 10 # time / 60
(o]
T £
T heating rate 10K/min
ini
Rx a 0 1e30 “12
T T 0.2 10 AE = leV
c a ] 0.2n ! !

genel a 0 value = {v(a)* 0.2n 7/ (0.2p * v(c)) * exp(-11594%v(d)/v(b))}

.IC v(a) = 100

Rb b 0 1e30

eb b 0 value = {300 + 10 # time /60}
ve ¢ 0 bc 1 heating rate 10K/min
Re c 0 1e30

vd d 0 oc 1

R4 d 0 1e30

.step ve list 1 2 4 8

.tran 1 600

.probe

.end

Fig. 8 New block diagram of simulation
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¢) The simulated voltages v., v4 allow the variations (function .step of SPICE)
of physical (t,, AE) parameters which depend on the nature of the material.

The block diagram of simulation is presented in Fig. 8 and the SPICE pro-
gram is given for the following set of experimental values:

C, 0.2nF

T 02ps(*1,2,4,8)

AE 1eV

r 10K min™

Tini 300K

Duration of experiment = 600 s (function .tran of SPICE).

e S T S &

+ ot
Os 100s 200s 300s 400s 500s 600s
o u o+ o I{genel)
Time

Fig. 9 Current depolarization vs. time 1) 7,.=0.2 ps, 2) 1,=0.4 ps, 3) 1,=0.8 ps, 4) T =1.6 ps
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Fig. 10 Variations of Int vs. 1/T (obtained from Fig. 8). 1) 1,=0.2 ps, 2) 7,=0.4 ps, 3) 7,=0.8 ps,
4)1=1.6ps
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The resistor Ry plays the same part as in the first set-up, whereas Ry, R, and Ry
are imposed by another restrain of SPICE software (two devices at least must be
connected to a node).

From Fig. 9 which displays the behaviour of the simulated current vs. time
(or vs. temperature: the time axis and temperature axis are equivalent by:
T=Ty,+rt), we calculate the time constant by Eq. (15) (as in a TSDC experi-
ment). According to the model and to the initial value of 1, Fig. 10 which col-
lects the variations of Int vs. 1/7, shows a set of straight lines whose slopes are
equal to 1 eV. In the same way, varying the activation energy AE leads to a set of
converging straight lines.

Comparison with TSDC results

A TSDC measurement can be carried out in two ways: whole (or complex)
polarization or fractional polarization.

a) the complex spectrum, obtained following the method described in
Fig. 1, is characteristic of the behaviour of the whole of the sample.

b) in the fractional polarization method [9], an elementary spectrum is char-
acteristic of the relaxations occurring in the temperature range between the po-
larization temperature 7T, and the depolarization temperature 7.

The methods lead to parameters T, of about 107 and 107", respectively.

We compare the simulated experiments with a TSDC elementary spectrum
measured for an amorphous polyethylene terephthalate (PET) sample.

Figure 11 shows the elementary spectrum obtained for T,=50°C, T4y=45°C,
V=450 V and =10 K min~". From this curve, the semi-logarithmic plot of T vs.
1/T shows a linear behaviour in the temperature range 40~70°C (Fig. 12). The

MMWrM’j/

/ A

10 20 30 40 S0 60 70 80 90

Fig. 11 Elementary spectra obtained for amorphous polyethylene terephthalate (T,=50°C,
T,=45°C, V=450 V, /=10 K min™")
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Fig. 12 Variation of 1 vs. 1/T (obtained from Fig. 11)
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Fig. 14 Variation of T vs. 1/T (obtained by the simulator)

J. Thermal Anal., 50, 1997



BAYARD et al.: ELECTRICAL SIMULATION 453

left part of the curve in Fig. 12 must be cut because it corresponds to a numerical
divergence in the computation of Eq. (15) (0/0 term). Then Eq. (2): Int=
AE/kT+InT,, leads to: AE=0.968 eV; Int,=—28.7.

Now, these experimental values are used in the software of simulation de-
scribed in Fig. 8 (instead of arbitrary ones).

Then, not only the simulated current curve (Fig. 13) has the same shape as the
real one, but also the variations of T vs. 1/T (Fig. 14) lead to 1,=—29.7 s and
AE=0.969 eV. The good agreement of these results shows that the block diagram
described in Fig. 8 allows the simulation of concrete TSDC experiments in a
very reliable manner.

Conclusion

In this paper, we describe an electrical model whose time constant shows the
same behaviour as amorphous materials. In the first section we propose a
scheme (and its simulation by means of the SPICE software) of an electrical set-
up whose relaxation time law is equal to exp(—bt). In the second section, we de-
scribe a program which allows the simulation of an electrical model whose re-
laxation time is given by 1, exp(AFE/kT). In this case, the shape of the T vs. tem-
perature curve is very close to the behaviour law used in the theories of relaxa-
tion in amorphous materials. Then, the response of this second model compared
to experimental results obtained for amorphous polyethylene terephthalate
(PET) shows the similarity of the values of 1, and AE (measured on PET and
simulated by means of this set-up). This good agreement proves the reliability of
the model of simulation. Nevertheless, for complex spectra it remains a slight di-
vergence between calculated and experimental results in the range of lower tem-
peratures (below Ty). Indeed, the lower the temperature below 7', the greater the
effect of the structural term H—H.. So, this term is not negligible in the behaviour
of the time constant. Hence, in future simulations it will be necessary to intro-
duce the structural dependence.
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