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When a reaction takes place in the sample within a range of the periodicaly 
varying temperature some quantities characterizing the temperature varia­
tion of the sample change and from the shape of these temperature variations 
(periodic thermal analysis curves) the character of the investigated process 
may be estimated. 

The principle of proposed periodic thermal analysis method (PTA) is based on 
the recording of r e l a t i ve^ fast periodic temperature changes of the studied sample 
about an average value which may be rapidly changed to a great extent and put 
into an interval where the process under investigation stakes place in the sample. 

A heating device must, therefore, have a small temperature inertia. For this 
reason, a sample has been placed either on or in the junction of a thermocouple 
heated by means of high-frequency current, which has been amplitude-modulated 
by a low-frequency signal. In this case, the amount of sample must be small in order 
tha t the temperature difference between the sample and the junction might be 
neglected. 

The first par t of this study deals with the PTA application to the equilibrium 
temperature (Te) determination in heterogeneous systems provided tha t the number 
of present phases remains constant. In the second par t the possibilities of using 
this method for the study of some processes in which the number of phases in system 
changes will be discussed. 

Simultaneous heating and temperature measuring with a sample on thermocouple 
junction heated by alternating current was used by Ordway [1] and other authors 
[2—4]. DTA of small sample amounts (as small as 1 (jig) placed in thermocouple 
junction was developped by Mazieres [5—7]. 

Equipmental 

Practical examination of the suggested PTA method was carried out by means of an 
equipment, the block diagram of which is represented in Fig. 1. 

High-frequency signal generated by the oscillator I is modulated by means of an 
amplitude-modulator 3 and modified to suitable amplitude by low-frequency modulation 
voltage supplied by a modulation frequency supply 2. After amplification in a selective 
power amplifier 4 the amplitude-modulated high-frequency signal passes through an 
adaptation transformer and filter of the type ,,high pass filter" 5 into measuring head 
with proper thermocouple 6. The limiting frequency of high-pass filter is chosen in 
a manner that this filter should not represent a short circuit for the d.c. component 
and low-frequency spectrum of thermocouple voltage. 
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Fig. 1. Block diagram of the equipment used for PTA. 

After filtering the high-frequency components of thermocouple voltage by using 
„low pass filter" 7, the measurement of d.c. component of thermocouple voltage, that 
means the average temperature, is performed in a block 8. The block 9 represents an 
amplifier of the time-variable component of thermocouple voltage, whereas the block 10 
is a differential amplifier. On the oscilloscope 11 the relation 

dT 

dr 
íľ(T) (1) 

can be observed. I t is also possible to eliminate the differential amplifier and to convey 
the temperature-proportional signal to the vertical input of oscilloscope while the 
voltage of time base with a convenient frequency must be brought to the horizontal 
input. Thus a relationship of the type T = f2 (т) can be registrated, T being the 
thermocouple or sample temperature and т being time. 

Instead of the oscilloscope 11, a suitable recorder can be used. 
The reaction KN0 3(s) ^ KN03(1) (m.p. 337°C) was chosen as a model reaction. Sample 

amounts in the range 8 to 35 jxg were placed on the junction of thermocouple 
PtRh 1 0 —Au 6 0 Pd 3 0 Pt 1 0 (pallaplat of the firm Heraeus, wire diameter 0.3 mm). The heating 
amplitude-modulated high-frequency current was supplied into the thermocouple by 
massive leads. The molten K N 0 3 wetted the whole surface of the thermocouple junction. 

As a modulation voltage supply, the low-frequency generator was used. The difficulties 
due to a broad frequency spectrum of rectangular modulation voltage compelled us to 
use only a simple harmonic signal. I t follows from a theoretical analysis that the amplitude 
of temperature changes decreases with the increasing frequency of modulation signal. 
Regarding the sensitivity of this equipment the maximum modulation frequency of 
10 Hz was used. 

Discussion 

1. Investigation of systems with constant number of phases 

When the reaction under investigation can run in both directions, a suitable choice 
of experimental conditions (heating input, modulation signal frequency etc.) may 
cause periodic alternating shifts of the equilibrium state in either direction without 
disappearance of any phase present in the system. After the completion of a modu­
lation-signal period, the system comes back into the original state. The values of 
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some parameters characterizing this „steady state with reaction" are different from 
those corresponding to „steady state without reaction". The temperature Te lies 
between the maximum and minimum temperature of the sample. 

In this case, the determination of Te is not distorted by any nucleation processes. 
If the periods of temperature-changes are short and their amplitudes low enough 
the change of Te effected by simultaneous or consecutive processes in the sample 
(for instance sintering or growth of grains etc.) is suppressed to a great extent. 

Considering the importance of the reliable values of Te, the possibility of PTA 
application to their determination will be discussed. 

1.1. Theoretical 

In the following considerations, the dependence of the relative over-all rate of 
heterogeneous reactions in systems with constant number of phases on the difference 
between sample temperature Tv and Te, as stated above [8], has been used: 

d/* 
J-±A(TV-Te). (2) 
dr 

This approximate relation holds under following conditions: 
a) The difference (Tv — Te) has to be small. 
b) The activities of substances taking par t in the reaction have to be approximately 

constant. 
c) The change of interfacial surface has to be small. 
These three conditions are fulfilled if the period of temperature changes during 

PTA is short and their amplitude low enough. The third condition is fulfilled also in 
tha t case when the interfacial surface is approximately equal to the surface of the 
sensing element used for the investigation of a process (e.g. boiling poin t measurement 
of the liquid covering the sensing element in a thin layer). 

If the temperature drop between the sample and the sensing element (thermo­
couple junction) may be neglected (Tv == T j = T), the time change of sample 
temperature is given by the equation 

&T 
N (r) ±mc + z(T- T0) + №* - TD + AK * A(T - Te). (3) 

dr 

N (T) — energy input into thermocouple junction, 
nic = mvcv + mjCj — heat capacity of the sensing element with sample, 
Wv and mj — the masses of the sample and sensing element, resp., 
c v and cj — the specific heats of the sample and sensing element, resp., 
у — coefficient of heat transport by both thermal convection from the whole 

surface of sensing element with sample and thermal conduction by thermo­
couple wires, 

T 0 — effective temperature of surroundings, 
£ — coefficient of radiant heat transmission from the whole surface-area of 

sensing element with sample, 
Ahr — enthalpy increase during the reaction under investigation, calculated for 

the amount of sample. 

If the temperature amplitude is small enough, a temperature T* may be chosen, 
its value being conform to the approximate equation (4) 
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rp\ _ ry* _|_ (j» _ y*)j4 _ (y* _|_ дгру = 4T* 3 T — 3T*4. 

By inserting from (4) into (3) and rearrangement, we get the expression 

yT0 + £(3T*4 + Tj) + AhT . ATe Л7 (т 

mc mc 

(IT /4- 4£T*3 + /1Лг • A 

d t 

resp. 

where 

(4) 

= 0, («5a) 

dT 

(IT 

M х¥(т) 

К К К 
о, 

К = mc, 
L = x + 4£T*3 + 4ЛГ • А, 
M = - [уТ0 + £(3T** + TD + ЛЛГ • ATe]. 

(ob) 

(6a) 
(6b) 
(6c) 

The solution of differential equations (<5) is dependent on the t ime characteristic 
of the energy i n p u t N(r). 

1.1.1. Heating current is amplitude-modulated by a signal with rectangular 
oscillations 

a) A period X of modulation signal is formed by two generally unequal time 
intervals ß • A and (1 — ß)X (Fig. 2) (ß is the relative division of this period). 

Quantities corresponding to the first or second interval of the period X are denoted 
by the index i = 1 and i = 2, respectively. 

The energy input into the thermocouple junction remains constant during the 
part г of a period X so t h a t the equation (5b) can be integrated after rearrangement: 

dT,-

Tt 
M - Ni 

L 
- - d T , . (7) 

1ik ' '2iz 

w 

Fig. 2. Diagram of the time course of energy input into sensing element (JV) and of the 
sensing element temperature (T). 
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By integrating (7) we get equation 

/ M - Ni \ L 
In T ť + = гг-h С 

\ L ; К 
(*) 

a n d after finding the anti logarithm 

M - Ni í L \ 
Ti + r = C exp т, . (9) 

L 

Ti equals Т^ъ in the t ime n = 0 (Fig. 2) so t h a t 

M - Ni 
C =Ti;Z+ (10) 

L 

Ш) 

After substituting from {10) into (.9) and rearranging we get 

/ L \ Nxr - M Г / L \ 
Tt=Tilz exp r, H 1 - exp тЛ 

\ K ; L [ \ K / 

A steady temperature course of the sample is a t ta ined under following conditions 

T 1 ; k = T 2 ; z , (Í2a) 
T2;k = T1;z (12b) 

and 
/•/M f(l-i»)A 

A (T1- Те) dTi + A (T2 - Те) dr 2 = 0. (Í&) 

Jo Jo 
Ti;u. is the temperature of the sample at the end of the part г of the period ?.. 

b) After substituting from (11) into (12a) and (12b), resp. and after rearranging, 
we get expressions 

1 — exp 
N2 - M N,- No . „ , 

T i : z = — h — • T"? Г - ( í 3 e> 
L L , 

1 — exp 

and 

1 - e x p ľ — ( l -ß)U 

"" "" 1 — exp { Я I 

U ; 
I t follows from equation (12c) 

1 Г* 
T e = — T dr = T . 

A J o 

T2;Z = —í - 1 Ь £_ . (256) 

(Jfl 
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By the evaluation of measured time-temperature dependence, it is thus possible 
either to calculate the values of K, L, and M using the expression (11) or the value 
of Te by means of equation (14). ( In case of relatively small values of temperature 
change it is possible to p u t T* == T.) 

1.1.2. Energy input changes continuously 

a) Energy input into thermocouple junction changes according to the equation 

C72 1 
N (T) = = [5(1 -f a cos VT) COS COT]2. (15) 

R R 

В — amplitude of h.f. current voltage, 
a> = 271/^ — angular frequency of heating current, 
aB — amplitude of modulation current, 
a — modulation depth, 
v = 2nfv — angular frequency of modulation current, 
R — resistance of thermocouple junction. 

By inserting from (15) into (5b), we get the expression 

1 
[B(l -j- oc cos VT) cos COT]'2 

dT L M R 
r T j — = 0. (16) 

CIT K K K 
This expression is а с э т т э п inhomogeneous linear differential equation of first 

order 

y' + Vy + Q = 0; (17a) 

L 
P = , (17b) 

К 

1 
M [Б(1 -J- a cos VT) COS COT]2 

R 
Q = _ (17c) 

General solution of (17a) is the equation 

у = С exp ( - J P dz) - exp ( - J P dx) • JQ exp (JP da;) dx. (18) 

After substituting from (17b) and (17c) into (18) and integrating. Ave get the 
expression 

L \ M \ 2 / 
С exp T H ^ ^ _ + F ( T ) , (19) 

K / L 2i?L 

where F (T) is a trigonometric time function. Since the relation f^ > fv holds in the 
described arrangement, the following approximate equations are, therefore, valid 
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2d) + v zb 2co, 
2co — v d=z 2(x), 
2co + 2v d= 2co, 
2co — 2v = 2co. (20) 

By inserting from (20) into F (т), this expression turns into a simpler form 

B2(l + «)2 

F (т) = cos (2сот - (pj + 

2 # K ( F + 4 - ) 
Б 2 а 2 cos (2VT — <p2) B 2 a 

H — 1 cos (vr - q>z), (21) 

4 7 Ж ( + 4v21 i?K ( h v2 \ 
\ K 2 / \ K 2 / 

2co-K 
t g P i = > (22e) 

L 

2 v K 
to- <p, = , (22b) 

L -

v К 
t g ? . = (22c) 

L 

A steady state is attained if the following two conditions are fulfilled j — = A J : 

TT = Tr+?. (23) 

and 

ЛТ+Л 

A ( T - T e ) d T = 0. (24) 

By inserting from (19) into (25), we get expression 

/ L \ M \ 2 / T L 1 
С exp т 1 ^ i - + F (r) d = C exp (r + A) - -

\ K / L 2i?L L K J 

í) S 2 í 1 + 
M x 

+ F (T + Я). (25) 
L 2ÄL 

If the term with a coefficient cos (2cor — срг) is neglected in F (т) owing to the 
large value of со or if it is assumed t h a t / ш is equal to integer multiple of /,,, the 
equation (19) is fulfilled on condition t h a t 

C ± 0 . (26) 
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After substituting from (26), the equation (19) turns into equation of „steady 
state of given arrangement" 

£ 2 

T = 
(• + т) M 

2i?L L 

1 Лт + Л 

• + F ( T ) = T + F ( T ) , 

1 Г + л 

dr . 

(27a) 

(276) 

T — average temperature. 

By means of a differentiated expression (27a), the minimum and maximum value 
of T may be calculated, 

b) By inserting from (27a) into (24), we get the expression 

f*r + Л a 2 \ 
1 + T) M 

2i?L 

B* 1 + 

+ F (T) - Те dr = 

2#L 

M 

17-T' 
Я = 0 

and 

£ ; 

Ге = . 
(-т) 

2#L 

M 
= Т. 

L 

(25а) 

(28b) 

The equilibrium temperature, therefore, equals the average value of temperature T. 
On the basis of equation (21), the conditions suitable for reducing the unfavourable 

influence of the term with coefficient cos (2vx — y2) on T or time derivative of T 
can be calculated. The value of a must be small and if the value of L/K is small 
too, a high value of frequency v is advantageous. 

If the influence of second harmonic components of frequencies f,, andf^ in (21) 
on the course of T is neglected in the first approximation, the amplitude of tempe­
rature change is given by the expression 

Б 2 а 

£•- ) 
(29) 

RK 

c) The required average temperature of thermocouple junction with sample can 
be adjusted under given experimental conditions either by the change of ampli­
tude В or by the change of modulation depth (a). 

If the values M and L or M0 and L 0 , resp. corresponding to the steady state 
of psriodic temperature changes of the sample in which the investigated reaction 
either runs or does not run, are inserted into expression for T (27a), the following 
expressions can be deduced with respect to (28b) 
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and 

В = £ 0 , (R, v, a,T...)t 

(R,v,B,T...). 

(30a) 

(30b) 

The approximate value of a amplitude ratio (к) of steady periodic temperature 
changes in the sample in which the investigated process either runs or does not run. 
can be calculated by means of equations (29) and (30): 

4 r 2 K 2 

L 2 + v2K2 
(T). (31) 

The minimum value of amplitude ratio for the periodic temperature changes of 
the sample in which the studied reaction either does or does not take place serves 
as a criterion of reliability for the steady state determination or T=Te determination 
under given conditions. 

In Fig. 3 the plots representing the dependence of the temperature change ampli­
t u d e in thermocouple junction without a sample on t are given. 

wo no t,°c 

Fig. 3. Dependence of the temperature change amplitude (J3,) of thermocouple junction 
without sample on the mean value of its temperature (i). 

1. f„ = 5 Hz, a = 50 p.c.; 2. f„ = 7 Hz, a = 50 p.c.; 3. O f„ = 10 Hz, a = 50 p.c.; 
3. • f r = 5 H z , a = 20.4 p.c. 

The plots showing the dependence of the temperature change amplitude in thermo­
couple junction with a sample (ЮТО3) on i are presented in Fig. 4. 

I n this case the studied reaction was melting and solidifying of K N 0 3 , resp. 
The geometrical arrangement and the rather small amount of sample (20 ± 3 (ig) 
fulfils approximately the conditions under which the equation (2) is valid. 

If the above modulation parameters are used, there are always both phases — 
melt and crystals — present in the sample. The minimum temperature change 
amplitude in the thermocouple junction with KN"0 3 corresponds to T= T m . p . = 
- 610°K (m.p. 337°C). 

d) If the geometrical arrangement and the amount of sample fulfil the relations 

тс т==. nijCj ^> ? n v c v 
(32) 
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2<t0 280 320 360 U00 UO t'C 

Fig. 4. Dependence of the temperature change amplitude (Bt) of thermocouple junction 
with K N 0 3 (m = 20 ± 3 (xg) on the mean value of its temperature (I). 

1. \'v = 5 Hz, a = 50 p.c.; 2. iv = 1 Hz, a = 50 p.c.; 3. О fr = Ю Hz, a = 50 p.c.; 
3. | f „ = 5 Hz, a = 23.4 p.c. 

and 

Pv = Pj = const • mf3 = const . ?nm (33) 

(Pj being the surface of sensing element), all terms of L and L 0 are approximately-
proportional to m2/3. In this case the equation (31) turns into an approximate 
relationship 

m4/3 I 0 + v2m2c2 I„ + (w/i1/3)2 C2 
y. = — = ' , (34) 

m 4 / 3 j _̂_ y 2 m 2 c 2 J _L (1^1/3)2 c 2 

where I 0 and I are constants. 

That means t h a t the value of x does not change if the expression v?n1/S remains 
constant. An increase of modulation frequency, advantageous for putt ing down 
the unfavourable effect of simultaneous and consecutive processes on the repro­
ducibility and possibility of reaching the equilibrium state of the investigated 
reaction, is possible only in case of reducing an important dimension of the sensing 
element. 

e) By evaluating the t ime course of sample temperature, the approximate values 
of constants K, L, and M may be calculated using the equations (22c), (27a), (28b), 
and (29). 

2. Systems with varying number of phases during PTA 

When the amount of sample and frequency of modulation signal are small and 
the temperature amplitude and reaction rate high enough, the studied process runs 
in corresponding direction to the end during a par t of the period. The reaction course 
may be influenced by a homogeneous or heterogeneous nucleation and thus it can 
not be described by the equation (2). I n this case, the inflexion points corresponding 
to initial and final phases of reactions in respective direction appear on PTA curves 

Chem. zvesti 23, G20—C32 (1969) 6 2 9 



I. PROKS, I. ZLATOVSK? 

during both parts of period. Their presence in PTA curves can be observed only 
with difficulties. They are, however, much more distinct with curves describing 
relation (1). 

The dependence oíáT/dr on T has been put forward as one of possible evaluations 
of ТА by Pilojan [9]. This dependence has been recorded during fast temperature 
changes in the range of 100°C by using an oscilloscope [10]. 

Fig. 5. Oscillogram of the plot (1) Fig. 6. Oscillogram of the 2-curve of 
(J-curve of DPT A) for the thermocouple DPT A for the thermocouple junction 
junction without sample (fr — 1 Hz; without sample (f,. = 1 Hz; a = 25 p.c.; 
a = 20 p.c.; I = 337°C; Bt = ±10°C). I = 337°C; Bt = ±12.8°C). 

L n Fig. 5 the function (/) for a thermocouple without sample at the modulation 
d e p t h a = 20 p.c. and the temperature i ±= 337°C is presented. The temperature 
ampli tude is =l=10oC around the average temperature with modulation frequency 
f„ = 1 Hz. Fig. 6 presents the same curve for the thermocouple without sample 
a t a = 25 p.c. and i = 337°C. The temperature amplitude is =(=12.750C with a mo­
dulat ion frequency fv = 1 Hz. 

The upper part of these curves represents the cooling and the lower part the 
heating of the thermocouple. In case of a sinusoidal signal, the plot of equation (1) 
would be a circle. From a theoretical analysis follows t h a t the deviations from a circle 
are due to the distortion by the second harmonic component in equation (21). 

The ripple effect of the curves corresponding to the equation (7) is due to noise 
and high-frequency interference which plays an important part especially in the 
derivative circuit 10 (Fig. 1). 

In Fig. 7 the function (7) is recorded for the modulation frequency iv — 1 Hz. 
modulation depth a = 20 p.c. and amount of K N 0 3 m = 30 ± 3 vug. The average 
temperature is 337°C and temperature amplitude =j=9°C. 

The function is recorded for the modulation depth a = 30 p.c. and corresponding 
temperature amplitude =}=14°С in Fig. 8. 

Fig. 9 has been obtained with 8 jxg K N 0 3 and the modulation depth a = 25 p.c. 
The temperature amplitude is =[=12.50C. 
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Fig. 7. Oscillogram of the /-curve of 
DPT A for the thermocouple junction 
with KN0 3 {m = 30 ± 3 jjig; f,. = 1 Hz; 
a = 20 p.c.; I = 337°C; Bt = + 9°C). 

Fig. 8. Oscillogram of the /-curve of 
DPT A for the thermocouple junction 
with KNO3 (m = 30 ± 3 (jLg; f„ = 1 Hz; 
a = 30 p.c.; / = 337°C; Bt = ±14°C). 

The curves in Fig. 10 and 11 represent the corresponding functions —dT/ôr = í1 (T) 
and T = f (T) for 35 pig K N 0 3 and modulation depth a = 25 p.c. The temperature 
change is =J=120C. The heating of sample corresponds to the lower par t of the curve 
in Fig. 10 and to the ascending part of the curve in Fig. 11. The comparision of both 

Fig. 9. Oscillogram of the /-curve of 
DPTA for thö thermocouple junction 
with KNO3 (m = 8 ± 3 (ig; í,- = 1 Hz; 
a = 25 p.c.; I = 337°C; B, = 4:12.50C). 

Fig. 10. Oscillogram of the /-curve of 
DPTA for the thermocouple junction 
with KNO3 (m = 35 ± 3 (Ag; f, = 1 Hz; 

20 p.c. 337°C; Bt 12°C). 
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curves shows tha t the recording of the derivative function is much more suitable 
for the purposes of identification because the bends of the curve in Fig. 10 are much 
more distinct than those of the curve in Fig. 11. 

Fig. 11. Oscillogram of the PTA curve Fig. 12. Oscillogram of PTA curves for 
for the thermocouple junction with the thermocouple junction both without 
KN0 3 . (The values of all quantities are a n c i w i t h sample, 

the same as in Fig. 10.) 

The possibilities of determining the relationship between AhT and the shape 
change of PTA curves in a system where the number of phases changes during PTA 
will be discussed in the subsequent paper. The temperature-time courses of thermo­
couples both without and with a sample of 50 (jig K N 0 3 are presented in Fig. 12. 

Conclusion 

The main advantages of PTA appear to be: 
1. The possibility of determining the value of Te tha t is not distorted by nucleation 

processes. The temperature range within which Tc may lie depends on the choice 
of a single thermocouple. 

2. The use of relatively small amounts of sample. 
3. The applicability for analytical purposes. 
4. The promptitude of method. 
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