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By considering that the temperature of the end of the thermal effect and the return
of the thermal curve to the baseline do not coincide new calculation methods for the
thermal effect become possible. Both the integral value of the thermal effect and its
distribution over temperature may be calculated by processing only that part of the
DTA curve which corresponds to the temperature interval of the transformation.

1t is demonstrated on the examples of non-variant transformation and transformation
with an even distribution of the thermal effect over the temperature interval of the
transformation that, under certain assumptions, the values of the thermal effect cal-
culated by the suggested method and by the area of the peak are identical.

In the overwhelming majority of studies involving the application of differential
thermal analysis, no sharp difference is made between two values: the temperature
at which the transformation ends, and the temperature at which the thermal curve
returns to the baseline. As a result, not only is the accuracy of reading the tempera-
ture interval of the transformation reduced, but the means of calculating the
thermal effects will be limited, and calculations concerning the distribution of the
thermal effect within the temperature interval of the transformation will be incor-
rect or deficient.

Let us use the following symbols:

T;, Ty = initial and final temperature, respectively, of the deviation of the ther-
mal curve from the baseline;

Ty, T¢ = initial and final temperature, respectively of the transformation (for
non-variant transformations, Ty = Tp = Tpon);

71, T = moment of the start and the end, respectively, of the transformations;

AI = difference in the heat contents of the substance in question at the tempera-

tures T} and Ty, relative to unit volume;
Tr
Q= Al — f C.dT = thermal effect of the transformation, where C; is the heat

T
capacity of the substance in question, relative to unit volume (for transformations,
of the type of second-order phase transitions and A-type heat capacity functions,
the term Cg may be understood as the “background” value of the heat capacity,
and Q as the excess part of the enthalpy above the “background”);
q = dQ/dT = intensity of the thermal effect.
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It is obvious that
Tr
Q= {qdl (1)
Ty
For a non-variant transformation
Q = Al = Qnon (2)

The traditional way to calculate the thermal effect is to introduce some time
function whose integral is proportional to the value of the thermal effect. This
approach is justified if one assumes that the function in question describes the
temperature difference of the sample under study as compared to the temperature
that the sample would have if no thermal effect of the transformation existed.
It is important to note that this difference, arising at the moment when the trans-
formation starts (to which the point T} corresponds in the thermal curve) will not
disappear immediately after the end of the transformation. Therefore, a portion
termed the after-effect portion will exist in the thermal curve. It begins at T and
ends in an asymptotical transition into the baseline (to which the observed point
T corresponds). Consequently, in the traditional calculation of the thermal effect
one operates with an area bordered by the thermal curve in the section 7; — Ty,
which will not coincide with the integral of the transformation 7y — Tg. The pro-
portionality factor between the area of the peak and the thermal effect will be
discussed in a later part of this paper.

The analytical description of the thermal processes in DTA will be carried out
similarly to [1—4] and others, assuming that the temperature and other param-
eters of the sample under study and of the reference sample are constant over
their volume at each moment of time. The experimental approach to this model is
an instrument in which the heat exchange between the block and the samples
takes place over sufficiently large heat resistances, so that temperature transfers
in the interior of the samples are small in comparison to the transfers over the
above-mentioned resistances. Reduction in the size of the samples, lower heating
rates, and also agitation of liquid or powdered materials will promote the approach
to the model of the calculation.

A calculation using a linear approach of the heat exchange between the sample
being tested at the temperature 7.(7) and the block at the temperature 7y,(7), of
the heat exchange between the sample and a number of heat outlets with the tem-
peratures To; (j = 1,2, ..., k; © = time), and also of the heat exchange between
the samples, leads to the following equation for the capacity absorbed in unit
volume of the sample studied:

ne ATy — Ty~ 3 B(T, — T,)) - D(T, — T) 3)
ji=1

where A, B; and D are coefficients independent of temperature.
An analogous equation for the reference sample with the temperature 7,(t) can
be established, including on the left-hand side the heat capacity of the reference
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sample C;:
dT,

i=k
Cr_Er'zAti(Tb_Tr)— _ZlBj(Tr_Toj)+D(Ts_Tr) 4)
j=

Assuming that the temperature change rate of the reference sample is constant,
dr, I=k

3 = B, and introducing the terms § = T, — T, and B= ), B;, we obtain from
T j=1
Egs (3) and (49
0
n=C,ﬁ—5(A+B+2D)=C,ﬁ(1——ﬁE) &)

The parameter O is introduced into Eq. (5):
© = C(4 + B + 2D) (6)

A similar parameter figures in [2—4] as a time constant. Its value can be obtained
from a calibration experiment using a sample with a known heat capacity value,
differing from that of the reference sample. For such an experiment, the left-hand
side of Eq. (5) is equal to C,, and hence

6 = o/f(1 — CJ/C) M

Since the point in question is heat capacity relative to unit volume, the calibra-
tion sample may be made of the material of the reference sample, differing from
the latter in its mass, due to internal cavities. In this case, the ratio of the masses
should figure in Eq. (7), instead of the ratio of the heat capacities. The changes of
@ observed in the temperature interval of the study allow one to take into account
the temperature course of the coefficients 4, B and D, and consider them as con-
stants (as in the above deduction) only within limited temperature intervals.

The integral of Eq. (5) from 7; to 7 is equal to 47, and hence

Q= f CH(1 ~ 8/pO)dr — }FCSdT 8)

The time boundaries of the transformation interval indispensable for calcula-
tions with Eq. (8) are obtained in the most simple manner by means of the DTA
curve for a non-variant transformation. This curve, in the coordinates é and 7,
has a linear section, whose beginning and end will correspond to t; and 7p. Ana-
lytically, it is expressed by the equation

4(v) = oy — fr ®)
Using Eq. (7), d; can be expressed as
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The relationship (8) may be put into a concrete form for non-variant transforma-
tions. Let us introduce the symbols

Tp—1 = Tg — T, Op-1 = 0 — 0p

It should be noted that for the non-variant transformation (with heat absorption
at f > 0)
. Op-1= — Prr1 (11
is true.

Finally, we obtain from Eq. (8)

C, -
Qnon = ~@_ ﬁg—i + @ﬁ - 5[] (12)
and \
C. Sp_iTE_
Onon = ) (* _F;F_I — O — 51TF—I] (13)

Equation (13) may be interpreted by elements of the area bordered by the ther-
mal curve and the baseline (Fig. 1). The first term within the brackets is equal to
the area S; bordered by the baseline, the part of the DTA curve in the portion
between 7; and 7y, and the ordinate at the point 7. The third term is equal to the
area S, between the baseline and the zero line in the portion from 7; to 7¢. To inter-
pret the second term, one must demonstrate its correspondence to the area S,,
bordered by the baseline, the ordinate at point 7 and the after-effect portion of
the curve.

By combining equations of type (4) for the sample under study and the reference
sample at periods 0 < 1, < o0, whete 1, = T — 7, one obfains

1 -5/

C,
P A A — 4
C,” 1+ dé/pdr, (14

Integration of Eq. (14) for the boundary conditions 6y = 3, 6 — 0y yields, at

T, — 0
6 — 0y = Op_yexp (— 1;C,/C,0) (15)

Relationship (15) describes the after-effect portion of the thermal curves. The
area enclosed by this portion and the baseline is equal to the integral of Eq. (15)
within the limits 1; = 0 to 7, — 0, yielding

6F—I@Cs/ Cr
If C, = C,, the second term in the brackets in Eq. (13) will be equal to S,, under
the condition that S, = 0. Finally, the rule of proportionality between the thermal

effect and the area of the peak will be confirmed. The proportionality factor is
equal to C,/0.
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For a transformation taking place within a temperature interval, the determina-
tion of the integration boundaries for Eq. (8) is not quite so obvious as for the
non-variant transformation. Namely, while 77 coincides with T;, T will not in the

T
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Fig. 1. Thermal curve of non-variant transformation obtained on heating of the samples

(Te)

b)
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Fig. 2. Typical thermal curve (a) and the corresponding distribution of the thermal effect (b)

general case coincide with the peak height, and the situation shown in Fig, 2 will
occur. The distribution of the thermal effect will be given by the function ¢: -

¢ = (C + 9C,

The connection of ¢ with the thermal curve is determined from a relationship
similar to Eq. (14), which, within the temperature interval of the transformation,
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includes, in place of C,, the complex C, + ¢:

_ 1-3/0p
? = 11 dsjpdr (16)

Equation (16) should be considered the basic equation of the DTA curve, and
Eq. (14) as its special case for the after-portion of the curve. The moment 7y (and
consequently the temperature Ty also) can be identified as that point in the thermal
curve after which this curve is described by the exponential relationship Eq. (13).
For this purpose it is expedient to straighten the corresponding portion of the
curve by plotting it in semi-logarithmic coordinates [1].

Another approach to determine T utilizes Eq. (16). By calculating from the
thermal curve (Fig. 2a) the parameter ¢ corresponding to Eq. (16), one can obtain
its dependence on temperature (Fig. 2b), on which T appears as the point of
transition of the curve ¢(7) into the *‘baseline”.

A curve of the type of Fig. 2b additionally contains sufficient information for
calculation of Q and the distribution of the intensity of the thermal effect in the
temperature interval of the transformation. The reverse process is also feasible:
from a given function ¢(7), the corresponding thermal curve can be calculated [5].

We will now demonstrate the application of these methods to calculate Q for
the case of the simplest distribution of the thermal effect: at ¢ = const., and
C, = C.

For the temperature difference vs. time relationship (in the period of the trans-
formation) we have, from Eq. (16):

8 = pO(1 — 9)[1 — exp (—7/90O)] amn
for the after-effect portion, an expression of the type of Eq. (13) will be true:
0 = dpexp (— ©u/0) (18)

The values 6, Ty and T are related by the equation
T = Ty + Brp-1 + OF (19)

The first method to calculate Q consists in the use of the experimental thermal
curve within the interval 7;to tg, and the calculation formula Eq. (8). By substitut-
ing Eq. (17) into Eq. (18), and taking into account Eq. (19), we obtain

0=C(Te—Tp — 1 20)

The second method consists in calculating the function @(T) from the same
portion of the experimental curve (and together with this, the function ¢(7) too,
and subsequently utilizing Eq. (1). For the case in question, the result will be
identical with Eq. (20).

The third possibility consists in calculating the area of the peak and multiplying
it by C,/O. This area is equal to the sum of the following integrals: Eq. (17) from
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v =0 to 7p_, and Eq. (18) from zero to 7, — co. One may ascertain that the
result is again identical with Eq. (20).

However, the dependence of the intensity of the thermal effect on temperature
and time can only be determined by the first two methods.

Depending on the task to be solved and on the experimental conditions, one
or the other method of calculation, or their combination may prove expedient.
An example of such a combination important in practice is the case when neigh-
bouring peaks partially overlap. Usually, the temperature intervals of the trans-
formations do not in fact overlap, but the after-effect portion of the first peak will
overlap with the following peak. In such cases, the thermal effect of the first
transformation may be determined by calculation using the first or second method,
and the total thermal effect by measuring the total area of the peaks.
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1.
2.
3.

RESUME — En considérant le fait que la température de la fin de I’effet thermique et le retour &
la ligne de base de la courbe ATD ne coincident pas, on a développé de nouvelles méthodes du
calcul de I’effet thermique. La valeur intégrale de I’effet thermique ainsi que sa distribution
dans 'intervalle de températures peuvent étre calculées en ne considérant que la partie de la
courbe ATD qui correspond a I’intervalle de température de la transformation.

A Taide d’exemples de transformations invariantes et de transformations 4 distribution
uniforme de 1’effet thermique dans l'intervalle de températures de la transformation, on a
montré qu’avec certaines hypothéses, les valeurs de 1’effet thermique calculées par la méthode
proposée et a partir des surfaces des pics, sont identiques.

ZUSAMMENFASSUNG — Bei Beriicksichtigung, daB die Temperatur des Endes des thermischen
Effekts und die Riickkehr der thermischen Kurve zur Grundlinie nicht zusammenfallen, wer-
den neue Methoden zur Berechnung des thermischen erschlossen. Sowohl der Integralwert
des thermischen Effekts, als auch seine Verteilung in dem Temperaturbereich kénnen durch
Behandlung ausschlieBlich desjenigen Teils der DTA-Kurve berechnet werden, welcher dem
Temperaturbereich der Umwandlung entspricht.

Anhand von Beispielen der nicht-varianten Transformation und der Transformation mit
gleichméBiger Verteilung des thermischen Effekts im Temperaturbereich der Umwandlung
wurde gezeigt, dal — unter gewissen Voraussetzungen — die Werte des durch die vorge-
schlagene Methode und des aus der Peakfliche berechneten thermischen Effekts identisch sind.

Pestome — HoBrle BO3MOXKHOCTH pacyeTa TEIIOBLIX 3(EKTOB OTKPLIBAIOTCA HPH yYeTe He-
COBIIAAEHHsS TEMIIEPATYP KOHIIA TEIUIOBOTO dddekTa U BO3BpaTa TePMHUUECKOM KpHBOH k 6a30B0oi
maaar. Kak HATerpanbHOE 3HAYEHHE TETOBOTO 3ddEKTA, TAK U €ro pacupeneneHne Mo TeMOepa-
TYpe MOTYT OBITH pacCUMTaHEI HPH 06paboTke TONBKO Toi 4actu JITA-kpuBOi, KoTOpas co-
OTBETCTBYET TEMNEPATYPHOMY HHTEPBAITY IPEBPAICHH.

Ha npumepax HOHBAPHAHTHOIO IPEBPALIECHHS W IPEBPALIEHHS C PABHOMEPHBIM PACIIPEAeTe-
HHEM TEIUIOBOIO 3¢diekTa B TEMIEPATYPHOM MHTEPBAJe IPEBPAIICHHA NOKA3aH0, 9TO IIPH HEKO-
TOPBIX NONYINCHHUAX, 3HAYCHHS TeIIOBOro 3(ekta pacCIRTAHHAIC IO NPEIIaraéMoii METOIKe
¥ 110 IJIOIAIH IHKA COBHANAFOT.
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