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QUANTITATIVE THERMAL ANALYSIS. PART IV.
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IN THE ANALYSIS OF DISPERSE MATERIALS
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In thermal analysis of disperse materials, the gas filling the pores of the samples
has an important effect on the determination of heats of phase transformations.

Particularly significant errors, up to 259, may arise in cases when thermal analysis
is carried out in gas atmospheres having high thermal conductivities.

Based on experimental data, a relationship expressing the dependence of peak area
on the thermal conductivity of the gas and on the thermal conductivity and particle
size of the studied material has been derived. This relationship allows to calculate the
possible experimental error and hence to adopt measures for reducing its value.

Owing to the inadequate elaboration of the quantitative thermal analysis of
processes accompanied by the formation of a gaseous phase, in such cases re-
searchers are often forced to apply relationships established for solid-phase
processes.

In our view, the particular features of heat exchange and mass exchange in a
disperse material as a result of the appearance of gaseous products, the form in
which they are reflected, the quantitative aspects of the effects, and hence well-
founded suggestions as to the necessity and means of eliminating or taking them
into account, have not been discussed with satisfactory consistence in the thermal
analysis literature [1 —7].

The fact that the presence of a gaseous phase in the pores of a disperse material
is reflected in the magnitude of the peak areas corresponding to the phase transfor-
mations may be considered as reliably established. Gases with higher thermal con-
ductivities increase, and gases with lower thermal conductivities decrease the peak
areas [1 —4].

The quantitative aspect of this problem, however, i.e. the degree to which peak
areas change as a function of the parameters of the disperse system and the
gaseous medium, has been much less studied. Reports in the literature on the
quantitative evaluation of the effect of the gaseous phase in the thermal analysis
of disperse materials are insufficient for the establishment of general relationships.
In many cases the data are contradictory, obviously because the experimental
apparatus used by the different authors differed in design.

The main objective of the present work was the quantitative evaluation of the
effect of the gaseous phase on the quantitative characteristics of the thermal
curves, and primarily on the phase-transition peak areas.
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In the study of the role of the gas phase (medium) it is necessary to define certain
experimental conditions. If the disperse sample is in an atmosphere of some gas,
then — in our opinion — the roles of the gas in the pores of the disperse sample
and outside the boundaries of the sample must be kept strictly apart, for exactly
the same reasons that made it necessary earlier [8] to distinguish between “exter-
nal” and ““internal’” experimental parameters.

In the present paper we shall deal only with the role of the gas filling the pores
of the sample, and shall attempt to analyze the causes resulting in the particular
features of processes accompanied by gas release.

As regards quantitative thermal analysis, i.e. as regards heat determination in
our case, three elements must be distinguished in the phase transformation pro-
cess: (i) the effect of the gas filling the pores of the sample and thereby changing
heat transfer conditions, (ii) the effect of this gas when moving in the pores of the
disperse material, and (iii) the effect of the change in the mass of the sample, due
to part of the sample being transformed into a gas which leaves the reaction zone.
In real processes, all three elements take place simultaneously. Their relative share
has not yet been determined.

In order to evaluate the degree and establish the relationships for each of the
above elements, the experimental conditions must be so chosen that the effect of
one element only be separated by eliminating the effects of the other elements, or
by providing for their being taken into account by calculation. Accordingly, we
decided to study the effects of different gases in the pores of a disperse material
on the polymorphous transformation of this material.

The chosen model substance was sodium sulphate and the changes in the peak
area corresponding to its polymorphous transformation were studied with various
gases. The sample holder consisted of a long tube, with a thermocouple composed
of butt-welded chromel and alumel wires extended in its axis. Heat transfer condi-
tions close to those in an infinitely long cylinder were obtained by using a very
long sample (height: diameter ratio > 10 : 1), and also by covering both top and

Table 1

Peak areas corresponding to the polymorphous transformation of sodium sulphate powders
having different gravimetric apparent densities, in different gases

Thermal conduc- Peak area, degree-sec, at apparent densities of
Gas species tivity of gas, 1219 | 1250 1.314 1.341 1.481
_— (490—370 | (370—250 | (250—230 | (230—180 | (180—-96)
cmesec. degree \ #m) L pm) am) pm) um)
Carbon dioxide 7.94 - 10-3 795.4 797.5 799.3 800.0 805.0
Nitrogen 9.49 - 10-3 789.9 791.8 7941 796.2 801.1
Air 9.83 - 10-3 790.0 790.0 794.0 784.6 799.4
Oxygen 10.39 - 10-5 785.7 788.1 790.3 792.5 799.4
Helium 53.73 - 10-3 661.0 667.1 676.6 676.6 707.0
Hydrogen 67.17 - 10—5 631.2 636.4 649.9 653.4 682.1
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bottom ends of the sample with a layer of finely-ground quartz. This sample shape
was chosen with the aim of eliminating the effects of gas change at the extremities
of the sample. Thus, all changes occurring when the gas was changed could be
ascribed to the change in heat transfer conditions between the centre and surface
of the sample. The gas atmosphere surrounding the samples and reference stand-
ards was identical in all experiments.

Peak areas obtained with different particle sizes and with different gases are
presented in Table 1. The apparent (gravimetric) density of the material was select-
ed to characterize the material, instead of the particle size. The corresponding
particle sizes are given in parentheses.

All experimental data in Table 1 are the arithmetical means of the results of
siX experiments.

Table 1 convincingly demonstrates the dependence of the peak area on the gas
species: hydrogen and helium cause a sharp decrease in the peak area. To a cer-
tain extent, the dependence of the peak area on particle size can also be recognized
in Table 1.

General evaluation of the results relating to the effects of both factors was
attempted by using the simplest possible mathematical description of the observed
phenomena.

According to Melling [9], the peak area S can be expressed as a function of the
thermal effect H of the phase transformation, and the thermal conductivity 4 and
the density y of the sample:

S=K-H " (0
A
By writing Eq. (1) once for a monolithic (pore-free) sample and again for a porous
sample, and by combining these equations, we find

Y A
S=38 )
M v 4
where symbols with the subscript M refer to the monolithic sample, and symbols

with no subscript to the powder.
Let us now write Eq. (2) for the cases when the interstices between the powder

particles are filled with carbon dioxide and hydrogen, respectively:

-y . )'M .
Sco, = Sy ——™M_ and Sy = SmM
o Moy - co, He M o Ay,

By solving the above expressions as a system of equations, we obtain

Sco, _ Mn, 3)
Here Sco, and Sy, are the peak areas obtained when the pores in the sample are
filled with carbon dioxide and hydrogen, respectively, while Aco, and Ay, are the
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thermal conductivities of the powder when its pores are filled with carbon dioxide
and hydrogen, respectively.

To utilize Eq. (3) for the analysis of our experimental data, a mathematical
equation must be found which describes the dependence of the thermal conductiv-
ity of the sample on its physical characteristics, viz. the particle size, the thermal
conductivity of the solid material of the particles, and the thermal conductivity
of the gas in the interstices between the particles.

For this purpose, we applied the simplest relationship, based on the rule of
additivity, for the thermal conductivity of disperse materials [10]:

x:i(xMJF VM+yxg)=J_(zM+Pzg) @
™M ? ™

where 4, is the thermal conductivity of the gas phase and P is the porosity.
Let us write Eq. (4) for a powder whose pores are filled with hydrogen [Af: =

cal

= 67.17 - 10°° -~ —
cm.sec.degree

, and again for a powder whose pores are filled

cal

with carbon dioxide (Agoz =794 -10"% J,and substitute the values

cm.sec.degree
obtained into Eq. (3). This leads to

i

= ®)
S, v + (ﬂ“— - 1)1502
7

Sco,

From Eq. (5) and the experimental data listed in Table 1, it is possible to calculate
Au that is, the thermal conductivity of the substance in the monolithic form con-
taining no gas inclusions. Let us utilize, for example, the following values:

Sco, = 800.0 Sy = 653.4 yy =270 y =134
AB: = 67.17 - 1075 1S = 7.94 - 10~°

yielding a value of Ay = 264.1 - 107° cal-cm~!.sec~!. degree ..
Using the found value for Ay, the value of Sy; is then calculated from Eq. (2):

Sy = 824.3

The knowledge of Ay and Sy, allows utilization of Eq. (2) to find the general rela-
tionship between the peak area, the density of the disperse material, and the ther-
mal conductivity of the gas filling its pores, since consideration of the physical
meaning of the values 1y, Sy and yy, discloses that they are independent of both
the disperse state of the powder and the gas species. The calculated peak areas are
presented in Table 2.

The agreement between the data in Tables 1 and 2 is rather good, as shown by
Fig. 1.
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Table 2

15

Calculated peak areas for the polymorphous transformation of sodium sulphate at different

gravimetric densities and in gases having different thermal conductivities

Thermal conductivity

Calculated peak area, degree-sec, at densities of

of gas,
cal

cm-sec-degree 1.00

i.10

1.219

1.30

1.40

1.481

5-10-% 798.6
10 - 10-3 774.4
30-10-3 690.8
50 - 108 623.6
70 - 10-5 568.2

@
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S
f

S, degree . sec
~3
m
o
T

7001~

650

600—

802.2
781.2
707.4
646.3
594.9

805.8
788.0
724.3
670.2
623.5

|

807.8
792.0
734.5
684.7
641.2

|

809.9
795.9
744.8
699.9
660.0

811.7
799.4
753.8
713.2
676.7

|
40

50

60

|
70

A210% catemit-sect degree?

Fig. 1. Peak area S corresponding to the polymorphous transformation of sodium sulphate
ps. thermal conductivity 4, of the gas phase, at different gravimetric densities of the powder.
1. y = 1.000 g/cm?® IL. y = 1.219 g/em?®. IIL. » = 1.481 gfem?

o — calculated points, @ — experimental points

The relationship based on the additivity rule (Eq. 4) was used for the calculation
of Ay, Sy and 4, because it is the simplest. Other relationship describing the depend-
ence of the thermal conductivity of a disperse material on the thermal conductiv-
ity of the monolithic material and the density of the powder have also been report-

ed [10]. Additional calculations were made using the Krischer equation:

100 — P
M—

100

P

100, "
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the Riban equation:
A= Am(l — P)*® + 4, P2,
the Starostin equation:

A=
m +(P2/3—P)(}'g - v

and the Russel equation:

IngP + 2 (1 = pus)
A= s

P — P 3 (1 —-P L p
Am

The values of Ay and Sy calculated via these equations are presented in
Table 3.

Let us first make a comparison only for the values of the thermal conductivity
of the monolithic substance, Ay;. This comparison indicates that the additivity rule
and the Krischer and Riban equations yield the most probable values for the ther-
mal conductivity of sodium sulphate. No exact thermal conductivity values for
sodium sulphate could be found in the literature. However, substances that are
closely similar to it, e.g. glass, porcelain and graphite, have thermal conductivities
in the range 100 - 10~° — 1000 - 10~3 cal-cm~'.sec™!.degree 1.

Table 3

Values of Ay and Sy calculated by using different equations for the thermal conductivity
of the powder

Value calculated with the

additivity ] Krischer Riban ! Starostin Russel
equation
cal
Apg, ———————— 264.1 - 10-3| 264.8 - 10—% [ 1600 - 10-%| 2.11 - 10~5| 2.09 - 10-%
cm - sec - degree
Su, degree - sec 824.3 l 824.3 | 255.0 1660 1831

The values obtained with the Starostin and Russel equations are evidently too
low: according to literature data, materials like asbestos and cork, that are marked
thermal insulators, have thermal conductivities of the order of 10 - 10-3—30 + 10~°
cal.cm~!-sec~!.degree 1.

Comparison of the calculated peak area values Sy corresponding to the poly-
morphous transformation of sodium sulphate if the sample were monolithic
restricts the number of applicable equations to two: the additivity and Krischer
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equations. The low value of Sy calculated by means of the Riban equation is
inconsistent with the fairly clear tendency of the experimental data in Table 1:
the peak area increases with increasing density.

It is possible that at very low densities, or at densities close to that of the single
crystal, some other equation, e.g. the Riban equation or the equations of Eucken,
Nekrasov, Torkar or Bogomolov [10] (that we did not test) might yield a better
approximation. In our opinion, however, the studied density range (45—559%, of
the density of the single crystal) embraces the majority of the cases occurring in
DTA practice, viz. particle sizes of 100 —500 ym, and hence it may safely be
assumed that for thermal analysis, the additivity and Krischer equations are the

most suitable.

T240°

396°

=

Endo —eest—-o '_>4 ——mEx0

Time, min

Fig. 2. DTA curves of a 3:1 parts by weight mixture of sodium sulphate and cadmium
carbonate powders. 1. in helium, 2. in carbon dioxide

Based on the additivity equation, a quantitative estimation of the possible error
in the thermal effect caused by ignoring the role of the gas filling the pores of the
disperse sample may be attempted.

If thermal analysis is carried out in a gas atmosphere having a thermal conduc-
tivity A}, whereas the thermal conductivity of the gas released in the course of the
studied process is A2, then, only as the result of the thermal conductivity change of
the gas in the pores of the sample, the possible relative error will be

Ag =2

Y A
M — 7

A4S = - 100

AL+
where y, yy and 4, have the same meanings as above, viz. the density of the pow-
der, and the density and thermal conductivity of the solid particles of the powder,

respectively.
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For an experimental estimation of the error that may arise when the role of the
gas filling the pores of the disperse material is ignored, the following experiment
was made.

A 3 :1 mixture of sodium sulphate and cadmium carbonate powders was sub-
mitted to thermal analysis in carbon dioxide and helium atmospheres, respectively
(Fig. 2). It was found that the area of the peak corresponding to the dissociation
of the carbonate was the same (within the reproducibility limits of the experiment)
on the thermogram taken in helium (plot 1) as on that taken in carbon dioxide
(plot 2). In contrast, the area of the peak corresponding to the polymorphous
transformation of sodium sulphate was found to be larger by 25%; on the thermo-
gram taken in carbon dioxide than on that taken in helium. Thus, the experiment
gave a quantitative illustration of the possible error in heat determination, if the
role of the gas filling the pores of the disperse material is ignored.

The great relative error when thermal analysis is carried out in a gas atmosphere
of high thermal conductivity indicates that particular caution must be taken in
calibration.

When thermal analysis is carried out in air, nitrogen, oxygen or carbon dioxide,
and the gas released as a result of thermal decomposition does not differ greatly,
with regard to its thermal conductivity, from the gas atmosphere, the possible
relative error (as indicated by the above-discussed experimental and theoretical
data) does not exceed 3—59%,.
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REésuMmE — Dans ’analyse thermique des matériaux dispersés, le gaz contenu dans les pores
des échantillons joue un rdle important dans Ja détermination des chaleurs de transformation
de phases.

Des erreurs particuli¢rement notables, jusqu’a 25 p.c., peuvent se produire si ’analyse
thermique s’effectue dans des gaz de conductivité thermique élevée.

A partir des données d’expérience, on déduit une corrélation entre la surface des pics et
la conductivité thermique du gaz ainsi que la conductivité thermique et les dimensions des
particules du matériau étudié. Cette corrélation permet de calculer Perreur d’expérience pos-
sible et, par suite, de faire des mesures pour réduire sa valeur.
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ZUSAMMENFASSUNG — Bei der thermischen Analyse disperser Substanzen ist das die Poren
der Proben ausfiillende Gas von entscheidendem EinfluB auf die Bestimmung der Phasenum-
wandlungswirmen. Besonders bedeutende Fehler, bis zu 259, kénnen auftreten, wenn die
thermische Analyse in Gasatmosphiren erhohter Wirmeleitfahigkeit durchgefithrt wird.

Aus Versuchsergebnissen wurde ein Zusammenhang abgeleitet, welcher die Abhiingigkeit
der Peak-Fliche von der Wirmeleitfdhigkeit des Gases und der Wirmeleitfihigkeit und
TeilchengréBe der untersuchten Substanz zum Ausdruck bringt. Dieser Zusammenhang
gestattet die Berechnung des moglichen Versuchsfehlers und daher auch MafBnahmen zur
Herabsetzung seines Wertes.

Pe3tome — Ilpu ananuse OUCIEPCHBIX MATEPHANOB HAJISL OIpeneneHus TerwioT (a3oBBIX Ipe-
BpalleHn# GOIBINOE 3HAYEHHE MMEET Ta30Bas Cpelia, 3aHOHSAIONIas IOpsl 06pasua.

Oco60 CylieCTBeHHEIE NOTPELIHOCTA ONPEAC/IeHHs, JOCTUTatomue 25%), MOryT BOZHMKHYTH
B TeX ClIydyasX, KOT{a TEPMUYIECKU aHANINU3 IPOU3BOAUTCS B aTMOC(hepe BEICOKOTEIITONPOBOTHBIX
rasos.

BruiBeleHHAsT HA OCHOBE JKCICPUMEHTANBLHBIX NAHHBIX 3aBUCHMOCThL IUIOIIANM HHKOB OT
TEIUIONPOBOIHOCTH Td30B M TEIUIONPOBOAHOCTH M OHUCHEPCHOCTH MCCIENYEMOro MaTepHana
1103B0JIsET OOOCHOBAHHO DPACCYMTATH BO3MOXHBIE OLIMOKM ONpENENieHH M Ha 3TOH OCHOBE
APUHATH MePHl K YMEHBIUECHAIO BEIMIMH 3THX OLIHOOK.
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