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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 25 ~, 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 [ I - 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. I f  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 at tempt 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. Accor~tmgiy, 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 

Gas species 

Carbon dioxide 
Nitrogen 
Air 
Oxygen 
Helium 
Hydrogen 

Thermal conduc- 
tivity of gas, 

cal 

cm .see. degree 

7.94 �9 10 -5 795.4 
9.49 �9 10 -5 789.9 
9.83 �9 10 -5 790.0 

10.39 �9 10 -z 785.7 
53.73 - 10 -5 661.0 
67.17 �9 10 -z 631.2 

Peak area, degree.sec, at apparent densities of 

1.219 1.250 
(490 --370 (370--250 

.um) #m) 

1.314 
(250 --230 

#m) 

799.3 
794.1 
794.0 
790.3 
676.6 
649.9 

1.341 
(230--180 

urn) 

800.0 
796.2 
784.6 
792.5 
676.6 
653.4 

797.5 
791.8 
790.0 
788.1 
667.1 
636.4 

1.481 
(180--96) 

tLm) 

805.0 
801.1 
799.4 
799.4 
707.0 
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 2 and 
the density 7 of the sample: 

S = K - / 4  ~ (1) 
2 

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 �9 2M S = S M -  (2) 
~M " 2 

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: 

�9 2M Y " 2M 
Sco~ = SM and SH2= SM 

7M " 2CO2 YM " 2H2 

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

-S--co~ = .  2~  (3) 
SH 2 2co 2 

Here Sco, and Sr~ are the peak areas obtained when the pores in the sample are 
filled with carbon dioxide and hydrogen, respectively, while 2co~ and 2H~ 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]: 

•= ~M~ [2M "[- ~M -]-'--'-~ '~g) = --~-~ ('~M "+ P / ~ g ) ~  ]/M (4) 

where 2g 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 12g 82 = 
J 

5 cal 
= 67.17 �9 10- - - cm.sec.degreeJ', and again for a powder whose pores are filled 

cal 
with carbon dioxide 2g c~ = 7.94 �9 10 -5 - -  I, and substitute the values 

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

From Eq. (5) and the experimental data listed in Table 1, it is possible to calculate 
2M, 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 SH, = 653.4 ~M = 2.70 ~ = 1.341 

2~' = 67.17" 10 -5 2 c~ = 7.94" 10 -5 

yielding a value of 2 M = 264.1 �9 10 -5 cal. cm -1. sec -1. degree -1. 
Using the found value for 2M, the value of  SM is then calculated from Eq. (2): 

SM = 824.3 

The knowledge of 2M and SM 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 2M, SM and 7M 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 

Calculated peak areas for the polymorphous transformation of  sodium sulphate at different 
gravimetric densities and in gases having different thermal conductivities 

Thermal conductivity 
of  gas, 

cal 

cm" see. degree 

5 �9 10 - s  

10 �9 1 0  - s  

30 �9 10 -5 

50 �9 10 .5 

70 " 10 -~ 

1.00 

798.6 

774.4 

690.8 

623.6 

568.2 

Calculated peak area, degree.see, at densities of  

1.10 1.219 

805.8 

788.0 

724.3 

670.2 

623.5 

1.30 

807.8 

792.0 

734.5 

684.7 

641.2 

1.40 

809.9 

795.9 

744.8 

699.9 

660.0 

802.2 

781.2 

707 .4  

646.3 

594.9 

1.481 

811.7 

799.4 

753.8 

713.2 

676.7 

~ 800[- 

700[ 

/ I J I L I 
55C 10 20 30 40 50 60 70 

X2qO% cm cm-~.see~' d~gree-~ 

Fig. 1. Peak area S corresponding to the polymorphous transformation of sodium sulphate 
vs.  thermal conductivity 2g of the gas phase, at different gravimetric densities of the powder. 

I. 7 = 1.000 g/cm 3. II. ;e = 1.219 g/cm a. III. 7 = 1.481 g/cm a 
o -  calculated points, � 9  experimental points 

T h e  r e l a t i onsh ip  based  on  the  add i t iv i ty  rule  (Eq.  4) was  used  fo r  the  c a l c u l a t i o n  

o f  2M, SM and  2, because  it  is the  s implest .  O t h e r  r e l a t i onsh ip  desc r ib ing  the  d e p e n d -  

ence  o f  the  t h e r m a l  conduc t i v i t y  o f  a d isperse  ma te r i a l  on  the  t h e r m a l  c o n d u c t i v -  
i ty  o f  the  m o n o l i t h i c  ma te r i a l  and  the  dens i ty  o f  the  p o w d e r  have  also b e e n  r e p o r t -  

e d  [10]. A d d i t i o n a l  ca l cu la t ions  were  m a d e  us ing  the  K r i s c h e r  e q u a t i o n :  

1 0 0  - P P 

A -- AM 100 + )~g 100, ' 
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the Riban equation: 

the Starostin equation: 

and the Russel equation: 

BERG et al.: QUANTITATIVE THERMAL ANALYSIS 

2 =-- )],M(1 --p)2/a + 2gp2/~, 

= , ~ p ~ / 3  + (,~g _ '~M)'~M 
2M + (p2/3_ P)(2g - AM) 

~MP + -~g (1 - pZ/Z) 
2 =  

2g 
p _ p~/3 + 2-M- (1 - pZ/Z + p) 

The values of  2M and SM 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, 2M- 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 �9 10 -5 - 1000 �9 10 -~ cal. cm -1.  sec -1.  degree -1. 

Table 3 

Values of 2 M and SM calculated by using different equations for the thermal conductivity 
of the powder 

Value calculated with the 

additivity Krischer I Riban / Star~ I Russel 

equation 

cal 
2M, c m  �9 sec �9 degree  

SM, degree  �9 sec 

264.1 �9 10 -5 

824.3 I 

264.8 �9 10 -5 

824.3 

1600.10 -5 2.11 .10 -a 

255.0 I 1660 

2.09 �9 10 -5 

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 �9 10-5 - 3 0  �9 10 -5 
cal.cm -1 �9 sec -1. degree-1. 

Comparison of the calculated peak area values SM 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 SM 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 ( 4 5 -  55 ~ of 
the density of the single crystal) embraces the majority of the cases occurring in 
DTA practice, viz. particle sizes of 100-500 #m, and hence it may safely be 
assumed that for thermal analysis, the additivity and Krischer equations are the 
most suitable. 

Time, rain 

Fig .  2. D T A  curves  o f  a 3:1 par ts  by weight  mix tu re  o f  s o d i u m  su lpha t e  a n d  c a d m i u m  
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 2g ~, whereas the thermal conductivity of the gas released in the course of the 
studied process is 2~, 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 

A s  = - �9 l O O  

Y M  - -  7 

where ~, 7M and 2 M 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  tile 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). I t  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, f rom the gas atmosphere, the possible 
relative error (as indicated by the above-discussed experimental and theoretical 
data) does not exceed 3 -  5 ~ .  
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R~SUM~ -- Dans l 'analyse thermique des matf r iaux dispers6s, le gaz contenu dans les pores 
des 6chantillons joue un r61e impor tant  dans la d6termination des chaleurs de t ransformation 
de phases. 

Des erreurs particuli6rement notables,  jusqu'/l  25 p.c., peuvent  se produire si l 'analyse 
thermique s'effectue dans des gaz de conductivit6 thermique 61ev6e. 

A part i r  des donn6es d'exp6rience, on d6duit une corr61ation entre la surface des pics et 
la conductivit6 thermique du gaz ainsi que la conductivit6 thermique et les dimensions des 
particules du mat6riau 6tudi6. Cette corr61ation permet  de calculer l 'erreur d'exp6rience pos- 
sible et, par  suite, de faire des mesures pour  r6duire sa valeur. 
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ZUSAMMENFASSUNG - -  Bei der  t h e r m i s c h e n  Ana l y se  d i sperser  S u b s t a n z e n  ist  das  die Poren  
de r  P r o b e n  ausf i i l lende Gas  von  e n t s c h e i d e n d e m  EinfluB a u f  die B e s t i m m u n g  der  P h a s e n u m -  
wand lungswf i rmen .  Besonde r s  b e d e u t e n d e  Fehler ,  bis zu  25 ~o, k 6 n n e n  au f t r e t en ,  wenn  die 
t h e r m i s c h e  Ana lyse  in G a s a t m o s p h / i r e n  e rh6h t e r  Wiirrneleitf~ihigkeit du rchgef t ih r t  wird. 

A u s  Versuchse rgebn i s sen  wurde  ein Z u s a m m e n h a n g  abgelei tet ,  welcher  die Abh~ingigkeit  
der  Peak-Fl/~che yon  der  W/irmelei t f / ihigkei t  des  Gases  u n d  der  Wfirmelei t f i ihigkei t  u n d  
Teilchengr/SBe der  u n t e r s u c h t e n  S ubs t anz  z u m  A u s d r u c k  br ingt .  Dieser  Z u s a m m e n h a n g  
ges ta t te t  die B e r e c h n u n g  des m6gl i chen  Versuchsfeh lers  u n d  dahe r  a u c h  M a B n a h m e n  zur  
H e r a b s e t z u n g  seines Wer tes .  

Pe3ioMe - -  I]ptt  aHaJiti3e jlncnepcHblX MaTeptiaJioB ~ a  olipe~eJleHi~i TenJIOT qba30Bl, IX Ilpe- 
BpallIeHnfl 60JIsmoe 3naqeHtle nMeeT ra30Baa cpe~a, 3alIOJIH~HoI~afl IIopbI 06pa3ua .  

Oc060 CylILeCTBeHHBIe HoFpeIUHOCTH onpe~eJientlfl, ~OCTnralomI, Ie 25~oo, MOFyT BO3HFIKHyTb 
B Tex cJiyqa~Ix, KorAa TepMlaqeCKl~l~ aHa0"IH3 npoa3BOjInTCf[ B aTMocqbepe BFICOKOTeILqOHpOBO~HI, IX 
Fa3OB. 

BblBe~eHHafl Ha OCHOBe 3KcHepFIMeHTa~bHblX ~aHHbIX 3aBI~CI, IMOCTb noloma/tn nFIKOB OT 
TeHffIOHpOBO~HOCTH Fa3OB H TeH.rIOHpOBO~IHOCTH I,I ~HcHepCHOCTH ~lCc~Ie)IyeMoFO MaTepi,IaJia 
HO3BOII~IeT O6OCHOBaHHO paccqtlTaTb BO3MO)KHble OKII, I6KH onpe~eTieHH~ H Ha 3TO~ OCHOB0 
IlpHHflTb MepI,l K yMeHbLUeHHIO Be3IMtiHH 3THX OIIIH6OK. 
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