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On the basis of an analysis of the heat t ransfer  between samples and the surrounding medium, 
principles a re  formulated for the cor rec t  interpretation of the thermal curves in DTA. The 
influence of the type of phase transformation and the tes t  conditions on the form of the thermal  
curve is shown. 

Thermal  analysis is one of the most  traditional and, to date, the most  effective methods of physicochem- 
ical analysis. Improvement in the instrumentation by which the method is carr ied out has been continuous. In 
this connection, it is of interest  to investigate the possibility of improving the accuracy of thermal  analysis by 
refinements in certain long-standing practical  principles which are  used in interpreting thermal curves. 

In thermophysicaI te rms,  thermal  analysis is a means of obtaining information on the changes of a ma-  
ter ia l  by observations of the thermal  effects accompanying these changes. In what is called quantitative analy- 
sis,  the thermal  effect and temperature  range of the transformation are  recorded,  and in qualitative analysis 
only the temperature at the beginning and end of the transformation. 

According to the traditional scheme of differential thermal  analysis, the test  sample and a comparison 
sample (the standard) a re  placed in an identical position with respect  to the heat source. The heat-source 
temperature varies  monotonically (and in the optimal case at a constant rate). The temperature  difference be -  
tween the samples is recorded as a function of t ime or  the temperature  of one of the samples. The nomnono- 
tonic behavior of this curve is used to identify the temperatures  at the beginning and end of the thermal  effect 
in the sample. 

In the region of the transformation, the thermal  curve has the shape of a bell  or peak, the base of which 
is the "base line" corresponding to the background level of the thermal curve. The beginning, end, and maxi-  
mum of the bell  (peak) are  usually taken as the character is t ic  points. The following interpretations of the 
physical meaning of these points, while not entirely cor rec t  (as will be shown below), a re  fair ly widespread. 

The point corresponding to a maximum distance of the thermal  curve from the base line is the most con- 
t revers ia l .  It is often called the main character is t ic  temperature of the transformation (most of the thermal 
curves in [1] were interpreted in this way, for example). It has also been suggested that it corresponds either 
to the end of the transformation or to the temperature  at which the ra te  of transformation is a maximum (a 
review of several  works adopting one viewpoint or the other is given in [2]). The point at the end of the bel l -  
shaped curve is often interpreted as the temperature  of the end of the transformation [3]. The point at which 
the bell-shaped curve begins has been subject to the least disagreement; many authors have correc t ly  identi- 
fied it with the temperature  at which the transformation begins [3]. 

The temperature of the heat source (ti), the test sample (ts) , and the comparison sample ( tc )  are  im- 
portant for the analytic description of heat- t ransfer  processes in thermal analysis. Heat t rausfer  between the 
heat source and file samples is determined by the temperature difference and the thermal resis tance R. 

The thermal  scheme in which the resis tance R is realized in the layer external to the sample is the 
most  unambiguous for analytical description and also potentially the most  accurate; this resis tance is much 
larger  than the internal resis tance of the sample. This scheme is most  often real ized in explicit form in t e s t -  
ing metallic mater ials .  In [4], e.g., metallic tes t  samples and comparison samples were placed inside a metal -  
lic case, and were insulated from it by asbestos padding. Essentially the same scheme is realized in many in- 
dustrial  setups for different thermal  analysis (DTA), in which the samples a re  placed, independently, in a fur-  
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Fig. 1. Effect  of intensity distr ibution of 
the rma l  effect  in the t empera tu re  range 
of  the t rans format ion  on the form of the 
thermal  curve (Q = 400~ A= 10~ 

is a dimensionless  quantity; 5,  ~ 
ts - Ti, ~ I-VI)  t he rma l - cu rve  v a r i -  
ants (see Table 1). 

nace in crucibles .* In this case  the evacuated or  gas-f i l led space between the furnace and the crucibles  makes 
the main  contribution to R. 

However,  in apparatus  in which the tes t  and compar i son  mate r i a l  d i rec t ly  fills a depress ion  in a highly 
heat-conduct ing heated block [5], the layer  of the sample i tself  should be taken as R. In th i s  case  the ana ly-  
t ical  descr ip t ion of the hea t - t r ans fe r  p rocess  is complicated,  and the number of pa rame te r s  affecting the p r o -  
cess  is increased.  

If the the rma l  scheme is optimal,  the heat-balance equations for the tes t  and compar ison  samples  take 
the fo rm 

A (c s + q) f i t s  1 = - t O '  ( 1 )  

Ac dtc 1 = - to),  ( 2 )  

where  q = d Q / d t  s. 

Introducing the notation 5 = t s - tc ,  ~ = (c s + q)/Cc,  and A = t i - tc, Eqs. (1) and (2) yield the resu l t  

1 + - - - -  ( 3 )  
A 

In Eq. (3), one may set  tc ~ bT, A = const. 

The accuracy  with which these conditions a r e  satisfied increases  as  the the rmal  conditions in the sys tem 
approach  regu la r  conditions of the second kind. Then, for the initial condition 5 = 50 when ~ = 0, the solution 
of Eq. (3) in the t empera tu re  range in which ~ = const  takes the fo rm 

5 = [50 + A ((p -- 1)1 exp (-- xbt(pA) -- A (~ - -  I). (4) 

If the intensity of the the rma l  effect  is constant  in the t empera tu re  range of the t ransformat ion,  then for 
50 = 0 the the rmal  curve  in this range is descr ibed  by the dependence 

= - -  A (q~ - -  1)[1 - -  exp (-- ~b/qoA)]. (5) 

For  the purpose of the subsequent discussion,  the sect ion of the the rmal  curve which follows the t e m p e r -  
a ture  range of the t r ans fo rmat ion  will be called the af tereffect  section. Note that the b e g g i n g  of this sect ion 
and, correspondingly,  the moment  when q becomes  zero ,  correspond to a nonzero value of 5. Denoting this 
moment  of t ime by Tf, the following express ion  is obtained for the descr ipt ion of the af tereffect  sect ion (for 

*See ,  e .g . ,  the descr ip t ions  of analyzers  in the catalogues of the companies Setaram, Netzsch-Ger~tebau, 
Mett ler ,  L inse i s ,  etc .  
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i ca l ly  in Fig.  1. 
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(p = 1 and 6(Tf) = 6f) 

8 = S f e x p  [ - -  ( ~ - - ~ f ) b  ] " A  (6) 

In  t h e  c a s e  o f  a n  a r b i t r a r y  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  t h e r m a l  e f f e c t ,  i n  t h e  t e m p e r a t u r e  r a n g e  o f  t h e  
c o n v e r s i o n  t h e  t h e r m a l  c u r v e  m a y  b e  c a l c u l a t e d  b y  d i v i d i n g  t h i s  r a n g e  in to  s e c t i o n s  w i t h  c o n s t a n t  v a l u e s  o f  ~.  

C a l c u l a t i o n s  a r e  m a d e  o n  a M i r - 2  c o m p u t e r  t o  i l l u s t r a t e  t h e  e f f e c t  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  
t h e r m a l  e f f e c t  on  t h e  f o r m  o f  t h e  t h e r m a l  c u r v e s .  In  F i g .  1 t h e r m a l  c u r v e s  w i t h  d i f f e r e n t  h e a t - a b s o r p t i o n  
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Fig. 2. T e m p e r a t u r e  a t  the beginning of t r an s fo rma t ion  as  d e t e r -  
mined using l inear  ex t rapola t ion  (var ian t  VI, Q = 400~ A = 10~ 
b = 10~ T ~ ' - - T  i = 13~ T i - T  i = 10, 5 and 8~ with the de -  
viation f rom the ze ro  line fixed at 0.5 and 0.1% of the m a x i m u m  value 
5, respec t ive ly ,  - 5, ~ T, sec.  

Fig. 3. T e m p e r a t u r e  a t  the end  of the t r a n s f o r m a t i o n  as d e t e r -  
mined using ext rapola t ion  of the a f t e re f f ec t  sec t ion  (var ian t  HI, 
Q = 400~ A = 10~ b = 10~ The dashed cu rve  indicates  
exponential  ex t rape la t iom 

laws a r e  shown for  constant  Q and t e m p e r a t u r e  r ange  of the t r ans fo rma t ion .  The value of Q is  fixed by sp ec i -  
Tf 

lying the p a r a m e t e r  Q'  = .f (pdT. 
q 

The value  of Q ' ,  equal to 400~ and the t e m p e r a t u r e  r ange  of t r a n s f o r m a t i o n  (40~ approx ima te ly  c o r -  
respond  to the c h a r a c t e r i s t i c  va lues  of these  quanti t ies in the mel t ing  of a s e r i e s  of  n i c k e l - c h r o m i u m  al loys.  
To show the e f fec t  of the r a t e  of  heat ing b and the  value of R on the f o r m  of the cu rves  and their  c h a r a c t e r i s -  
t ic  points ,  ca lcula t ions  a r e  made  for  A = 5, 10, 50 ~ Resul t s  for  the case  A = 10~ a r e  shown in Fig. 1. 

I n c r e a s e  in A is equivalent  to i nc r ea s e  in the r a t e  of  heat ing at  fixed R and inc rease  in R at  fixed r a t e  
of  heating. The t h e r m a l  e f fec t  and the t e m p e r a t u r e  r ange  of t r a n s f o r m a t i o n  a r e  a lso  var ied .  

The  r e s u l t s  of an ana lys i s  of the t h e r m a l  cu rves  obtained a r e  shown in Tab le  1, in which the t e m p e r a -  
t u re s  at  the beginning (T i) and end (Tf) of the t r a n s f o r m a t i o n  a r e  compared  with the t empera t t t r e s  at  the b e -  
ginniz~ (T~) and end (T~) of the  deviat ion of the t h e r m a l  curve  f rom the b a s e  line. In the asympto t ic  approach  
to this line, the c h a r a c t e r i s t i c  point was  found at  a devia t ion f rom the line amounting to 0.5% of  the l a r g e s t  (in 
modulus) value.  The t e m p e r a t u r e  co r respond ing  to the m a x i m u m  intensi ty  of the t h e r m a l  effect  and a lso  the 
t e m p e r a t u r e  T m cor responding  to the m a x i m u m  (in modulus) value of ~ a r e  shown. The t e m p e r a t n r e  point T i 
is taken as the origin.  

Analys i s  of the heat  t r a n s f e r  between the s amp le s  and the surrounding med ium in DTA leads to the fo l -  
lowing conclusions r ega rd ing  the t r e a t m e n t  of the t h e r m a l  curve.  

1. The t e m p e r a t u r e  at the beginning of the t r a n s f o r m a t i o n  co r r e sponds  to the point a t  which the t h e r m a l  
curve  dev ia tes  f rom the b a s e  line ex t rapola ted  f r o m  the t e m p e r a t u r e  range  preceding  the t ransformation~ 

The leve l s  of  the b a s e  line be fo re  and a f t e r  t r a n s f o r m a t i o n  often d i f fer  [6]. The ineradicable  cause  of 
this  is the d i f fe rence  in the spec i f i c -hea t  r a t io  of the s amples  be fo re  and a f t e r  t r ans fo rmat ion .  In in te rpre t ing  
the beginning of the t r an s fo rm a t i on ,  accordingly ,  only the sec t ion  of the cu rve  preceding  t r an s fo rma t io n  should 
be  taken into account.  

It should be  emphas ized  that  there  is  no physica l  ba s i s  for  the widely used method of finding the t e m p e r a -  
tu re  at  the beginning of t r a n s f o r m a t i o n  as  the point of  in te rsec t ion  of the base  line with the r ec t i l i nea r  ex t r ap -  
olation of the sec t ion  of the t h e r m a l  curve  which devia tes  f r o m  it. The t h e r m a l  curve  cor responding  to v a r i -  

I t  
ant  VI  in Tab le  1 is shown in Fig. 2, where  the point T i cor responding  to this method is indicated. Note that  
the i m p r o v e m e n t  in a ccu racy  obtained by using the method of de te rmin ing  the t e m p e r a t u r e  at the beginning of 
the t r a n s f o r m a t i o n  proposed  in the p r e s en t  work  r a the r  than the t radi t ional  method i n c r e a s e s  with i nc rea se  in 
the sens i t iv i ty  with which the t h e r m a l  curve  is r ecorded .  

2. The c h a r a c t e r i s t i c  e l emen t  of  the t h e r m a l  curve  is the sec t ion  following the t e m p e r a t u r e  range  of 
t r an s fo rma t ion ,  for  which the t e r m  a f te re f fec t  sec t ion  has  been  proposed.  On this  sect ion the t e m p e r a t u r e  
d i f fe rence  between the s am p l e s  v a r i e s  exponential ly with t ime.  
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The temperature at the end of transformation may be determined by noting that it coincides with the be- 
ginning of the aftereffect section. This temperature may be found as the point at which extrapolation of the 
aftereffect section tovmrd the temperature range of transformation leads to deviation from the thermal curve 
(point Tf in Fig. 3). It is expedient to align the dependence in semilogarithmic coordinates [7]. 

3. The temperature corresponding to the maximum deviation of the thermal curve from the base line, 
the temperature of the maximum, is not a characteristic temperature of the transformation in the general 
case. It lies in the range T i __ T m _< Tf; its value depends both on the type of transformation and on the test 
conditions (see Fig. 1 and Table i ) .  In particular cases, T m may coincide with the temperature at the end of 
the transformation, for example~ for the intensity distribution of the thermal effect in variants I and II of the 
calculation, or with the unique characteristic temperature of the transformation (for invariant t ransforma- 
tions). 

With increase in heating rate and the size of the thermal effect, T m may shift toward higher tempera- 
tures (increase in T m with increase in & and Q' in variants HI-V of Table 1). 

No unique correspondence is observed between the temperature T m and the temperature (temperature 
range) of maximum heat-l iberat ion intensity. 

! 
4. The temperature at the "end" of the thermal curve Tf is a fundamentally undetermined point on the 

exponential section of the curve. It is not a characteristic temperature of the transformation, and falls outside 
the limits of the transformation range: in the case of heating, T} > Tf. With increase in heating rate,  the 
point T} is shifted toward higher temperatures (increase in T} with increase in A; see Table 1). This had 
more than once been established experimentally, e.g., in [8]; however, this is usually associated with change 
in the character of the processes occurrLng in the test  ma te r i a l  

Because of the relation noted between A and R, it has been established that the increase in T~ may 
also be the result  of deterioration in heat t ransfer  between the samples and the heat source. The point T} iS 
shifted in the same direction with increase in the thermal effect; the shift is larger for Tf than for the tem- 
perature range of transformation (see Table 1). 

In conclusion, note that in real  experiments the form and interpretation of the thermal curves may be 
complicated by a series of factors whose effects were assumed to  be small in considering the optimal thermal 
scheme. Among these are the presence of a temperature distribution over the cross section of the test  sample 
and heat absorption in the layer at which the thermal resistance R is realized. 

N O T A T I O N  

t i  , ts ,  tc, temperature of the heat source, the test  sample, and the comparison sample, respectively; 5, 
temperature difference between the test  sample and the comparison sample; A, temperature difference of the 
heat source and the comparison sample; r, t ime; b, heating rate; T~, ti, initial an~ final temperatures of the 
deviation of the thermal curve from the base line; Tm, temperature of maximum deviation of the thermal 
curve f rom the base line; ~ ,  temperature at the beginning of the transformation determined by the traditional 
method; A, coefficient t a k i ~  account of the geometric factor; R, thermal resistance; Cs, c o specific heat of 
the tests sample and the comparison sample; O, volumetric thermal effect of transformation; q, intensity of 
thermal effect referred to unit volume; T i, Tf, temperature at the beginning and end of transformation. 
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