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ALstract  

The integration of data from differential scanning calorimetry to obtain enthalpy vs. 
time or temperature curves can be performed easily and painlessiy with modern 
thermoanalytical instruments interfaced with computers.  This paper reviews old techniques 
and develops new ones for delermining proper thermodynamic quantities and tempera- 
tures, and degrees of conversion from the integrated curves. 

Methods for using the isothermal baseline rather than the transient one for minimizing 
the displacement from it during a constant heating rate experiment and for calibrating the 
isothermal temperature are described. Integration avoids errors due to kinetics effects and 
changes in interfacial resistance in the determinat ion of heat capacity. The thermodynamic 
or "fictive'" glass transition temperature and change in specific heat at the glass transition 
are de termined more easily and in a correct manner  by the integration method.  The 
analysis of both sharp and diffuse first order  transit',a,us are discussed. Thermodynamically 
correct temperatures and heats of transition and reaction are obtained through integration. 
Application of the lever rule to isothermal "tie lines" is used to obtain the correct 
"'fraction reacted" during transitions, and methods for Compensating for weight loss and 
heat of evaporation are discussed. Purity determinat ion by the stepwise isothermal method 
is briefly reviewed. 

I N T R O D U C T I O N  

The concept of integrating differential scanning calorimetry (DSC) 
curves, i.e. determining changes in enthalpy from the integration of heat 
capacity at constant pressure data, is hardly a recent innovation. Ever since 
the ice calorimeter was developed by Lavoisier and Laplace in 1783 [1], 
scientists have, in one way or another, been obtaining "heats" from 
experimental  "heat  capacities". It i s  surprising, therefore, that thermal 
analysts do not automatically display their integrated DSC data because the 
interpretation of these "enthalpic" results is often much more  obvious and 
straightforward, a n d  one can often avoid many problems and pitfalls 
encountered during the interpretation of  the derivative DSC traces. 

Now that mos t  thermoanalytical experimental resul ts  a r e  obtained 
through a computer interface and mathematical manipulation of these data 
is routine, the re  is no excuse for not taking advantage of this simplifying 
treatment during the design and analysis of DSC experiments, 
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T h i s  pape r  discusses ways of obta in ing  the  cor rec t  basel ine for  
in tegra t ion of  a D S C  curve,  cal ibrat ing t e m p e r a t u r e ,  measu r ing  hea t  
capacity,  glass t ransi t ion t e m p e r a t u r e s  and C~, changes ,  d e t e r m i n i n g  puri ty  
f rom the van ' t  Hof t  equa t ion ,  de te rmin ing  t rans i t ion t e m p e r a t u r e  and 
en tha lpy  for sharp  and diffuse first o rde r  t ransi t ions,  de t e rmin ing  degree  of 
convers ion  • by applying  the lever  rule to integral  curves,  and  ways for 
compensa t ing  for weight  loss and latent  hea t  effects dur ing  first o rde r  
transit ions.  

BASELINE DETERMINATION 

In o rder  to in tegra te  a D S C  curve (i.e. the ra te  of hea t  change  (power)  as 
a funct ion of t e m p e r a t u r e  or  t ime)  and thus to d e t e r m i n e  heats  of t ransi t ion 
etc., it is necessary to establ ish a basel ine to b o u n d  the  a rea  which is to be 
in tegra ted .  In the absence  of  any physical or  chemical  t r ans format ion ,  the  
i so thermal  basel ine reaches  a s teady value after  a very shor t  ins t rum6nta l  
wa rm up per iod,  dur ing  which any t rans ient  effects decay.  This  s teady value 
depends  only on the difference in hea t  flows th rough  t~,e sample  and 
re ference  ca lor imeters  or p la t fo rms  at that  t empe ra tu r e .  A series of  s teady 
state values at successively h igher  or  lower  i so thermal  t e m p e r a t u r e s  
obviously de l inea te  this s table  basel ine and,  unl ike the  so-called basel ine 
ob ta ined  at cons tant  hea t ing  rate ,  it is unaffected by t rans ien t  effects such as 
changing  pa t te rns  of  hea t  flow and contact  at so l id - so l id  interfaces and 
inheren t  kinet ic  lags, which occur  when  a sys tem is be ing  hea t ed  or  cooled.  
Fur the r ,  in the  case of  a first o rde r  t ransi t ion,  ob ta in ing  an " i s o t h e r m a l "  
basel ine  by the  l inear  ex t rapo la t ion  of the i so thermal  base l ine  f rom before  
the  t ransi t ion is justifiable and  can be tes ted in s o m e  cases by pauses  at 
var ious  t e m p e r a t u r e s  within the  t e m p e r a t u r e  range  of the  transi t ion.  In any 
event ,  any devia t ion  in its l inearity can be assessed f rom a " b l a n k "  
expe r imen t  (with empty  pans) .  

I f  the hea t  capaci ty differen.ce be tween  the  sample  and  re fe rence  sides of  
the D S C  is large,  then  there  will be a large d i sp lacement  of the D S C  trace 
when  the s y s t e m  is hea t ed  or  cooled  at a cons tant  ra te .  This  d i sp lacement  
will be p ropor t iona l  to the hea t  capacity difference be tween  the two sides 
mul t ip l ied by the ra te  of t e m p e r a t u r e  change.  W h e n  such a large 
d i sp lacement  occurs,  the imprecis ion in measu r ing  small  hea t  changes  by 
i n t e g r a t i o n  of  hea t  capaci ty da ta  increases cons ide rab ly .  However ,  such 
large d isp lacements  can be r e m o v e d  qui te  simply. Any  large dispari ty 
be tween  the hea t  capacit ies  of  the  re fe rence  and sample  sides of a D S C  can 
be c o m p e n s a t e d  for by add ing  (usually to the re fe rence  side of  the D S C )  
the p r o p e r  a m o u n t  of t h e r m a l l y  inert  mater ia l ,  e.g. (pieces of) a luminum 
sample  p a n  lids. This  p r o c e d u r e  diminishes  the area  to b e  in tegra ted  and 
thus increases t h e  sensit ivity of  the in tegra ted  curve t o  the hea t  changes.  

W h e n  the t e m p e r a t u r e  of  the D S C  is changed,  the D S C  trace a t  cons tant  
heat ing  ra te  will show some  curva ture ,  even  in the absence  of  an enthalpic  
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J.H. Fiynn/Thermochim. Acta 217 (1993) 129-149 131 

event,  due to the difference in emissivit ies of the sample and reference 
sides. This difference a n d  resulting curvature may increase as the 
ins t rument  ages. The emissivities can be more closely matched by a p p l y i n g  
an area of dark coating to one ~ide of the D S C  [2]. However ,  t h e  method 
used to straighten the baseline in modern  instruments  is to ramp a little 
extra current  to one of the sides. This is reasonably successful in 
straightening this "dynamic  base line" but results in a difference between 
the tempera tures  of the sample and reference sides of the calorimeter  which 
may be as large as several degrees [3]. 

As a result of all of the above and many other  complications, the 
" i so the rma l"  baseline, rather  than the "dynamic"  baseline, is used in this 
paper  as a boundary  for the area to be integrated.  The establishment of an 
isothermal baseline is described in the isothermal t empera ture  calibration 
which follows. 

I S O T H E R M A L  T E M P E R A T U R E  CALIBRATION 

One should integrate a D S C  trace between two isothermal temperatures ,  
so it is impor tant  that  these isothermal tempera tures  be calibrated with high 
precision. The  isothermal tempera ture  may be calibrated from transi t ion 
tempera tures  such as the melt ing point of indium or from sharp 
reproducible transitions of o ther  materials  [4]. An  example of this 
technique is shown in Fig. 1. Here  the p rogramed tempera ture  was raised in 
0.1 K increments from 427.8 to 428.5 K. The baseline along the abscissa 

427.9 ~ 8 , 2  
b)- 

o) 427.8 ~427.9 .~428.0 ~ 428.1 ~ 428.3 ~ 428.4 .~. 428.5 

- t  
b 

Fig. 1. A DSC trace (power difference vs. time) showing successive isothermal steps:  
(a) empty pans; (b) 8.00 mg of 99.99% indium in t h e  sample pan. The numbers are the 
programed temperatures in kelvin. The temperature was increased by 0.l K at the beginning 
of each deflection, 
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i so thermal  p a u s e s )  is b y  de f in i t i on  the i so thermal  
discussed in the p rev ious  section.  (Obviously ,  this 

can be ex t ended  over  a much b r o a d e r  t e m p e r a t u r e  
range.)  

The  areas  be tween  the d i sp lacements  and the basel ine in Fig. 1, curve (a) 
( fo r  empty  sample  pans) ,  when  the  p r o g r a m e d  t e m p e r a t u r e  is increased  by 
0.1 K inc remen t s ,  are  p ropor t iona l  to the  en tha lpy  change,  i.e. the integral  
of  the differences in heat  capaci ty be tween  the sample  and re fe rence  sides 
over  t h e  OAK t e m p e r a t u r e  step. (Ac tua l  in tegra t ion  is u n n e c e s s a r y h e r e  
because  we are o n l y  in te res ted  in identifying the t empera tu re s ,  not  the 
magn i tude  of  the en tha ipy  changes . )  The  large d i sp lacements  in Fig. 1, 
curve (b )  result  f rom the increased  hea t  capaci ty of the sample  side due  to  
the p resence  of an 8.00 mg  spec imen  of  99.99% indium.  The  increase  in the 
area  of the d i s p l a c e m e n t  at the p r o g r a m e d  t e m p e r a t u r e  i nc r emen t  of  
428.1"428.2 K is due  to the van ' t  Hoff  " impur i ty  tai l"  of  the ind ium mel t ing  
t ransi t ion a n d / o r  a slight • " o v e r s h o o t "  dur ing  the  t e m p e r a t u r e  increase.  The  
very large a rea  p roduced  by the t e m p e r a t u r e  change  4 2 8 . 2 - 4 2 8 . 3 K  
identifies this p r o g r a m e d  ter~lperature range  with the  mel t ing  point  of the 
indiurn. 

In o rde r  to calculate  the change  in en thap ly  over  a t e m p e r a t u r e  range,  
• one mus t  in tegra te  the area  be tween  the i so thermal  basel ine and  the D S C  
curve for the  sample  of interest  and then subtrac t  f rom this en tha lpy  the 
en tha lpy  ob ta ined  f rom a similar  in tegra t ion  be tween  the D S C  curve and  
i so thermal  basel ine for the same t e m p e r a t u r e  range for a run m a d e  with an 
emp ty  sample  pan.  Tha t  is, in Fig. 1 one  mus t  subt rac t  the areas  of the 
" e m p t y  p a n "  curve (a) f rom the areas  of curve (b). If one  has c o m p e n s a t e d  
for the hea t  capacity difference be tween  the sample  and re fe rence  sides, the 
areas  of  curve  (a) will be very small for shor t  t e m p e r a t u r e  or  t ime r a n g e s .  
No enthalp ic  events  occur  dur ing  the empty  pan run (curve (a))  so the area  
can be d e t e r m i n e d  for m u c h  l a rge r  t e m p e r a t u r e  jumps ,  say of  20 or 30 
degrees ,  and  an average  area  per  degree  calculated.  T h e n  the a p p r o p r i a t e  
average  a r ea  (in the above  ease, for one ten th  of a degree)  sub t rac ted  f rom 
each of the one ten th  degree  j u m p s  areas  of Fig. 1, curve (b). As  previously  
s ta ted,  the in tegra t ion  of the  areas  is unnecessary  for i so thermal  t e m p e r a -  
ture  cal ibrat ion,  but  in tegra t ion  is r equ i red  for a case involving a qui te  

s i m i l a r  e x p e r i m e n t a l  p rocedure  (s tepwise impur i ty  de t e rmina t ion )  de:  
scr ibed later  in this p a p e r .  

D E T E R M I N A T I O N  O F  H E A T  C A P A C I T Y  . . . . .  

The  wel l -known way of measu r ing  specific hea t  capacity by D S C  [5] is 
i l lustrated in  Fig. 2. A n  empty  sample  pan is hea t ed  or  cooled  at a cons tan t  
ra te  of  t e m p e r a t u r e  change  be tween  two i so thermal  t e m p e r a t u r e s  Tt and Tz, 

• Th i s  is r epea ted ,  first w i t h  a mater ia l  of  known  Cp (e .g . •a lumina)  in the 
sample  pan  and  then  with t h e  spec imen  of interest .  T h e  specific hea t  

. . . .  . ' . . .  . : . . . . . .  . . .  ' . . 
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Fig. 2. T h e  d y n a m i c  m e t h o d  for  spec i f ic  h e a t  c apac i t y  d e t e r m i n a t i o n  by  D S C :  p o w e r  vs. 
temperature. 

capacity of the sample Cp(sample) at any temperature in the range is 
calculated from the known value of Cp(alumina) from the equation 

C,(sample) = C,(alumina) × [wt(alumina)/wt(sample)] 

× [A(sample) /A(alumina)]  (1) 

where wt is weight and A is amplitude, i.e. the distance along the ordinate 
between the alumina or sample curve and the empty pan •curve at the 
chosen temperature. The accuracy of heat capacity measurement by this 
method is usually about ±5% which can be reduced to about 1% by 
meticulous experimental procedure [6, 7]. There are several causes for this 
lack of precision, One serious problem is that of maintaining a constant 
t he rma l  resistance across solid-solid interfaces. In this case, these 
interfaces are between the calorimeter or platform and the sample pan  and 
between the sample pan and the alumina or specimen. Any movement 
resulting from purge gas flow, vibration, specimen buckling, sintering or 
melting, or (most importantly) from removing and replacing alumina and  
sample specimens; will affect these thermal resistances and alter the heat 
flow pattern of the system. Differences between the thermal conductivity of 
the specimen and the  calibratingmaterial  will also introduce erro r into the 
calculation. 

The thermal resistance between the pan a n d  the calorimeter can be 
reduced to  about one third of its value and rendered more reproducib leby  
putting into the pan-ca lor imeter  interface a drop of "thermal lubricant , '  
e.g. high viscosity silicone oil (for temperatures below 200"C) [8], I n  any 
event ,  in a constant rate of temperature change experiment such a s  this, 

: ' . . . . . . . .  . . . .  . : . . : . . .  : : :  . 
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there  is an inhe ren t  lag in the ampl i tude  when  the hea t  capacity is changing  
with t empera tu re ,  (The  decrease  in a rea  (and  ampl i tude)  resul t ing from this 
lag is n o t  rega ined  until a new isothermal  t e m p e r a t u r e  is establ ished.)  This  
can a m o u n t  to several  •percent  e r ror  in hea t  capaci ty m e a s u r e m e n t  for 
poorly conduct ing  specimens [9]. 

However ,  all of the p rob lems  inheren t  in the above dynamic  me thod  can 
be avo ided  by the integrat ion me thod ,  i.e. using the DSC as a ca lo r imete r  
[4]. In a t radi t ional  ca lor imeter ,  a me t e r ed  amount •of  power  is added  to the  
System and the compensa t ing  t e m p e r a t u r e  change  is measured .  To use the 
DSC as a ca lor imeter ,  a me t e r ed  t e m p e r a t u r e  change  can be in t roduced  
and then the power  tha t  the D S C  hea te r s  add to the system to compensa t e  
for this t e m p e r a t u r e  change is measured .  As before,  the DSC is ope ra t ed  
be tween  two isothermal  t empera tu re s  Tt and  T2. ( In  this case, ra te  of 
t empera tu re  change  is immater ia l ;  thus,  we will use the curves in Fig. 2 to 
i l lustrate this method . )  As before,  exper iments  are pe r fo rmed  first with the 
empty  sample  pan and then with the sample  of interest .  The  two curves  are  
then in tegra ted  be tween  their  i so thermal  basel ines  and their  d i sp lacements  
dur ing the t e m p e r a t u r e  change.  If the enthalpic  cal ibrat ion cons tan t  K for 
the D S C  has been  accurately  measured ,  then the en tha lpy  change,  AH, may 
be de t e rmined  from the in tegra ted  a reas  and therefore  the average  specific 
hea t  capaci ty f o r  the u n k n o w n  sample  over  the t e m p e r a t u r e  range  T~-T2, 
will be given by eqn. (2). 

Cp(T~, T2) = K [ A g E A ( s a m p l e )  - A R E A ( e m p t y ) ] ~ ( T 2  - T~) 
= [AH(sample)  -- A H ( e m p t y ) ] / ( T 2 -  T~) (2) 

In hea t  capaci ty de t e rmina t ion  there  is no special advantage  in the 
analysis of the data  to be gained by displaying the in tegra ted  en tha lpy  vs. 
t e m p e r a t u r e  plot. 

The  main  source  of e r ror  in eqn. (2) is the calculat ion of the en tha lp ic  
c o n s t a n t  for the  ins t rument ,  which is ob ta ined  by using a lumina  or  some 
o ther  s t andard  for which the heat  capaci ty  has been  accurately  de te rmined .  
As  in  all ca lor imetr ic  studies,  an average  value for the funct ion C, over  
a t empe ra tu r e  interval  is obta ined .  This t e m p e r a t u r e  interval  can be 
shor t ened  or,  be t t e r  yet, exper iments  with over lapping  intervals  may be 
p e r f o r m e d  as needed  to ex tend  and to bring out  the  detail  of the  (7, vs. 
t e m p e r a t u r e  curve for t h e  substance.  T h e  total  en tha lpy  c h a n g e  be tween  
two isothermal  t empera tu re s  is u s e d  for these  calculations,  so the precis ion 
is much g rea te r  than  that  ob ta ined  from the convent ional  m e a s u r e m e n t  of 

C p  f rom the  ampl i tude  Of the der ivat ive curve as i l lustrated in Fig. 2. 

D E T E R M I N A T I O N  O F  T H E  G L A S S  T R A N S I T I O N  T E M P E R A T U R E  
. . . .  , . . . . . .  . . 

T h e . g l a s s  t ransi t ion t e m p e r a t u r e  T~ seems s i m p l e  enough  when  it is 
defined t h e r m o d y n a m i c a l l y  as the point  on a n  en tha lpy  (or volume)  vs. 
t e m p e r a t u r e  graph a t  which the ( supercooled)  liquid and the glass curves  

• . . " i  " . ' ' " . . . .  . " 

: . '  : • , . .  
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Fig. 3. The glass transition temperature  ("ideal'* second order tralJsition curves): 
(a) enthalpy vs. temperature;  (b) volume vs. temperature;  (c) heat capacity vs. tempera- 
ture; (d) coefficient of expansion vs. temperature.  

intersect (as shown in the "ideal  case" schematic in Fig. 3). Indeed,  this is 
the way that it is de termined from a thermomechanical  analysis (TMA)  plot 
of volume (or a dimension)  change vs. t empera ture  where an extrapolat ion 
is made  to the intersection of the two curves as shown in Fig. 3(b). 
However ,  the traditional technique for determinat ion of T~ by D S C  is to 
define it at the d iscont inui ty  of the derivative curve (step function),  as 
shown in Fig. 3(c). The integrat ion of the DSC curve (as in Fig. 3(a)) to 
obtain the the rmodynamic  (or fictive) Tg was suggested many years ago by 
Flynn [4] and Richardson and Savill [10]; only in the last few years have 
computer  routines been developed to perform this relatively •simple 
opera t ion  [11], 

The problems involved in using the derivative DSC curve to obtain the 
glass transition tempera ture  are manifold. Two innate complicat ions in 
glass t ransi t ion measurement  are illustrated schematically in  Fig. 4. First, 
the glass transition is kinetically sluggish, s o  i t  takes p l ace  over a 
t empera ture  range which may be quite large at conventional  h e a t i n g r a t e s ,  
This causes the glass t ransi t ion obta ined from D S C  to be a sigmoidal curve  
rather  than a step function, as is illustrated schemat ica l ly  in Fig. 4 (a) .  

• Secondly, the •glassy state is imperfect  and cannot  b e  w e l l  defined. 
• Therefore ,  if one cools a mater ia l  rapidly from the liquid state (quenches 
it), this liquid is frozen into a low density glass with a high enthalpy (as 
illustrated schematically by GL(1)  in Fig. 4(b)).  However ,  if the  material  is 
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Fig.  4. The glass transition temperature--two complications: (a) kinetics structure; 
(b) multiple glassy states: enthalpy vs. temperature and heat capacity vs. temperature 
curves: GL(1), low density glass; GL(2), intermediate density glass; GL(3), high density 
glass. 

cooled slowly (i.e. it is allowed to anneal) the molecules relax into a high 
density glassy state of lower enthalpy (as illustrated by GL(3) in Fig. 4(b)). 
There is, of course, an almost continuous spectrum of intermediate glassy 
states (e.g. GL(2) in Fig. 4(b)) which have intermediate densities and 
enthalpies. 

We discuss from a phenomenological perspective two examples of what 
may occur when a glass is heated through its T~ in DSC [4]. These two cases 
a r e shown  in Fig. 5. In Fig. 5, case (I), a liquid is cooled slowly into a high 
density low enthalpy glassy state and then heated rapidly. In effect, the 
heating glass "overshoots" the liquid curve because its "relaxation time" in 
this lower temperature range is long in comparison to the rate of heating. 
As the temperature increases, the relaxation time for the glass to liquid 
process decreases and the system "catches up" to the liquid curve and, as a 
result, one sees what appears  to be an endothermic first order peak at the 
end of the glass transition [4,12]. This happens often during the 
measurement  of the T~ o f  amorphous polymeric materials. T h i s  peak  is 
illustrated by curve (I) in the lower DSC plot in Fig. 5. I n  case ( I I ) ,  the 
substance is rapidly quenched into a low density "imperfect" glass, as in 
Fig.  5. It is then heated slowly through the glass transition temperature 
region. As the glass transition temperature is approached, the glass begins 
to "perfect" itself, i.e. slowly anneal itself into a lower enthalpy glassy state. 
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Fig. 5. The effect of cooling rate on glass transition temperature determination by DSC: 
(I) enthalpy vs. temperature, slow cooling and fast heating; (II) enthalpy vs. temperature, 
fast cooling and slow heating; DSC curves for cases (I) and (II). 

This occurs until the supercooled liquid curve is neared and the transition 
from the glass to the liquid phase begins to take place at a more rapid pace 
than the annealing process. This annealing process may produce what 
appears to be a small exothermie peak at the beginning of  the glass 
transition. This peak is illustrated by curve (II) in the lower DS C plot in 
Fig. 5. 

It can be seen from the enthalpy vs. temperature curves in Fig. 5 that the 
correct glass transition temperature (obtained from the extrapolated 
intersection of the glass and liquid curves) is lower for the high density glass 
GL(3)  in Fig. 5(1) than for the low density glass GL(1)  in Fig. 5(I1). This is 
to be expected. However ,  if the customary method of determining the glass 
transition temperature from the derivative DSC curves of Fig. 5 is used (i.e. 
taking the temperature at which the DS C trace has reached the midpoint of  
the amplitude of ACp between the "before" a n d  "after', curves) then 
incorrect values for  the T~ values are obtained, e.g, the annealed glass 
GL(3)  appears to have a higher glass transition temperature than the 
quenched glass G L ( 1 )  . . . . .  

Many other complicating phenomena can occur in the glass transition 

: " " ' " ' i '  
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region. As t h e  glass is heated t h r o u g h  its transition, t h e  atoms and 
molecules are released from their rigid structure and are ab le  to do what  
they were unable to do before because of their immobile condition. Strains 
introduced during cooling or mechanical working are released, causing 
exothermic d i sp lacements .  Occluded gases or v a p o r s  start to escape, 
causing another  enthalpic displacement, Some thermoset t ing polymers may 
have an "anneal ing peak"  in  the middle of the glass transition. If the 
specimen was previously quenched ,  then cold recrystallization can occur 
with a release of enthalpy. Chemical reactions may suddenly flare up a t  a 
greatly increased rate owing to the increased mobility of the reactants. 
These reactions may consist of ei ther synthesis, (e.g. further cure of a resin) 
or a decomposition reaction. These reactions may be either endothermic or 
exothermic. An additional problem is that, owing to the sluggishness of the 
glass transition, the reg ion  of heat  capacity change  for some materials may 
stretch over  a range of several tens of degrees of tempera ture  and, in the 
case  of highly cross-linked polymers for example, the change in heat  
capacity in the DSC curve (or change  in slope of enthalpy curve) in the glass 
transition region will be very slight. As a result, the DSC trace in the glass 
transition region may include considerable collateral enthalpic structure 
which can make T~ determinat ion difficult (if not impossible) in some cases. 

Some "typical" DSC glass transition curves are shown in Fig. 6. These  
types of derivative curves are most difficult to interpret.  However ,  by using 
the integral curves of enthalpy vs. temperature ,  the slopes of the liquid and 
glassy curves can often be extrapolated to their intersection at T~ from 
regions beyond those where the complicating effects occur. Further ,  for the 

i 

Fig. 6. Some  DSC curves f o r  glass t ransi t ions which are difficult to interpret .  (Publ ished 
D S C  glass t ransi t ion curves t end  to  be t h e " c r e a m  of the  c r o p " .  Most  of  the  really ugly 
curves are undoub ted ly  filed away and never  seen in p r in t . )  

. . . . : • 
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in tegra ted  curves  t h e  differences in s lopes  be tween  the ex tended  glass a n d  
liquid curves  permi t  a be t t e r  calculat ion of the ACp at the glass transit ion. 

FIRST O R D E R  T R A N S I T I O N  M E A S U R E M E N T  

First  o rder  t ransi t ions  may be divided into two types. T h e  first is a sharp 
t ransi t ion such as the mel t ing or freezing of a pure  low molecular  weight  
m a t e r i a l  of high thermal  conductivity.  For  a sharp first • o rde r  transit ion,  
measu red  by D S C  at cons tan t  heat ing rate ,  the t e m p e r a t u r e  i n c r e m e n t  
dur ing  which the  hea t  mus t  flow be tween  the DSC hea te r  and the  specimen 
in order  to match  its hea t  of t ransi t ion is larger  than the t empera tu re  range  
of the transi t ion.  In this case, the ra te  of m e a s u r e m e n t  of the t ransi t ion by  
D S C  is hea t  flow limited. A t  cons tan t  hea t ing  rate,  the leading edge o f  this 
endo  or  exo thermic  peak  should  be l inear  and its slope equal  to the hea t ing  
rate  divided by the the rmal  resis tance be tween  t h e  hea t e r  and the 
specimen,  The  second type of first o rder  t ransi t ion is a diffuse transi t ion.  In 
this case the shape  of the DSC peak  is l imited by the kinetics of t h e  
transi t ion.  Examples  of diffuse t ransi t ions are those of the melt ing of many  
polymers  and  those  of chemical  reactions.  We  discuss the  in te rpre ta t ion  
and m e a s u r e m e n t  of hea ts  and fractional convers ions  for both  of these 
types of t ransi t ions.  

However ,  before  discussing the in tegra t ion  of first o rder  t ransi t ion peaks  
it is well to point  out  a basic misconcept ion  by many  thermal  analysts which 
flaws thei r  analysis of first o rder  t ransi t ions  ob ta ined  from D S C  da ta .  
T h e r m o d y n a m i c  quant i t ies  such as enthalpy,  ent ropy,  free energy,  volume,  
etc. are  defined at a specified t empera tu re ,  pressure ,  chemical  composi t ion,  
etc. Howeve r ,  because  scientists  in the  field of the rmal  analysis are deal ing 
with m e a s u r e m e n t s  at cont inual ly  changing t empera tu res ,  they have  
deve loped  the misconceived pract ice of measur ing  hea ts  (which they often 
mis takenly  call en tha lp ies)  of t ransi t ions and  react ions  over  a t empe ra tu r e  
range r a the r  than  at a specific t empera tu re .  

T h e r e  might  be  an a rgumen t  for defining the hea t  of t ransi t ion or  
react ion ob ta ined  from the  a rea  u n d e r  a D S C  peak  as the hea t  (at cons tan t  
hea t ing  ra te)  for the t e m p e r a t u r e  range  T~-T2, the t e m p e r a t u r e s  at t h e  
beginning  and  end of the  D S C  peak.  However ,  one  does  not  define a n y  
o ther  p roper ty  which changes  with t e m p e r a t u r e  (such as v o l u m e ) o v e r  a 
t e m p e r a t u r e  range  and most  scientists would  not  find th i s  an acceptable  . 
p r ac t i c e .  

In the de t e rmina t ion  of the  hea t  of t ransi t ion f rom the a r e a  of a D S C  
peak ,  there  is no p rob l em in bound ing  i t b y  the  l inear  ext rapola t ions  of the  
dynamic  basel ines,  before  a n d  a f t e r  t h e  D S C  transi t ion,  when  t h e s e  

e x t r a p o l a t i o n s  mee t  to form a s t ra ight  line, i.e. w h e n  there  is insignificant 
change  in hea t  capacity dur ing  the  transi t ion.  H o w e v e r ,  for the case where  

. : ' .  • . . , , 
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Fig. 7. Drawing the correct base line on a DSC thermogram for a heat of transit ion [ t4] .  

there  is a significant hea t  capacity change,  A d a m  and Mul ler  (for D T A )  [13] 
and G u t t m a n  and Flynn (for DSC)  [14] d e m o n s t r a t e d  tha t  the en tha lpy  of 
t ransi t ions can be correct ly ob ta ined  by cons t ruc t ing  a step funct ion 

b e t w e e n  the ex t rapola t ions  of the " b e f o r e "  and " a f t e r "  basel ines  to a 
selected t e m p e r a t u r e  at which the  en tha lpy  is to be calculated.  (The re  is still 
a slight kinetics correct ion for the rmal  lags when  using this s tep funct ion for 
the basel ine to calculate en tha lpy  [9].) This  case is i l lustrated in Fig. 7. 
Here ,  for a sharp  t ransi t ion,  the t ransi t ion t e m p e r a t u r e  at which the 
enthalpy was calculated was chosen  to be the " o n s e t "  t empera tu re .  Once  

t h e  en tha lpy  is calculated at any one  t empera tu re ,  it may be calcula ted at 
ano the r  t e m p e r a t u r e  by applying Kirchoff 's  equa t ion  [15] for the change  in 
heat  capacity integral.  (Recent ly ,  over  twenty  years after  the publ icat ion of 
refs .  13 and 14, several  D S C  ins t rument  manufac tu re r s  have finally 
developed rout ines  for calculat ing such a basel ine.)  However ,  we shall see 
that  pr ior  •integration of the  D S C  p e a k  simplifies these calculat ions and 
clears u p  most  of the ambigu i t i e s  in the select ion of p rope r  " b e f o r e "  and 
, a f t e r "  d y n a m i c  basel ines . . . . .  
: In tegra t ion  of first o rder  t ransi t ion peaks  is always p e r f o r m e d  w h e n e v e r  

en tha ip i e s  o r  heats  of t ransi t ion or react ion are  de t e rmined  from them.  
However ,  the in tegra ted  en tha lpy  vs. t e m p e r a t u r e  ( o r  time)• curves  are  
s e ldom d i sp layed  or included i n  a publicat ion.  Before  w e  descr ibe  the 
in te rpre ta t ion  of an in tegra ted  first o rder  DSC peak,  the re  is ano the r  r a t he r  
obvious factor  t h a t  is often over looked.  Not  only must  one def ine the 

: . . . .  . ' :  . . . . 
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t ransi t ion or reaction temperature, but one also must define the stoichi- 
ometric equat ion for t h e  transition (or reaction) itself. This is n o t  an 
important factor for  systems involving simple condensed phase transitions, 
e.g. Solid A > Solid B, OrlSOlid B--> Liquid. In more complex systems such 
as chemical reactions, especially where l a change in mass is involved, such 
stoichiometric equations are essential both for defining the enthalpy and 
d e t e r m i n i n g  the  f r ac t i ona l  conve r s ion .  W e  i l lus t ra te  l t h e  i m p o r t a n c e  o f  
t he se  c o n s i d e r a t i o n s  l a t e r  by  p r e s e n t i n g  as an  e x a m p l e  the  m e a s u r e m e n t  o f  
t he  c h e m i c a l  cu re  ( p o l y m e r i z a t i o n )  o f  a res in  as m e a s u r e d  f r o m  its h e a t  o f  
r e a c t i o n  by  a D S C .  Such  a s y s t e m  inc ludes  m a n y  of  t he  fac tors  wh ich  
c o m p l i c a t e  t he  ana lys i s  o f  t h e s e  D S C  t races .  

H o w e v e r ,  we  first i l lus t ra te  the  i n t e g r a t i o n  of  a s imple  e a s e  in wh ich  t he  
a b o v e  c o m p l i c a t i n g  fac to r s  a r e  no t  p r e s e n t ,  In  Fig. 8 ( top)  we see  a 
s c h e m a t i c  D S C  t race  of  an  e n d o t h e r m i c  first o r d e r  t r ans i t i on  d u r i n g  which  
t h e r e  is a c h a n g e  in the  h e a t  c apac i t y  of  t he  s p e c i m e n ,  i.e. t he  e x t r a p o l a t e d  
d y n a m i c  " b a s e l i n e s "  b e f o r e  an d  a f t e r  t he  t r ans i t i on  do  n o t  i n t e r sec t  to  f o r m  
a s t r a igh t  l ine. 
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Fig. 8. Integration of a first order transition during which there is a heat capacity (baseline) 
change: -~chematic of DSC trace and the integrated AH vs. temperature curve. 
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I t  is obvious  tha t  the  p r o p e r  en tha lpy  o f  t ransi t ion can be  ob t a ined  at a 
t e m p e r a t u r e  ( T T ) b y u s i n g  the s tep funct ion  basel ine  as sugges ted  above.  
H o w e v e r ,  it m u s t  be ca lcula ted  separa te ly  at each different  t e m p e r a t u r e ,  
Fur the r ,  the m e a s u r e m e n t  of  t he  f ract ion reac ted  a at T-r, say, f rom the 
fract ional  a rea  divided by the  t o t a l  a rea  is a m b i g u o u s  and unob ta inab le .  
(An  incorrect  f ract ion reac ted  is obtain..:d by b o u n d i n g  the  a rea  with a 
s t ra ight  line b a s e l i n e  connec t ing  the " b e f o r e "  and " a f t e r "  dynamic  
baselines.)  In 1969 B r e n n a n  et al. [16] d e v e l o p e d  an i tera t ive  m e t h o d  for  
de te rmin ing  the  basel ine in c a s e s w h e r e  the  hea t  capaci ty change  is due  t o  
the immed ia t e  loss of  a volati le p roduct .  This  m e t h o d  resul ts  in a s igmoidal  
basel ine and has recent ly  been  inc luded in the  sof tware  of  several  
commerc ia l  ins t ruments .  

If  the a rea  b e t w e e n  the D S C  curve  and  its i so thermal  basel ine  is 
in tegra ted ,  we obta in  the A H  vs. T plot  shown in Fig. 8 (bo t tom) .  T h e  
simplicity of  de t e rmin ing  en tha lp ies  and f ract ions  r eac ted  f rom the integral  
curve is immedia te ly  apparen t .  T h e  reac t ion  en tha lpy  is ob t a ined  f rom the 
vert ical  dis tance (ac) be tween  t h e  ex t r apo la t ed  " b e f o r e "  and  " a f t e r "  
en tha lpy  curves  at any des i red  t e m p e r a t u r e  (e.g. T~, TT, Tb) and  the  
Kirchhoff  cor rec t ion  is au tomat ica l ly  t aken  care of  by the  differing s lopes of  
the " b e f o r e "  and " a f t e r "  en tha lpy  curves.  Mos t  impor tan t ly ,  the f ract ion 
r e a c t e d  (fract ional  convers ion)  is correct ly  and simply ob t a ined  f rom 
appl icat ion of  the " l eve r  ru le"  to the  dis tances  a long the  vert ical  " t ie  l ines" 
at any t e m p e r a t u r e .  F o r  example ,  the  fract ional  convers ion  at TT is bc /ac .  

T h e  next  example  we discuss is the  exo the rmic  cure  of  a resin to  fo rm a 
polymer ic  mater ia l .  These  reac t ions  can include mos t  of the compl ica t ing  
factors  which can occur  in a D S C  m e a s u r e m e n t  of  a first o r d e r  t rans i t ion  
involving an e n d o t h e r m i c  or  exo the rmic  chemical  react ion.  

T h e r e  are m a n y  factors  involved in the  cure  of  a resin which compl ica te  
the  in te rp re ta t ion  of  its D'SC trace. The  first is a very f u n d a m e n t a l  one.  W e  
k n o w  f rom the  c u r v e s  of  sys tems of h o m o l o g o u s  m o n o m e r s  s u c h  as 
acrylates  tha t  the  m a g n i t u d e  of the  en tha lpy  o f  cure d e p e n d s  u p o n  steric 
s trains o r  h indrances  in the s t ruc ture  of  the  par t icu lar  m o n o m e r .  T h a t  is, 
m o n o m e r s  with m o r e  s t ra ined  s t ruc tures  have  lower  en tha lp ies  of  cure  than  
those w i t h o u t  such strains.  As  a t he rmose t t i ng  resin such as an epoxy cures,  
it is obvious  tha t  s imilar  s trains are  p r o d u c e d  by the" cross l inking process ,  so 
n o t  only is t h e  ra te  of cure  affected,  bu t  the  en tha lpy  of  cure  may  also 
d e c r e a s e  as the  cure  p roceeds  and  the s t ruc tu res  of the  reac tan t s  b e c o m e  
m o r e  complex.  (This change  in r e a c t i o n  en tha lpy  due  t o  changes  in steric 
strains mus t  also occur  in m a n y  inorganic  sys tems . )  In  the  calculat ion of 
c o n v e r s i o n  f rom fract ional  a reas  or  tie l i n e s ,  the  f rac t ional  convers ion  
values should  be we igh ted  by t h e  con t inua l l y  c h a n g i n g  e n t h a l p y  of cure.  

:However ,  no  way o f  tak ing  this fac tor  into accoun t  is k n o w n  by this au thor .  
T h e  second factor  is tha t  mass  loss of ten  occurs  dur ing  a cure  r eac t i on .  

Th i s  volati le mater ia l  may  be  e i ther  a c o m p o n e n t  of  the  original  resin or  a 
• . .  . . . : . • . . • : 
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p r o d u c t  of the cure r e a c t i o n  s u c h  as carbon d iox ide  or •water. T h e  
e n d o t h e r m i c  hea t  of vapor iza t ion  and decrease  in hea t  capac i ty  f rom these  
volat i l izat ions m u s t  be a c c o u n t e d  for. In t h e  case o f  high t e m p e r a t u r e  
decompos i t ion  r e a c t i o n s ,  the m e t h o d  deve loped  by B r e n n a n  w h i c h  was 
m e n t i o n e d  above  can be used because  the lower molecular  we igh t  volat i le  
p roduc t  can be assumed to leave the sample  con ta iner  immedia te ly  a n d  
thus  its loss can be re la ted  to the  react ion coordinate .  However ,  resin cures  
take  place at  lower t empera tu res ,  and the r e l ease  of their  volati le products  
is of ten not  immedia te .  Fur ther ,  the ra te  of re lease  of the vola t i le  ma te r i a l s  
initially p r e s e n t  in the resins will increase with t e m p e r a t u r e  and will no t  be 
re la ted  in any w a y  to the cure react ion which is being i nves t i ga t ed .  We 
discuss solut ions to these problems  of account ing for mass loss later. 

A n o t h e r  p rob lem in the analysis of cure react ions  is that  the  glass 
t ransi t ion t e m p e r a t u r e  increases  with inc reas ing  d e g r e e  o f  cure.  Cure  
react ions  take  place ext remely  slowly in t h e  glassy• state,  s o  r e s i n  cures 
pe r fo rmed  unde r  i sothermal  condi t ions  effectively cease when  the  glass 
t ransi t ion t e m p e r a t u r e  reaches  the  i so thermal  react ion t e m p e r a t u r e  and the  
total  real izable a m o u n t  of cure is a funct ion of the react ion t empera tu re .  
Cure  reac t ions  pe r fo rmed  at cons tan t  hea t ing  ra te  are  e i ther  dr iven to as 
comple te  a convers ion as is obta inable ,  or if the "ce i l ing"  t e m p e r a t u r e  is 
exceeded,  the reverse  depolymer iza t ion  react ion becomes  dominant .  Thus ,  
for a cons tant  hea t ing  rate ,  the " in i t ia l"  glass t ransi t ion t e m p e r a t u r e  of the  
resin in a cure exper imen t  is somet imes  nea r  the initial ( room)  t e m p e r a t u r e  
and  the  "f inal"  glass t ransi t ion t e m p e r a t u r e  of the cured po lymer  is often at 
the  "f inal"  t empera tu re .  This  shifting glass t ransi t ion t e m p e r a t u r e  leads to 
p rob lems  when  one a t t empts  to assign a dynamic  basel ine to the cu re  p e a k  
in o rde r  to de t e rmine  t he  fract ional  conversion.  

Much  of the above  prob lems  and ambigui t ies  can b e  avoided by 
in tegra t ion  of D S C  traces. In tegra t ion  presents  a s impler  and  c learer  
pic ture ,  and c o r r e c t i o n s  become  automat ic .  Such in tegra t ion t e c h n i q u e s  
have  been  applied effectively to resin cure react ions  b y  Chang  [17] and 
R icha rdson  [18]. T h e  schemat ic  r e p r e s e n t a t i o n  of integral  • D S C  traces of 
AH vs. T for a typical exo thermic  resin cure at cons tan t  hea t ing  ra te  is 
shown in F i g .  9. T h e  curves are  for D S C  curves i n t e g r a t e d  over  the  
i so thermal  baselines.  In these cases there  has been  no change  in mass (ACp) 
dur ing  the D S C  scans. Curve  (I) in Fig. 9 is for a D S C  r u n o n  the nea t  r e s i n  
wi thou t  catalyst  so tha t  no cure  took place dur ing  the scan. C u r v e  (II)  in 
Fig. 9 represen t s  the cure  reac t ion  (with catalyst  added)  and curve (III)  is a 
final DSC run  o n  t h e  cured  epoxy• p r o d u c t • f r o m  case  • ( I I ) ,  The  •glass 
t ransi t ion t e m p e r a t u r e  of the nea t  resin is r e p r e s e n t e d  b y  T~(resin) and the 
glass t e m p e r a t u r e  of t h e  c u r e d  epoxy b y  Tg(epoxy). The  glass curves  h a v e  
been  ex t rapola ted  t o  higher  t e m p e r a t u r e s  and the  (supercooled)  l iqu id  
curves  to low, :" t empera tu res .  

I t  is obvious that  in o rder  to de t e rmine  the en tha lpy  and  fract ional  
• , . . . . . ; 
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Fig. 9. Typical integral plots of AH vs. temperature for the D S C  cure of a resin (no mass 
loss) (see Chang, ref. 17): (I) integrated DSC plot for neat resin without hardener, 
accelerator or catalyst (sample mass "normalized"); (II) integrated DSC plot for the cure 
reaction; ( l l I )  integrated D S C  plot for the cured epoxy. 

convers ion  ,v at any temperature  T~ one  must  first def ine the reaction.  In this 
case the four poss ible  reactions which one  may cons ider  are 

Res in  (glass) ~ epoxy  (glass) 

Res in  ( g l a s s ) ~  e p o x y  ( l iquid)  

Res in  ( l iquid)  ~ e p o x y  (glass) 

Res in  (liquid)---~ e p o x y  ( l iquid) 

• T h u s  w e  may obtain different 

(AHr, = bd,  at ,  = b c / b d )  (3) 

(AH-r, = be ,  otr, = b e / b e )  (4) 

(AHr, = ad, CZ.r, - ac /ad)  (5) 

(AHr, = ae, a t ,  -- ac /ae )  (6) 

different react ion enthalp ies  (and 
fractional •degrees o f  c o n v e r s i o n ) f o r  each o f  the above  equations ,  in which 
the physical  states o f  the reactants  and products  are well  def ined.  It is not  
obv ious  which of  eqns.  ( 3 ) - ( 6 )  (if any) "correctly',  describe a particular 
cure react ion,  but they are a l l  valid equat ions .  Perhaps  eqn.  (6) g i v e s  the 
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most  useful value  for  the en tha ipy  of cure  because  these  react ions  must  take  
place in the liquid state r a the r  than  in the glassy s ta te  (where  their  ra tes  are  
orders  of magn i tude  slower).  T h e  equa t ion  to apply to the  ca lcula t ion  of t h e  
fract ion reac ted  is even l e s s  obvious.  The  physical  s t ruc ture  i s  r a the r  
anabiguous dur ing  the cure  react ion because  gels and o ther  complex 
s t ruc tures  may  form. Thus  the s ta te  of the system is poorly defined and so 
also must  be the fract ional  convers ion t~, which depends  upon  initial and 
final values of the  enthalpy.  As  in the case of the enthalpy,  u s e  of the 
liquid----> liquid equa t ion  ( e q n .  (6)) would tend  to be favored,  for the same 
reason  as above the cure  react ions  do not  occu r  in the glassy state. 

W h e n  there  is mass loss dur ing  the react ion,  the s to ichiometr ie  equa t ion  
must ,  of course,  reflect this fact. Fo r  example ,  two ex t reme  cases when  
there  is a p roduc t  A o the r  than  the epoxy are 

Resin  (liquid)---> epoxy (liquid) + A (evolved gas) (7) 

Resin  (l iquid) ---> epoxy (liquid) + A (in solut ion or "a s soc ia t ed"  
with the  liquid epoxy)  (8) 

T h e  difference be tween  the enthalp ies  calculated for eqns. (7) and (8) 
will be,  of course ,  the la tent  hea t  of vapor iza t ion of p roduc t  A as reflected 
by the change  in Cp (hea t  capaci ty integral) .  W h e n  the evolved gas is par t  of 
the  s to iehiometry ,  as in eqn.  (7), then a " c o r r e c t "  AHr, can be obta ined  by 
ex t rapo la t ing  the in tegra ted  liquid curve back  from a high t empe ra tu r e  
region where  the gas A has  been  complete ly  driven off. 

If volati les are p resen t  initially in the reac tan ts  a n d / o r  if the evolut ion of 
p roduc ts  is slow at the react ion t empera tu re ,  some me thod  of relat ing this 
weight  loss to t ime (and t e m p e r a t u r e  at cons tan t  hea t ing  rate)  is needed  for 
cons t ruc t ion  of a " r u n n i n g "  basel ine if one  is to be able to calculate the 
fract ion reac ted  from the en tha lpy  up to point  T,. divided by the total  
e n t h a l p y  o f  react ion.  Such a re la t ionship  can be ob ta ined  from a 
s imul taneous  D S C - T G A  ins t rument .  If both en tha lpy  and weight  change  
da ta  are  avai lable,  then the Kirchhoff  (ACp integral)  correct ion for the 
en tha ipy  can be calcula ted as a funct ion of t ime ( t empera tu re )  from the 
fract ional  weight  loss vs. t e m p e r a t u r e  data  ob ta ined  from the T G A  
m e a s u r e m e n t .  

Sealed pressur ized sample  pans are  often used to conta in  any volati le 
materials .  T h e r e  is no mass  loss in such a case, so eqn.  (8) would appea r  to 
be applicable.  H o w e v & ,  there  is ano the r  complicat ing factor which must  be 
kep t  in mind here .  T h e  mass  loss p rob lem is avoided but  t h e  D S C i s  n o  
longer  measu r ing  ACt, (at  cons tan t  pressure)  f rom which AH is calculated 
by integrat ion.  In this case,  one is measur ing  h C v  (at cons tant  volume)  and 
calculat ing AE by in tegra t ion  (so that  PV data  are i needed  to conver t  to 
AH) . . . . .  

F u r t h e r m o r e ,  it is also quite  obvious that ,  if the en t r apped  vapors  in the 
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sealed containers are  the product of the chemical reaction • of interest or if a 
measured physical transformation involves a pressure increase, then, from 
Le Chatelier 's Principle, the chemical or physical equilibrium will be forced 
in the direction of the condensed phase when sealed sample containers are 
used. 

IMPURITY D E T E R M I N A T I O N  BY DSC 

D S C  is used to determine fractions of impurities in compounds by 
measuring their "freezing point depression or solubility curves". (In order 
to avoid problems such as "glassing" or decomposition, these experiments 
are usually • p e r f o r m e d  at increasing rather than decreasing rates of 
temperature change  so that "melting point depression" curves are 
obtained). The me thod  is based upon the application of van't  Hoff's [19] 
modification of the Clapeyron-Clausius equation for dilute solutions (eqn. 
(9)) to the DSC melting peak of a substance 

--d lnx,  = - d  In(1 - x2) = --(AHdR) d(1/T)  (9) 

where xt is the mole fraction of the major component (the substance whose 
purity is being measured), xa is the mole fraction of the minor component  
(impurity) in the liquid phase, R is the gas constant, and AHr is the molar 
heat of fusion of the pure substance. The development of the theory behind 
this •method and its application to impurity measurement has been 
presented in a thorough and precise manner  by Wunderlieh [20]. 

There are two •conditions which must be met before eqn. (9) is applicable 
to impurity determination: (a) the compound and its impurity(ies) must 
form a single liquid solution; (b) the compound and its impurity(ies) must 
not form a solid solution, i.e. they must exist in separate phases in the so.~id 
(and, therefore, thei r  phase diagram must have a eutectic). 

Equat ion (9) m a y b e  integrated between T~ and Tj, any two temperatures 
be tween the eutectic temperature and the final melting temperature of the 
major component  in equilibrium with the liquid solution of the com- 
ponents, to obtain 

In(1 -- x z ) , "  ln(1 x2)/= (AHr/R)(1/T~ -- 1/Tj) = AH,(Tj -T~)/RT~Tj (10) 

taking AHf as constant over the temperature range T-Tj. AHt is obtained 
from the  integration of the  area under the total DSC melting peak. 

The common method for purity determination makes use of a continuous 
DSC scan at constant heat ing rate (see, for example; the first seven papers 
o f  ref. 21), It utilizes two mathematical approximations of eqn. (10). First 
( l i t  1/To):= (To-  T~)/ToT~ is put equal to  (TO- T~)IT2o (which is satisfac- 
tory at ambient or•above ambient temperatures).  Secondly, ln(1 x2) is set 

: i . . . " " " " " " " " 
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equal to x2 (the first term of its series expansion, which is satisfactory for 
small x2; the error from using this approximation is 1.0% for x2 0.02 and 
2.6% for x2 = 0.05). Including these approximations into eqn. (10), one 
obtains 

T o -  T~ - (RT~x2)/(AHfF~) (11) 

where F~ is the fraction of sample molten at T~. F~ (=AH~/AHt) is obtained 
from areas under the DSC melting peak(s) where• A/-/~ is obtained from the 
partial area melted at Ta. To is obtained from the extrapolation of I/F,. vs. T~, 
which from eqn. (11) should give a straight line with intercepts To at 1/F~ = 0 
and Tm (the temperature at the last trace of melting) at 1/F~ = 1. 

However,  owing to the fact that thermodynamic  equilibrium i s  never 
even  closely reached during the continuous heating rate method, a purely 
arbitrary "linearization correction" (typically•5-10% o f  F) is necessary to 
obtain a straight line for the I/F,. vs. T~ plot [21]. Further, if the amount  of 
impurity is small, the eutectie is not detected by this continuous scan 
technique, so the  possibility of a solid solution is not eliminated. 

Therefore, a method in which the temperature is increased in stepwise 
increments (see, for example, refs. 22-25) is to be preferred because the 
specimen is allowed to approach thermodynamic equilibrium betwc en each 
step and the euteetic, even when the amount of impurity is small ,  can 
usually be detected. (The eutectic will manifest itself by a larger peak at the 
temperature step at the be$inning of the stepwise temperature scan t h rough  
the melting range: see, for example, Fig. 1 of ref. 23.) (The presence of a 
eutectic does not preclude the possibility of an undetected second impurity 
which forms a solid solution with the major component.) 

However,  here we review a two (or more) step method  developed by 
Wunderlich [20] from the work of Gray and Fyans  [22]. The experimental 
procedure is essentially the same as that described in a previous section on 
isothermal temperature calibration. However, for this case where a n  
enthalpy change is to be determined, one must subtract from it the enthalpy 
change due to the difference in heat capacities between the sample•side 
(including the specimen) and the reference side. This correction can be 
determined from integration of the areas for temperature steps, either just 
before or just beyond the •transition (during which no enthalpic event are 
occurring). Once these areas have been determined for (preferably large)  
temperature steps • in the range of interest, the heat capacity enthalpy 
correction per degree c a n b e  calculated so that an appropriate blank can b e  
substracted from the enthaipy determined for each temperature step during 
the melting transition. . . . . . .  

In this method, incremental heats of fusion AHI ,  A H 2 , . . ,  a r e  
measured f o r  •successive and evenly spaced temperature steps 
T~, T 2 , . . . ,  T~, where the system is allowed to thermodynamically equilib- 
rate . . . . . .  after each• step. I f  AH.~ is the unmeasured heat of fusion up tO a starting 

' • ' • r 
• . . . .  
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t e m p e r a t u r e  T., then the fraction molten is given by 

and eqn.  (11) for the nth melting step becomes 

(12) 

(15) 
be calculated by 

( ) T,, TO- RT~x2] AH. + ~'~ AH,, (13) 

AHa can b e  eliminated from eqn. (13) for two successive steps to obtain 

AH,, = RT~x2AT/[ (To-  T,,)(To- T,, + AT)] (14) 

where AT = T , , -  T,-t is the constant tempera ture  difference between any 
two successive steps. RT~x2 can be eliminated by forming the ratio 

AH./AH.,_,= a + 2 A T / ( T O -  T,,) 

and, finally, the mole fraction of impurity x.. can 
• substituting To from eqn. (15) into eqn. (14) to obtain 

x2 = 2AH,,(2 + B ) / R A T [ ( B T , , / A T )  + 2] ~ (16) 

where B = (AH, , /AH, ,_ , ) -  1. Thus the mole f rac t ion  of impurity x2 is 
determined directly from two successive partial heats of fusion which are 
calculated for two successive tempera ture  steps (T , , -  T,,_i)= AT [20]. The 
two successive temperature  steps should be separated widely enough to 
result in reasonably large values for AH,, and AH,,_ ~ for greatest  accuracy, 
but not too near the beginning nor at the end of the melting tempera ture  
range. 

CONCLUSIONS 

The integration of DSC curves between two isothermal temperatures  
avoids many of the problems present  in the analysis of "differential" 
dynamic D S C  curves when they are used to calibrate tempera ture  and 
enthalpy and to calculate heat capacity and impurity content. Correct  
thermodynamic properties are obtained through interpretat ion of the 

int .egrated curves. The integrated curves are superior for the visual 
comprehension of enthalpy changes during glass and first order transitions, 
and for the calculation of proper  glass transition temperatures ,  heat  

capac i ty  changes, heats a n d  tem9eratures  of t ransi t ion or reaction and 
fractions reacted. 
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