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ABSTRACT 

A basic study 1s made of deterrnmatlon of the effect of the heating rate selected m 
calornnetry workmg m the scanmng mode on the values obtamed for the kmetlc parameters 
The general problem 1s comphcated by the fact that the rate of heat transfer through the 
sample 1s generally very low, and thts can become a hrmtmg factor if the heating rate 1s too 
high As a result, gradients of temperature are developed w&m the sample, especially when 
the reaction takes place The temperature m the sample can be very different from that of the 
calonmeter Moreover, this increase m temperature m the sample provokes an abnormal 
increase m the reaction rate Thus, the kmetic parameters determmed from the usual methods 
(such as that of Freeman-Carroll), which do not take mto account the heat transfer may be 
incorrect, if the value selected for the heating rate 1s too high The nght value for the heatmg 
rate must be chosen by consldermg the enthalpy of reactlon, the size of the sample, and the 
thermal properties of the matenal 

INTRODUCTION 

In calonmetry techmques, the enthalpy changes accompanymg chermcal 
or even physical events m the sample are momtored. The result 1s the profile 
of the rate of enthalpy changes either as a function of time, when the 
calonmeter 1s held at constant temperature (DC), or as a function of 
temperature as the sample 1s heated at a known hnear rate (DSC) These 
enthalpy profiles allow certam crltlcal parameters relevant to the actual 
manufactunng process to be rapidly determmed and the profiles can some- 
times be treated as a fmgerpnnt of the system for purposes of quahty 
control Moreover, a detailed kmetlc analysis of the enthalpy profiles 1s 
possible especially m the case of simple reactlons, although the determma- 
tlon of meamngful kmetlc parameters 1s quite not as feasible for complex 
reactions For the latter however, it 1s possible to obtam kmetlc equations 
able to descnbe the whole process, as has been shown m the case of sulphur 
vulcamzatlon processes [1,2] or m the case of epoxy resm [3-S] 
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The prmclple of the DC expenment appears very simple at first The 
calonmeter 1s stabhzed at the desired constant temperature, the sample 
introduced and time base recording 1s started, allowmg the enthalpy of all 
reactions occurrmg at this constant apphed temperature to be determmed up 
to a defined time. In fact, vanous drawbacks make ths techmque very 
difficult to use 

(1) The apphed temperature 1s not the true sample temperature because of 
local heatmg arising from the exotherrmc reactions, m the case of 
reactions with low enthalpy [9] and especially with h& enthalpy [lo]. 

(u) As the sample at room temperature 1s introduced mto the heated 
caloruneter, some tnne 1s required for the calonmeter-sample system to 
establish thermal eqmhbnum after mtroductlon. As a result of the h@ 
endotherrmc heat flux followmg ths l~gh heating period, the first part 
of the reaction exotherm cannot be obtamed. 

(m) Two expenmental hrmtatlons on the temperature range over which 
meamngful data can be obtamed result. The lowest temperature IS 
determmed by the sensltlvlty of the calonmeter and stability of the 
system, the rate of enthalpy change being too small to be recorded If the 
reaction rate 1s very low On the other hand, the hghest temperature at 
which measurements can be obtamed 1s deternuned by the mductlon 
period required for reactions to lmtlate As a result, a temperature 
window of 20-40 o C width 1s found over whch meaningful data can be 
obtamed. 

In the DSC expenment, starting with unreacted stock, the sample 1s 
scanned at a selected heating rate up to a temperature at wbch the reaction 
exotherm 1s complete The followmg drawbacks for ths techmque occur 

(1) After cure m the calonmeter, the sample can be cooled and rescanned to 
give the temperature dependence of the specific heat of the reacted 
product as formed after the lmtlal DSC experiment. The rescan curve 1s 
supenmposed on the mtlal curve to give a basehne whch would be 
observed m the absence of reaction A shtft m basehne appears when the 
specific heat of the lmtlal and final matenals differ slgmflcantly 

(u) Because of the heating rate imposed by the calonmeter and low heat 
conductlvlty of the matenal, gradients of temperature are developed 
throughout the sample These gradients are proportional to the heating 
rate and the square of the dimension when there 1s no reaction, and are 
also proportional to the enthalpy of reaction and the heating rate when 
the reactlon takes place [ll-141 

There 1s another drawback for both these calonmetry techniques The 
small sample size used m calonmetry reqmres that all the gradients m the 
sample be well dispersed Dispersion problems do arise on occasion and are 
generally indicated by lack of reproduclblhty It 1s questionable how repre- 
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sentatlve a 10 mg sample 1s when taken from a large batch It 1s often better 
to use larger samples of (100-200 mg) especially when nurtures are studied. 
On the other hand, these large samples (e g., a cylinder of 0.5 cm height and 
0 5 cm diameter) become heated more slowly than smaller samples, the 
heating rate bemg proportional to the square of the mean dimension [14] 

Two parameters are also to be considered 

(1) The quahty of contact, either between the sample and holder or between 
the holder and calonmeter Tl~s parameter has been observed to play an 
important role especially m isothermal calonmetry, being responsible for 
a slgmflcant retardation m the heat flux-time bstory [9,10] 

(11) The low heat conductlvlty exhlblted by various materials,, and especially 
by polymenc mater& As a result, hgh gradients of temperature are 
developed through the sample m DC, when the sample 1s introduced 
mto the calonmeter, producing very high endothermal heat flux whch 
masks the begmmng of the reaction [15,16] It 1s also possible that these 
gradients of temperature through the sample are able to disturb the 
determmatlon of the kmetlc parameters not only m DC, but also m 
DSC 

The purpose of ths work 1s to show that the heating rate m DSC not only 
plays an important role, but also must be controlled by using a sufficiently 
low value. The combmatlon of the heat of reaction and low heat conductlv- 
lty 1s responsible for an increase m temperature \ylthm the sample, and this 
h@er temperature produces m turn a higher rate of reaction The result 1s a 
thinner and lugher peak for the heat flux-temperature (or time) hstory, ths 
peak being described by kmetlc parameters which are different from the 
values obtamed under slower condltlons of heating In order to aclueve tl-ns, 
wthout disturbing the quahty of contact which 1s difficult to control, we 
determme successively (1) the heat flux-temperature (or time) history by 
takmg mto account the heat transfer through the sample and the reaction 
heat, mth the help of a mathematical model wth fmlte differences, (u) 
better kmetlc parameters whch are able to descnbe ths heat flux-tempera- 
ture curves, by using the usual methods [17] where the heat flux 1s not 
considered. 

THEORETICAL 

Mathematical treatment 

The followmg assumptions are made m order to clanfy the problem m the 
case where heat transfer 1s taken mto account 

(1) The sample 1s cyhndncal m shape, and radial heat by conduction 
through the circular cross-section only 1s considered 



The thermal parameters, as thermal conductlvlty and heat capacity, are 
constant durmg heating and reaction 
The kmetlc parameters are kept constant during the process The rate of 
heat evolved from the reaction 1s described by an Arrhemus law In the 
case when heat transfer 1s not considered, other assumptions are made 
for determmmg the kmetlc parameters of the reaction 
The heat transfer rate 1s very fast wlthm the sample, so that the 
temperature m the sample 1s constantly the same as that of the 
calorimeter. 
The kmetlc parameters are constant durmg the reactlon The rate of 
reaction heat 1s described by an Arrhemus law 

The equation of the rate of heat conduction through the cross-sectlon 1s 

peg=+; .A% +px 
i 1 dQ 0) 

where the contnbutlon of heat conduction and of internal heat generated by 
the reaction may be observed 

The rate of heat evolved from the overall reaction 1s given by the classical 
equation 

1 dQp,tj 
--=,,il-$Jnexp(-&) 
Q, dt 

The lmtlal and boundary condltlons are 

t=O O<r<R Tsample 

t>O r=r T calonmeter 
0 G r < R T sample 

with a constant increase m temperature of the calorimeter 

r=R T= To+ bt 

Numerical ana(ysls 

(2) 

(3) 
(4) 

(5) 

As previously shown [12,13] no analytical solution can be found for the 
problem the solution 1s obtamed by a numerical method with finite dlf- 
ferences 

By consldermg the various followmg circles of radius r, r + Ar, r + 2 Ar, 
taken on a circular cross-section, the heat balance 1s determmed for every 
rmg of th&ness Ar For instance, for the rmg between r + Ar/2 and 
r - Ar/2, it IS found that 

TN,= $$+A, + (M - 2)T, + r+] + & [ T,+A, - T,-,,.I + $ +f At 
r 

(6) 
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where TN, 1s the new temperature at radius Y after the elapse of the flmte 
increment of time At, and T IS the temperature at tnne I At 

At the rmddle of the cyhnder, for r = 0, the followmg equation 1s used 

TN,= ;[TAr- To] + 

where the dunenslonless number it4 1s gven by 

(7) 

For the calonmeter-sample interface, another equation has been tested to 
take mto account the quahty of the contact [12,13] 

the coefficient H being evaluated by 

(9) 

The heat flux HF transferred to (or from) the calorimeter detector 1s 
obtamed by the simple equation 

T, - Tr-Ar 
HF=A, Ar 01) 

The heat evolved from the cure reaction 1s obtamed by the recurrent 
relation 

dQ 

i 1 dt At=Q,+, 
I 

- Q, = b(Q, - Q,)"Q? exp - g 
I 

with 

Q,= l<(z) At and Q,=O 
1 

02) 

(13) 

The calculated curves obtamed at various heating rates are evaluated with 
the help of the Freeman-Carroll techmque v&h flmte increments of temper- 
ature [18] m order to fmd the kmetlc parameters The vahdlty of these 
kmetlc parameters 1s then tested by calculating the thermogram and super- 
posing expenmental and simulated thermograms [17] 

EXPERIMENTAL 

The sample of about 150 mg was placed m a stamless steel holder, 
cyhndncal m shape with an external diameter of about 5 5 mm A DSC III 
(Setaram) was used Operatmg condltlons were programmmg of tempera- 
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TABLE 1 

Thermal and kmew parameters of the resm 

k = 4x10” s-l E=27140calmol-’ H=152calg-’ 
Xo=lO-3 cd cm-’ s-l K-’ C=02+3x10-3xT(oC)calg-‘K-1 n=15 

ture for the calonmeter from room temperature to the final temperature, tbs 
final temperature being chosen as sufflclently lllgh for the heat flux-time 
hstory to be completely obtamed The rate of heating 1s constant for each 
operation, and 1s chosen urlthm the 2-20°C mm-’ range 

An unsaturated polyester of high enthalpy was chosen for ths study The 
thermal properties of this matenal had been previously determmed, espe- 
cially heat dlffuslvlty (11 and thermal conductlvlty h, as well as heat capacity 
C The values obtamed are shown m Table 1, for thermal properties, and 
kmetlc parameters These kmetlc parameters were determmed from DSC 
curves obtained at a low heatmg rate (1 and 2” C nun-‘) 

RESULTS 

The heat flux-temperature hlstones obtained for various heating rates, 
and the determmatlon of the kinetic parameters correspondmg 1s the reac- 
tion under these condltlons are unportant In order to find an explanation 
for these differences, it was necessary to show how the temperature at the 
rmddle of the sample varies with the scanning process In addition some 
profiles of temperature developed through the sample have been calculated 

Heat flux-temperature hutones for various heatmg rates 

Two types of heat flux-temperature hlstones are compared 

(1) 

(10 

The experunental curve wbch 1s m good agreement mth the curve 
calculated with the model takmg mto conslderatlon the reactlon wth its 
enthalpy and kmetlcs and also the heat transfer through the sample 
The curve described above 1s analysed step by step by using the 
Freeman-Carroll techmque and a computer coupled with the DSC 
Another curve 1s then obtamed by using the Arrhemus equation (eqn 
(2)) and the kmetlc parameters obtained from the Freeman-Carroll 
treatment 

(m) A thud curve 1s drawn to etiblt the difference between the above two 
DSC curves 

The results are shown m Figs 1-4 for the heating rates 2, 5, 10, 20” C 
nun-l The followmg conclusions can be drawn from these curves (Figs 
1-4) and the kmetlc parameters shown m Table 2 
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Fig 1 Heat flux as a function of temperature, -theoretical, - 
heating rate = 2” C mu-l 

expernnental, 

Fig 2 Heat flux as a function of temperature -theoretical, - expenmental, 
heatmg rate = 5 o C mm- ’ 

V=lO 'C/m 

Fig 3 Heat flux as a function of temperature - theoretlcal, - expenmental, 
heatmg rate = 10 o C nun-’ 



Fig 4 Heat flux as a function of temperature - theoretical, - expenmental, 
heating rate = 20 o C nun-’ 

Perfect agreement 1s obtained between these curves for the heatmg rate 
2” C mm-’ Also the kmetlc parameters determmed by the Freeman- 
Carroll techmque are close to those used for the calculation made by 
takmg the heat transfer mto account. 
When the heating rate was 5°C mm-l, the agreement between the two 
curves 1s still acceptable, but 1s not perfect The posltlon of the 
maxlmum of the heat flux 1s well placed, as 1s the posltlon of the pomts 
D’ and D correspondmg to half ths maXlmum value However, some 
shght differences appear, for instance for the points C, E and F Other 
couples such as E, k, cannot gve a better result 
The difference between the two curves appears to be slgmflcant m the 
case where heating rates are h@er For instance, with a heating rate of 
10°C mm-‘, the maximum of the heat flux 1s well placed m B, m fact 
as well as the other points D and C However, there are considerable 
differences at the begmmng of the curve m A, and especially at the tal 
from D to F In addition it was necessary to have lllgh values of the 
activation energy and kmetlc constant k, as shown m Table 2, m order 
to describe the peak expressing heat flux (which 1s very thm) 

TABLE 2 

Kmetic parameters 

Curves wth heat transfer 

E ko 
27 140 4 x10” 

n 

15 
Freeman-Carroll (2” C mu-‘) 27 600 1 x10’* 15 
Freeman-Carroll (5 o C rmn-‘) 28 300 1 8 x lo’* 154 
Freeman-Carroll (10 o C mm-‘) 47 000 2 x10** 25 
Freeman-Carroll (20 o C mm-‘) 100 000 5 x1058 33 
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(iv) For the hq#er value for the heating rate (20 O C mn-‘) it 1s clear that it 
1s impossible to obtam kmetlc parameters able to describe the heat 
flux-temperature hstory The value noted m Table 2 1s certamly not 
real 

We conclude that the value chosen for the heatmg rate must be suffl- 
clently low, or the kmetlc parameters obtamed from the curve will be 
incorrect 

Temperature profiles at the middle of the sample 

In order to obtam an explanation for these results, we have calculated the 
temperature at the rmddle of the sample throughout its vanatlon durmg the 
scanmng process, by using the mathematical model takmg mto account the 
kmetlcs of reaction and heat transfer 

As shown m Fig 5 for heatmg rates 2 and 5” C mu-l and m Fig. 6 for 
the higher heating rates (10 and 20 O C mm-l), these curves have about the 
same shape and position as the heat flux-temperature kstones TUB has 
been reported m the case of lower enthalpy of reactlon [15,16]. The follow- 
mg conclusions can be drawn from Figs. 5 and 6, and from Table 3 

(1) The shape of the heat flux and temperature at the nuddle of the 
hlstones 1s about the same, for various heating rates, with the same 
position of the maximum 

AT (‘cl 

7 

Fig 5 Difference of temperature between the nuddle and the face of the sample (AT) as a 
function of the temperature of calonmeter 1, heating rate = 2” C mm-l, 2, heatmg rate = 
5°C mm-’ 
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1 AT(“c 1 

15 60 

Fig 6 Difference of temperature between the rmddle and the face of the sample (AT) as a 
function of the temperature of calonmeter 1, Heatmg rate =lO o C nun-‘, 2, heating 
rate=20°Cmu-’ 

(n) The increase m the temperature at the nuddle IS almost proportional to 
the value of the heat flux durmg the reaction, and especially at the 
maximum (Table 2) 

(m) The maximum value for the heat flux and also for the increase m 
temperature at the rmddle of the sample vanes proportionally with the 
value of the heating rate 

Profiles of temperature through the sample 

The mathematical model IS able to produce the profiles of temperature 
and state of cure as they are developed through the sample either durmg the 

TABLE 3 

Charactenstlcs of heat flux htstones 

Heating rate (O C nun-‘) 

2 5 10 20 

Temperature for max HF ( o C) 142 54 15169 158 05 164 85 
Temperature for max AT ( o C) 42 54 15169 157 34 163 51 
Maximum HF ( o C) 2 066 4 826 10 159 36 049 
Maximum AT (O C) 27 6 48 14 58 517 

AT = difference of the temperature at the rmddle of the sample obtamed at the maximum of 
reactlon and urlthout reactlon 
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IO 
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Fig 7 Proftles of temperature (left) and state of cure (nght) developed through the sample at 
various times Heating rate = 2 o C nun-’ 

heating penod or durmg the penod of reaction These profiles have been 
drawn for heating rates 2” C mm-’ and 20 o C nun-l (Figs 7 and 8) From 
these curves it may be seen that 

IO 

5 0 

F M 

3685 

350s 

ol. 
AX 

. . . . ..I 

F M 
Fig 8 Profiles of temperature (left) and state of cure (r&t) developed through the sample at 
various times Heatmg rate = 20 ’ C nun-l 
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(1) For the low heating rate, rather low gradients of temperature are 
developed wlthm the sample. The h@est value of these gradients 1s 
obtamed when the heat flux 1s maxlmum, as shown m Figs. 1 and 7 

(u) For the lower heatmg rate, the value of the state of cure (mdlcatmg the 
actual extent of the reaction) 1s about the same urlthm the sample 
throughout. 

(m) For the high heatmg rate, h& gradients of temperature are developed 
throughout the sample When no reactlon occurs, the temperature 1s 
kgher on the face than at the rmdiie, as shown previously this 
retardation 1s proportional to the he mg rate of the square of the 
dimension of the sample [14] 0th I gradients of temperature are 
expanded durmg the reaction, the temperature becommg higher at the 
rmddle of the sample 

(iv) For the h@er heating rate, the values of the state of cure are quite 
different from one place to another m the sample, and h@ gradients 
for the state of cure occur durmg the reaction penod, the hgher value 
being attamed at the rmddle of the sample 

CONCLUSIONS 

Calonmetry workmg m scanmng mode 1s certamly the best techmque for 
deterrmmng the kmetlcs of the heat evolved from the overall reactlon takmg 
place m the sample However, the heating rate IS a most important parame- 
ter Too low a value for the heating rate causes very low heat flux ermtted 
through the calonmeter detector On the other hand, with high values of the 
heating rate, Hugh gradients of temperature are developed urlthm the sample 
allowing h@er rates of reaction whch m turn produce higher gradients of 
temperature At h@ heating rates, very high heat fluxes are obtamed, the 
maxlmum value being proportional to the value chosen for the heating rate 
Error can occur however when the kmetlc parameters are determined from 
the heat flux-temperature history by usmg the usual methods (for instance 
that of Freeman-Carroll) whch consider the kmetlcs of reaction and not the 
heat transferred through the sample In fact, the rate of the heat transferred 
through the sample, 1s a hmltmg factor, both for the heating penod of the 
sample and for the reaction period The heat transfer can be neglected when 
deterrmmng the kmetlc parameters only when the heatmg rate of the 
calonmeter 1s sufficiently low TUB convenient value of the heatmg rate 
must depend on vanous factors the enthalpy of reaction, the size of the 
sample, and the thermal properties of the sample 
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