
Journal of Thermal Analysis, Vol. 47 (1996) 1419-1436 

INFLUF~CE OF tIFATING AND COOLING RATES ON 
THE GLASS TRANSmON TEMPERATURE AND THE 
FRAGILITY PARAMETER OF SORBITOL AND 
FRUCTOSE AS MEASURED BY DSC 

D. Simatos, G. Blond, G. Roudaut, D. Champion, J. Perez x and 
A. L. Faivre I 

ENSBANA - Campus Universitaire - 1, Esplanade Erasme - 21000 Dijon 
1Laboratoire GEMPPM, CNRS-1NSA -bat .502-  69621 Villeurbanne, France 

A b s t r a c t  

The glass transition temperatures of sorbitol and fructose were characterized by four points 
determined on DSC heating thermograms (onset, mid-point, peak and end-point), plus the limit 
fietive temperature. The variations of these temperature values, observed as functions of cooling 
and heating rates, were used to determine the fragility parameter, as defined by Angell [1] to 
characterize the temperature dependence of the dynamic behavior of glass-forming liquids in the 
temperature range above the glass transition. 

The apparent activation energy values, determined for the different temperatures studied, 
were similar for fructose and sorbitol. These values were compared to data obtained from other 
techniques, such as mechanical spectroscopy. The variations of the apparent activation values, 
observed in experiments involving cooling and heating at the same rate, slow cooling followed by 
rate-heating, or rate-cooling followed by fast heating, were explained by aging effects occurring 
during the heating step. 

Keywords: cooling/heating rate, DSC, fragility parameter, glass transition temperature, sorbi- 
tol-fruetose 

I n t r o d u c t i o n  

During the last several years, the temperature of the glass transition (Tg) has 
become a popular parameter in food science and technology. The curve repre- 
senting the variation of the glass transition temperature with water content is the 
basis for the construction of state diagrams or stability maps of food compo- 
nents or food products [2-7]. This Tg curve is argued [2-6] to separate a zone 
of temperature and water content where a system can be expected to be kineti- 
cally stable from another zone where physical, chemical or biological changes, 
whose rates are diffusion-controlled, should occur with rates varying with tem- 
perature, according to WLF [8] kinetics. 
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For a reliable application of these principles, however, two problems, at 
least, should be considered. A first problem is that, because of the dynamic 
character of the glass transition process, the value of T 8 depends on the time 
characteristics of the measurement, and of the thermal history of the studied 
material [9-12]. Secondly, it is increasingly realized that the so-called "univer- 
sal coefficients" (C1~, C2g) in the WLF equation [8] are only average values of 
the fitting parameters that were determined for some polymers. For a reliable 
prediction of the kinetics at temperatures above Tg, parameters specific to the 
behavior of the studied material should be used. A solution to this problem ap- 
pears to be the fragility parameter, proposed by Angell [1, 13, 14] to characterize 
the temperature dependence of molecular mobility above Tg, and which can be 
determined from differential scanning calorimetry (DSC) mea-surements per- 
formed at various cooling/heating rates. 

The purpose of this paper is to discuss the influence, on the Tg value and on 
the fragility parameter, of the cooling/heating rates used in DSC. The materials 
that have been chosen as examples are sorbitol and fructose, two substances 
having slightly different molecular structures, but Tg values in the same tem- 
perature range. 

Background 
The observable changes in physical properties, which are associated with the 

glass transition, are macroscopic processes accompanying a structural relaxa- 
tion, i.e. a "kinetically impeded rearrangement of the structure of a liquid in 
response to changes in temperature" (or other imposed perturbations) [11]. The 
time scale for structural relaxation (x) increases rapidly with decreasing tem- 
perature. The glass transition region is the temperature range where this 
relaxation time is similar to the experimental time scale (a few seconds or a few 
minutes, for usual laboratory measurements) [ 11]. 

T~ is most commonly determined via differential thermal analysis (DTA) or 
DSC during heating. Figure 1 shows typical DSC curves, obtained for sorbitol 
using two different heating rates. The glass transition appears as a change in 
heat capacity (ACr)a',, most often associated with an overshoot peak. These 
heat-capacity curves are the derivative curves of the enthalpy/temperature 
curves also shown on Fig. 1, and which were calculated by integration of the 
DSC traces. The first problem to be solved is to decide which of the tempera- 
tures that can be measured on the DSC curves (Fig. 1) should be determined as 
Tg. The mid-point of the heat-capacity jump (Tin) is very commonly considered 
as T 8, because it appears to be less sensitive to uncertainties in the baseline. Ac- 
tually, this point is accepted as the standard Tg, as determined by DSC [15], 
although it does not have a clear physical meaning. Two other points could be 
preferred from the point of view of physical meaning: i) the onset point (To), 
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Fig. 1 D$C heating curves for sorbitol, after cooling carried out at the same rate: 
a) qr K min-J; b) qo=qh=2.5 K min -I. This figure illustrates the determina- 
tion of the temperatures To, Tm, Tp, T#. Curves a' and b' are the integrated curves of 
the thermograms, used for the determination of the temperature, Tf' 

being the temperature at which the change from the glassy state towards the super- 
cooled melt is becoming detectable; or ii) the end-point (T~), being the temperature 
at which a metastable equilibrium can be considered to be reached [12]. 

Moreover, not only is T~ changing with the heating rate, but the shape of the 
DSC curve (and also the characteristic temperature values) depends on the 
whole thermal history of the sample (cooling rate; temperature and time of an- 
nealing below Ts) [9-12]. To obtain a T 8 closest to the definition given 
previously, the best approach would be to determine it during a cooling experi- 
ment. Reports of Tg values determined via DSC or DTA during cooling are 
extremely scarce. This appears to be due to difficulties in obtaining reliable 
thermograms under these conditions, probably because temperature variation is 
not as accurately controlled during cooling as during heating. Moreover, the 
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temperature-scale calibration during cooling still appears to be problematic, al- 
though it has been claimed that this could be successfully carried out using 
liquid crystals as standards [16]. For these reasons, the glass transition is most 
often observed on heating in DSC experiments. 

The limit fictive temperature is considered [9, t7] as a solution to this prob- 
lem. The fictive temperature, Tf, of a material existing at an actual temperature, 
T, can be defined as the temperature at which the material in the equilibrium 
state would have the same enthalpy (Ho) as that corresponding to its structural 
or configurational state (Fig. 2). The limit fictive temperature, Tf', is the fictive 
temperature corresponding to the glass transition [9, 11, 18]. The interesting 
thing about this parameter is that it can be viewed as representing the struc- 
tural/configurational state of the glass, as determined by its whole previous 
thermal history (cooling rate and annealing). If measured after a simple cool- 
ing, it appears to be equivalent to the Tg measured on cooling. 

Ha"/ rr 

Temperature 

Fig. 2 Schematic change in enthalpy during cooling and immediate reheating at the same rate 
through the glass transition region. Tf= fietive temperature, Tf' = limit fietive tempera- 
ture, H~=change in enthalpy for the supercooled liquid in metastable equilibrium, 
Ha=change in enthalpy for the glass 

The fragility parameter (m) was proposed by Angell [1, 13, 14] as a basis 
for the classification of supercooled materials according to the variation of their 
dynamic properties in the temperature range above T,. By definition, m is the 
slope at Tg of the viscosity (or other dynamic property) in an Arrhenius plot, 
where the abscissa is scaled to the Tg of the material. Strong materials are those 
for which the temperature coefficient for the property under study (i.e. the 
slope of the curve) does not vary very much when the temperature is raised 
above Tg; they show behavior closest to Arrhenius behavior. Fragile materials, 
on the contrary, exhibit a rapid degradation of their mechanical properties, and 
then of their microstructure [1, 13, 14]. 

The relationships between m and the coefficients of the VFT and WLF equa- 
tions can be written as follows. For the VFT equation [19-21]: 
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B 
= qo e x p - -  (1) 

T-To 

m = 16 + 590To 666To 
B or m =  17 + - - i f -  (2) 

when the studied property is the relaxation time or the viscosity, respectively 
[ 14]. For the WLF equation [8]: 

log 11 _ Cl (T-T ) (3) 
tiT, C2g + T -  Tg 

C1gTg m - (4) 

B, To, Clg, C28 and 11o are phenomenological coefficients; 11 and rlr, are viscosi- 
ties at Tand Tg, respectively. It is possible to calculate m from the above expres- 
sions. Most often, however, viscosity measurements are limited to a range of 
low viscosities (102-107 Pa.s), i.e. to a temperature range remote from Tg. Al- 
though the validity of the VTF law has been demonstrated to extend down to the 
vicinity of T~ for a number of materials [22], by means of a combination of vari- 
ous techniques, the extrapolation may always be open to question. 

Moreover, Eq.(2) is based on the assumption [14] that logrlTJrlo)=Ct~17 
(which also means that Cx 8 ~17). 

DSC measurements of T~, carried out at different cooling/heating rates, al- 
low the determination of m. According to [ 16, 23]: 

Ah 
Inq - (5) 

RTg 

where q is the cooling/heating rate in a DSC experiment, and Ah is the apparent 
activation energy for enthalpy relaxation. 

Then, based on the definition of m, the value of m is obtained from [24]: 

Ah 
m - (6) 

2.303RTg 

Mater ia l s  and  m e t h o d s  

Sorbitol and fructose (analytical reagent grade) were obtained from Merck and 
used as supplied. About 10 mg of crystalline material were weighed in DSC vola- 
tile-sample pans, which were immediately sealed. After heating at 10 K min -1 to 
a temperature just above the melting point of the material, the sample was 
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cooled at the same rate of 10 K min -~ to just above the Tg range. The super- 
cooled material was then subjected to various cooling/heating cycles. The 
heating scan immediately followed the cooling step. 

DSC experiments were carried out with Perkin-Elmer DSC-7 equipment. 
Two-point temperature calibration was carried out for each heating rate employed 
in the experiment, using the crystal transition temperature of cyclohexane (186 K) 
and the melting temperature of indium (429.7 K). These calibrations were 
checked against the melting temperature of distilled water. Energy calibration 
was performed using the heat of melting of indium (28.45 J g-l). 

Three types of cooling/heating cycles were carried out. In the experiment 
"qc=qh", the same rates (1.25, 2.5, 5, 10 and 20 K min -1) were used for both 
the cooling and the rewarming steps. In the experiment "qh", a slow cooling 
(1.25 K min -~) was followed with rate-heatings (1.25 to 20 K min-l). In the ex- 
periment "qc", after a cooling step performed at varying rates (1.25 to 
20 K min-~), a uniform heating rate (10 K min -1) was applied. 

The various temperature values (To, Tin, Tp and Te') were determined using 
the Perkin-Elmer software. T~ was determined manually from the DSC curves. 
The slopes of the Arrhenius plots representing Iogqh (or qc) as a function of 1/T 
were calculated using the least-square linear-regression procedure of Excel 5 
(Microsoft). 

Mechanical spectroscopy measurements were carried out using a Metravib 
Viscoanalyser. Melted sorbitol was poured into the annular-shear device. After 
cooling at 2 K min -1 to a temperature at least 30 K below the Tg range, meas- 
urements were performed stepwise every 2 K during rewarming. The heating 
rate between the steps was I K miffs; a stabilization time of 5 rain was used be- 
fore the measurements. Storage (G') and loss (G") moduli were measured over 
a range of frequencies: 5-100 Hz. 

Results 

The variations of the various temperatures as functions of the tested cool- 
ing/heating rates are shown in Figs 3, 4 and 5 as "Arrhenius" plots. The slopes 
of the linear-regression lines are reported in Table 1 as apparent activation en- 
ergies (Ah). The temperature values measured for a heating rate, qh = 
1.25 K min -1, most often deviated from the straight lines. The slopes corre- 
sponding to the higher heating rates (2.5-20 K rain -~) were then also 
calculated. For the measurements carried out with equal cooling and heating 
rates, increasing slopes were observed for the lines corresponding to the various 
temperatures, in the order: To, Tp, Tin, Tf' and To. After a very slow cooling 
(1.25 K min-l), the temperatures measured with various heating rates (qh ex- 
periment) showed activation energies similar to the previous ones for Te, Tp, Tm 
and To. In contrast, Te' appeared to be independent of the heating rate, or de- 
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Fig. 3 "Arrhenius plots" of the temperatures To, Tin, Tp, Tr and Tf' for sorbitol samples sub- 
jeeted to cooling/heating rates (qc=qh). The regression lines illustrated are for cool- 
ing/heating rates between 20 and 2.5 K min -~ . Filled and empty symbols correspond, 
respectively, to two different samples 

creased very slightly with it. In the experiments with varying cooling rates (qc 
experiment), the temperatures T,, Tp, Tm and To measured with a constant heat- 
ing rate (10 K min-I), were constant.T( values increased with cooling rate, with 
a high apparent activation energy. These changes were similar for fructose and 
sorbitol, although the respective Ah values could be different. 

Discussion 

The dependence of T~ on heating or cooling rate, according to equation [5], 
was demonstrated by Moynihan et al. [18] considering isobaric heating or cool- 
ing at a constant rate as the limit of a series of instantaneous, small temperature 
changes, each of which was followed by an isothermal hold, during which the 
structural relaxation process occurred. "Thermorheological simplicity" was as- 
sumed, i.e. temperature independence of the distribution of relaxation times. 
Equation [5] was derived with T~ defined as any particular value of the relaxa- 
tional heat capacity, measured from heat-capacity cooling curves, in which 
cooling was started well above the transition region, or measured from heat-ca- 
pacity heating curves obtained 'by reheating the glass from a temperature well 
below the transition region, after it had previously been cooled at a rate equal 
to the heating rate. Equation [5] could also be applied to Te' measured on heat- 
ing curves, following cooling processes at different rates [23]. 
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Fig. 4 "Arrhenius plots" of the temperatures To, Tin, Tp, T~ and Tf' for sorbitol samples sub- 
jected to reheating at various heating rates (qh) after cooling at 1.25 K min -~ 

The temperature values measured for qh = 1.25 K min -1 were most often ob- 
served to deviate from the expected straight lines (Figs 3 and 4). Although the 
loss of instrument sensitivity at this low heating rate may have been responsible 
for some inaccuracy in the measurements, this would not explain the observed 
deviation, since the measured temperatures appear systematically "too high". It 
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Fig .  5 "Arrhenius plots" of the temperatures To, 7"=, Tp, T= and  Tr' for sorbitol samples sub- 
jetted to reheating at 10 K min -l after cooling at various rates (qc) 
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must be stressed that temperature calibration was carried out several times dur- 
ing the investigation. An annealing effect during the heating process would also 
be excluded, since in this case, Tf' would be lower for the lowest heating rate; 
moreover the enthalpy recovery peak would also be higher. Part of the explana- 
tion (in addition to the inaccuracy) could be the non-Arrhenius behavior of the 
relaxation process, according to which the apparent activation energy increases 
with decreasing temperature. Table 1 shows the mean apparent Ah values for 
both the entire investigated cooling/heating rate range and the 2.5-20 K min -~ 
range, the latter being more similar to that used for conventional Tg determina- 
tion (q= 10 K min-1). 

The hh values deter'mined in the qc =qh experiment were found to decrease 
in the order: To, Tf', Tin, Tp and To. Angell et al. [25] had also observed for sor- 
bitol a value of Ah lower for Tp than for To (respectively, 330 and 389 kJ mo1-1 
for a cooling/heating rate range of 0.6-20 K min-1). This is also to be expected 
from the non-Arrhenius behavior of the relaxation process. 

The corresponding values of the fragility parameter (m) for sorbitol vary 
from 83 (for To) to 43 (for T~), when the whole q range is considered, or from 
ca. 73 to ca. 38 for the restricted q range. The m values calculated from the An- 
gell et al. [25] DSC data are ca. 64 for Tp. These values can be compared to 
data obtained from other types of measurements. The m value calculated for 
sorbitol from the B and To parameters of the VFT equation (viscosity measure- 
ments [22]) is ca. 94. Bohmer et al. [24] reported a value of m=93 calculated 
from dielectric relaxation data. The discrepancy with the DSC results may be 
explained either by the fact that enthalpy relaxation and mechanical or dielectric 
relaxations have different temperature coefficients and/or by the fact that the 
latter determinations imply an important temperature extrapolation. 

Mechanical spectroscopy allows measurement in the Tg range. The apparent 
activation energy for the a relaxation is calculated from 

')Co- RT~ 

wheref i s  the frequency at which a maximum of the loss modulus (E" or G") is 
observed at the temperature of measurement. Figure 6 shows the variation of 
T~ (maximum of the loss modulus, G") as a function of the measurement fre- 
quency, for sorbitol. A slight curvature can be observed, corresponding to the 
non-Arrhenius behavior of the a relaxation process. 
The mean apparent activation energy for the tested frequency range is 
253 ld moF 1, resulting in an m value of 49 (for a temperature range of 271- 
285 K). If we consider only the two lowest frequencies/temperatures, closer to 
the DSC temperature range, m -59, a value consistent with the DSC results. 
Using Eq. [4] to calculate the WLF coefficient C2g, from the m values obtained 
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Fig. 6 "Arrhenius plot" of the temperature of the ct relaxation (maximum of the loss modu- 
lus, G') vs. the frequency of measurement for sorbitol 

from the variation of Te' (m=68), and assuming C~g= 16, one obtains C2g=64, 
a figure slightly higher than the average value (or "universal" value, C2s = 51.4) 
calculated for a series of polymers [26]. 

It is worthwhile to note that the same comparison has been made for malti- 
tol, between the apparent activation energy obtained from mechanical spectro- 
scopy (cz relaxation), i.e. 400 kJ mo1-1, and that deduced from DSC measure- 
ments, about 360 kJ mo1-1. The latter value was determined using the rate- 
cooling-dependence of Tg, which was defined as the temperature below which 
metastabie equilibrium was no longer ensured [27]. 

The fragility parameter for fructose appears to be very slightly lower than 
that for sorbitol. The difference, however, appears to be due to the higher values 
of the transition temperatures in the case of fructose, the activation energies be- 
ing similar or even higher for fructose than for sorbitol. Angell et al. [14] noted 
that fructose was stronger than glucose, on the basis of viscosity data from 
Ollett and Parker [28]. From the VFT parameters reported by the latter authors 
(viscosity measurements in the range 102-107 Pa.s), values of the fragility pa- 
rameter would be 105 for glucose and 80 for fructose. It could have been 
expected that sorbitol would be more "fragile" than fructose, since the heat-ca- 
pacity increment at the glass transition is much larger for sorbitol than for 
fructose: ca. I J g-l K-1 for sorbitol and 0.7 J g-1 K-1 for fructose. Orford etal .  
[29] reported values of 251 and 151 kJ mol -s K -~, respectively, for these two 
materials. According to Angell [30], strong liquids exhibit small or sometimes 
undetectable changes in heat capacity at Tg, while the opposite is true for fragile 
liquids. 
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Angell [31 ], however, underlined the exceptional situation for alcohols, such 
as sorbitoi, for which an intermediate fragility is associated with a high ACp; al- 
cohols should be classified as "thermodynamically fragile but kinetically 
strong" [31]. Most recently, the complex relaxation behavior of supercooled 
fructose was analysed and assigned mainly to tautomerization equilibria [32]. It 
might have been expected that these processes would induce some difference in 
the respective fragility values for fructose and sorbitol. Such a difference could 
not be detected in the present work. 

In our experiments with a constant, slow cooling rate followed by rate-heat- 
ings (qh experiment), the shape of the heating curves was significantly 
influenced by the heating rate, since the overshoot peak occurring at the end of 
the transition increased with the rate of rewarming. The enthalpy graph in 
Fig. 7 explains the origin of this overshoot peak. Very slow cooling enables the 
sample to reach a level of low enthalpy in the glassy state. If the sample is re- 
warmed at a rate significantly higher than the cooling rate, the experimental 
time is too short for the important structure/enthalpy recovery that has to be 
achieved; therefore, the hysteresis loop between the enthalpy curves for cooling 

0 . 8  

0 . 7  �84 

0 , 6 "  

0.5 

o 

0 . 3 '  

0 . 2 -  

a i 
0 . 0  

I I I I I 
-~o.o o.o io.o 20.0 ao.o ,40.0 

Temperature ('C) 
Fig. 7 DSC heating curve (a) for a fructose sample reheated at 20 K min -j after cooling at 

1.25 K min -~ . Curve a', showing the change in enthalpy during rewarming, was obtained 
by integration of the DSC curve. The indicated change during cooling is hypothetical 
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and heating is large. The enthalpy recovery occurs once the temperature has 
been sufficiently raised, giving rise to the endothermic peak. The increase of 
this enthalpy-recovery peak, when the ratio qh/qc is increased, has been ob- 
served for various materials and theoretically simulated [e.g. 33, 34]. Despite 
the change in shape of the curves, the slopes of the Arrhenius lines for To, T,n, 
Tp and T~ were not found to be significantly different from the corresponding 
slopes when qdqc= 1. These temperatures theretbre appeared to be controlled 
mostly by the heating rate. The TF', on the contrary, was found to be almost in- 
dependent of the heating rate, which is consistent with the idea that this 
temperature is representative of the structural state of the glass. 

These observations were confirmed in the qc experiment, in which rate-coolings 
were followed by heating at a constant rate, qh= 10 K min -~. The temperatures To, 
Tin, Tp and To showed constant values, whatever the cooling rate. In contrast, Tf' 
decreased with qc. It is noticeable, however, that the corresponding activation en- 
ergy values were significantly higher in these rate-cooling experiments, for both 
sorbitol and fructose, than they were in the experiments with qh/qc= 1. The m val- 
ues deduced from these high activation energies are greater than 100. With such 
values, sorbitol and fructose would exhibit very fragile behavior. 

The difference in activation energies observed for Tf' in the "q~=qh" and 
"q~" experiments corresponds to the fact that, after the same cooling rate, a dif- 
ferent value of TF' was observed depending on the heating rate: e.g. Tf' was 
higher in the cooling/heating cycle qc/qh=2.5/lO than in the cycle qdqh= 
2.5/2.5; and higher with qdqh=20/20 than with qdqh=20/lO. These differ- 
ences could be due to some annealing effects (structural relaxation) occurring 
during the rewarming step, when the heating rate is lower than the cooling rate. 
After a relatively rapid cooling, some structure equivalent to an excess of en- 
thalpy is "frozen in". If the subsequent rewarming is slower than the cooling 
step, this stage may be equivalent to some storage time at low temperature, dur- 
ing which some of the excess enthalpy is released (structural/enthalpy 
retardation, commonly referred to as "physical aging" [9]). As a result of this 
structural relaxation, a lower Tr' than expected is observed, as shown on Fig. 8. 
A similar difference, between the activation energies deduced from the vari- 
ation of Tf' as a function of cooling rate and from a measurement of viscosity at 
temperatures approaching Tg, had been reported previously for ZBLA glass, a 
heavy metal fluoride glass; the value obtained from the DSC measurement 
(cooling rate between 0.5 and 80 K min -~) was 1400 kJ mol -~ [33], and the one 
calculated from the viscosity variation (108-1012 Pa.s) was 875 kJ mol -~ [35]. 

These aging effects occurring during the course of rewarming point out the 
difficulty in using DSC rate-heating experiments to determine a fragility pa- 
rameter as defined by Angell [1]. Measurements of Tg during cooling, which 
should be the most satisfactory approach to avoid this problem, did not provide 
consistent results in the present investigation. As an alternative approach, the 
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"qh" experiment was designed so as to obtain a glassy material in a defined, 
constant structural state, and to determine the apparent activation energy in 
rate-heating experiments, particularly considering the temperature To, which 
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Fig. 8 Change in enthalpy during reheating for sorbitoh a) after cooling at 2.5 K min -~, r e -  
h e a t i n g  at 2,5 K min -I (solid line) or 10 K min -1 (dashed line); b) after cooling a t  
20 K min -l, r e h e a t i n g  at  10 K rain -I (solid line) or 20 K rain -I (dashed line) 
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we consider [12] to best represent the kinetic behavior of the glassy state. The 
data obtained for the apparent activation energy did not differ significantly from 
the results obtained in the "qc=qh '' experiment. This was probably due to the 
fact that the cooling rate of 1.25 K min -~ resulted in only a limited aging. 

Conclusion 

The various temperature values used to characterize the glass transition de- 
pend significantly on the entire thermal history of the sample: cooling rate, 
storage at low temperature, heating rate. These variations in the absolute values, 
being a few degrees for the usual range of operating conditions, may be of no 
practical significance when considering the influence of temperature on kinetics 
in food materials. 

The thermal history, however, results in important variations in the fragility 
parameter derived from DSC measurements. The limit fictive temperature ap- 
pears to be an interesting parameter to characterize the liquid-to-glass transition 
temperature, and to determine the fragility parameter, necessary to model the 
kinetics in the temperature range above Tg. The apparent activation energy val- 
ues, obtained in DSC experiments using equal rates of cooling and heating for 
the different temperature values used to characterize the glass transition (onset, 
mid-point, peak, end-point, limit fictive temperature), result in significantly 
different values for the fragility parameter defined by Angell [1, 14, 31]. Al- 
though these variations may be partly explained by the non-Arrhenius behavior 
of molecular mobility in the temperature domain above the glass transition, the 
influence of aging effects, occurring during heating scans performed at rela- 
tively low rates, should also be considered. More experiments should be carried 
out to provide a better understanding of the behavior observed for low cool- 
ing/heating rates. Current work under development, using a model to simulate 
heat-capacity curves, should be most useful to complement this understanding. 

Efforts to obtain data through DSC cooling experiments should also be con- 
tinued. It also seems desirable that DSC results should be compared to data 
obtained with other techniques, e.g. mechanical spectroscopy, which allows 
measurement during the cooling process, and also measurement of the activa- 
tion energy for the ct relaxation, independently of the cooling/heating rate. 
Although one must remember, when comparing results from the two tech- 
niques, that dynamic mechanical properties and enthalpy may have different 
relaxation behaviors (relaxation time and distribution of relaxation times) [36, 
37], mechanical spectroscopy allows measurement of the activation energy for 
molecular mobility in the temperature range below Tg, as well as above. In fact, 
it has been proposed [38] that the temperature dependence of the dynamic be- 
havior of glass-forming liquids undergoing structural changes should be better 
characterized by the parameter: 
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m* = (Ah)T>T'- (Ah)T<T' 

Finally it must be emphasized that DSC has to be complemented by other 
techniques, if information on dynamic properties is desired. As was shown for 
mineral glasses [39], the Tg values determined by simple constructions on DSC 
curves do not necessarily correspond to the same relaxation time for different 
materials. Here again, a modelling approach would be useful to obtain more re- 
liable relaxation times. Moreover, it is not possible, at the present time, to 
predict the temperature dependence of molecular diffusivity from knowledge of 
the material Tg, or even of its fragility parameter [40]; Tg and m values are use- 
ful landmarks, but they have to be complemented by diffusion measurements. 

The limit fictive temperature could also be usefully employed to characterize 
the structural state of glassy food materials, and then to better understand the 
changes in texture, for instance, often observed in such products [41]. 
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