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Abstract

Asphalt cements are highly complex mixtures of hydrocarbon molecules whose thermal behavior is of prime importance for

petroleum and road industry.

From DSC, the determination of several thermal properties of asphalts is given, e.g. glass-transition temperature and

crystallized fraction content.

The dissolution of a pure n-paraf®n CnH2n�2 in an asphalt, as seen by DSC, should be a single peak. For 20<n<32 two peaks

were observed. This means that their dissolution occurs in two liquids, and explains the usual shape of the DSC traces of AC,

which shows a minimum at 358 to 408C.

At room temperature, an asphalt cement is a mixture of two liquids containing some crystallized fractions. Above 808C, it

appears as a single liquid phase. At low temperature, the study of the glasses formed was done, using either constant or

variable heating rate DSC. This technique, shows two glass transitions, for an asphalt containing a high quantity of crystallized

fractions. The Tg of these glasses change with time and temperature. The formation of the crystallized phases is superposed to

the enthalpic relaxation of the glasses, making a kinetic study very dif®cult. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Asphalt cements (AC) are highly complex mixtures

of a large number of different chemical species. Their

structure and properties are highly temperature depen-

dent, as reported in Mack's compilation of literature

[1]. Previous study of their thermal behavior primarily

consisted in attempts to correlate their glass-transition

temperature with their asphaltene or paraf®n content

[2], or more recently, to link their glass-transition

temperature to their molecular size and composition.

NoeÈl and Corbett [3] pioneered the study of AC

thermal characteristics over a broad range of tempera-

ture. They were interested in in-situ crystallization and

the thermal effects observed in fractions extracted by

precipitation and separation by chromatographic

methods. It was also shown that the thermal behavior

of AC is greatly in¯uenced by its thermal past. Differ-

ential scanning calorimetry (DSC) was used to

directly evaluate crystallized fractions in AC [4].

The authors attempted to correlate the DSC results

with those obtained using a normalized procedure

(NFT 66-015). A quantitative study of the thermal

behavior of AC under an inert atmosphere was carried

out by DSC to identify the asphalt fractions respon-

sible for the crystallization and to develop a quanti-

tative thermoanalytical method. The next step was to

measure the crystallization and the dissolution of these

fractions as a function of temperature and try to

correlate these results and the AC physical properties.

Very recently, as a part of their work for the Strategic

Highway Research Program (SHRP), Anderson et al.
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[5] reported an important phenomenon in AC, which

they de®ned as `low temperature physical hardening'.

This effect was related to a gradual density change

depending on time and temperature (ÿ158C). DSC

and thermomicroscopy experiments were simulta-

neously used to relate the change in AC structure

and their rheological properties.

2. DSC, thermodynamics and kinetics

In thermoanalytical methods, temperature is a

function of time. The behavior of the system under

study, is a complex function of time and temperature,

given by kinetics and thermodynamics: the kinetics

say how fast the thermodynamic equilibrium will be

reached. The use of DSC makes the problem dif®cult,

because the measurement gives the sum of the heat

capacity of the system, and the heat effect occurring in

the sample.

It seemed useful to go back to the fundamental

equations to understand the signi®cance of the data,

especially on using non-linear heating rate.

2.1. Thermodynamics

The enthalpy of a system, is a function of a number

of independent variables, which are usually not known

and even dif®cult to establish. It was shown [6] that the

most general thermodynamic description of a system

requires at least three variables. Enthalpy H of a

system, made of one unit of a pure compound, is

given by H(T, P, �). Using Prigogine's notations [6], �
is the degree of advance of some transformation

occurring in the system and its enthalpy change is

�rH. The total differential of H is:

dH

dT
� qH

qT
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P;�
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By de®nition Cp�dH/dT and Cpx�(@H/@T)P,� and

�rH�(@H/@�)T,P. Cp is sometime refereed to as

`apparent heat capacity', Cpx is called the `true heat

capacity', and the con®gurational heat capacity Cp

(conf) is given by
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q�
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2.2. Kinetics

At a constant pressure, the power Wpr used to heat

the system at a heating rate � is given by:

Wpr � �Cp� ��rH
P
T

d�

dt
(2)

The rate of transformation may be a complex

mathematical expression of time and temperature

and (or) composition given by the laws of kinetics [7]:

d�

dt
� f ���z expÿ�H�

RT
(3)

2.3. DSC

In the case of a heat ¯ow DSC apparatus, the

calorimetric signal � is given by the temperature

difference between the product temperature Tpr and

that of the reference Tref. It is proportional to the

difference between the power absorbed by the product

side Wpr and the reference side Wref, respectively,

��k(WprÿWref) where k is the sensitivity of the

DSC apparatus (mV mWÿ1)

(�) Constant heating rate: During a temperature

scan at a heating rate �, the heat capacity Cpr of the

sample and Cref of the reference are heated. Then

��k�(CprÿCref).

Using Eq. (2), the DSC signal is

�

k
� ��Cpx ÿ Cref� ��rH

P
T

d�

dt
(4)

Notice that (Cp�ÿCref) as written in Eq. (4), is the

base line of the DSC.

(�) Non-linear heating rate: A simple model [8,9] of

the heat ¯ux DSC is used to describe and understand

the behavior of the system.

Step heating [10±12] or periodic [13±16] heating

law were described a long time ago, and used in

kinetic experiments [17±21] and AC-calorimetry

[22±24], respectively.

Recently the idea of using a modulated heating

program in DSC, was introduced in a commercially

available apparatus [25]. The temperature of the fur-

nace is given by: T�T0��0t�A! sin(!t), where T0 is

the starting temperature, �0 a constant heating rate, A

and ��2�/! the amplitude and the period of the sine

modulation, respectively.
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± The signal without sine modulation �lin is very

close to the same as the signal obtained in linear

scanning.

± The amplitude A of the modulation is propor-

tional to (CprÿCref).

± The difference in the phase of the furnace and

that of the signal, i.e. the phase shift ' is a complex

function, from which Cpr can be obtained [26].

If `true' heat capacity are used, the three curves

should have the same or a very similar shape, espe-

cially �lin and A.

This technic is the subject of a number of papers

[26±28], which bring more information on this subject.

3. Experimental

3.1. Material

A DSC apparatus Mettler TA 2000 B was used. It

was controlled by a computer [9], which send control

parameters to the DSC. It was possible to send to the

temperature controller from the computer any heating

rate � in the range �15 K mmÿ1. It was found that

sending every second the computed rate ���0�A!
cos(!t) gave the temperature law T�T0��0t�A

sin(!t).

A sampling period of 1 s was adequate for the

measurement of the calorimetric signal.

The apparatus was ¯ushed with argon chosen on the

ground of its density and its low thermal conductivity,

which lead to a better calorimetric sensitivity k.

3.2. Products

AC were chosen among SHRP asphalt cements.

They contain a low paraf®nic content (<0.2%), or a

high one (>10%). Pure n-paraf®ns were purchased

from Aldrich.

4. Determination of the thermal properties of AC

4.1. Thermal behavior of asphalt cements

Thermal behavior of Diesel fuels, kerosene, crude

oils and bitumen are very similar as shown in Fig. 1.

From low to high temperature, a glass transition is

observed, followed by two small exothermic peaks

and a broad endothermic effect. It is the dissolution of

crystallized fractions which precipitated on cooling.

Based on this comparison, on warming an AC, the

glass transition appears, followed by a small exother-

mic effect. It is probably linked with the crystalliza-

tion on warming, of species staying amorphous on

cooling. A broad endothermic effect, is then observed.

Most often, it occurs under two successive thermal

effects, and is due to the dissolution of some CF in the

Fig. 1. DSC curves of several petroleum products. From bottom to top: a crude oil; three AC with increasing FC content; and three Diesel

fuels. The small line indicates Tg.

P.M. Claudy et al. / Thermochimica Acta 324 (1998) 203±213 205



liquid formed after the glass transition. The tempera-

ture of this minimum is found at �358C.

4.2. Experimental procedure

The thermal properties of AC depend much on their

thermal past. Experiments have shown that the sample

must have a known and reproducible thermal past so as

the DSC experiment can give reproducible results. For

this purpose:

(a) The AC is warmed at 1008C during a few hours.

(b) It is cooled at room temperature (258C), and

kept at this temperature during 24 h.

(c) It is put into the DSC and cooled at 10 K mmÿ1

from room temperature to ÿ1008C.

(d) It is warmed at 5 K mmÿ1 up to 1008C, on

recording the experiment.

4.3. Glass transition and CF content

The representation of these determinations is given

in Fig. 2. The temperature of the glass transition is

computed as follows:

(a) Determination of the heat capacities. Heat

capacities of the glass Cp,glass and of the liquid

Cp,liq are computed using two points below and

two points above the glass transition.

(b) Tg: it is the temperature of the maximum of

dCp/dT.

(c) tg1: it is the temperature of the intersection of

the tangent at the maximum of the Cp curve (then

at Tg) and the extrapolated curve Cp,glass.

(d) tg2: it is the temperature of the intersection of

the tangent at the maximum of the Cp curve (then

at Tg) and the extrapolated curve Cp,liq.

(e) Tg1/2: it is the temperature where the

heat capacity change is half the total heat capacity

change �Cp of the glass transition. It is

the temperature of intersection of the curve

Cp1/2�(Cp,liqÿCp,glass)/2�Cp,glass with the experi-

mental Cp curve.

(f) �Cp: it is the change in heat capacity

�Cp�Cp,liqÿCp,glass at Tg.

(g) CF content: for the computation of the enthalpy

change of the dissolution of the crystallized

fractions, the base line is shown as a dotted line,

which is obtained on drawing the expected heat

capacity of the liquid, if no exothermic effect had

occurred. The quantity of heat is computed, and

transformed in mass of CF, assuming an enthalpy

of dissolution of 200 J g1.

5. Dissolution of pure n-paraffin in AC

The dissolution of pure n-paraf®n in an AC having a

low contentof crystallized fraction was measured. A 3%

(wt.)mixture isprepared with thepure n-paraf®n and the

AC, warmed at 1008C, then cured as explained above.

Determination of Cp of this mixture is carried out.

Fig. 2. Example of determination of Tg and FC: x represent the heat capacities of the glass and of the liquid; * the four temperatures of glass

transition: tg1, tg1/2, Tg, tg2. * the base line for FC calculation, ± the base line showing the exothermic effect.
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Results are plotted in Fig. 3 for 20�n�40. As a

comparison, the DSC curves of pure C24, C32 and C40

are given. Clearly, n-paraf®ns do not `melt' in the AC,

but they dissolve.

(a) The glass transition is always seen, and Tg is

slightly lowered for 20�n�32.

(b) An exothermic effect appears after the glass

transition, showing that the crystallization is

difficult on cooling.

(c) A broad peak appears, but for C24, and C28 it

splits into two peaks. The temperature of the

minimum called Td1 is approximately the same:

Td1�388C (see C24, C28 and C32).

From these experiments, enthalpy of dissolution is

found as 200 J gÿ1 and used to compute the equivalent

paraf®nic content of the crystallized fraction.

6. Dissolution of n C24H50 versus concentration

The dissolution of pure n-paraf®n seems to occur in

two steps. A more detailed examination of this beha-

vior was required. Experiments are done as explained

in Section 4.

6.1. Experiments

The composition dependence on the behavior of C24

in AC is given in Fig. 4. The transition-melting curve

of pure n C24H50 obtained using the same experimen-

tal conditions is given for comparison purpose. Below

3% (wt.), only one peak of dissolution is observed.

Two peaks are seen at a higher composition. In Fig. 5,

the subtraction of the curve (C24�AC)ÿ(AC) is given

and the observations made are as follows.

(a) At 0.9%, no signal is seen, the paraffin does not

crystallize on cooling or on warming, in the

experimental conditions.

(b) The exothermic effect after glass transition,

decreases on increasing the composition in C24.

(c) The temperature of the minimum between the

peaks Td1 stays approximately constant. It is the

same as the minimum observed in DSC curve of

other AC.

(d) The Tg decreases very slightly, more for low

percent of C24 than for higher one.

6.2. Discussion

Dissolution of a solid in a liquid is a single curve.

(In the case of an ideal solution, the theoretical

equation is easily found). Since two peaks are

observed, it is believed that a liquid±liquid demixtion

occurs, (two liquids are formed) giving rise to two

peaks of dissolution. The chemical composition of

each liquid is not known.

In fact this explanation is not entirely satisfactory,

since the solubility of C24 should change with tem-

Fig. 3. Dissolution of n paraffins in an AC containing a small mass of CF. From bottom to top: pure AC, C20, C24, C28, C32, C36, C40. The

peaks are C24, C32 and C40, respectively.
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perature, and it is dif®cult to explain the observed

minimum Td1, excepted if another unknown phenom-

enon, is occurring.

On cooling, the paraf®n should crystallize. But the

rate of crystallization depends on the concentration of

the paraf®n. At low concentrations, it does not crystal-

lize. The composition of the glass formed is not the

same as that of the initial glass. Its Tg is lower, because

the molecular weight of the paraf®n is lower than that

of the AC. At a higher concentration, the crystal-

lization is not complete on cooling, giving rise to

the exothermic effect observed on cooling, and a

weaker in¯uence on Tg. At high concentrations, par-

af®n crystallizes on cooling, and no effect is observed

on Tg, and no without exothermic effect.

Note that this behavior is consistent with the obser-

vation of two liquids by thermomicroscopy [29] using

Zernick's method.

7. Relaxation experiments

Since bitumen have a glass transition (T) and since

the crystallization is dif®cult on cooling, hence time

Fig. 4. Dissolution of C24 in an AC containing a small mass of CF. C24. From bottom to top: pure AC, and AC with 2, 2.51, 3, 4.03 and 7.01%

of C24.

Fig. 5. Subtraction of the DSC curves of AC�n% C24 and pure AC.
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(t) and temperature (T) dependent, the time±tempera-

ture transformation (t, T, T) of the same AC should be

complex and need a reexamination.

7.1. Isochronous experiments

The sample was warmed at 808C for several hours,

then put into an oven at the temperature T. After 24 h,

it was put into the DSC at the temperature T or below,

and the experiment was done as explained in Sec-

tion 3.

The behavior of the AC is dramatically changed as

shown in Fig. 6

(a) The glass transition easily seen on the �158C
curve is more and more difficult to detect.

(b) The first endothermic peak seems to split into

two peaks.

(c) The high temperature peak is not changed.

(d) The total area of the endothermic effect

increases, when the storage temperature decreases,

suggesting that a larger quantity of crystallized

fractions appears.

7.2. Isothermal experiments

The same kind of experiment was done at a constant

temperature (ÿ158C) using different duration. The

same kind of conclusion is reached, (see Fig. 7) on

changing longer duration for lower temperature.

7.3. Discussion

As expected, the changes occurring in the sample

are due to the enthalpic relaxation of glass, to a change

in their composition, depending mainly on the tem-

perature, and due to the crystallization.

8. Variable heating rate DSC

A correct interpretation of DSC requires the knowl-

edge of the base line, i.e. the true heat capacity of the

sample. An examination of AC samples annealed at

ÿ158C at different duration, was done using a linear

heating rate � (3.5 K mnÿ1) plus a sine modulation

(amplitude 1 K, period 2 mn).

8.1. Computation

The calorimetric signal is given by Eq. (4). Since

the frequency of the temperature modulation is

known, it is ®tted by a least-squares method [30] to

the equation:

� � A1sin�!t� � A2cos�!t� � Bt � T0: (5)

The amplitude A of the modulation is given by

A �
����������������
A2

1 � A2
2

q
(6)

and its phase shift ' is given by:

Fig. 6. DSC curves of an AC kept 24 h at the temperature T. From top to bottom: ÿ308, ÿ258, ÿ208, ÿ158, ÿ108, ÿ58, 08, 58, 108, 158C.
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Tg�'� � A1

A2

: (7)

Measurements used for each computation are those

done during half of a period. The data at t1, t2,. . .tn are

used to compute A1, A2, A and ' at time tnÿt1/2 using

Eqs. (5)±(7), respectively. The values at t2, t3. . .tn�1

give A and ' at time tn�1ÿt2/2 and so on.

The signal without modulation is obtained from

�A � Bt ��0 (8)

8.2. Standardization

The standardization of the DSC is done using `true'

heat capacities, namely several masses of aluminum.

Three curves, and three determinations of the heat

capacity of the sample, are obtained for each experi-

ment:

(a) using the average signal �A;

(b) using the amplitude A; and

(c) using the phase shift Tg '.

Heat capacity is obtained by interpolation, using the

standardization curves obtained with several masses

of pure aluminum.

8.3. Results

8.3.1. Diesel fuel

Since the rate of transformation is much faster on a

sample having a low viscosity, it was interesting to test

the method of calculation developed above on a Diesel

fuel. An experiment is shown in Fig. 8. The glass

transition is observed followed by two effects seen on

the average signal and not on the amplitude or phase

shift. This means that these effects do not depend on

the temperature, but only on the time. Then they are

crystallization effects. The endothermic effect seen at

a higher temperature is the dissolution of the CF

(paraf®n), and is seen on the three curves at high

temperature meaning that the rate of dissolution is

high. It is not possible using a 2 mn period, to distin-

guish between Cp and Cpx. These results are consistent

with those of Sanier [31].

8.3.2. Asphalt cement

(�) Sample annealed at ÿ108C: Examination of a

sample annealed at ÿ108C during several duration

was done using modulated DSC. The difference

between the apparent heat capacity (Cp) and the true

heat capacity (Cpx at low temperature) as reported in

Fig. 9, shows:

± the separation between the curves Cp and Cpx

occurs at the relaxation temperature;
± a glass is formed with a Tg at �178C as measured

on the Cpx curve, its quantity depending on the
duration
± Tg is difficult to establish, using either curve.

(�) Sample annealed at ÿ308C: Experiments are

given in Fig. 10. The same observations as in the experi-

ment at ÿ108C are valid, excepted that a new peak

Fig. 7. DSC curves of an AC kept at ÿ108C at different times. From bottom to top: 1, 2, 4, 8 days.
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appears, at low temperature. After this peak, an exother-

mic effect appears. It decreases at longer duration.

In Fig. 11 a closer examination of the three curves

(average, amplitude, phase shift) seems to show two

glass transitions appearing on the sample annealed at

ÿ308C during 16 h.

8.3.3. Discussion

The AC used contains a large amount of crystallized

fraction, and two liquids at room temperature. On

cooling, these two liquids may give two glasses one

with a high Tg, and the other with a low one, at least

below ÿ108C. Depending on the time, the CF can

crystallize, and probably, change the respective quan-

tities of each glass, and even their Tg, as seen in

Section 5.

At ÿ308C, both liquids have been transformed into

glasses, whose glass transition are seen. These glasses

show the well-known enthalpic relaxation peak

[32,33] seen at low temperature.

Fig. 8. Modulated DSC curve of a Diesel fuel. From bottom to top: heat capacities computed from phase shift ', amplitude, average signal,

and the raw experiment.

Fig. 9. Modulated DSC curve of an AC kept at ÿ108C. Each couple of curve shows the heat capacities computed from amplitude (below) and

average signal. From bottom to top times were 1, 2, 4, 8, 16 h. The vertical line shows the relaxation temperature (ÿ108C).
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9. Conclusion

At room temperature, an AC is made of two liquids,

and some crystallized fractions. On cooling, simple

but intricate phenomenons occur.

The quantity of CF increases, because their

solubility decreases with temperature, but not enough

to prevent the formation of two liquids. These liquids

give one or two glasses, depending on the temperature.

The double glass transition seems to be a natural

consequence of the liquid±liquid demixtion occurring

in an AC, each liquid giving a glass. The proportion

of each glass should vary, depending on the thermal

history of the sample. That could explain the

very broad temperature range of the glass transition,

and the very complex behavior of the relaxation of

the AC.
The rate at which the equilibrium is reached, is

certainly very low, and mechanical properties may

change on a very long period, since mechanical prop-

erties of an AC are a consequence of the nature of the

phases formed.

Fig. 10. Modulated DSC curve of an AC kept at ÿ308C. Each couple of curve shows the heat capacities computed from amplitude (below)

and average signal. From bottom to top times were 1, 2, 4, 8, 16 h. The vertical line shows the relaxation temperature (ÿ308C).

Fig. 11. Modulated DSC curve of an AC kept at ÿ308C during 16 h. showing two glass transitions indicated by an arrow. the three curves are

the heat capacities computed from phase shift (below), amplitude (middle) and average signal (top).
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