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Glass transition parameters can be used to study the miscibility, or lack of it, in polymer-modified asphalt
binders. In this study, the contribution of thermodynamics of mixing to glass transition was quantitatively
assessed in a differential scanning calorimeter for four asphalt binders partially and fully replaced by an epoxy
system. The values of heat capacity (C,) and, subsequently the glass transition temperature (Tg) of all binders
were determined to quantify the miscibility based on the entropic changes. Emphasis was also given to exam-
ining the enthalpy of mixing as a function of epoxy system composition during curing to ensure that these binders
were completely crosslinked for further analyses. In all cases, the positive deviations of the measured T of epoxy-
modified asphalt binders (Tgmix) obtained from the ideal mixing rule led to negative values of the entropy of
mixing (AS,;,), dictating the presence of internal repulsive forces between the asphalt and epoxy components.
Softer binders were associated with binders of low deviations of Tgn;, values from the ideal mixing rule. Lastly,
the partial replacement of asphalt binders by the epoxy system increased the T, and decreased the amount of

AS?

mix?

and such performance imposes the formation of immiscible products.

1. Introduction

Asphalt binder is the most common binding material for the con-
struction of pavements holding together>90 % of the paved highway
surfaces globally. To fulfil performance requirements and agencies’
demands for enhanced durability under adverse environmental condi-
tions and high traffic volume, polymer-modified asphalt (PMA) binders
have been widely adopted. This modification can be achieved by
incorporating a polymer into an asphalt binder by mechanical stirring
and/or chemical reaction to achieve the desired properties.

As polymer blends and dilutant systems have been of great interest
recently, the thermodynamics determining the phase behavior of such
systems are well established [1,2]. Previous studies also tried to transfer
this knowledge to PMA binders to provide a physical explanation of
some phenomena, such as the phase separation in asphalt binders [3-5].
A limited number of studies have focused on providing quantitative
information on the effect of a polymer in asphalt or of the replacement
effect of an asphalt binder by other binding products to develop flexible
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pavement materials of enhanced properties. One example is the epoxy
system employed in this research, and details of it are discussed in a later
section.

Glass transition can be used to evaluate the miscibility of asphalt
binders and the compatibility of individual components [6-8]. The glass
transition is a non-equilibrium phenomenon from an amorphous (e.g.,
liquid or rubbery state) into a glassy state occurring in asphalt (and other
materials). This transition gradually spans over a wide temperature
window, and one unique value of the glass transition temperature (Ty) is
usually reported. Thus, this change is represented by a single number
representing the central tendency or the average value of the glass
transition range.

Different experimental techniques provide different T, values,
including differential scanning calorimetry (DSC), dilatometry, and
dielectric and rheological analyses [9-12]. In this research, experiments
were conducted through DSC to determine the heat capacity (Cp) and Tg
values of four petroleum-based asphalt binders partially or fully
replaced by an epoxy system curing by oleochemical sourced
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crosslinkers to quantify miscibility via the entropic changes during glass
transition. Emphasis was also given to examining the enthalpy of mixing
as a function of the composition of epoxy-modified asphalt (EMA)
binders with curing in DSC to ensure that the studied materials were
completely crosslinked without the contribution of oxygen. The theo-
retical background of the phase behavior of binders for flexible pave-
ments is discussed in the following section.

2. Theoretical background

The miscibility of polymer blends is driven by the specific intermo-
lecular interactions of individual components, such as hydrogen bond
formation and z-z complex formation. A fundamental requirement for
miscibility of polymer blends is that the free energy of mixing (AGp;y),
which is defined by the expression in Equation (1), is negative.

AGyix = AH,yix — TAS, i @

where T is the absolute temperature [K], ASp,; is the change in entropy
of mixing [J mol~! °C™1], and AHyy; is the change in enthalpy of mixing
[J mol’l], which is the heat consumed (AH;, > 0) or released (AH i <
0) during the mixing.

The T, values exist as a function of the concentration of blend com-
ponents (¢), providing information on whether the blends are miscible
or not. Full miscibility is illustrated by detecting a single glass transition
region, which indicates a blend-average, single Tg. The T, of a miscible
blend might be the mean value of the T of individual components of
blends related to the blend composition and the ideal mixing rule. Two
T, values, independent of composition, are shown distinctly in immis-
cible systems.

Several approaches have been proposed using the kinetics and
thermodynamics features of glass transition phenomena to predict the
compositional dependence of polymer blend T, and provide explana-
tions for the deviations from the ideal mixing rule [13-29]. Such re-
lationships to predict T, compositional dependence in amorphous blends
are based on the additivity for the respective properties of individual
components, such as the specific volumes [13] or flexible bonds
contributing to conformational changes [23]. All these equations are
minor variations of the same mathematical expression, shown in
Equation (2) [13]:

eq (pATgA + k(ﬂBTg,B

Ty =" (2)
& @Yp+ ko
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where T;7 . is the Tg; of a binary mix predicted by the equation of in-

terest, ¢b; represents the concentration, expressed as either mole or
weight fraction, and k is a parameter whose physical interpretation
depends on the underlying predictive relationship utilized. The
subscript I denotes blend components (i.e, I = A for component A and I
= B for component B).

The determination of the compositional relationship with the T, and
its deviation can be used as indicators for the thermodynamics of mixing
in amorphous systems [24]. The negative T, deviations correspond to
positive enthalpy of mixing (AHpiy), which is a measure of the energy
change due to interaction. On the one hand, the T, deviation is zero for
ideal blends indicating that their constituents are compatible in all
proportions (Fig. 1). The intermolecular forces are the same between the
pairs of constitutive molecules; thus, there is no transfer of work or heat
to or from the surroundings. On the contrary, non-ideal blends show a
significant and negative AH,;, and a deviation of the AS,;, and together
with a positive T, deviations from the corresponding ideal case, speci-
fying materials of enhanced glass formation tendencies [13,26,30].
There may be strong differences in intermolecular forces between the
constitutive molecules in such materials, even though they are not
chemically reacting. Note that it was assumed no chemical reactions
between the components being mixed.

The ASp;, could provide valuable information about the magnitude
of intermolecular forces, mainly repulsive, in the non-ideal blends.
Nevertheless, the predictive equations do not incorporate the entropy of
mixing (ASnix) even though it plays a crucial role in the glass formation
of amorphous mixtures [31]. The glass transition is a phenomenon that
occurs by decreasing S°. Considering the kinetic nature of the material,
the configuration of glass remains stable over infinitely long time pe-
riods at low temperatures. The glassy state configuration changes as the
transition proceeds with a minimal rate toward reaching equilibrium. In
a thermodynamic equilibrium state, the properties of a multi-phasic
material do not change with time and do not show a tendency for
spontaneous change.

The heat capacity of a binary mixture of component A and B (Tgp >
Tg4) (Cp,mix) at amorphous (a) and glass (g) state is expressed in Equa-
tions (3a) and (3b).

C;.mix = P4 C;,A + (PBC;‘B (3a)
Cf;,mix = @4 Cﬁ,/\ + (pBCZB (3b)

— Immiscible system

Partially miscible system

— = = Fully miscible system

0 wt. % of modifier, ¢

100

Fig. 1. Schematic representation of the composition dependence of glass transition temperature in binary systems.
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The formation process of a mixture of two components, A and B, is
illustrated by a cycle, as shown in Fig. 2. This cycle involves three steps
in where the components are exposed to various temperatures. The
initial state of the formation process is when two individual components
are glassy (T < Tga), and:

e in (i), the individual components are heated from temperature T to
Ty p (T = Tgp). During this step, the temperature passes through Tg 4
where component A becomes amorphous;

e in (ii), the two components are mixed in the amorphous state at Tgp;
and

e in (iii), the amorphous mixture is cooled down from Ty to T. During
this step, the mixture undergoes the glass transition at Tg mix.

As discussed in [26], the change in entropy of each step is shown in
Equations (4a), (4b), and (4c):

Tga CﬁA Ty C;A Ten C;B
ASi) = @, / T dT + ¢, / T’dT—‘r(pB/ T’dT (4a)
T Toa T
AS(iiy = ASpix (4b)
- Tomic C;,zn[x T C[Ii,m[x
ASu = Sei gy [ Zemi gy (40)
Ten T Ty mix

and the total change of entropy of mixing in the glassy state (AS}, )
for the whole cycle (Fig. 1) to be expressed in Equation (5) as:

AS;

mix

= ASi) + ASgy + ASG) %)

The AS;;x at a finite cooling rate consists of the following two parts
shown in Equation (6):

AS,i = ASG, +AST, 6

mix
where AS;, is the entropy of mixing accessible to the amorphous, or the
configurational part, and AS] is the entropy of mixing in the vitrified
mixture or the residual part. As real amorphous mixtures exhibit sig-
nificant vibrational differences in relation to their glasses [32], the main
characteristic of the AS] is inaccessible to the amorphous component
when the mixture vitrifies. With the AS], being inaccessible to the
amorphous components, the glassy state limits the possibilities of having
a mixture of the same entropy equal to the summation of the entropies of
individual components.

To provide an accurate link between the AS; of amorphous mixture
and that at the glassy state, both the kinetic and thermodynamic char-
acters of glass transition should be considered [26].

T=Tgp
apt+ag
Asmix
(i) (ii)
T=T9,A T 40
T<Tg,A 94+03 Uiy
\
: T=T
\ g,mix
\
AN
A
N
r o
ASix S~ N
g gmix

Fig. 2. Schematic representation of the thermodynamic cycle used to obtain

the entropy of mixing of the glassy mixture (AS]).
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As any thermodynamic quantity is time-independent, the changes of
ASpmix at a glassy state (see Equation (5)) at an infinitely slow cooling rate
is defined as shown in Equation (7):

AS!

mix

= AS( + ASG) + ASg )
where the superscript co denotes an infinitely slow measurement.

The thermodynamic partitioning of the ASn is represented in
Equation (8):
AS,i = AS,

mix | 0

+ ASrrﬂix}oo (8)

The partitioning expressed by Equations (6) and (8) is visualized in
Fig. 3, where the two equations are equal. Such equality frames the
thermodynamic constraint of a kinetically controlled glass transition
phenomenon.

Firstly, the encircled T-marker in Fig. 3 corresponds to the thermo-
dynamic partitioning of the ASn. The dashed line denotes the AS?,|
above the zero-entropy of the mixing line, and the T m;x corresponds to
the point where the amount of thermally consumed entropy equals
Aanix|m. For a system where the separate glass components have the
same entropy as the glass mixture or the differences in entropies be-
tween the amorphous- and glass-like phases become zero, the T; cor-
responds to the Tgmix [31]. If an amorphous component could be
supercooled below its Ty, the heat capacity might be extrapolated below
this temperature, and the T m;x could be reached.

The encircled K-marker serves as a gauge for the decrease of ASp;y
over the glass transition at finite cooling rates. The glass transition of a
mixture of two components, where the AS,; does not play any role, is
denoted as T;f’mix in Fig. 3. Lines (Ia) and (Ib) show the case where the
ASmix does not affect the glass transition. Significantly, the AS;;;, con-
tributes to the entropy of the amorphous mixture by shifting the lines
(Ta) and (Ib) upwards to (Ila) and (IIb). The Tgmi is where the line (IIa)
changes to (IIb), and the structural equilibrium is reached. At this point,
the configurational entropy cannot keep up with the pace of change in
temperature at finite cooling rates, and thus glass transition occurs. The
configurational entropy values of an infinitely slow test, in which the
thermodynamic effects are considered, are different from those obtained
at finite cooling rates (ASy,;,). This behavior is also valid for the residual
entropy of mixing trapped in the glass (AS] ;).

Note that the configurational entropy kinetically trapped in the glass
is removed over time via structural relaxation, such as when high tem-
peratures are applied to erase the thermal history. Considering this, the
different calorimetric protocols and test timescales influence the amount
of configurational entropy trapped in glasses, and subsequently, the
position of the obtained glass transition shifts as such. Thus, the ASp;y
contributes to the entropy for loss upon structural relaxation of the glass
by an amount equal to the difference between the kinetic (AS} ;) and the
thermodynamic residual entropy of mixing (AS}, | ) as

ixloo

ASyisl, e = AS”

mix

—AS ©)

relax

By substituting Equations (4) and (6) into Equation (5), Equation
(10) is yielded [26]:

Tes AC, Tgmis AC; mix
(pA/ S dT+Aan,X+/ —2"2dT =0 10
Tea T Ten T
For an infinitely slow calorimetric test, the kinetic residual entropy
of mixing approaches the thermodynamic residual entropy or AS], —
AS; .| .and thus Tgmix = Tkmix, and Equation (10) becomes:

el

Tk AC, . Timic ACyy i
?4 PAGT + AS, |+ AT = 0 1D
T mix | oo T
Tka TkB
or



P. Apostolidis et al.

Construction and Building Materials 369 (2023) 130566

amorphous @
(Ila)
c
I as mix o
S . . Asmix
’ .
glass e (I ) Asmzx -
a
’
® (Ib) ’
,
e
c
ASmixI e mm ===
AS,, r n
as mix (l b)
eq
gmix
T1 TK,mix Tg,mix
Fig. 3. Effect of the entropy of mixing on the Tgm; of a binary mixture.
AC, AInT, AC, gInT, ASC .
10Ty — P28Cpaln g,AA er ?B palnTen e (12)  Table1
P P The base asphalt binders.
The first term on the right-hand side of Equation (12) corresponds to Material Binder 1 Binder 2 Binder 3 Binder 4
the Couchman & Karasz equation (16), which is defined as -
Grading 70-100 pen 160-220 pen PG 67-22 PG 64-22

ll’lTeq o QDAACPAIIITSA + gaBACpElnTgB
e PAACps + 9 AC,

13)

where ACyy is the heat capacity increment of amorphous (Cp;) and glass
(Cﬁ,) of component I over the glass transition.
Hence, Equation (12) can be rewritten as Equation (14):

AS; .
=T, T AComn
g_rmxexp < Acp‘mrlr)

Finally, the AS; values are obtained from the deviation from the
ideal mixing rule as shown in Equation (15):

ASC.
ATy e = T [exp( — i) — l}
& & AC[),mix

The magnitude of the observed shift on Ty is kinetically controlled
and is maximum for an infinitely slow calorimetric test when AS;, —
AShi
To minimize the effect of the kinetic nature of the studied materials,
a slow temperature modulated calorimetric method is implemented. The
Cp and subsequently T, values of binders will be determined based on
this method, and the entropy of mixing as a function of epoxy system
composition will be examined to quantify the miscibility of new binders.
Further details of the temperature modulated method are provided in
the next section.

T,

gmix

(14)

(15)

3. Materials and methods
3.1. Binders

One epoxy system was employed to partially replace four petroleum-
based asphalt binders: two binders from a European source (Binder 1:
70-100 pen and Binder 2: 160-220 pen), a binder from the State of
Florida (Binder 3: PG 67-22) and a binder from the Commonwealth of
Virginia (Binder 4: PG 64-22) (see Table 1).

The epoxy system is formulated by two liquid parts: (i) Part A, which
includes epichlorohydrin-bisphenol A, and (ii) Part B, which consists of

a 70 pen petroleum asphalt binder with heavy naphthenic distillates and
extracts, and crosslinkers. The crosslinkers of the epoxy system are
derived from oleochemical sources (e.g., animal fats, seed oils and pine
trees) and are the starting materials to cure the epoxy system. The me-
chanical properties of the rubbery epoxy system are associated partly
with the spacing of the carboxyl groups on the backbone of crosslinkers,
their functionality, and their crosslink density and molecular size.
Therefore, properly proportioning the crosslinkers of certain sources,
functionalities, chain lengths, and molecular weights enables the
formulation of the desired epoxy systems. The proportioning of the
carboxyl groups’ spacing on the crosslinker backbone (e.g., long and
short spacing) also plays a critical role in building the target properties.

Here, the epoxy system samples were prepared by mixing Part A and
Part B at a weight ratio of 20:80. Then, the epoxy system was added to
the four asphalt binders at different weight percentages; 20 and 50 % wt
of the total mass of new binder. Details of the exact preparation pro-
cedure are given in (8). Two replicates per case materials were assessed
in this study.

3.2. Differential scanning calorimetry

DSC measures heat flow into and out of a material under a scanning
mode of continuous temperature change. A DSC unit consists of twin
calorimeters engulfed into a furnace block to minimize the heat losses
and permit measurements in either temperature-linear (TL) or
temperature-modulated (TM) differential scanning mode. Even when
the same technique is used, different T, values can be obtained by
implementing different methods (e.g., heat flux and power compensa-
tion calorimeters) and protocols (temperature linear and modulated
scanning programs) (7).

A typical calorimeter consists of a small pan of high heat conduction,
usually aluminum, with a temperature sensor underneath to monitor the
temperature changes. The sample calorimeter encloses the material of
interest into a pan, and the reference one consists of an identical pan
without any material in it, as shown in Fig. 4a. The methodology
implemented to determine the heat capacity (Cp), the heat of mixing
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Temperature, T [degC]

St

Time, t [min] ©

- <p>t

Temperature, T [degC]

1

Time, t [min] ©

Fig. 4. Differential scanning calorimetry: (a) schematic representation, and two heating scans (b) TL-DSC and (c) TM-DSC.

(AH;), and glass transition temperature (Tg) of studied binders is pre-
sented in the following sub-sections.

3.2.1. Determination of heat capacity

The amount of heat needed to change the temperature of a material
by 1 °C is defined as the heat capacity. Over differential heating of twin
calorimeters, the temperature of the furnace block (Tp) increases line-
arly, leading to an increase in temperature of reference (T;,) and sample
(T,) calorimeters, as illustrated in Fig. 4b. The Tj, T, and T, temperatures
increase with the same heating rate, lagging mainly due to pans and the
heat capacity of samples. The heat capacity of the sample calorimeter
(cp) is determined as shown in Equation (16):
(T,—T,) AT

—K—

16
7 7 (16)

¢, =K

where K is the Newton’s law constant [J -°C'l-min_1], which is depen-
dent on the thermal conductance from the block furnace to the two
calorimeters, and f is the heating rate [°C-rnin’l].

It is significant to mention that heat capacity should be determined
only when the steady-state is reached to minimize contribution of the
scanning sample’s kinetic characteristics for the reasons discussed in the
Theoretical Background section of the manuscript. Both reference and
sample calorimeters’ heat flow rates are affected exclusively by the
temperature change rate and heat capacities [33]. Hence, the heat ca-
pacity of a sample over a TL scan at a steady state can be expressed in
Equation (17):

AT dAT
mC, = K=—+C,

p dT; an

where m is the sample mass, Cj, is the specific heat capacity of a sample
[J-°C1.g711, C, is the sample’s total heat capacity with the pan.
The situation differs when a periodic temperature change is super-

imposed on the underlying scanning rate. The addition of modulation to
the temperature change could reduce heat losses, further providing
higher accuracy for determining heat capacity [34]. As indicated earlier,
the kinetic nature of glass transition in Tgm;c and AS;; varies with the
calorimetric test timescale, but this effect is minimized with the TM
scans. An example case of a small periodic component to the TL ramp <
p > tis shown in Fig. 4¢, and the expression that describes the TM for the
block furnace is defined in Equation (18):

T,(t) = To + (B)t + Ar, sinwt (18)
where Ty is the isotherm at the beginning of the TM scan, and o is the
modulation frequency which is equal to 2x/p [rad s71], with p repre-
senting the length of one cycle [sec]. Similarly, T; or T, are expressed by
Equation (18), with an additional phase shift added to the sine term.
The temperature difference, which is proportional to the heat-flow rate
indicated above, is used as the response function for the heat capacity
computation.

The total heat capacity of a sample with a pan can be determined by
Equation (19):

A
C.x :mc/;+CJp = £

- Ar,® a9

where C;, is the heat capacity of the pan, Ay is the amplitude of the heat
flow rate response of sample, A, is the amplitude of the sinusoidal
sample temperature modulation.

Since the sample and reference calorimeters show a phase shift in
their response, the reversing heat capacity at steady-state from TM can
be determined by Equation (20) [35]:

A K\’
(C—C)=="> (—) +C?

V(@ (20)
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where C, is the heat capacity of the reference, which is equal to q, when
it consists of an identical empty pan as the sample calorimeter, A, and
Arpg are the maximum amplitudes of the modulation in the temperature
difference and sample temperature, respectively.

Then, Equation (20) can be expressed as:

1 C,o 2
(%)

The heat capacity is the quantity determined by Equation (17) from a
TL scan, extracted from the TM scans, and an underlying heating rate <
p>0.

In this research, a periodical step-scan signal, which is a special
sawtooth mode, is superimposed on the linear temperature changes
yielding a heating profile, as shown in Fig. 5. The average temperature
of a sample changes continuously with time in a non-linear fashion.
After changing the sample mode by 1 °C at a particular modulation
period and heating rate, the heat flow rate can equilibrate again. The
underlying heating rate (5 °C/min) through the TM scans was minimal
to separate the TL data from the dynamic controlled one. In nitrogen
environment, the samples were first kept at —60 °C for 5 min and then
heated up to 300 °C with 5 °C/min rate to investigate the glass transition
changes over heating and the heat flow released due to the exothermic
curing reactions in thermosetting binders. Then, after equilibrating the
samples for 5 min at 300 °C, a cooling cycle was performed (to —60 °C
with 5 °C/min cooling rate) and heated up again under the same mod-
ulation and scanning rate. Based on a Discrete Fourier Transformation,
the measured amplitudes of temperature and heat flow modulation are
compared to a reference signal of the same periodic characteristics
calculating thus the heat capacity. All the C, calculations were per-
formed using the StepScan function in Pyris software (PerkinElmer).

A
mC, = 2

= 21
o 1)

3.2.2. Determination of heat of mixing

Over the 1st heating cycle from —60 °C to 300 °C, the samples are
curing. After the termination of this cycle, the values of the total heat of
reaction associated with complete chemical conversion are obtained by
integrating the area between the maximum temperature of the
exothermic peak of samples and the baseline, as illustrated in a sche-
matic graph in Fig. 6. In the same figure, the DSC thermograph of a
curing sample is also shown to emphasize the exotherm heat of mixing.

3.2.3. Determination of glass transition temperatures

Stepwise increase of heat capacity, specific volume, and stiffness
modulus happen over the glass transition region from an amorphous to a
glassy state. As mentioned, the glass transition most often is reported
with the single value of T,. Here, the sigmoidal change of C, (or ACp) in
the glass-to-amorphous transition is monitored with the method intro-
duced above to detect the T values of studied materials. The T, values
were determined as the temperature at the half-height between the onset

19.65
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and endpoint of the glass transition region, as depicted in Fig. 7a. The
DSC thermograph of the epoxy system over the 1st heating cycle (curing
system) and the 2nd heating cycle (cured system) from —60 °C to 300 °C
is presented in Fig. 7b.

The Fox equation (14) was implemented to predict the T;?mix and the

magnitude of deviation from the ideal mixing theory. This equation is
expressed as:

L

_ 0 P
Tea

Ten

(22)

4. Results

Fig. 8 demonstrates the heat of mixing as a function of the binders
composition. The heat of mixing was negative (AHm; < 0) throughout
the composition range, as expected, since the curing reaction of the
epoxy system is exothermic. Larger values of negative heat of mixing
were observed in Binder 1 (i.e., 50 % EMA Binder 1: —65.59 J/g)
comparing Binder 2 (i.e., 50 % EMA Binder 2: —35.60 J/g) (see Fig. 8a),
indicating that higher energy levels were released over curing for the 20
% and 50 % diluted versions of Binder 1. A similar shape in AHp,;, of
binders versus the proportion of epoxy system is depicted in Fig. 8b,
where the same versions of Binder 3 have shown slightly higher negative
values of released heat due to curing (i.e., 50 % EMA Binder 3: —21.78 J/
g) than of Binder 4 (i.e., 50 % EMA Binder 4: —17.62 J/g).

The AHp,;, values decreased steeply with reducing the concentration
of the epoxy system in asphalt, which is unfavorable for their miscibility.
The concentration decrease in the epoxy system causes a dilution of the
curing compounds in the asphalt binders and, thus, a reduction in the
total exothermic heat evolved in curing. A proportion of curing epoxy
compounds was wrapped in the asphalt phase; hence their mobility is
reduced, and subsequently, it becomes difficult for the reactive com-
pounds to participate in the crosslinking chemical reaction. It should be
noted that the base Binder 3 and Binder 4, which are normally used for
flexible pavement surfacing materials in the US, demonstrated compa-
rable AHp;, values despite the fact they were of different sources.

The composition dependence of Tgn; of binders obtained from the
Cp curves during glass transition, is shown in Fig. 9a, 9b, 9¢, and 9d.
The Tgmix values increase with the increase of the epoxy system in Binder
1, Binder 2, Binder 3, and Binder 4 after curing, as demonstrated in
Fig. 9a, 9b, 9¢, and 9d, respectively. On the one hand, before curing,
the T, values of the epoxy system and Binder 1 were -22.08 and
—21.88 °C, respectively, yielding —15.47 and —20.86 °C for the 20 %
and 50 % modification levels, respectively. This anomaly in the T, —
composition dependence of curing EMAs (i.e., 20 % and 50 % modifi-
cation) is linked with the (thermal and mechanical) unstable state of
these binders when the crosslink density of the modifier is low. Binary
mixtures with components of nearly equal T, values, as the curing EMAs,
can show such attributes which might be associated with the develop-
ment of steric hindrances between weakly interacting components. The
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one the heat flow).
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Fig. 6. Heat flow versus temperature: (a) schematic illustration, and (b) calorimetric results.

low magnitude of T values also implies the high potential segmental
mobility between components of the binders. On the other hand, the T
values of the cured epoxy, 50 %, and 20 % EMA Binder 1 were 16.33,
—3.82, and —1.35 °C, respectively (Fig. 9a). The T, changes that
occurred with replacing the epoxy in Binder 2 were identical to those
observed in Binder 1. Nevertheless, the T, values of 20 % epoxy-
modified Binder 2 were slightly lower than the 20 % epoxy-modified
Binder 1 (Fig. 9b). Similar composition dependence of glass transition
is observed in cured Binder 3 and Binder 4 but with significantly higher
T, values for the 50 % diluted versions (i.e., cured 50 % EMA Binder 3:
6.64 °C; and Binder 4: 7.60 °C) than of the cured 50 % epoxy-modified

Binder 1 (i.e., cured 50 % EMA Binder 1: 0.29 °C).

The corresponding AC, values were plotted in Fig. 9a, 9b, 9¢, and
9d. The AC, values determined with the above method were shifted to
lower values with the epoxy system crosslinking through the same
composition dependence profile. The AC, values for Binder 1, Binder 2,
Binder 3, Binder 4, the curing and cured epoxy binder were 0.38, 0.31,
0.27, 0,16, 0.24, and 0.15 J/(g-°C), respectively. In the same figure, the
black and light dotted lines show the ideal mixing condition predicted
by Equation (22). Considering the Tgmix values at the ideal mixing
condition, the deviation is positive and large for all binders. This attri-
bute of positive Ty i, deviation becomes immediately visible after the
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Fig. 7. Heat capacity changes over glass transition: (a) schematic illustration
and (b) calorimetric results.

completion of crosslinking of the epoxy system in a nitrogen environ-
ment. The positive deviations of Tgmix obtained from the ideal mixing
rule, or the positive values of ATy, dictate the strong internal repul-
sive forces between the individual components.

The positive values of AT,n; leads to negative AS; . values ac-
cording to Equation (15), a phenomenon which is illustrated in Fig. 10.
Although the epoxy system causes positive deviations of Ty, a softer
base asphalt binder, such as Binder 2, is associated with a lower positive
deviation of the relative Ty m;, difference, and subsequently to a miscible
system. After the crosslinking in the nitrogen environment, the contri-
bution of the configurational entropy of mixing of the diluted versions of
Binder 3 and Binder 4 was also calculated, showing higher values in
Binder 4 than Binder 3, also manifesting higher repulsive forces between
constituents. This attribute also dictates that the EMA binders produced
using Binder 4 could be more thermodynamically unstable and, subse-
quently, immiscible than those developed using Binder 3.

A schematic representation of the epoxy effect on asphalt binders is
depicted in Fig. 11, showing the changes of AS;, and Tg . The AS;, .
manifests the magnitude change of Tg ;. The replacement of asphalt
binder by the epoxy system decreases the amount of AS?, and increase
the Tg of binder from Tgmix t0 Tgmix-epoxy- Such performance dictates
incompatible constituents and the formation of immiscible binders. For
binders with small AS?, , the ATy/T, is also small, and the systems are
more homogeneous, as when liquid or functionalized additives are
incorporated in binders to promote miscibility. The theory introduced in
this research and its implementation could be the framework for a more
precise characterization for selecting binders for flexible pavements.

5. Conclusions

The glass transition as a function of composition reflects the misci-
bility, or lack of it, in asphalt binders. In this study, a quantitative
assessment of the contribution of thermodynamics of mixing to the glass
transition of four epoxy-modified asphalt binders was performed in a
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Fig. 8. Composition dependence of the AH;, of binders: (a) Binder 1 & Binder
2, (b) Binder 3 & Binder 4.

differential scanning calorimetry. The main findings are as follows:

e The AHp;, values increased steeply with increases in the amount of
epoxy system in asphalt binders. In other words, a reduction in the
quantity of epoxy causes a dilution of curing compounds in asphalt
binders and, thus, a decrease in the total exothermic heat evolved in
curing.

e The T, values of asphalt binders partially replaced by the epoxy
system were determined to quantify the miscibility via the entropic
changes during glass transition. The Tgm; values increased with the
increase of the epoxy system in asphalt binders after curing. Similar
compositional dependence of glass transition is observed in cured
binders but with variations in the extent of the T, values as a result of
the base asphalt binders employed.

The positive deviations of Tgm;, obtained from the ideal mixing rule,

or ATgmix, led to negative values of entropy of mixing (ASS;)

dictating the presence of strong internal repulsive forces between
epoxy and asphalt. The softer binder is associated with a lower
positive ATy and hence to a less immiscible product.

In the future, additional comprehensive studies are needed to
elucidate the contribution of various other additives and agents to the
phase behavior of petroleum- and non-petroleum-based binders toward
an effort to develop sustainable flexible pavements.
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