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ABSTRACT

With the aim to understand the effect of thermal condition on phase separation

in polymer-modified bitumen (PMB), this paper numerically investigates four

PMB binders under five thermal conditions between 140 and 180 �C. Based on a

phase-field model previously developed by the authors for PMB phase sepa-

ration, the updated model presented in this paper uses temperature-dependent

parameters in order to approach the concerned temperature range, including

mobility coefficients, interaction and dilution parameters. The model is imple-

mented in a finite element software package and calibrated with the experi-

mental observations of the four PMBs. The experimental results are well

reproduced by the model, and it is thus believed that the calibrated parameters

can represent the four PMBs. The simulation results indicate that the model

proposed in this paper is capable of capturing the stability differences among

the four PMBs and their distinct microstructures at different temperatures. Due

to the transition of some PMBs from the thermodynamically stable state at

180 �C to the unstable state at 140 �C, a homogenization process may occur

during the cooling applied numerically. After the transition, the PMBs start to

separate into two phases and gradually form the binary structures controlled by

the temperature. It is indicated that the cooling rate slightly affects the final

pattern of the PMB binary microstructure, although the process can be more

complicated in reality due to the potential dynamic reasons.

Introduction

In order to balance the life-cycle cost and service per-

formance of roads, polymer-modified bitumen (PMB)

has been used as a high-performance material in many

cases of road construction and maintenance [1–5].

However, there are still some challenges today that may

limit the sustainable application of PMB [6, 7], especially

in the fundamental aspects related to the polymer mod-

ification of paving bitumen. Among others, the potential
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storage instability issue,whichmay occur in some PMBs

with poor polymer–bitumen compatibility, is one of the

identified common challenges for bitumenmodification

nowadays. This issue has a close relationship with the

PMBphase separation behaviour during the storage and

transport [8, 9], i.e. the separation of the polymer-rich

phase from the bitumen-rich phase.

The phase separation behaviour of PMB is tempera-

ture-dependent. This means that a PMB may show dif-

ferent phase separation phenomena at different

temperatures. At the storage temperature, the PMB

phase separation behaviour reveals the storage stability.

Butat a lower temperature, it is closely related to thePMB

morphology which may affect the binder properties at

that temperature. Some previous studies [10–12] have

indicated that the thermal condition has important

influences on the PMB microstructure. This means that

the temperature level and its changing rate can signifi-

cantly affect the phase separation behaviour of a PMB.

Nevertheless, a fundamental understanding on how

these effects arise has still not yet been reached so far.

As the continuation of a preliminary exploration by

the authors [13], this paper aims to understand the

temperature dependency of PMB phase separation

behaviour and numerically investigates the effects of

thermal condition on PMB phase separation. The

numerical model presented in this paper is based on

the phase-field model proposed in [14] for describing

and predicting PMB storage stability and phase sepa-

ration behaviour. The temperature dependency of the

model parameters is introduced in this paper, includ-

ing that of the mobility coefficients, interaction and

dilution parameters. The effect of thermal condition on

PMB phase separation can thus be modelled and

investigated through a numerical approach. The

model is implemented for four different PMBs and

calibrated with the experimental observations of the

four PMBs (with 5% styrene–butadiene–styrene

copolymer by weight of the blends). The phase sepa-

ration behaviour of the simulated PMBs is analysed

under five different thermal conditions. The results of

this study may assist in understanding the effects of

thermal condition on PMB phase separation.

Phase-field model for phase separation
in PMB

Phase-field method is a powerful approach to sim-

ulating the microstructure evolution of materials. In

the research field of bituminous paving materials,

this method has been increasingly employed as a

tool to expand our fundamental understanding on

material behaviours [14–17]. Among the recent

reports, a phase-field model was proposed by the

authors in [14] regarding PMB phase separation at

the storage temperature. This model considers PMB

as a pseudo-binary blend at the studied temperature

(180 �C), with a polymer-rich phase and a bitumen-

rich phase. The phase-field variable is the local

volume fraction of the polymer modifier. This is a

conserved phase-field variable. Its evolution is

governed by the Cahn–Hilliard equation [18, 19],

such that

o;
ot

¼ r �M ;ð Þr dF
d; ; ð1Þ

where ; is the local volume fraction of the polymer

modifier in PMB; t is the time; r is the Nabla oper-

ator; M(;) is the mobility coefficient of the phase; and

F is the free energy of the PMB system. This phase-

field model defines the mobility coefficient of the

phase as a function of the local phase composition,

which means that M(;) depends on ; as well as the

mobility coefficients of the polymer and bitumen.

Under the incompressible condition, a linear depen-

dency is used in the model, i.e.

M ;ð Þ ¼ Mp; þMb 1� ;ð Þ; ð2Þ

where Mp is the mobility coefficient of the polymer

modifier; and Mb is the mobility coefficient of the

bitumen.

At high temperatures around the storage temper-

ature, there is no coherent microstructure formed in

common paving PMBs. Thus, there is no elastic

energy or other forms of long-range free energy

involved in this phase-field model for paving PMB

phase separation. In this regard, the total free energy

of the studied PMB system consists of the local free

energy and gradient energy. The local free energy of

the PMB system is the sum of the free energy of pure

components (polymer and bitumen) and the free

energy change due to mixing them. Using a common

expression for the gradient energy density, the total

free energy F is formulated in the model as

F ¼
Z
V

f0 þ Dfm þ 1

2
j r;j j2

� �
dV; ð3Þ

where V is the volume of the considered body; f0 is

the free energy density of the pure components (sum

of polymer and bitumen); Dfm is the free energy
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density change due to mixing; and j is the gradient

energy coefficient.

For a given PMB, the free energy of pure polymer

and bitumen (f0) is dependent on the temperature

and does not affect the minimization of the total free

energy. The free energy of mixing for a PMB system

can be represented by a double-well potential, such

that

Dfm ¼ RT
z;
Np

ln z;ð Þ þ 1� z;
Nb

ln 1� z;ð Þ þ z; 1� z;ð Þv
� �

;

ð4Þ

where R is the universal gas constant; T is the tem-

perature; z is the dilution parameter; Np is the seg-

ment number of the polymer chains in the Flory–

Huggins lattice; Nb is the segment number of the

hypothetical chains for bitumen in the Flory–Huggins

lattice; and v is the interaction parameter between

polymer and the hypothetical chain for bitumen. This

equation is a modified form of the Flory–Huggins

free energy of mixing, with some simplifying

assumptions made according to the fact that bitumen

is a complex mixture of various molecules.

Overall, the mobility coefficient M controls the

speed of the separation in this phase-field model; the

gradient energy coefficient j decides the interfacial

tension and thickness between the phases; the seg-

ment numbers of the chains (Np for polymer chains

and Nb for hypothetical chains of bitumen) introduce

the influences of the molecular size and its distribu-

tion; the interaction parameter v characterizes the

degree of the polymer–bitumen interaction; and the

dilution parameter z is related to the swelling ratio of

the polymer. It should be mentioned that Nb is not

simply averaged approximation of all molecules in

the bitumen. Rather it combines the effects of

molecular size, distribution and their contributions to

the configurational entropy. More details about this

can be found in [14].

Temperature dependency of the model
parameters

It has been indicated in [14] that the above-described

model is capable of reproducing the phase separation

behaviour of PMBs observed experimentally at the

storage temperature (180 �C). In order to extend the

model for a concerned temperature range instead of a

single temperature point, the temperature

dependency of the model parameters is introduced

into the model in this paper. Some of the model

parameters are temperature-dependent, controlling

the temperature dependency of the PMB phase sep-

aration behaviour. This paper considers the temper-

ature dependency of the mobility coefficients (M),

interaction and dilution parameters (v and z). As the

temperature dependency of the gradient energy

coefficient (j) may be quite weak [20, 21], it is cur-

rently neglected in this paper.

Theoretically, the mobility coefficients of different

materials (polymer and bitumen) are related to their

self-diffusion coefficients. According to the reported

temperature dependency of the self-diffusion coeffi-

cient in a general form [22, 23], this paper uses an

Arrhenius temperature dependency for the mobility

coefficients of polymer and bitumen, i.e.

M ¼ M0e
� E

RT; ð5Þ

where M is the mobility coefficient; M0 is the maxi-

mum mobility coefficient at infinite temperature; and

E is the activation energy for mobility. Regarding the

interaction parameter, it has been widely reported

[24, 25] that the Flory–Huggins interaction parameter

generally has the temperature dependency as

v ¼ a
T
þ b; ð6Þ

where a and b are, respectively, constants for the

enthalpic and entropic contributions to the interaction

parameter v. As for the dilution parameter, it is related

to the swelling ratio of the polymer modifier in PMB.

Some researchers [26] have reported that the polymer

swelling ratio increases slightly in PMB, as the tem-

perature increases. The dependency is approximately

linear. This paper thus uses a simple linear depen-

dency for the dilution parameter, such that

z ¼ kT þ c; ð7Þ

where k and c are constants.

Numerical simulation results
and discussion

Simulation environment and thermal
conditions

The finite element software COMSOL Multiphysics

has been used to implement the model described in

the previous sections. The geometry of the simulation

J Mater Sci (2017) 52:6525–6541 6527



domain is a rectangle of 2.5 mm 9 2.0 mm meshed

with triangular elements. This domain is basically the

same size as the microscopic images (magnification

509) [11, 12] that are used for calibration of the model

parameters. As the boundary condition, the contact

angle on the four sides of the rectangle is 90�. In order

to present the initial state of the simulated PMB,

normally distributed values are randomly located in

the domain. The used mean value of the initial values

is 0.05, and the standard deviation is 0.005. This

means that the polymer content of the simulated

PMB is 5% by weight with certain variation, if

neglecting the polymer–bitumen density difference.

The phase separation behaviour is simulated under

five different thermal conditions, numbered 1–5 as in

Fig. 1. They represent three different temperature

levels (180, 160 and 140 �C) and two cooling rates

(fast cooling 8 �C/min and slow cooling 2 �C/min)

between 180 and 140 �C. Of the investigated tem-

peratures, 180 �C stands for a normal PMB storage

temperature; 160 �C corresponds to a lower temper-

ature for long-time PMB storage in order to avoid

polymer degradation; and 140 �C may help to

understand the effect of cooling during the con-

struction process. All the simulations are run to apply

the thermal conditions for 4800 s.

Model parameters and calibration

Four different PMBs (numbered 1–4) are simulated in

this paper with the intention of representing the four

PMBs experimentally studied in [11, 12]. The four

PMBs were prepared in laboratory with different

base bitumen binders of penetration grade 70/100

from various sources, but they had the same styrene–

butadiene–styrene copolymer modifier and the same

polymer content (5% by weight of the blend). The

modifier was a linear triblock copolymer. Its weight

average molecular weight was 189,000 g/mol; the

styrene content was about 30%; and the fraction of tri-

versus diblock copolymer was 0.8.

The needed parameters for simulation include the

maximum mobility coefficients (Mp0 and Mb0), acti-

vation energies (Ep and Eb), gradient energy coeffi-

cient (j), segment numbers of the chains (Np and Nb)

and the constants (a, b, k and c) for interaction and

dilution parameters. In order to get the parameter

values for the PMBs, the theoretical ranges of the

model parameters are firstly discussed before fixing

the specific values. After this, the specific values are

calibrated within the theoretical ranges of the model

parameters by the comparison between the experi-

mental and numerical results.

Figure 1 Thermal conditions applied in the simulations.
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Figure 2 Microscopy observation (MO) and numerical simulation (NS) results of the four different PMBs at 3600 s.

Table 1 Calibrated model

parameters for the four PMBs Samples Mb0 [m
5/(J s)] Eb (J/mol) a (K) b k (K-1) c

PMB1 2.1 9 10-14 2.7 9 104 6.5 9 103 -11.8 3.75 9 10-2 -7.7

PMB2 2.0 9 10-13 3.7 9 104 7.6 9 103 -15.4 2.50 9 10-3 8.9

PMB3 2.3 9 10-14 2.3 9 104 1.6 9 104 -34.9 1.80 9 10-1 -69.3

PMB4 1.2 9 10-16 7.1 9 103 2.8 9 103 -2.7 4.50 9 10-2 -13.4

J Mater Sci (2017) 52:6525–6541 6529



Figure 3 Variations of

mobility coefficients with

temperature.

Figure 4 Variations of

interaction parameters with

temperature.

Figure 5 Variations of

dilution parameters with

temperature.
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Since some of the needed PMB parameters are not

commonly measured for the time being, the used

ranges of Mp0, Mb0, Ep, Eb and j in this paper are

estimated based on the reported parameter values for

general phase-field models and other materials like

polymer blends and alloys [27–30]. For Np and Nb, it

is postulated that the hypothetical chains for bitumen

have the same length as the polymer chains. This

does not mean that the bitumen has the same

molecular size as the polymer chains. But the com-

plexity of bitumen composition, due to its diversity in

chemical species, has the same contribution to the

configurational entropy as the polymer chains. In

other words, Nb is not the actual value of the bitumen

molecular weight but a parameter representing the

complexity of the bitumen composition. By setting

Np = Nb = N, the parameter Nv scales up into the

widely reported theoretical range where Nv B 2.0

results in a single well and Nv[ 2.0 leads to a double

well [31–34]. Thus, the values of a and b can be

obtained according to the estimated Nv values. In this

sense, the parameters a and b discussed in this paper

also indicate the influences of the molecular size and

its distribution (they have in fact the values of Na and
Nb). As for the dilution parameter, the values of

k and c can be estimated on the basis of the reported

swelling ratio values of the polymer modifiers in

PMBs [26, 35, 36].

Microscopy observation results from [11, 12] are

used as the experimental corroboration for model

calibration in this paper. As presented in Fig. 2, the

microscopy images display the microstructure of the

four PMBs after one hour isothermal annealing at

three different temperatures. It can be seen from the

microscopy observation (MO) results in Fig. 2 that

the four PMBs show different phase separation

behaviours. PMB1 and PMB4 separate into two

phases at 180 �C (the lighter polymer-rich phase and

the darker bitumen-rich phase), while PMB 2 and

PMB3 remain homogeneous at this scale. At 140 �C,
all the PMBs show two-phase structures but the

patterns are different. For each of the PMBs, the

microstructure changes as the temperature varies

between 180 and 140 �C.
In order to calibrate the model parameters for the

four PMBs, the model described in the previous

sections is implemented to reproduce these micro-

scopy observation results. The numerical simulations

represent the same condition as the experimental

procedure in [11, 12]. The calibrated model

parameters are shown in Table 1, together with

Mp0 = 3.2 9 10-14 m5/(J s), Ep = 3.6 9 104 J/mol

and j = 4.50 9 10-5 J/m. With these values, the

numerical simulation (NS) results for the four PMBs

are also shown in Fig. 2, following the microscopy

images. It is indicated that the phase separation

behaviours of the PMBs are well reproduced by the

model with the calibrated parameter values, includ-

ing the stability differences between the PMBs and

the microstructure differences between different

temperatures. Thus, it is believed that the listed

parameters in Table 1 can describe the phase sepa-

ration behaviours of the four PMBs properly.

With the calibrated parameter values, the varia-

tions of the mobility coefficients, interaction and

dilution parameters with temperature are plotted as

in Figs. 3, 4 and 5. It can be seen in Fig. 3 that the base

bitumen binders have higher mobility coefficients

than the polymer within the discussed temperature

range. The mobility coefficients decrease as the tem-

perature decreases. Figure 4 shows that the interac-

tion parameters decrease as the temperature

increases, which means that the polymer and base

bitumen binders are more interactive with each other

at higher temperatures. It is indicated in Fig. 5 that

the dilution parameters increase as the temperature

increases. This means that the relative amount of the

interactive molecules in the base bitumen binders

becomes higher (and the polymer swells more) when

the temperature rises. All the PMBs have different

temperature dependencies for each of the discussed

parameters, showing the different material properties

among the PMBs. Based on these numerical results, it

is thus believed that the calibrated parameter values

generally describe reasonable material properties.

This also confirms that the parameter values listed in

Table 1 can accurately represent the four investigated

PMBs. However, it is worth mentioning that all the

listed values are only valid for the studied tempera-

ture range, i.e. 140–180 �C. Beyond this range, more

discussions are still needed.

The calibrated parameter values also give the free

energy curves by Eq. 4. Consequently, a theoretical

phase diagram of the four PMBs can be computed on

the basis of the free energy curves. By plotting the

free energy minimum points at different tempera-

tures, the computed phase diagram of the four PMBs

(the binodal curves) is obtained and presented in

Fig. 6. This phase diagram reveals the phase separa-

tion behaviours of the four PMBs within the studied

J Mater Sci (2017) 52:6525–6541 6531



temperature range and can serve as the analytical

solutions for the simulations. It will be discussed

with the numerical simulation results in the follow-

ing sections of this paper.

Effect of temperature level

The simulation results with Therm.Cond.1–3 (180,

160 and 140 �C) are shown in Figs. 7, 8 and 9,

respectively. The results disclose the influence of

temperature level on phase separation behaviour of

the simulated PMBs. It can be seen in Fig. 7 that

PMB1 and PMB4 separate into two phases at 180 �C
(warmer colours for the polymer-rich phase and

cooler colours for the bitumen-rich phase), while

PMB 2 and PMB3 have homogeneous structures even

after the high-temperature storage. According to

Fig. 4, the interaction parameters of PMB1 and PMB4

are greater than 2.0 at 180 �C. Thus, their free energy

curves are double wells at 180 �C, indicating their

thermodynamic instability under Therm.Cond.1. In

contrast, PMB2 and PMB3 have interaction parame-

ters less than 2.0, leading to their single-well free

energy curves and thermodynamic stability under

Therm.Cond.1.

For the unstable PMB1 and PMB4, different pat-

terns are shown in the simulation results with

Therm.Cond.1. The polymer-rich phase forms

threads in PMB1 but droplets in PMB4. This means

the different base bitumen binders in PMB1 and

PMB4 result in different swelling ratios of the poly-

mer modifier, in spite of the same polymer content.

According to Fig. 5, PMB1 has a higher dilution

parameter than PMB4, showing a higher number of

interactive molecules in the base bitumen of PMB1

than PMB4. This leads to the higher swelling ratio of

the polymer in PMB1. In addition, Fig. 7 gives the

same values of equilibrium phase composition for the

PMBs as indicated in Fig. 6.

As the temperature decreases, PMB1 and PMB4

keep the two-phase structures but PMB2 and PMB3

become thermodynamically unstable through a sta-

bility–instability transition, shown in Figs. 8 and 9. A

lower temperature can only affect the microstructure

and composition of the equilibrium phases in PMB1

and PMB4. But the temperature drop from 180 to

140 �C changes the stability of PMB2 and PMB3. At

140 �C, PMB2 and PMB3 have interaction parameters

greater than 2.0 according to Fig. 4. This results in the

double wells on their free energy curves and causes

their phase separations under Therm.Cond.3. PMB2

and PMB3 show different patterns in Fig. 9: a

bicontinuous structure for PMB2 but a droplet pat-

tern with a continuous matrix for PMB3. This can be

attributed to the higher swelling ratio of the polymer

in PMB2 than PMB3 at 140 �C, which is controlled by

the dilution parameters as presented in Fig. 5. With

Therm.Cond.2, Fig. 8 displays the intermediate states

of the PMBs during the thermodynamic transition

between 180 and 140 �C.
In Fig. 9, it is interesting to see that PMB3 and

PMB4 show similar microstructures at 140 �C,
although their phase structures are completely dif-

ferent with each other at other temperatures (as in

Figs. 7, 8). This can be interpreted by the computed

phase diagram Fig. 6. At 180 �C, PMB3 lies in the

one-phase regime of its phase diagram, but PMB4 is

most possibly in its unstable regime. At 160 �C, the
bimodal points of PMB3 are far away from those of

PMB4. However, they come to almost the same

locations at 140 �C. The different material parameters

of PMB3 and PMB4 (as in Table 1) decide the dif-

ferent temperature dependencies of their phase sep-

aration behaviour. All these differences are expressed

by the model and presented in the numerical

Figure 6 Computed phase diagram of the four PMBs.
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simulation results. The same also applies for PMB1

and PMB2, and probably all PMBs.

Effect of cooling rate

The effect of temperature level on PMB phase sepa-

ration behaviour is discussed in the previous sec-

tion. However, PMB phase separation is essentially a

time-dependent microstructure evolution process.

Consequently, the changing rate of the temperature

may also have its influence on PMB phase separation

behaviour. Therm.Cond.4 and Therm.Cond.5 aim to

investigate the effect of cooling rate on phase sepa-

ration behaviour of the simulated PMBs. The simu-

lation results are shown in Figs. 10, 11, 12, 13 and 14.

In Fig. 10, it can be seen that PMB1 and PMB4

approximately follow a similar evolution routine as

under the previous thermal conditions, although the

fast cooling has its impacts on the separation process

and the final PMB microstructure. But a

homogenization process occurs in PMB2 and PMB3

during the fast cooling between 0 and 300 s. This

homogenization process is due to the transition of the

PMBs from a thermodynamically stable state to a

thermodynamically unstable state during the cooling.

After the homogenization, PMB2 and PMB3 start to

separate and form the binary structures at 140 �C.
Since the model presented in this paper uses fixed

material property parameters for a fixed temperature

(e.g. 140 �C), it is not unexpected that the same

temperature leads to the same equilibrium phase

composition and polymer swelling ratio. As a con-

sequence, the final patterns of the PMB binary

structures in Fig. 10 are quite similar as those in

Fig. 9, though not exactly the same. The final values

of the local polymer volume fraction in the equilib-

rium phases in Fig. 10 are the same as the final values

in Fig. 9, essentially controlled by the phase diagram

of the four PMBs as Fig. 6. However, the process can

be more complicated in reality due to the potential

PMB1, Therm.Cond.1 
0 s 

PMB1, Therm.Cond.1 
300 s 

PMB1, Therm.Cond.1 
600 s 

PMB1, Therm.Cond.1 
1800 s 

PMB1, Therm.Cond.1 
4800 s 

PMB2, Therm.Cond.1 
0 s 

PMB2, Therm.Cond.1 
300 s 

PMB2, Therm.Cond.1 
600 s 

PMB2, Therm.Cond.1 
1800 s 

PMB2, Therm.Cond.1 
4800 s 

PMB3, Therm.Cond.1 
0 s 

PMB3, Therm.Cond.1 
300 s 

PMB3, Therm.Cond.1 
600 s 

PMB3, Therm.Cond.1 
1800 s 

PMB3, Therm.Cond.1 
4800 s 

PMB4, Therm.Cond.1 
0 s 

PMB4, Therm.Cond.1 
300 s 

PMB4, Therm.Cond.1 
600 s 

PMB4, Therm.Cond.1 
1800 s 

PMB4, Therm.Cond.1 
4800 s 

Figure 7 Numerical simulation results with Therm.Cond.1 (180 �C).
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effects of the interfacial tension, material viscosity

and rheology.

Figures 11, 12, 13 and 14 show the PMB structure

evolution processes under Therm.Cond.5 (with a

lower cooling rate). According to Figs. 11 and 14,

both PMB1 and PMB4 start to separate from the very

beginning of the simulated process. The results in

Figs. 11 and 14 indicate the influence of the bimodal

point change (Fig. 6) of the PMBs during the cooling.

After the cooling termination at 1200 s, the PMBs

reach the equilibrium states shown in Fig. 6 but the

final microstructures are slightly affected by the

cooling rate.

As for PMB2 and PMB3, Fig. 6 reveals that their

stability–instability transitions both occur between

170 (300) and 160 �C (600 s). Before the transitions,

Figs. 12 and 13 show that they form more homoge-

nous structures than the initial ones. After the

homogenization, the separation processes start and

the PMBs gradually form the binary structures. As

the phase separations start from more homogenized

structures under Therm.Cond.5 than Therm.Cond.4,

it takes longer time for the PMBs to reach the equi-

librium states under Therm.Cond.5. By 2100 s (900 s

after the cooling terminated), PMB3 has not dis-

played a two-phase structure in Fig. 13. At the end of

the simulated process, PMB2 and PMB3 reach the

equilibrium states shown in Fig. 6. However, the

cooling rate only slightly affects the final patterns of

the PMBs’ binary structures in this paper.

Swelling ratio during separation

With the simulation results, the polymer-rich phase

of a PMB can be defined as the area where the local

polymer volume fraction is higher than the mean of

the initial values (5% in this paper). Thus, the poly-

mer swelling ratio can be defined as the ratio between

PMB1, Therm.Cond.2 
0 s 

PMB1, Therm.Cond.2 
300 s 

PMB1, Therm.Cond.2 
600 s 

PMB1, Therm.Cond.2 
1800 s 

PMB1, Therm.Cond.2 
4800 s 

PMB2, Therm.Cond.2 
0 s 

PMB2, Therm.Cond.2 
300 s 

PMB2, Therm.Cond.2 
600 s 

PMB2, Therm.Cond.2 
1800 s 

PMB2, Therm.Cond.2 
4800 s 

PMB3, Therm.Cond.2 
0 s 

PMB3, Therm.Cond.2 
300 s 

PMB3, Therm.Cond.2 
600 s 

PMB3, Therm.Cond.2 
1800 s 

PMB3, Therm.Cond.2 
4800 s 

PMB4, Therm.Cond.2 
0 s 

PMB4, Therm.Cond.2 
300 s 

PMB4, Therm.Cond.2 
600 s 

PMB4, Therm.Cond.2 
1800 s 

PMB4, Therm.Cond.2 
4800 s 

Figure 8 Numerical simulation results with Therm.Cond.2 (160 �C).
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the area fraction of the polymer-rich phase and the

mean of the initial values. By post-processing the

numerical results, the swelling ratio values during

the whole simulated process can be obtained, as

shown in Fig. 15 for the thermodynamically unsta-

ble cases. Because of the normal distribution of the

initial values, all the curves in Fig. 15 start from the

swelling ratio value of 10, representing the sufficient

swelling of the polymer in the beginning. At the end

of the simulated process, it is the temperature that

determines the final value of polymer swelling ratio

for each of the PMBs. A higher temperature leads to a

higher polymer swelling ratio, while Therm.Cond.3,

4 and 5 tend to finalize with the same value.

However, the variations of the swelling ratio val-

ues at the early stage can provide explicit information

on the process of reaching the equilibrium state from

the initial state. It can be seen in Fig. 15a that the

polymer swelling ratios of both PMB1 (blue lines)

and PMB4 (green lines) gradually decrease until the

final values are reached under all the studied thermal

conditions. The differences between the thermal

conditions lie on the time needed to reach the equi-

librium state. Among Therm.Cond.1, 2 and 3, PMB1

and PMB4 show different effects of the temperature

on the changing rate of the polymer swelling ratio at

the beginning stage. This might depend on their

different material property parameters. But all the

curves with cooling follow the middle paths between

180 and 140 �C. For both PMBs, the slow cooling

curves follow the 180 �C curves for longer time and

reach the equilibrium at 140 �C later than the fast

cooling curves.

As for PMB2 (red lines) and PMB3 (orange lines),

Fig. 15b gives only the curves under Therm.Cond.3, 4

and 5, since neither PMBs show definite instability at

180 or 160 �C (no typical polymer-rich phase). Under

Therm.Cond.3, PMB3 presents a representative curve

for unstable PMBs in Fig. 15b, similar as those of

PMB1 and PMB4 in Fig. 15a. However, with cooling
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Figure 9 Numerical simulation results with Therm.Cond.3 (140 �C).
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implemented, the PMB goes through a stability–in-

stability transition around 160 �C. This homogenizes

the PMB structure in the beginning of the simulated

process and makes the polymer swelling ratio stay on

a plateau for some time (longer for slow cooling than

fast cooling). The phase separation starts in PMB3

after the homogenization and transition. The bumps

on the orange curves in Fig. 15b reflect the starting of

the two-phase structures in PMB3 under Therm.-

Cond.4 and 5. After the bumps, the curves reach

almost the same polymer swelling ratio as Therm.-

Cond.3 (the slow cooling curve still needs some time

to reach it). PMB2 is supposed to have experienced

the same process. But the dilution parameter of PMB2

is very high at 140 �C according to Fig. 5. This results

in the very small difference between its initial
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Figure 10 Numerical simulation results with Therm.Cond.4 (fast cooling 8 �C/min).
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Figure 11 Numerical simulation results of PMB1 with Therm.Cond.5 (slow cooling 2 �C/min).
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Figure 12 Numerical simulation results of PMB2 with Therm.Cond.5 (slow cooling 2 �C/min).
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Figure 13 Numerical simulation results of PMB3 with Therm.Cond.5 (slow cooling 2 �C/min).
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Figure 14 Numerical simulation results of PMB4 with Therm.Cond.5 (slow cooling 2 �C/min).
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polymer swelling ratio and the equilibrium one at the

temperature. As a consequence, the polymer swelling

ratio plateaus and bumps are not explicitly shown on

the red curves in Fig. 15b. However, the numerical

simulation results in the previous sections have

indicated the phase separation behaviour of PMB2.

Conclusions

Aiming to understand the temperature dependency

of PMB phase separation behaviour, this paper

numerically investigates four PMB binders under five

thermal conditions between 180 and 140 �C. For the

numerical model, temperature-dependent parame-

ters (mobility coefficients, interaction and dilution

parameters) are introduced into a previously pro-

posed phase-field model for PMB phase separation.

This makes it possible to investigate the effect of

thermal condition on PMB phase separation through

a numerical approach. The model is implemented in

a finite element software package and calibrated with

the experimental observations of the four PMBs. The

experimental results are well reproduced by the

model, and it is thus believed that the calibrated

parameters can represent the four PMBs. On the basis

Figure 15 Polymer swelling ratios

during PMB phase separation: a for PMB1

and PMB4, b for PMB2 and PMB3.
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of the above-described model and the numerical

simulation results, the following conclusions can be

drawn:

1. The proposed model is capable of capturing the

stability differences among the four PMBs and

their microstructure differences between different

temperatures. The simulation results indicate that

PMBs may show similar microstructures at one

temperature, but their phase structures can be

completely different at other temperatures. The

different material parameters of the PMBs deter-

mine the different temperature dependencies of

their phase separation behaviour. All these dif-

ferences are expressed by the model and pre-

sented in the numerical simulation results.

2. Since PMB phase separation is a time-dependent

microstructure evolution process, the tempera-

ture changing rate also has its influence on PMB

phase separation behaviour. With cooling imple-

mented, the cooling rate only slightly affects the

final PMB microstructures of the ‘always-unsta-

ble’ binders (PMB1 and PMB4). But in the

‘stability-transiting’ binders (PMB2 and PMB3),

a homogenization process occurs during the

cooling. This can be assigned to the transition of

the PMBs from a thermodynamically stable state

at 180 �C to a thermodynamically unstable state

at 140 �C. A slower cooling leads to a more

homogenized PMB structure and longer time for

the PMB to reach the equilibrium afterwards.

3. For a given PMB, it is the temperature that

determines the final values of the polymer

swelling ratio and equilibrium phase composition

at the end of the simulated process in this paper.

A higher temperature leads to a higher polymer

swelling ratio, while simulations with the same

ending temperature (Therm.Cond.3, 4 and 5)

trend to finalize with the same values. This is

because the model presented in this paper uses

fixed material property parameters for a fixed

temperature. However, the process can be more

complicated in reality due to the potential effects

of the interfacial tension, material viscosity and

rheology. More research still needs to be done on

this.

4. During the simulated separation process, the

polymer swelling ratio of an unstable PMB grad-

ually decreases until the final values are reached

at the temperature. This is due to the diffusion of

both polymer and bitumen between the two

phases. Thermal condition affects the diffusion

process and thus the time needed by the PMB to

reach the equilibrium state. For the ‘always-

unstable’ binders (PMB1 and PMB4), their poly-

mer swelling ratio curves with cooling always

follow the middle paths between the 180 and

140 �C curves at the early stage of the separation.

As for PMB2 and PMB3, the stability–instability

transition makes the polymer swelling ratio stay

on a plateau for some time, because of the

homogenization process. After the transition,

the PMBs start to follow a representative curve

for unstable PMBs.
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