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ABSTRACT: Simulations based on molecular dynamics
and mesodyn theories were used to investigate the com-
patibility, morphology evolution of polypropylene/poly-
carbonate (PP/PC) blends, and the relationship between
the composition and microstructure. Results of Flory–
Huggins interaction parameters, integral structure factor,
X-ray intensity, free-energy density, and order parame-
ters all indicated that phase separations occurred in all
PP/PC blend systems, and poor compatibility was exhib-
ited for this polymer pair. The systems of PP/PC ¼ 54/
46, PP/PC ¼ 31/69, and PP/PC ¼ 18/82 showed stron-
ger immiscibility and the faster separation process, while
the systems of PP/PC ¼ 82/18 and PP/PC ¼ 5/95
showed less immiscibility and a slower separation
process. Compared with the results of mechanical prop-
erties tests, the appearance of a cocontinuous structure

obtained from simulation corresponds to the transition
point of impact strength and tensile strength. After tran-
sition, the mechanical properties of the blends depended
on the properties of the PC matrix, and the impact
strength and tensile strength were both clearly enhanced.
As the simulation steps increased, the morphology of
PP/PC ¼ 54/46 blend developed into a double-lamellar
structure by coarsening of PC phase from initial homoge-
neous configuration. In addition, the compatibilizing
effect of SEBS was also investigated at the microscale,
and varying the content of PS block in SEBS has little
effect on the morphology of blend. VC 2012 Wiley Periodi-
cals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Polypropylene (PP) is one of the most utilized poly-
mers. However, it exhibits low impact strength, limiting
its application potential greatly. Polymer blending pro-
vides a more practical and economic way of preparing
new materials with combinations of properties not
available in a single polymer, and the development of
PP-based blends is often aimed at obtaining a process-
able material with high impact strength and sufficient
stiffness.1–13 Elastomer modification has been proved to
be effective in toughening PP even at low temperatures,
but a concomitant and adverse effect of elastomer
toughening is significant reduction in modulus of the
material. For this reason, a so-called ‘‘rigid–rigid poly-
mer toughening’’ concept was developed, to improve

the toughness of PP while retaining its rigidity as much
as possible. PP blended with PC showed a significant
improvement in impact toughness with a relatively
good tensile strength in our previous investigation.14–16

With the development of hardware and software,
molecular simulation has become one of the most
important tools to predict or validate structure–
property relationship of polyblends, blend compati-
bility, and phase behavior of polymers. Method of
Quantum Mechanics provides the valuable informa-
tion of configuration or conformation of isolated
molecule in the vacuum at absolute zero. Monte
Carlo method is a statistic simulation technique for
architectural characteristic of molecules at different
temperatures, which can not describe the develop-
ment of mechanical state of molecules. In this work,
method of molecular dynamics (MD), which is suita-
ble to trace the morphology evolution, was chosen
to apply on polymeric systems of PP/PC blends.
Besides, the relationship between the composition
and microstructure, including the effect of SEBS as a
compatibilizer were also studied based on MD and
Mesoscopic Dynamics (Mesodyn) theories.
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EXPERIMENTAL

Simulation methods

MD and Mesodyn simulations have been per-
formed on PP/PC and the compatibilized blends

at ambient temperature (298 K) using the soft-
ware packages of Mesodyn with Materials Studio
Modeling (version 4.0) installed on Windows
2000. The whole simulation process is shown as
follows:

Initially, the bulk phases were constructed with
the Amorphous Cell Program, which utilizes the
combined use of arc algorithm developed by Theo-
dorou and Suter16 and the scanning method of Meir-
ovitch.17 Minimization was done using the conjugate
gradient method (CGM), until the energy reached a
minimum. The CGM used here worked on the
Polak-Ribiere algorithm with a convergence level of
0.1 kcal mol�1 Å�1. The initial configurations were
refined by the dynamics of 100 ps after the amor-
phous cell was generated. The COMPASS18 (con-
densed-phase optimized molecular potentials for the
atomistic simulation studies) force field was used for
modeling inter-atomic interactions. This is indeed
the widely used all-atom force field, optimized to
predict the structural, conformational, and thermo-
physical condensed phase properties for the most
common molecules including polymers. As men-
tioned above, configurations were generated individ-
ually for each system to compute the cohesive
energy density (CED). The MD simulations under
constant temperature and density (NVT ensemble)
were performed for each configuration using the
Discover program. The energy of the system was
monitored to ensure that it fluctuated around the
average value, and this was considered as a criterion
for having an ‘‘equilibrated’’ system. The phase sep-
aration dynamics of PP-based blends at the meso-
scopic level were investigated by Mesodyn program.
This approach is based on the dynamic variant of the
mean-field density functional theory19 that is similar
to the classical dynamic random phase approxima-
tion (RPA).20 Polymer chains are modeled as ideal
Guassian chains consisting of beads, each represent-
ing the monomer chain (Kuhn statistical segments).

Mechanical test

PP (T30S) was produced by Dushanzi Petrochemical
(China), with melt flow index (MFI) 2.5–3.5 g/10 min
(230�C, 2.16 kg). PC (L1250Y) was supplied by Teijin
(Japan), with MFI 6.7 g/10 min (300�C, 1.2 kg).

PP/PC blends with different molar ratio were pre-
pared in a TSSJ-25/03, corotating, twin-screw
extruder at a rotational speed of 90 rpm. The tem-
perature of the barrel was in the range of 220–270�C.
Corresponding extrudates were hauled into a
quenching water trough prior to being palletized.
Dried blends were molded to form impact and ten-
sile specimens by using a K-TEC40 injection molding
machine. The barrel temperature profile was 260�C
(hopper)–280�C (nozzle) and the mold temperature
was maintained at 50�C.
The tensile strength of the samples was measured

with 4,302 material testing machine from Instron
(USA) according to ISO527/1-1993 (E). The test speed
was 50 mm min�1, and the sample length between
bench marks was 50 6 0.5 mm. The notched charpy
impact strength of the samples was measured with
ZBC-4B impact testing machine from Xinsansi (Shenz-
hen of China) according to ISO179-1993 (E).

RESULTS AND DISCUSSION

Molecular dynamic simulations of PP/PC blend

The results of molecular dynamic simulations on
PP/PC blend were used to investigate Flory–
Huggins interactions between PP and PC at the
molecular level. However, due to the space limita-
tions of data storage of computer, simulations
couldn’t be performed with the actual size of poly-
mer. Therefore, it’s necessary to find out the mini-
mum molecular size which is sufficient to represent
the properties of real polymer, including some im-
portant thermodynamic parameters.
To determine the minimum size mentioned above,

solubility parameters of PP and PC with different
repeating units, namely, different molecular weight
were computed up to a point. At this point, the val-
ues of solubility parameters won’t change with the
increase of the polymer molecular. As shown in
Figure 1, the solubility parameters of PP levels off as
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the number of repeating units increases >30. For PC,
the minimum number of repeating units is 10. Data
of corresponding molecular weight and solubility
parameters are calculated and listed in Table I. The
model construction of PP/PC blends is established
at different quantity ratios of PP to PC in the simula-
tion cell. The number of polymer chains in each
unit, the composition, the density and the molar vol-
ume of PP/PC blend are summarized in Table II.
The Van Krecelen solubility parameters and molar
volume of PP/PC/SEBS blend are summarized in
Table III.

A typical snapshot unit cell for PP/PC ¼ 54/46
(weight ratio) blend is shown in Figure 2 which
contains 2900 atoms. The carbon atoms are grey,
hydrogen, white, and oxygen, red. The original

configuration must be optimized after construction
because of the high level of energy.
Flory–Huggins interaction parameter v is given by:

v ¼ zDEmix

RT
(1)

where z is a coordination number, the value of
which for the cubic lattice model is taken as 6, R is
the molar gas constant (8.314 J mol�1 K�1), and T is
the temperature in Kelvin, at which simulation was
performed. The energy of mixing, DEmix, needed to
compute v was calculated as:

DEmix ¼ /Að
Ecoh

V
ÞA þ /Bð

Ecoh

V
ÞB � ðEcoh

V
Þmix (2)

where subscripts A, B, and mix represent CED val-
ues of PP, PC, and their blend, respectively. UA and
UB represent the volume fractions of PP and PC,
respectively. v obtained from eq. (1) should be com-
pared with the critical value to judge the compatibil-
ity between PP and PC. The critical value of v is
calculated by the following equation:

ðvABÞcritical ¼
1

2
ð 1ffiffiffiffiffiffiffi

mA
p þ 1ffiffiffiffiffiffiffi

mB
p Þ2 (3)

where mA and mB are the degree of polymerization
of A and B. Blends are miscible if v < vcritical. If v is
slightly greater than vcritical, the blends are partially
miscible. If v is considerably greater than vcritical,
then the component polymers are totally immiscible.
As shown in Figure 3, vcritical is 0.1244, which is

indeed the line of demarcation for the blend to be

Figure 1 Dependence of solubility parameters (d) of PP
and PC on the number of repeating units.

TABLE I
Solubility Parameters of PP and PC

Polymer
Repeating

units
Molecular
weight

Solubility
parameters (cal cm�3)0.5

PP 30 1260 8.07
PC 10 2540 8.76

TABLE II
Simulation Details of PP/PC Blends

Number of chains
per unit cell

Composition
(wt % PC)

Density
(g cm�3)

Molar
volume

(cm3 mol�1)

1 PP chain 0 0.9 1400
1 PC chain 100 1.2 2116
9 PP chain, 1 PC chain 18 0.93 1492
7 PP chain, 3 PC chain 46 0.99 1661
5 PP chain, 5 PC chain 69 1.05 1810
3 PP chain, 7 PC chain 82 1.11 1942
1 PP chain, 9 PC chain 95 1.17 2062

TABLE III
Simulation Details of PP/PC/SEBS Blends

Polymer
Van Krecelen solubility
parameters (J cm�3)1/2

Molar volume
(cm3 mol�1)

PP 16.06 49.04
PC 19.40 211.92
PS 19.52 96.98
EB 16.49 48.89
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treated as miscible or not. It can be concluded the
PP/PC blends are immiscible in the whole range of
weight fraction of PC. Further insight into the figure,
the blend with 5% PP is in comparatively better
compatibility.
The structure factor S(q,t) affected by the crystal

structure could be calculated through the X-ray scat-
tering with method of MD. q is the scattering vector
equal to (4p/k)sin(y/2), where k and y are the wave-
length of light and scattering angle respectively, at
regular time intervals.21 When the value of S is
equal to 0, the system is completely miscible due
to the disappearance of diffraction. X-ray intensity

plotted versus q of PP/PC blends with different
weight ratio is shown in Figure 4. It is observed that
the X-ray intensity of blends is higher for more im-
miscible systems (PP/PC ¼ 82/18; PP/PC ¼ 54/46;
PP/PC ¼ 31/69) and lower for less immiscible sys-
tems (PP/PC ¼ 18/82; PP/PC ¼ 5/95). The maxi-
mum peaks of curves appeared at the similar value
of scattering vector with the increase of PC concen-
tration, and all the blends represent obvious phase
separation.

Mesoscopic dynamic simulations of PP/PC blend

The length of polymer chain could be determined
from the degree of polymerization and characteristic
ratios of polymer. The expression for length of Mes-
odyn chain (Nmeso) is given by:

NMeso ¼
Mp

MmCn
(4)

where Mp is the polymer molecular weight, Mm is
the monomer molecular weight, and Cn is the char-
acteristic ratio ((Cn)PP ¼ 6.9, (Cn)PC ¼ 2.4).22 The
input parameter P for Mesodyn simulation is related
to the Flory–Huggins interaction parameter vij by
the following equation:

P ¼ vijRT (5)

where the vij is taken from the atomistic simulation
carried out for each blend at different composition,
R is the molar gas constant, and T is taken to be 298
K. To analyze the effects of blend composition on its
mesoscopic morphology, PP/PC binary blend with
different weight ratio were investigated in detail.
Figure 5 shows the morphologies of the blends and
the corresponding iso-density surfaces of PC after

Figure 2 Snapshot of the amorphous unit cell for a 54:46
blend of PP/PC. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 3 Flory–Huggins interaction parameters versus
weight fraction of PC.

Figure 4 Intensity versus scattering vector plots for PP/
PC blends.
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1 � 103 time steps Mesodyn simulation from ran-
dom initial configuration. PC particles disperse in
the PP matrix as spherical shape at a lower loading
of PC. As the concentration of PC increases to 46%,
phase size of PC increases and bicontinuous phase
appears. At 69% concentration of PC, the bicontinu-
ous phase of blend is more perfect. When the con-
centration of PC reaches 82%, reversal of phase
happens, and PP disperses in PC matrix as spherical
shape. As the concentration of PC increases to 95%,
phase size of PP particles decreases.

Compared with the results of mechanical proper-
ties tests shown in Figure 6, the appearance of
cocontinuous structure obtained from simulation
corresponds to the transition point of impact
strength and tensile strength. Before transition, the
mechanical properties of blends mainly depend on
the properties of matrix PP because of the bad com-
patibility between PP and PC. After transition, the
mechanical properties of blends depend on the
properties of matrix PC, hence, the impact strength
and tensile strength enhance obviously.
During the simulation, free energy asymptotically

approaches a stable value when the system attains
dynamic equilibrium as shown in Figure 7. How-

ever, the free-energy density obtained here is not for
real polymer systems, and it’s impossible to compare
with the experimental data directly. Even though,
the evolution of free energy is a good measure of
the stability of a system. The free-energy density of
blends decreases with the increase of simulation
steps, and finally reaches at a stable stage. The

Figure 5 Morphology of PP/PC blends (left) and isodensity surface of PC (right) after 1 � 103 steps simulation from
random initial configuration (the red and green beads represent PP and PC, respectively). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Figure 6 Impact strength and tensile strength of PP/PC
binary blends.
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systems of PP/PC ¼ 82/18 and PP/PC ¼ 5/95 expe-
rience a comparatively longer time to reach the equi-
librium state, namely, a slower separation process.
The systems of PP/PC ¼ 54/46, PP/PC ¼ 31/69,

and PP/PC ¼ 18/82 with stronger immiscibility
show the faster separation process.
The order parameter, Pi, defined as the volume

average of difference between local density squared
and the overall density squared, is given by:

Figure 7 Plot of free-energy density versus time step for
PP/PC blends.

Figure 8 Mesophase order parameter of PC versus time
step.

Figure 9 Time evolution of morphology of PP/PC ¼ 54/46 blends (left) and isodensity surface of PC (right) from ran-
dom initial configuration (the red and green beads represent PP and PC, respectively). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Pi ¼ 1

V

Z
v

½g2
i ðrÞ � g2

i �dr (6)

where gi is dimensionless density (volume fraction)
for species i. As shown in Figure 8, the systems of
PP/PC ¼ 54/46, PP/PC ¼ 31/69, and PP/PC ¼ 18/
82 with larger value of order parameters indicates
the strong phase segregation, more immiscibility,
and the faster separation process. The systems of
PP/PC ¼ 82/18 and PP/PC ¼ 5/95 have the compa-
ratively better compatibility and slower separation
process, which is consistent with the results of free-
energy density.

The time evolution of the morphologies of PP/
PC ¼ 54/46 blend was investigated as an example,
and snapshots of the morphologies in the evolution
process are shown in Figure 9. The bicontinuous
phase is developed from homogeneous initial config-
uration after 1 � 103 of simulation steps. With
increasing simulation steps, PC phase continues to
grow and coarsen till 1 � 104 of simulation steps.
Morphologies of blend finally developed into dou-
ble-lamellar structure after 5 � 104 of simulation
steps.

Dynamic simulation of effect of SEBS on
morphologies of PP/PC blend

SEBS is a triblock copolymer with polystyrene
extremes and a copolymer of ethylene and butylene
in the interior. The blocks are incompatible and
phase separation is known to occur. The length of
the individual blocks in SEBS varies from sample to
sample, and we will assume block lengths at our
convenience (NMeso(PS) ¼ 10; NMeso(EB) ¼ 10). The
solubility parameters d can be used to derive Flory–
Huggins interaction values using:

v ¼ Vref ðdi � djÞ2
RT

(7)

where Vref is a reference volume, taken to be the molar
volume of one of the monomers (actually the mean
volume of the two monomers). The calculated parame-
ters used in the simulation are listed in Table IV.

Take morphology evolution of PP/PC ¼ 54/46
blend as an example. As shown in Fig. 10, addition
of SEBS slows down the separation of PP/PC blend.

Addition of SEBS slows down the separation of PP/
PC blend. Bicontinuous phase is developed from ho-
mogeneous initial configuration after 1 � 103 of sim-
ulation steps. With increasing of simulation steps,
PC phase continues to grow and coarsen till 1 � 104

of simulation steps. Morphologies of blend finally
developed into an imperfect double-lamellar struc-
ture after 5 � 104 of simulation steps. The compati-
bilizer prefers to locate in the interface of PP and
PC, and the structure of PC encapsulated by SEBS is

TABLE IV
vijRT between Polymer i and j

Species PP PC PS EB

PP 0 1.456 0.867 0
PC 1.445 0 0 1.104
PS 0.867 0 0 0.661
EB 0 1.104 0.661 0

Figure 10 Time evolution of morphology of PP/PC/
SEBS blends (left, middle) and isodensity surface of PC
and SEBS (right) from random initial configuration (the
red, green, blue, and pink beads represent PP, PC, PS
block, and EB block, respectively). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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consistent with the results of SEM images discussed
in our previous work.14–16 Two systems with differ-
ent content of PS block in SEBS have similar trends
of evolution, which is shown in Fig. 11. The evolu-
tion of free energy and order parameter of compati-
bilized blends are shown in Figures 12 and 13,
respectively.

CONCLUSION

Both molecular dynamics and mesodyn theories
have been used to simulate the compatibility, mor-
phology evolution of PP/PC blends and the relation-

ship between the composition and microstructure.
Flory–Huggins interaction parameters between PP
and PC with different weight ratio were always
higher than the critical value, indicating the poor
compatibility of this polymer pair. Integral structure
factor of blend wasn’t equal to zero, which indicated
phase separations occurred in all the blend systems.
The X-ray intensity of blends was higher for more
immiscible systems (PP/PC ¼ 82/18; PP/PC ¼ 54/
46; PP/PC ¼ 31/69) and lower for less immiscible
systems (PP/PC ¼ 18/82; PP/PC ¼ 5/95). PC as
particles existed in PP matrix when the concentra-
tion of PC was low. Cocontinuous structure
appeared with the increase of PC concentration.
Phase reversion occurred with further increasing PC,
and PP as particles existed in the PC matrix. The
size of PP reduced a bit when the concentration of
PC continued to increase. Compared with the results
of mechanical properties tests, the appearance of
cocontinuous structure obtained from simulation
corresponds to the transition point of impact
strength and tensile strength. Before transition, due
to the bad compatibility between PP and PC, the
advantages of dispersed phase (PC) were almost in-
visible, and mechanical properties of blends mainly
depended on the properties of matrix PP. After tran-
sition, the mechanical properties of blends depended
on the properties of matrix PC, and the impact
strength and tensile strength both enhanced obvi-
ously. The free-energy density of blends decreased
with the increase of simulation steps, and finally
dropped to a stable stage. The systems of PP/PC ¼
54/46, PP/PC ¼ 31/69, and PP/PC ¼ 18/82 with
larger value of order parameters showed the stron-
ger immiscibility and the faster separation process.
The systems of PP/PC ¼ 82/18 and PP/PC ¼ 5/95
reached the equilibrium state after a comparatively
longer time, and showed less immiscible systems
and a slower separation process, which was

Figure 13 Mesophase order parameter of PC versus time
step.

Figure 12 Plot of free-energy density versus time step
for PP/PC/SEBS blends.

Figure 11 Morphology of PP/PC/SEBS blends (left, mid-
dle) and isodensity surface of PC and SEBS (right) after
1 � 103 steps simulation from random initial configuration
(the red, green, blue, and pink beads represent PP, PC, PS
block, and EB block, respectively). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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consistent with the results of free-energy density.
With the increase of simulation steps, morphology
of PP/PC ¼ 54/46 blend developed into a double-la-
mellar structure by coarsening of PC phase from ini-
tial homogeneous configuration. Addition of SEBS
slowed down the separation of PP/PC blend. The
compatibilizer existed in the interface of PP and PC,
and encapsulated PC. Varying the content of PS block
in SEBS has little effect on the morphology of blend.
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