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ABSTRACT: Dissipative particle dynamics (DPD) simu-
lations were used to investigate the interfaces of incompat-
ible glycidyl azide polymer (GAP)/hydroxyl-terminated
polybutadiene (HTPB) blends in the presence of block
copolymers and plasticizers. They were GAP-b-HTPB
copolymers and commonly used nitrate ester or inert plasti-
cizers in the formulations of propellants. The results show
that there were two abilities that determined the effects of
the block copolymers and plasticizers on reducing the inter-
facial tension (c). These were the penetrability into each

homopolymer phase and the ability for assembling at the
interface. The plasticizers mainly depended on the first abil-
ity, and the block copolymers depended on the other abil-
ity. In addition, block copolymers with the different chain
lengths had the different influences on c of the GAP/HTPB
blends. Moreover, this phenomenon could also be
explained by the above two abilities. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 125: 1530–1537, 2012
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INTRODUCTION

Composite solid propellants are a major resource for
space vehicles and missiles. Their formulations gener-
ally include a binder, a plasticizer, a high-energetic fil-
ler, bonding and curing agents, a burning rate modi-
fier, and so on. These additives are used mainly to
satisfy the requirements of mechanical, ballistic, and
processing characteristics of the propellants.1 However,
many conventional propellants have some limitations
that cannot be improved. For example, the AP-based
propellants can result in the exhaust of 220 tons of
HCl from a single launch of a U.S. space shuttle and
tremendous environmental pollution hazards.2 There-
fore, the search for new propellants is still a hot topic.

Recent advances for propellants include energetic
binders that perform better than the common binder
hydroxyl-terminated polybutadiene (HTPB). Among
them, glycidyl azide polymer (GAP) is one of the

most thoroughly studied energetic binders, and since
shortly after its first synthesis in 1972 by Vanden-
berg,3 its synthesis, performances and applications
have been reported in detail by several works.4–9

The major advantages of GAP over HTPB include a
high-energy output, high density, and good compati-
bility with high energetic oxidizers, such as ammo-
nium dinitramide (ADN) and hydrazinium nitrofor-
mate (HNF);10 these result in higher specific impulses
when it is used in propellant formulations. However,
GAP suffers from poor low-temperature properties;
its critical temperature (6�C) and glass-transition
temperature (�43�C) are higher than those of HTPB
because of its low weight percentage of polymer
weight-bearing chain.11 Therefore, the application of
GAP will be significantly restricted if this demerit
cannot be overcome effectively. It is natural idea
that GAP should be improved its blending with
other binders having good mechanical properties,
especially HTPB. However, GAP/HTPB blends
without any additives still have poor mechanical
characteristic because of their immiscibility. There is
an obvious phase separation when a mixture of pure
GAP and HTPB is kept undisturbed for a while after
dispersion. In fact, this defect of GAP/HTPB blends
can be partly improved by the use of curing
agents10–13 which can also form network structures
and increase the contents of solid energetic materials.
However, the remnant GAP and HTPB can phase-
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separate if the curing reactions are incomplete. At the
moment, the influences of GAP/HTPB interfacial
properties on the whole systems cannot be
neglected, and block copolymers from the curing
reactions behave as a classical surfactants that can
tailor the interfacial properties. Therefore, the
mechanical properties of GAP/HTPB blends seri-
ously depend on the contents of the curing agents
(NCO/OH ratio).10,14–17 In addition, the bond per-
formances between HTPB liner and GAP propellants
are a key factor determining the safety of rocket
engines and are also related to the interfacial proper-
ties of GAP/HTPB. Provatas4 found that when they
were cured with isocyanate, polyurethane rubbers
showed poor stability. These problems impelled us
to find other methods to increase the miscibility of
GAP and HTPB, such as the addition of block
copolymers. Apart from these, we needed to deter-
mine whether the necessary plasticizers of the pro-
pellant formulations [e.g., nitrate ester (NE) or inert
plasticizers] could also behave as the surfactants and
effectively improve the interfacial properties of
GAP/HTPB blends. Thus, we needed to study the
effect of block copolymers and plasticizers on the
interface of the GAP/HTPB blends in detail. Studies
of this nature depending on experiments are expen-
sive and dangerous. Therefore, computer simulation is
a good choice because computer simulations are
now capable of providing valuable microscopic and
mesoscopic insights into the interfacial behaviors of
the immiscible polymer blends, especially dissipative
particle dynamics (DPD) simulation.17–27 Comparisons
with experimental and several theoretical studies have
proven that DPD is intrinsically promising in the sim-
ulations of two phases with correctly defined inter-
faces.28 In this study, by means of DPD simulation,
we provided a first detailed mesoscale understanding
of the interface of incompatible GAP/HTPB blends in
the presence of block copolymers and plasticizers.

SIMULATION DETAILS

DPD method

The DPD method is a coarse-grained particle-based
dynamics simulation technique that allows the simu-
lation of the hydrodynamics behavior in mesoscale
systems up to the microsecond range.29–31 The inter-
action between DPD particles can be expressed by a
conservative force (FC), a dissipative force (FD), a
random force (FR), and a harmonic spring force (FS).
The total force exerted on particle i (fi) is given by

fi ¼
X

j6¼i

ðFCij þ FDij þ FRij þ FSijÞ (1)

The different parts of the three forces describing
the nonbonded interaction are given by

FCij ¼ �aijw
CðrijÞeij

FDij ¼ �cwDðrijÞðeij � vijÞeij
FRij ¼ rwRðrijÞnijDt�0:5eij (2)

where Dt is the time step, rij ¼ ri � rj, rij ¼ |rij|,
eij ¼ rij/rij, and vij ¼ vi � vj. fij is a random number
with zero mean and unit variance. aij is the maxi-
mum repulsion that reflects the chemical characteris-
tics of the interacting particles. c and r are
interpreted as the friction coefficient and the ampli-
tude of the noise, respectively. wC, wD, and wR are
three weight functions. For wC, a simple form is cho-
sen as wC(rij) ¼ 1 � rij for rij < 1 and wC(rij) ¼ 0 for
rij � 1. Unlike wC, wD and wR have a certain relation
to satisfy the fluctuation–dissipation theorem:31

wDðrijÞ ¼ ½wRðrijÞ�2; r2 ¼ 2ckBT (3)

where wD and wR also use the simple form as same
as wC according to Groot and Warren.32 In addition,
the forces describing the connected particles are
obtained by the differential of the spring potential:

FSði;iþ1Þ ¼ �rUS
ði;iþ1Þ;

US
ði;iþ1Þ ¼

X

i

1=2kS½lði;iþ1Þ � l0�
2 (4)

where l(i,iþ1) is the bond length between the two con-
nected particles i and i þ 1, l0 is the balance bond
length and ks is the spring coefficient. In DPD, the
particles connected by the spring force can be used
to represent the polymer. The simulations were per-
formed with the DPD program of Materials Studio
software (Accelrys, San Diego, USA), and we chose
the radius of interaction, particle mass, and tempera-
ture as rc ¼ m ¼ kBT ¼ 1, r ¼ 3 (where rc is the
interaction radius and m is the chain length) accord-
ing to the defaults of the program. However, the
repulsion parameter between the same particles (aij)
could be mapped onto Flory–Huggins theory
through the relation aij ¼ aii þ 3.27v (q ¼ 3), where
aii has the value of 25kBT, which gives a pure DPD
fluid with a compressibility similar to that of liquid
water.32 The Flory–Huggins interaction parameter v
is defined as v ¼ zDx12/RT, where z is the coordina-
tion number of the model lattice, R is the gas con-
stant and Dx12 is the energy of formation of an
unlike pair and is defined as Dx12 ¼ x12 � (x11 þ
x22)/2, where xij is the energy of a particular ij pair.
Further details can be found in the works by Fan
et al.33 and Schweizer and Curro.34

Coarse-graining strategy and simulation parameters

The molecular structures and coarse-grained models
of the binder GAP and HTPB are given in Figure 1.
The azido group (AN3) in the side chain of GAP
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can remarkably decrease the flexibility and weight
percentage of the polymeric weight bearing chain;
this is the main reason for the poor low-temperature
mechanical properties.35 Hence, GAP is coarse-
grained as a short-brush model with beads Ga

(AOCHCH2A) and Gb (ACH2N3) (Fig. 1). The three
different repeat units (cis-2,3-butadiene, 1,2-butadi-
ene, and trans-2,3-butadiene) of HTPB are repre-
sented by Ha, Hb, and Hc, respectively. The molecu-
lar weights of GAP (m ¼ 20, weight-average
molecular weight � 2000) and HTPB (x þ y þ z ¼
55, weight-average molecular weight � 3000) were
chosen on the basis of several experimental
works.11,16,36 To study the effects of the addition of
block copolymers on the interfacial characteristics of
the immiscible GAP/HTPB blends, two block co-
polymer GAP-b-HTPBs with different lengths (m ¼
20, x þ y þ z ¼ 55, and m ¼ 10, x þ y þ z ¼ 28)
were used. The coarse-grained models of four plasti-
cizers are shown in Figure 2. The coarse grain of
plasticizers follows two principles: the first is to keep
their characteristic groups, such as AONO2, and the
second is to guarantee that the volume of coarse-
grained beads is close to the beads representing the
binders GAP and HTPB. The two NE plasticizers
[nitroglycerin (NG) and trimethyol ethane trinitrate
(TMETN)] were coarse-grained and are shown in
Figure 2(a,b), and the two inert plasticizers [dibutyl
phthalate (DBP) and dioctyl adipate (DOA)] were
also coarse-grained and are shown in Figure 2(c,d).

After the coarse-grained models were constructed,
the next step was to calculate aij on the basis the pre-
vious relation, aij ¼ aii þ 3.27vij. First, the structures
of all of the beads were optimized with molecular
mechanics (Forcite module in Materials Studio) with
COMPASS parameters. Second, the Flory–Huggins
vij parameters between these beads (Ga, Gb, Ha, Hb,
Hc, Ne, Na, Nb, Nc, B, Do, Da, and Db) were calcu-
lated at room temperature with COMPASS force
field parameters by the previous method, vij ¼
zDx12/RT (Blends module in Materials Studio).
In this method, several interactions were consid-

ered, including electronic, Van der Waals, and
hydrogen-bond interactions. The computed aij val-
ues are listed in Table I.
A cubic simulation box of 503 with periodic

boundary conditions of three directions was applied;
this was large enough to prevent finite size effects.
A value of Dt of 0.05 was used, and a total of 2 �
105 DPD steps were carried out for all DPD simula-
tions. In this study, the chosen beads had an average
volume of 33.5 Å3. Following the method of Groot
and Rabone,37 we determined rc to be about 4.64 Å,
and the simulated Dt was about 3.06 ps.38 In this
study, we mainly focused on the interfacial thermo-
dynamic properties instead of the segregation
kinetics of the blends. Therefore, in the initial config-
urations, two homopolymer binders were placed in
the distinct half of the box along the x direction, that
is, GAP in the left half of the box and HTPB in the
right half. Consequently, the formed interface was
perpendicular to the x direction. These artificial ini-
tial configurations could speed up the formation of
the interface and, hence, save the computational
cost. The block copolymers and plasticizers in the
ternary systems were randomly placed in the box.

RESULTS AND DISCUSSION

Effect of the chain length and concentration
of block copolymer

The fine control of the interface is very important
in tailoring the basic properties of such unmixed

Figure 1 Molecular structures and coarse-grained models
of GAP and HTPB. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 2 Coarse-grained models of (a) NG, (b) TMETN,
(c) DBP, and (d) DOA. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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polymer systems. In this section, the effects of the
block copolymer GAP-b-HTPB on the interfacial
properties are discussed, and the results are shown
in Figures 3 and 4. Figure 3 shows the relation
between the simulated interfacial tension (c) and the
concentration of the GAP-b-HTPB block copolymers.
Apparently, c decreased rapidly with increasing con-
centration of GAP-b-HTPB, regardless of the chain
length; however, there was no linear relationship.
Moreover, from Figures 4 and 5, we can clearly see
the interface structures and the aggregation phenom-
ena of the GAP-b-HTPB block copolymers. The
two figures show that the interface of the incompati-
ble GAP/HTPB blends was located at approximately
x ¼ 25, wherein the densities of the homopolymer
binders GAP and HTPB abruptly decreased (Fig. 4)
and the densities of the GAP-b-HTPB block copoly-
mers suddenly appeared as two peaks (Fig. 5). One
of them was the accumulation of GAP blocks at the

interfacial side closing with the homopolymer GAP
phase. The other was that HTPB segments accumu-
lated at the side of the homopolymer HTPB phase. It
was the accumulation of GAP-b-HTPB block copoly-
mers at two sides of the interface that pushed each
homopolymer further away from the interface; this
made the interfacial width broaden with increasing
concentration of block copolymers, as shown in
Figure 4. These two results (the decrease of c and
the increase of the interfacial width) are familiar phe-
nomena when one uses the addition the amphiphilic
surfactants or block copolymers to improve the interfa-
cial properties. However, we also found an unusual
phenomenon from Figure 3, which could be divided
into two classes by the divided point fGAP-b-HTPB ¼
0.19 (the concentration of GAP-b-HTPB). From area I,
we can see that for block copolymers with a fixed

TABLE I
Computed aij Values Describing the Pairwise Interactions for the Different Beads

aij

Ga Gb Ha Hb Hc Na Nb Ne B Da Db Do

Ga 25.0 — — — — — — — — — — —
Gb 26.4 25.0 — — — — — — — — — —
Ha 34.0 30.9 25.0 — — — — — — — — —
Hb 35.0 31.9 25.0 25.0 — — — — — — — —
Hc 34.7 31.7 25.0 25.0 25.0 — — — — — — —
Na 29.4 25.5 34.3 35.4 35.4 25.0 — — — — — —
Nb 35.8 33.6 26.7 26.9 26.6 — 25.0 — — — — —
Ne 29.8 25.7 35.5 36.7 36.8 24.7 40.4 25.0 — — — —
B 27.7 26.3 24.8 24.8 25.1 — — — 25.0 — — —
Da 35.9 32.5 25.2 25.0 25.0 — — — 25.3 25.0 — —
Db 35.7 32.5 25.2 25.1 25.1 — — — 25.5 25.0 25.0 —
Do 27.8 43.5 77.2 80.8 80.8 — — — 37.8 25.3 25.5 25.0

Figure 3 c values for GAP/HTPB/GAP-b-HTPB blends
at different block copolymer concentrations, wherein GHi
represents the block copolymer GAP-b-HTPB with m ¼ 20
and x þ y þ z ¼ 55 and GHii represents the block copoly-
mer GAP-b-HTPB with m ¼ 10 and x þ y þ z ¼ 28. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 4 Density profiles of the homopolymer segments
in the ternary GAP/HTPB/GAP-b-HTPB systems. Science
block copolymers with different chain lengths have a simi-
lar rule. This figure shows only one result for longer
chains (m ¼ 20, x þ y þ z ¼ 55). qGAP is represented by
solid symbols, and qHTPB is represented by open symbols.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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volume fraction, shorter chains (GHii) were be more
efficient than the longer ones (GHi) in reducing c.
That is, GAP-b-HTPB with GHii made c decrease
more than GAP-b-HTPB with longer chains (GHi).
The results were interpreted in the work by Qian
et al.28 as follows: when the chain length of the block
copolymers increased at the fixed concentration, the
surface density (SD; number of surfactants at the
interface per area) decreased. Thus, the interactions
between the block copolymer molecules were
weaker, and the c reduction effect decreased. How-
ever, area II shows the contrary result that the effect
of GHi on reducing c was more prominent than
shorter ones (GHii), this seemed contradictory to the
previous interpretation. To thoroughly investigate
the unusual phenomena, we determined the simu-
lated concentration profiles of block copolymer seg-
ments, as shown in Figure 5. Figure 5(a) (fGAP-b-HTPB

¼ 0.16 before the divided point) shows that the con-
centration of the copolymer blocks with GHii was
higher than that of GHi near the interface. When
fGAP-b-HTPB ¼ 0.19 was the dividing point [Fig. 5(b)],
the concentration of GHii was nearly equal to that of
GHi. Then, fGAP-b-HTPB ¼ 0.22 went beyond the
divided point, there was a contrary distribution, in
which the concentration of GHi was higher than that
of GHii. Therefore, we could explain why block
copolymers with GHi had a better efficiency in
reducing c than those with GHii (the unusual phe-
nomena is shown in area II of Fig. 3) on the basis of
the viewpoints of Qian et al.28 The main reason was
still related to SD. Longer GAP-b-HTPBs had larger
SDs than the shorter ones when fGAP-b-HTPB exceeded

a certain value (it was 0.19 here); this resulted in a
higher efficiency in reducing c. This also altered our
routine viewpoint that GHii should accumulate more
at the interface because there were greater molar num-
bers for GHii when the concentration was fixed.
To further clarify the reason for the changes in the

density distribution, the concentrations of the terminal
beads (Gbb and Hbb) for the block copolymers with
different chain lengths are shown in Figure 6. As more
block copolymers were added, Figure 6(a) shows that
the terminal beads Gbb and Hbb of GHi had an
increasing distribution along the interface. However,
Gbb and Hbb of GHii showed a gentle increase perpen-
dicular to the interface. This indicated that the block
copolymer GAP-b-HTPB with longer chain length pre-
ferred to orient along the interface direction. This
could also explain the reason why the concentration of
GHi at the interface was greater than that of GHii after
a given concentration, which was 0.19 in this work.

Effect of the plasticizers

Two NE plasticizers (NG and TMETN) and two
inert plasticizers (DBP and DOA) were chosen to

Figure 5 Density profiles of the block copolymer seg-
ments in the ternary GAP/HTPB/GAP-b-HTPB systems.
In the block copolymer GAP-b-HTPB, the concentrations of
GAPi (m ¼ 20) and GAPii (m ¼ 10) segments are repre-
sented by solid symbols (n and l), respectively. The con-
centrations of HTPBi (x þ y þ z ¼ 55) and HTPBii (x þ y
þ z ¼ ¼ 28) are represented by open symbols (h and *),
respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 6 Density profiles [qGaa at fGAP-b-HTPB ¼ (n) 0.16,
(l) 0.19, and (~) 0.22, and qHbb at fGAP-b-HTPB ¼ (h) 0.16,
(*) 0.19, and (~) 0.22] of the block copolymer [(a) GHi
(m ¼ 20, x þ y þ z ¼ ¼ 55) and (b) GHii (m ¼ 10, x þ y þ
z ¼ ¼ 28)] end beads in the ternary GAP/HTPB/block co-
polymer systems. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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investigate the influence of small molecular plasticiz-
ers on the interface of the immiscible GAP/HTPB
blends, respectively. The calculated results for the
influence of different plasticizers on c are listed in
Table II. The results show that NG had hardly any
influence on c of the GAP/HTPB blend. However,
TMETN could decrease c stepwise with the addition
of the content of TMETN; similar trends could also
found for the inert plasticizers DOA and DBP. It
was different that the influence of DBP on c was not
stepwise. c no longer decreased when DBP exceeded
a concentration limitation, which was approximately
in the range 0.22–0.30 here. To get insight into these
different influences of the small molecular plasticiz-
ers on c, their density profiles were investigated and
are given in Figure 7–10, respectively.

From Figure 7, we can see that the NG plasticizer
showed no obvious aggregation at the interface of
the GAP/HTPB blends. However, the other three
plasticizers (TMETN, DOA, and DBP) showed
obvious aggregation at the interface, as shown in
Figure 8, 9, and 10, respectively. The different repul-
sive interactions (aij) between the coarse-grained
beads of the plasticizers and binders were the main
reason for the different aggregation behaviors at the
interface. In general, when the repulsive interaction
parameter (aAB) was very close to or slightly greater
than 25 (q ¼ 3), we simply believe that the systems

represented by them (A and B) were compatible or
microcompatible. When aAB was apparently greater
than 25, the systems were incompatible. For the
compatible or microcompatible systems, we said that
A was B-like. For example, NG had two coarse-
grained beads (Na and Ne) that were all GAP-like,
not HTPB-like, because the repulsive parameters
between the beads of NG and GAP (aNeGa � aNaGa

� 29 and aNeGb � aNaGb � 25) were far less than
those between NG and HTPB (aNeHa � aNeHb �
aNeHc � 36 and aNaHa � aNaHb � aNaHc � 35), as
shown in Table I. This made the NG plasticizer pre-
fer to distribute itself in the GAP phase and not to
aggregate at the interface. Therefore, the density of
beads Na and Ne representing NG plasticizer had no
obvious peak but had a definite distribution in the

TABLE II
c Values of the GAP/HTPB Blends in the Presence of

Different Plasticizers

f NG TMETN DOA DBP

0.04 0.217 0.209 0.184 0.157
0.22 0.218 0.171 0.101 0.055
0.30 0.212 0.166 0.059 0.067

Figure 7 Density profiles for the ternary GAP/HTPB/NG
systems. The y axis (right) in the same scale (a–c) is for the
homopolymer GAP and HTPB, and the y axis (left) is for the
plasticizer NG. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 8 Density profiles for the ternary GAP/HTPB/
TMETN systems. The y axis (right) in the same scale (a–c)
is for the homopolymer GAP and HTPB, and the y
axis (left) is for the plasticizer TMETN. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 9 Density profiles for the ternary GAP/HTPB/
DOA systems. The y axis (right) in the same scale (a–c) is for
the homopolymer GAP and HTPB, and the y axis (left) is for
the plasticizer DOA. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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left GAP domain; this provided an explanation for
why the NG plasticizers had no effect on reducing c.
For TMETN, it also had two coarse-grained beads
(Nb and Ne). The previous analysis showed that Ne

was GAP-like. However, on the basis of the data
listed in Table I, we could testify that Nb was HTPB-
like for the repulsive parameters, with aNbGa � 36
and aNbGb � 34 being greater than aNbHa � aNbHb �
aNbHc � 27. Two types of beads (GAP- and HTPB-
like) in TMETN would result in a competition of the
distribution in the two phases (GAP and HTPB). The
final results were that more TMETN plasticizers
gathered at the interface, and Figure 8 displays that
the density peak of beads Nb and Ne were higher
with the gradual increase of TMETN content. It was
the ability to assemble at the interface that made
TMETN have a higher efficiency than NG on reduc-
ing c. For the DOA and DBP plasticizers, there was
a similar reason to TMETN. Through comparing the
repulsive parameters in Table I, we determined that
Da and Db were HTPB-like beads, Do was GAP-like,
and B was all-like. The DOA plasticizer had two
HTPB-like beads (Da and Db) and one GAP-like
bead (Do). More HTPB-like beads finally resulted in
the obvious distribution in the HTPB phase except
for the aggregation of DOA at the interface (see Fig.
9). For the absence of the HTPB-like bead Db, DBP
had almost average distributions in the two sepa-
rated phases and an obvious accumulation at the
interface due to the balance between the numbers of
GAP- and HTPB-like beads (see Fig. 10).

However, this analysis could not explain why the
influence of DBP on c was not stepwise with the
increasing of its concentration. To explore the prob-
lem, we compared the distribution at the interface for
the DBP and DOA plasticizers, as shown in Figure 11.
Figure 11(b) shows that the peak width of DOA grad-

ually broadened; this could show that the DOA plasti-
cizers penetrated more deeply into the respective
homopolymer phase with increasing concentration;
similar results are also shown in Figure 9. From Fig-
ure 11(a), we can see that the DBP plasticizer had also
this rule only when the variation of fDBP was in the
range 0.04–0.22. However, when fDBP increased from
0.22 to 0.3, the peak width hardly had any expansions;
this showed that its ability to penetrate into the homo-
polymer phase disappeared. This could be an expla-
nation for why the influence of DBP on c was not
stepwise with the increase in its concentration. The
main reason was the disappearance of the penetrabil-
ity when fDBP exceeded a threshold value (ca. 0.22
here).
Apparently, the entire results for small molecular

plasticizers were in contrast to those of the block co-
polymer on in reducing c (see previous discussion).
The results can be interpreted as follows: the chain
lengths of small molecular plasticizers are far lower
than those of the surfactantlike block copolymers.
Generally speaking, they easily assembled at the inter-
face and were pressed for the ability to penetrate into
the homopolymer phases. The block copolymers were
just the opposite and were short on the assembling
ability at the interface, although they had a greater
penetrability. Therefore, the small molecular plasticiz-
ers needed higher penetrabilities to help them
decrease c successively. The longer block copolymers
needed higher assembling abilities.

CONCLUSIONS

In this study, DPD simulation methods were used to
investigate the interfacial properties of ternary GAP/
HTPB/GAP-b-HTPB and GAP/HTPB/plasticizers

Figure 10 Density profiles for the ternary GAP/HTPB/
DBP systems. The y axis (right) in the same scale (a–c) is for
the homopolymer GAP and HTPB, and the y axis (left) is for
the plasticizer DBP. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 11 Density profiles for (a) DBP (described by the
sum of all beads, Da þ Do þ B) and (b) DOA (described
by the sum of all beads, Da þ Do þ Db). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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blend systems. We mainly studied the influence of
the long block copolymer and the small molecular
plasticizer on the interface of GAP/HTPB by analyz-
ing c and the density distribution.

For the GAP/HTPB/GAP-b-HTPB ternary sys-
tems, the addition of a surfactantlike block copoly-
mer reduced c. However, there was no linear rela-
tionship. The analysis results show that the
efficiency of the block copolymer with a shorter
chain length on reducing c was higher than that of
the block copolymer with a longer chain length only
when the concentration fGAP-b-HTPB was less than
0.19; the reverse happened when fGAP-b-HTPB was
greater than 0.19. The main reason was that the effi-
ciency of decreasing c was determined by the SDs of
the block copolymers at the interface. The higher the
SDs (i.e., the higher abilities for assembling at the
interface) were, the higher the efficiency for reduc-
ing c was. GAP-b-HTPB block copolymers with lon-
ger chains preferred to orient along the interface.
Also, this caused the interfacial densities of longer
GAP-b-HTPB blocks to increase with the increase of
their concentration. Therefore, the SDs of longer
GAP-b-HTPB blocks at the interface could exceed
that of the shorter GAP-b-HTPB when fGAP-b-HTPB

was greater than 0.19.
For the GAP/HTPB/plasticizers ternary systems:

1. The number of coarse-grained beads (GAP- or
HTPB-like) was prominent in determining the
distribution of the plasticizers; this further
influenced the plasticizer efficiency in reducing
c. For example, NG plasticizer only had GAP-
like beads; this resulted in the distribution of
NG only in the GAP phase and no accumula-
tion at the interface. Therefore, NG plasticizer
could not reduce c of the GAP/HTPB blend.

2. Generally, the small molecular plasticizers with
different coarse-grained beads (GAP- and
HTPB-like) aggregated easily at the interface.
However, they had to possess the ability to
penetrate the two homopolymer phases, which
ensured that they could reduce c consecutively
with increasing their concentration. For exam-
ple, DOA plasticizer, with a longer chain
length than DBP, had this type of penetrating
ability and could successively decrease c. How-
ever, DBP did not have this function.

The authors are grateful to the editors and reviewers for their
effective work.
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