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Abstract Computer simulation and experiments were per-
formed to investigate the miscibility of PLA/PEG blends with
different PEG concentrations. Flory-Huggins interaction (χ)
parameter used to predict the miscibility for the blends was
estimated by molecular dynamic simulation of fully atomistic
model. The calculated χ parameter and radial distribution
function suggest that the PLA and PEG blends are likely mis-
cible at low PEG concentrations (10–30 wt%), but they be-
come apparently immiscible at higher PEG content
(>50 wt%). This result is consistent with density distribution
of PLA and PEG beads calculated from dissipative particle
dynamics simulation of coarse-grained model. To support
the computational results, experiments based on differential
scanning calorimetry (DSC) and rheometry were also per-
formed. The DSC thermograms of 90:10, 80:20, and 70:30
(wt/wt) of PLA/PEG blends showed a single glass transition
and PLA melting peak, indicating PLA/PEG is miscible over
this composition. In rheometry, frequency (ω) dependence of
storage moduli (G′) at low frequencies for 75:25 and 70:30
blends indicate that these samples are near the phase separa-
tion point.

Keywords Molecular dynamic simulation . Dissipative
particle dynamics simulation . Polymer blends . Poly(lactic
acid) . Poly(ethylene glycol)

Introduction

Poly(lactic acid) (PLA) is a biodegradable polymer which can
be produced from renewable resources. It has been expected
to replace the petroleum base polymers because of its excel-
lent properties, such as nontoxic good mechanical properties
and biodegradability. PLA has potential use in a wide array of
applications, such as biomedical and pharmaceutical fields
and food packaging [1, 2]. However, PLA has not been ex-
tensively used, especially in the application to flexible mate-
rials because of its brittleness, low crystallization rate, and
lower impact resistance at room temperature. To address these
major disadvantages, various strategies including addition of
lowmolecular weight plasticizers, copolymerization, and melt
blending with flexible polymers or rubbers have been exten-
sively studied by various experimental techniques [3–6].
Compared with other methods to increase material flexibility,
plasticization appears more industrially practical due to its
cost-effectiveness and high efficiency. Various low molecular
weight compounds have been investigated as the potential
plasticizers for PLA [7–10].

PEG is a promising plasticizer for PLA because of its
biocompatibility, low cost, and efficiency to improve the
ductility and flexibility of PLA [9, 11]. A number of ex-
periments were conducted to investigate the compatibility
of the PLA/PEG blends. Although PEG appeared to be an
effective plasticizer for PLA, it was reported that the
blends become unstable with time because of the slow
phase separation caused by crystallization of PEG from
homogeneous blends even at room temperature [7, 8, 12,
13]. To study the effect of PEG composition and molec-
ular weight on PLA/PEG miscibility, Sheth et al. [14]
concluded from differential scanning calorimetry (DSC),
polarized optical microscopy, and dynamic mechanical
a n a l y s i s t h a t P LA ( 1 4 0 , 0 0 0 g mo l − 1 ) / P EG
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(2000 g mol−1) blends are miscible in compositions less
than 50:50 (wt/wt). Younes and Cohn [15] studied the
phase separation of the PLA/PEG blends with different
PEG molecular weights (1500, 3400, 6000 and
35,000 g mol−1) by DSC and infrared spectroscopy.
They reported that whenever one of the components is
more than 20% by weight, it is able to crystallize; such
blends consist of two semi-miscible crystalline phases dis-
persed in an amorphous matrix due to the enhanced
crystallizability of the longer PEG chains. It was sug-
gested that crystallization phenomena are a driving force
for this microphase segregation.

Despite the above-mentioned experimental studies, the
miscibility of PLA/PEG blends remains elusive at the
molecular level. The crystallization kinetics seems to
strongly affect the experimental studies. With the ever-
growing computational power and resources, molecular
simulations have played increasingly important role in
material modeling and subsequent technology develop-
ment, as they can reveal the microscopic pictures of un-
derlying mechanisms that are otherwise experimentally
inaccessible or difficult to obtain. Molecular dynamic
(MD) simulation has been applied to study multiphase
polymer systems providing a bridge between models and
experiments. However, the broad range of time scales and
underlying structure prohibits the fully atomistic simula-
tion method that captures all of these processes. Some
alternative methods have been developed to overcome
these problems. The coarse-graining model or mesoscale
method has been successful in extending this scope. In
this model, about four to five carbon atoms in a polymer
chain are grouped into a single bead, and thus, many
states can be easily generated and equilibrated. One ex-
ample is the dissipative particle dynamics (DPD), a me-
soscale simulation technique developed to model
Newtonian and non-Newtonian fluids [16]. It is capable
to investigate the phase morphology and interface proper-
ties of multiphase systems. During the past decade, both
atomistic MD and mesoscale DPD simulation were ap-
plied to calculate the polymer–polymer interaction and
to predict the miscibility of polymer blends [17–28].

In this work, computer simulation based on a combi-
nation of atomistic and mesoscale simulation was
employed to investigate the miscibility and phase separa-
tion characteristics of PLA/PEG blends. First, MD simu-
lation of the fully atomistic model was performed to study
the miscibility of the PLA/PEG blends by determining
Flory-Huggins (χ) interaction parameter and the radial
distribution function. Then, DPD simulation of the
mesocale model was employed to investigate the phase
separation. The results are partly confirmed by experi-
ments based on rheometry and differential scanning calo-
rimetry (DSC).

Computer simulation

MD simulation

The miscibility state at the molecular level of PLA/PEG
blends was investigated by MD simulation of fully atomistic
model. The Condensed Phase OptimizedMolecular Potentials
for Atomistic Simulation Studies (COMPASS) force field was
used for computing all intra- and inter-molecular interactions.
The total potential energy (Epot) was expressed as:

Epot ¼ Evalence þ Ecross þ Enonbond ð1Þ

The energy of valence or bonded interaction (Evalence) com-
prises the bond stretching energy (Ebond), valence angle bend-
ing energy (Eangle), dihedral angle torsion energy (Etorsion), and
inversion energy (also called out of plane interaction denoted
as Einversion or Eoop) terms. The energy of cross-term (Ecross)
was used to account for bond or angle distortions caused by
nearby atoms. These terms are required to accurately repro-
duce vibrational frequencies and the dynamic properties of
molecules. Finally, the nonbond interaction term (Enonbond)
accounts for the interaction between non-bonded atoms and
includes the van der Waals energy (EvdW), the Coulomb elec-
trostatic energy (Ecoulomb), and the hydrogen bond energy (EH-
bond).

PLA and PEG chains were first generated from LA and
EG repeating units, respectively, using the rotational iso-
meric state (RIS) model [29] which describes the confor-
mational characteristics of the unperturbed molecules. The
cubic simulation boxes were then constructed with the
Amorphous Cell module based on the packing technique
of Theodorou and Suter [30] and Meirovitch scanning
method [31]. The polymer density in a simulation box
corresponds to the bulk density of each polymer, i.e.,
PLA = 1.206 g cm−3 and PEG = 1.127 g cm−3. To avoid
the long simulation time, the optimized chain lengths of
30 and 50 repeating units for PLA and PEG, respectively,
were set based on constant solubility parameters (δ) for
each polymer with varying the number of repeating units
[19, 20].

After the amorphous polymer structure was constructed in
the simulation box, energy minimization was subsequently
carried out to eliminate the local non-equilibrium structures
with the convergence threshold of 0.001 kcal mol−1 Å−1. The
MD simulation was then performed at 500 K and 1 bar for 2 ns
in the NPT ensemble. Here, the temperature was chosen with
500 K to ensure that polymers are in the molten (amorphous)
state (melting temperature (Tm) of PLA : 433–453 K, Tm of
PEG : about 333 K. In order to further relax local hot spots and
to allow the system to achieve equilibrium, the polymer struc-
tures were subjected to a 10-circle thermal annealing from 300
to 1000 K and then back to 300 Kwith 50 K intervals. At each
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temperature, 100 ps of NPT MD simulation was performed at
the constant pressure (1 bar) with a time step of 1 fs. After the
10-circle annealing, the 2 ns for NVT MD simulation was
carried out at constant volume. At the last stage, 1 ns of
NVT MD simulation was performed to collect the data for
analysis. The parameters of MD simulations for PLA/PEG
blends are displayed in Table 1.

MD simulation of this fully atomistic model was then
employed to predict the miscibility of PLA/PEG with dif-
ferent PEG concentration. The miscibility of polymer
blends was calculated by examining the Flory-Huggins
parameter (χij) calculated according to:

χij ¼
ΔEmix

RT

� �
Vm ð2Þ

where Vm is the molar volume of the repeating unit chosen as a
reference. Vm of PLAwas selected to be used as a reference in
this study (57.7 cm3 mol−1), R is the molar gas constant, and T
is the temperature of the simulation in Kelvin. The energy of
mixing, ΔEmix, can be calculated according to:

ΔEmix ¼ φA
Ecoh

V

� �
A
þ φB

Ecoh

V

� �
B
−φmix

Ecoh

V

� �
mix

ð3Þ

where the terms in the parentheses represent the cohesive en-
ergies (Ecoh/V) of the pure polymers (A and B) and the blend
(mix) and ϕA and ϕB represent volume fractions of PLA and
PEG, respectively, in the blend.

DPD simulation

DPD simulation, introduced by Hoogerbrugge and Koelman
[32], is a mesoscale method for simulating coarse-grained
systems over a longer length and time scales. In DPD simula-
tion, several atoms or repeating units are grouped together into
a single bead. The polymer chains in DPD simulation can be

considered to consist of number of beads (NDPD) which is
calculated from:

NDPD ¼ MP

MmCn
¼ N

Cn
ð4Þ

where Mp is molar mass of polymers, Mm is molar mass of
repeating units, Cn is characteristic ratio, and N is number of
repeating units. The characteristic ratio (Cn) of the polymer
can be estimated using the Synthia module in Materials
Studios software. The Cn values for PLA and PEG are 3.40
and 4.98, respectively.

The force acting on a bead is a sum of three pairwise con-
tributions, that is, a conservative force (fC), a dissipative force
(fD), and a random force (fR) as:

f i ¼
X
j≠i

f Cij þ f Dij þ f Rij
� �

ð5Þ

where the sum runs over all other particles within a certain
cutoff radius (rc). As this is the only length scale in the system,
we use the cutoff radius as our unit of length, rc = 1. The bead
interactions (aij) of DPD can be mapped onto Flory-Huggins
theory through the χ parameter [33] as:

aij ¼ aii þ 3:27χij ð6Þ

χij ¼
Vij δi−δ j

� �2
RT

ð7Þ

where Vij is the arithmetic average of molar volumes of
beads i and j. δi and δj are the solubility parameters of
beads i and j, respectively, which depend on the chemical
nature of each species. The interaction parameter between
the same type beads aii equals 25. The values of χij pa-
rameter at 300 K for DPD simulation were obtained from
MD simulation. The procedure for calculating the χij pa-
rameter was described in MD simulation section. The χij

parameter is put into Eq. (6), and the interaction in the
DPD simulation is obtained.

Table 1 The parameters of MD
simulations for PLA/PEG blends
at 300 K

System LA
units

EG
units

Number of
chains

Composition
(wt% PLA)

Density
(g cm−3)

PLA 30 – 1 PLA 100 1.206
PEG – 50 1 PEG – 1.127
PLA/PEG 90:10 30 50 9PLA/1PEG 90 1.198
PLA/PEG 80:20 30 50 4PLA/1PEG 80 1.190
PLA/PEG 70:30 30 50 7PLA/3PEG 70 1.180
PLA/PEG 75:25 30 50 3PLA/1PEG 75 1.186
PLA/PEG 50:50 30 50 1PLA/1PEG 50 1.167
PLA/PEG 30:70 30 50 3PLA/7PEG 30 1.151
PLA/PEG 20:80 30 50 1PLA/4PEG 20 1.143
PLA/PEG 10:90 30 50 1PLA/9PEG 10 1.135
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DPD simulation of PLA/PEG was performed in a simula-
tion cell with the bead density (ρ) of 3. The simulation box
size is 30 × 30 × 30 with periodic boundary conditions in three
directions. The simulations were performed at reduced tem-
perature (kBT) = 1; this allows a reasonable and efficient re-
laxation for each binary blend. A total of 105 time steps with
step size Δt = 0.05 in DPD reduced units are performed for
equilibration. The molecular weight of 100,000 and
8000 g mol−1 for PLA and PEG homopolymers, respectively,
were employed for DPD simulation to compare with experi-
mental study. The number of beads per chain of PLA and
PEG, blend composition, and bead–bead pair interaction pa-
rameter for DPD simulation are shown in Table 2.

Experimental

Materials

The commercial grade PLA (PLA 2002D, Nature Work) and
PEG (PEG8k, Aldrich) are used without further purification in
this study. Molecular weights (Mw) and molecular weight dis-
tribution (MWD) of PLA and PEG were determined by gel
permeation chromatography using Shimadzu LC 20A
equipped with the reflective index detector, RID-10A. A
PLgel 5 mmdiameterMIXED-D columnwith a guard column
was used. The measurement was operated at 40 °C using
tetrahydrofuran (THF) as a mobile phase with flow rate of
0.5 ml/min. In 15 mg/ml of polymer in THF, 40 μl was
injected for each analysis. Molecular weights of the polymers
were obtained relative to polystyrene (PS) standards (PLA:
Mw = 8 . 2 kg mo l − 1 a nd MWD = 1 . 24 , PEG :
Mw = 118 kg mol−1 and MWD = 1.27).

Prior to blending, PLA and PEG were dried at 50 °C in
vacuum oven for 24 h. The mixture compositions of PLA/
PEG with 90:10, 80:20, 70:30, 75:25, and 50:50 were
prepared by solution casting. The solutions of PLA and
PEG (5% w/v) were prepared by dissolving each polymer

into dichloromethane. Each solution was then mixed to-
gether. The solutions were cast on glass Petri dishes, and
the solvent was allowed to evaporate at room temperature.
All obtained films were further dried overnight under vac-
uum at room temperature to eliminate residual solvent.

Measurements

DSC thermograms of polymers were recorded on Pyris
Diamond (Perkin-Elmer) with nitrogen as the purge gas. An
indium standard was used for the calibration. Samples of 5.0–
8.0 mg were loaded into aluminum pans, and the pans were
sealed prior tomeasurement. The sample was first heated from
0 to 180 °C with a heating rate of 10 °C min−1 and held at
180 °C for 5 min to delete thermal history. After that, the
sample was cooled down to 0 °C with a cooling rate of
100 °C/min (referred as quenched sample) and held at 0 °C
for 1 min. The second run was performed by heating the
sample to 180 °C with a heating rate of 10 °C min−1. To
examine the effect of cooling rate, slowly cooled sample, from
180 to 0 °C with a cooling rate of 10 °C/min, was also mea-
sured by the second run. Glass transition temperature (Tg), the
crystallization temperature (Tc), the degree of crystallinity
(Xc), and the melting temperature (Tm) were determined in
the second heating scan.

Rheological measurements were carried out in a rhe-
ometer (Anton Parr MCR300) equipped with a parallel
plate geometry with a diameter of 8 mm. All measure-
ments were performed under nitrogen atmosphere. PLA
and PEG with different compositions, 90:10, 85:15,
80:20, 75:25, and 70:30 (wt/wt) were investigated. The
samples were dried in a vacuum oven for 24 h before
the measurement. The sample disks were melted at
predetermined temperature for 5 min in parallel plates to
eliminate the residual thermal history before the measure-
ments. Dynamic strain sweep tests were carried out to
obtain the linear region of response. Frequency sweep
tests were carried out in the linear region with 10% strain

Table 2 Parameters of the DPD
simulations for PLA/PEG blends System Chain length (NDPD) Composition

(wt% PLA)
χPLA-PEG aPLA-PEG

PLA PEG

PLA/PEG 90:10 408 37 90 -0.59 23.09

PLA/PEG 80:20 408 37 80 -1.01 21.70

PLA/PEG 75:25 408 37 75 -0.59 23.07

PLA/PEG 70:30 408 37 70 -0.21 24.32

PLA/PEG 50:50 408 37 50 0.97 28.17

PLA/PEG 30:70 408 37 30 1.51 29.94

PLA/PEG 20:80 408 37 20 1.32 29.32

PLA/PEG 10:90 408 37 10 1.77 30.79
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to determine the storage (G′) and loss (G″) moduli over a
frequency range of 0.1–100 rad/s.

Dynamic viscoelastic properties of blend samples are car-
ried out only at 180 °C since it was enough to cover the
terminal region behavior.

Results and discussion

Flory-Huggins (χij) parameters

A positive value of Flory-Huggins (χij) parameters indicates
immiscibility for blends of high molecular weight polymers.
Generally, the critical value of χ parameter (χc) was used to
compare χij for predicting the miscibility of polymer blend.χc

of the polymer blend was calculated by:

χc ¼
1

2

1ffiffiffiffiffi
nA

p −
1ffiffiffiffiffi
nB

p
� �2

ð8Þ

where nA and nB represent the degree of polymerization of the
pure polymers. If χij of the blend is smaller than χc, the mix-
ture is miscible. If χij is slightly larger than the χc, the blend
exhibits partial miscibility. For larger values of χij, the com-
ponents are completely immiscible.

In this work, the degree of polymerization of PLA (nPLA)
and PEG (nPEG) is 30 and 50, respectively. The obtained value
of χc is 0.053. The plot of χ parameter of PLA/PEG blends
versus weight fraction of PEG was displayed in Fig. 1. The
calculated χ parameter of polymer blends from MD simula-
tion increases from −1.01 to 1.77 as a function of PEG con-
tent. The values of χPLA-PEG parameter for PLA/PEG with
PEG content of 10–30%wt are clearly below the χc line, as
shown in Fig. 1. This indicates that those PLA/PEG blends are
completely miscible. On the other hand, for 50:50, 30:70,

20:80, and 10/90 wt% PLA/PEG blends, χPLA-PEG values
are all above the χc line, indicating immiscibility of PLA
and PEG blends.

Radial distribution functions

Radial distribution function, g(r), is commonly used to char-
acterize the molecular structure which gives the probability of
finding a particle in the distance r from another particle. It is
defined as:

gAB rð Þ ¼ 1

ρAB4πr2δr

Xk

t¼1

X
j¼1

NAB

ΔNAB r→r þ δrð Þ

NABk
ð9Þ

where NAB is the total number of atoms of A and B in the
system, k is the number of time steps, δr is the distance inter-
val, ΔNAB is the number of B (or A) atoms between r to r + δr
around an A (or B) atom, and ρAB is the bulk density.
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Fig. 1 The plot of Flory-Huggins interaction parameter at different PEG
contents
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Fig. 2 Radial distribution functions of the inter-molecular carbon-carbon
pairs of PLA/PEG blends at different compositions of a 90:10 and b
50:50 wt%
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Figure 2 presents g(r) curves of inter-molecular carbon
atomic pairs for PLA–PLA, PEG-PEG, and PEG–PLA
chains for (a) 90:10 and (b) 50:50 wt% PLA/PEG blends.
The inter-molecular distribution functions have been used
to ascertain the degree of miscibility of polymer blends.
When heterocontacts between the two components in the
blends reach higher g(r) values than the contacts between
the same components, miscibility occurs, whereas when
this is not the case the system phase separates. For
90:10 wt% PLA/PEG blend, g(r) values of PLA-PLA and
PEG-PEG are clearly lower than the g(r) value of PLA-
PEG, indicating the PLA/PEG blend at this composition
is miscible. This result was also observed for 80:20 and
70:30 wt% PLA/PEG blends (not shown here). In contrast,
for other compositions (50:50, 30:70, 20:80, and 10:90
PLA/PEG blends), it is evident that g(r) values of PLA-
PLA or PEG-PEG were higher than that PLA-PEG, imply-
ing that these polymer blends are immiscible.

Density profiles

Figure 3 presents the density profiles distribution of PLA and
PEG beads in the blends to study the composition dependence
on the phase transition by DPD simulation. It is evident that
the density distribution of PLA and PEG beads for 70:30
blends is still relatively constant. This result indicates that
PLA and PEG up to this composition are well miscible. In
contrast, the density values for the blends with PEGmore than
30 wt% become highly fluctuated, indicating the tendency of
phase separation. This observation implies that the 70:30 (wt/
wt) composition is near the boundary of miscible and immis-
cible states of PLA/PEG blends.

Polymer size

The root mean square (RMS) end-to-end distance of the poly-
mer chains is an important structural property which is
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Fig. 3 Density profiles of the
PLA/PEG blend for: a 90:10, b
80:20, c 70:30, d 50:50, e 30:70,
and f 20:80 wt%
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generally used to describe the size or feature of the polymer
chains in materials. Figure 4 shows the RMS end-to-end dis-
tance of PLA molecules in PLA/PEG blends with different
PEG contents. It is evident that the RMS end-to-end distances
of PLAmolecules in the PLA/PEG blends decrease sharply in
the range of 30–50 wt% of PEG concentration. The sketch
represents the structural change of polymer chains in the
blends. Mesoscopic morphology transits from homogeneous
phase to phase separated morphologies at the composition
about 70:30 (wt/wt) PLA/PEG blends. The size of PLA chains
is decreased due to more confined boundary caused by phase
separation in good accordwith the observation of bead density
change as described in BDensity profiles.^

Thermal behavior

Thermal properties including the glass transition temperature
(Tg), crystallization temperature (Tc), melting temperature
(Tm), degree of crystallinity (Xc) of PLA, and PEG and their
blends were investigated byDSC technique. These parameters
were used to examine the miscibility of the blends.
Thermograms of quenched PLA, PEG, and PLA/PEG blends
are shown in Fig. 5. The quenched PLA was almost amor-
phous so that Tg at 51.8 °C can be clearly observed, followed
by a small peak for enthalpy relaxation. The cold crystalliza-
tion did not occur upon heating at 10 °C min−1, and conse-
quently, very small and rather broad Tm peak exists at around
145 °C. The thermogram for PEG only shows Tm at 75 °C
since Tg of PEG (ca. −60 °C) is below our experimental tem-
perature. The Tg of PLA/PEG blends shifted to lower temper-
ature with increase of PEG concentration and became not
clear. However, with the existence of enthalpy relaxation, we
can specify Tg only for PLA/PEG 90:10 and 80:20. For PLA/
PEG (70:30) blend, it is very difficult to specify Tg. In

addition, another small peak exists beside the enthalpy relax-
ation peak close to Tm for PEG. This result may imply that this
blend is phase separated (but it may not be concluded by this
result alone). PLA/PEG with 10–30 wt% PEG displays a sin-
gle Tg between those two pure components, reflecting that
these samples are likely miscible. For PLA/PEG 50:50 sam-
ple, Tg is not observed but there are two endothermic peaks at
57.0 °C and at 149.2 °C corresponding to melting points of
PEG and PLA, respectively. This observation implies that this
blend is phase separated. The decreasing Tg and phase sepa-
ration of PLA/PEG blends are consistent with previous studies
[7, 8].

When these blends were heated at 10 °C/min, cold crystal-
lization of PLA in the temperature range of 112–176 °C was
observed. The cold crystallization temperature (Tc) of PLA
decreased slightly as PEG content increased in parallel with
the shift in Tg. Subsequent melting temperature (Tm) and crys-
tallinity (Xc) relative to PLA in the blend were slightly de-
creased for 10–30 wt% PEG content, but there is a large
change in the PLA/PEG 50:50 system. Thermogram of PLA
exhibits a single melting peak centered about 150 °C, whereas
that of PLA/PEG with 10 and 20 wt% PEG was featured by a
melting endotherm at 142–145 and ~150–151 °C. Thermal
properties of all samples are shown in Table 3.

From DSC thermograms in Fig. 5, PLA/PEG blends are
miscible in the melt for PEG content up to around 30 wt%.
However, there were some reports that there is phase separa-
tion of PLA/PEG blends at room temperature due to slow
PEG crystallization [7, 13]. Therefore, the slow cooling rate
from the melt was performed to investigate the crystallization
behavior of PEG component in the blends. Subsequent
heating thermograms of PLA/PEG samples obtained from
the cooling rate at 10 °C min−1 from the melt are shown in
Fig. 6. At this condition, the main characteristics of PLA/PEG

Fig. 4 Simulated RMS end-to-
end distance of PLAwith different
concentrations of PEG. The black
color represents PLA chains, and
red color represents PEG chains
in the sketch
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blends with 10–20 wt% of PEG are quite similar to those in
quench samples. The cooling rate from the melt does not have
any effect on PEG crystallization in the mixture. As PEG is
well dispersed in the amorphous region of PLA, PEG is diffi-
cult to crystallize. In contrast, PLA/PEG 70:30 sample
showed two endothermic peaks at 57.9 and at 150.1 °C cor-
responding to the melting of PEG and PLA, respectively. This
observation reflects that PEG can crystallize from the melt if

the cooling rate is slow enough and this leads to the phase
separation. The ambiguity of data for quenched PLA/PEG
70:30 may be due to this effect.

Rheological characterization

Double logarithmic plots of G′ and G′′ vs ωaT for PLA/PEG
blends at 180 °C are shown in Fig. 7. All polymer samples
exhibit the rheological behavior of a typical polymer melt as
characterized by smaller G′ than the G′′. As expected, the
moduli of blend samples decreased with increasing PEG con-
tent. Frequency dependencies ofG′ andG″ are close to ω2 and
ω, respectively, denoting terminal region behavior. However,
at low frequency (ω < 5) for PEG 25 and 30% samples, the G′
data deviates from the characteristic slope of 2 in the terminal

Table 3 Thermal properties of
the PLA/PEG blends at a heating
rate of 10 °C min−1

Sample Tg (°C) Cold crystallization Melting

Tc (°C) Xcc (%) Tm (°C) Xc (%)

PEG PLA

PLA 51.8 – – – 149.8 0.50

PEG8k – – – 66.7 – –

PLA/PEG 90:10 37.4 112.5 39.1 – 145.9(151.2) 40.9

PLA/PEG 80:20 20.5 100.9 42.0 – 142.2(150.4) 43.7

PLA/PEG 70:30 9.3 85.9 18.6 – 150.0 39.7

PLA/PEG 50:50 – 76.4 4.7 57.0 149.2 29.1

PLA/PEG 90:10* 38.2 116.3 19.0 – 146.7 28.0

PLA/PEG 80:20* 15.9 96.5 27.8 – 150.0 44.0

PLA/PEG 70:30* – 87.1 3.7 58.0 150.0 42.3

PLA/PEG 90:10* indicates this system obtained from slow cool down from the melt

138.4(149.7) refers to the first and second Tm peaks of PLA

Fig. 5 DSC thermograms of quenched samples of PLA, PEG, PLA/PEG
90:10, PLA/PEG 80:20, PLA/PEG 70:30, and PLA/PEG 50:50 blends
from top to bottom, respectively, obtained with a heating rate of
10 °C min−1 (arrows denote the position of Tg and the small peak near
Tg, around 50o, is the enthalpy relaxation)
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Fig. 6 DSC thermograms for slowly cooled samples of PLA/PEG 90:10,
PLA/PEG 80:20, and PLA/PEG 70:30 from top to bottom, respectively,
obtained with a heating rate of 10 °C min−1
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region. There are two possibilities for the enhancement of
moduli in the terminal region as described below.

In immiscible binary polymer blends, interface between
two phases will be deformed and relaxed during the rheolog-
ical measurements. The interfacial tension acts as excess stress
reflecting the deformation and relaxation of interface, depend-
ing on many parameters [34]. Another possibility is concen-
tration fluctuation in the miscible blends [35]. The fluctuation
generally becomes larger and its lifetime becomes longer near
the phase separation point. When two components have big
difference in their viscoelastic properties, concentration fluc-
tuation causes large dynamic heterogeneity of the system. If
the applied flow cannot dissipate the fluctuation, the resulting
rheological data become similar to that of heterogeneous sys-
tem even there is no interface.

It should be remarked that one cannot specify whether the
lower frequency dependence of G′ is due to concentration
fluctuation or phase separation by considering only the result
shown in Fig. 7. Nevertheless, the data strongly suggest that
PEG 25 and 30% at 180 °C is close to the phase separation
point, consistent with the DSC results.

Conclusion

MD and DPD simulations were employed to predict the mis-
cibility of PLA/PEG systems. The χij parameter for PLA/PEG

blends with different PEG contents were calculated by MD
simulation. The PEG concentrations of 10 to 90 wt% were
varied to blend with PLA. The χij parameter of polymer mix-
tures was analyzed to determine the miscibility of PLA/PEG
blends. The results show that PLA and PEG are miscible at
low PEG concentrations (10–30 wt%), while at high PEG
concentration (>50 wt%) the immiscibility was observed.

Bead density distribution of PLA and PEG in the blends
was also calculated by DPD simulation to determine the mis-
cibility of PLA/PEG blends. The density profiles of the blends
exhibit homogeneous phase at the PEG content of 10–30 wt%
and exhibit phase separation at higher PEG contents. The
finding results agree well with the results from MD simula-
tions. In addition, the density fluctuation of PLA and PEG
beads was clearly detected at the 70:30 PLA/PEG. The chain
dimensions of PLAwere investigated by determining the end-
to-end distance with different PEG contents. The result shows
that the chain dimensions of PLA decrease when the PEG
content increase which leads to the phase separation of PLA
and PEG.

The miscibility of PLA/PEG blends was also investigated
by a combination of DSC and rheological techniques. DSC
thermograms of 90:10, 80:20, and 70:30 PLA/PEG show sin-
gle Tg and PLAmelting peak, indicating PLA/PEG is miscible
over this composition, while phase separation was seen in
PLA/PEG 50:50 (wt/wt) blends. This finding result is consis-
tent to the miscibility prediction from computer simulation.
Rheological measurement of PLA/PEG, performed at the melt
state, showed deviation of slope of G′ curve at low frequency
region from 2 for PLA/PEG at 75:25 and 70:30 (wt/wt), indi-
cating that these mixture are near the phase separation points
at 180 °C.
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