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Abstract: Ternary blends of poly(L-lactic acid) (PLLA), poly(ε-caprolactone) (PCL) and polyethylene oxide (PEO) were

produced with different concentrations of components via melt blending. By leaching the PEO from the samples by water,

porous materials were obtained with potential application for bio scaffolds. Sample porosity was evaluated by calculating

the ratio of porous scaffold density (ρ*) to the non-porous material density (ρs). Highest porosity (51.42%) was related

to the samples containing 50 wt%. of PEO. Scanning electron microscopy (SEM) studies showed the best porosity

resulted by decreasing PLLA/PCL ratio at constant concentration of PEO. Crystallization behavior of the ternary blend

samples was studied using differential scanning calorimetry (DSC). Results revealed that the crystallinity of PLLA was

improved by addition of PEO and PCL to the samples. The porosity plays a key role in governing the compression prop-

erties. Mechanical properties are presented by Gibson-Ashby model. 

Keywords: PLLA/PCL/PEO ternary blend, bio scaffold, melt blending, morphology, porosity.

Introduction

Polymer blending is one of the most fascinating and rapidly

growing areas in polymer science and technology and an effec-

tive way to develop new materials with higher performance.1,2

Melt blending of two or more polymers is a collaborative

approach to develop new material with customized proper-

ties.3,4

Prediction, control and study of morphology and mechanical

properties in polymer blend especially in ternary polymer

blend are a difficult task.5,6 Generally the morphology of a ter-

nary polymer blend is depended on interaction parameters

among three components, rheological properties of the com-

ponents and processing conditions.7,8

From a thermodynamic viewpoint, ternary blends of homo

polymers A, B, and C can typically display four types of mor-

phologies, as predicted by the minimizing of the interfacial

free energy. Three of them are complete wetting types of mor-

phology, where one of the polymers forms a layer at the inter-

face of the two others that can be seen in Figure 1(a) to (c).

The fourth microstructure corresponds to partial wetting which

is characterized by a line of 3-phase contact between the mate-

rials shown in Figure 1(d). As demonstrated by Torza and

Mason,9-11 each of these morphologies is characterized by a set

of three spreading coefficients λijk that are functions of the

interfacial tensions between the materials.

Investigation of ternary polymer blends was first reported in

the 1980s by Hobbs et al.3,12,13 In particular, they used the con-

cept of spreading coefficient and rewrote Harkin’s equation in

which two distinct phases are dispersed in a matrix phase to

predict the morphology of ternary blends. In a ternary blend of
†To whom correspondence should be addressed.
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three polymers A, B, and C, the spreading coefficient, λijk, can

be defined as eq. (1) to (3).4,12,13

(1)

(2)

(3)

Where, γij is the interfacial tension between the polymers.

Using the harmonic mean equation which is written in eq.

(4).4,12,13

(4)

Where γi is the surface tension of component i;  is the dis-

persive fraction of the surface tension of component i and 

is the polar fraction of the surface tension of component i.

Much less work has been carried out on the fundamental

morphological states occuring in ternary polymer blends.14

A number of morphologies in ternary high-density poly-

ethylene (HDPE)/polystyrene (PS)/poly(methyl methacrylate)

(PMMA) blends have been surveyed. Reignier et al.15 exam-

ined the core-shell morphology of PMMA encapsulated by PS

in an HDPE matrix in detail. Zhang et al.16 studied PS/PMMA/

polycarbonate (PC) systems, where complete wetting was

observed as predicted by the theory. Omonov et al.17 found

morphology containing several types of structure in polyamide

(PA)/polypropylene (PP)/PS blends with PA matrix-PP par-

ticles fully or partly encapsulated with PS simultaneously with

isolated PS particles was detected. Guo et al.18,19 studied the

morphology of ternary and quaternary blends and proposed a

model which includes not only the interfacial tension, but also

the interfacial area of the phases. To date, however, the detailed

examination of all the possible morphological states over the

entire composition range for a ternary polymer blend has not

been carried out. Koseki et al.20 found that type of the mor-

phology formed at mixing can change during annealing.

Reignier et al.21 showed that substitution of γij improved the

agreement with experimental data.

Thermoplastic aliphatic polyesters such as, polyglycolide,

polycaprolactone, polylactide and their blends have generated

interest because of their excellent biocompatibility, biode-

gradability, and mechanical strength.22,23 Poly(L-lactic acid)

(PLLA) is a poly(a-hydroxy acid) and poly(ε-caprolactone)

(PCL) is a poly(x-hydroxy acid) and both of them are bio-

compatible and biodegradable.24,25 PLLA is a rigid, transparent

and semi-crystalline polymer.24,25 On the other hand, PCL can

be used as a polymeric plasticizer because of its ability to

lower elastic modulus and to impact modifier of other poly-

mers.24-26 Polyethylene oxide (PEO) is also biodegradable and

biocompatible polymer which can be easily dissolved in

water.24-26 PLLA/PCL blends have attracted great interest as

temporary absorbable implants in the human body, but they

suffer from poor mechanical properties due to macro phase

separation of the two immiscible components and to poor

adhesion between phases.25-27 PLLA is mixed with a ductile

biodegradable polymer such as PCL having much lower

strength and modulus than PLLA.22 

The mechanical properties of PLLA/PCL blends have been

characterized in the previous studies;22,26 however, few studies

have been performed on the development and characterization

of porous structures of PLLA/PCL.28

Porous foams of biodegradable polymers have received

much attention in biomedical applications and melt blending

has recently been reported as a versatile protocol for pro-

cessing porous materials.28-30 The foams are used as bio scaf-

folds and membranes for tissue engineering and support

materials of drug delivery systems.31,32 It is therefore important

to develop bio scaffolds having a wide range of mechanical

properties by controlling their structures and constituents.33,34

In this study, porous PLLA/PCL was fabricated by PLLA/

PCL/PEO melt blending in internal mixer and then extracting

PEO part by water to produce porous PLLA/PCL. The main

objective of this work is to contribute to this topic by studying

λBAC γBC γAB γAC+( )–=

λABC γAC γAB γBC+( )–=

λACB γAB γAC γBC+( )–=

γij γi γj
4γi

d
γj
d

γi
d

γj
d

+
--------------–

4γi
p
γj
p

γi
p

γj
p

+
--------------–+=

γi
d

γi
p

Figure 1. Morphologies in ternary polymer blend comprised of two

major phases B and C and minor phase A as predicted by spreading

coefficient (λ). (a) to (c); complete wetting; (d) partial wetting.
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the effects of concentrations of blend component on the poros-

ity, compressive mechanical properties, thermal properties and

morphologies of porous PLLA/PCL blends.

Experimental

Materials. PCL and PEO were obtained from Sigma-Ald-

rich. PLLA was purchased from Nature Works LLC. Number

average molecular weight (Mn), glass transition temperature

(Tg), melting temperature (Tm) and density of the polymers are

reported in Table 1.

Sample Preparation. Ternary blends were prepared by

melt mixing in a Haake internal mixer with Banbury blades.

The mixing blades were maintained at 60 rpm and the tem-

perature was set at 190 oC. PLLA and PCL dry mixed and then

fed into the mixing chamber. After melting of PLLA/PCL

dried, PEO was added and mixing was continued up to 10 min.

The blends were then quenched under liquid nitrogen to freeze

in the morphology. The compositions and sample codes are

presented in Table 2.

Morphology Observation. A scanning electron microscope

(SEM), Tescan VEGA-II SEM, was used to examine the sam-

ples morphology. The PLLA/PCL/PEO were fractured in liq-

uid nitrogen and leached with deionized water for 7 days at

ambient temperature to selectively extract the PEO water sol-

uble component. The cross-sections were coated with platinum

using a sputter coater (Emitech K575X) operating at 10 mA

for about 15 s under argon atmosphere.

Measurement of the Interfacial Tensions. PLLA/PCL,

PLLA/PEO and PCL/PEO interfacial tensions were measured

at room temperature using sessile drop method on Kruss G10,

Germany. PLLA, PCL and PEO films of thickness averaging

200 microns were made by compression molding. 

Solvent Extraction and Continuity of the Porogen

Phase. Selective solvent extractions of PEO in deionnized

water were performed for 7 days at room temperature over the

whole composition range. Weight-loss measurements were

carried out to evaluate the extent of PEO continuity using the

eq. (5):28,33,34

%PEO Contiuity =

(5)

Using the PEO continuity, the pore-to-volume ratio of the

porous PLLA/PCL blend is directly evaluated (the variation of

the densities between melting and room temperature leads to

an error of 0.02 on the percentage of pore-to-volume ratio).35

Porosity Measurement. Assuming that porogen PEO

phase are completely extracted out due to the co-continuous

morphology of the PLLA/PCL blends, the porosity or void

volume fraction Vf (%) of the porous PLLA/PCL blends was

calculated using the eq. (6):35-37

(6)

Where ρ* is the apparent density of the porous scaffold and

ρs is the density of the non-porous material or skeletal density.

Thermal Properties. Differential scanning calorimetric

(DSC) measurements were carried out under nitrogen atmo-

sphere using NETZCH, 200 F3. The samples of about 15-

20 mg were dried in a vacuum oven before the experiment.

The heating-cooling-heating cycles were recorded in the tem-

perature range from 0 to 200 oC at a scan rate of 10 oC/min

under nitrogen atmosphere. In the first heating run, all the sam-

ples were annealed at the final temperature (200 oC) for 3-

4 min to delete the previous thermal history.

The melting temperature (Tm), crystallization temperature

(Tc), and glass transition temperature (Tg) of both virgin and

weight PEOinitial weight PEOfinal–

weight PEOinitial

------------------------------------------------------------------------------------⎝ ⎠
⎛ ⎞ 100×

Vf 1
ρ*

ρs
-----–⎝ ⎠

⎛ ⎞ 100×=

Table 1. Characteristics of Polymers

Materials
Mn×10-3 
(g/mol)a

Tg 
(oC)a

Tm

(oC)a
Density 
(g/cm3)

PCL 70-90 by GPC -69 60 1.14

PEO 100 -67 65 1.13

PLLA - 61 190 1.24

aObtained from suppliers.

Table 2. Compositions of Polymer Components

Sample code PLLA (wt%) PEO (wt%) PCL (wt%)

CEL 1 30 10 60

CEL 2 40 20 40

CEL 3 40 30 30

CEL 4 10 80 10

CEL 5 10 40 50

CEL 6 25 25 50

CEL 7 60 10 30

CEL 8 30 30 40

CEL 9 50 40 10

CEL 10 10 50 40

CEL 11 25 50 25

CEL 12 40 50 10
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blended samples were determined. The intrinsic degree of

crystallinity, Xc, was determined based on:38,39

(7)

Where ∆Hfsi
 designate the measured enthalpy of melting,

and and ∆Hf100%i represents the enthalpy for 100% crystalline

for polymer i.

Compressive Mechanical Test. Compressive mechanical

properties were measured at room temperature on an SAN-

TAM STM-20 equipped with a 500 kgf load. The crosshead

speed was kept at a value of 1 mm/min. Cylindrical specimens

with diameter: 12 mm and height: 10 mm, were fabricated

using a circular mold in compression molding at 190 oC. The

reported values are the average of three tests for each sample.

Results and Discussion

Morphology. In order to predict the formed morphology of

PLLA/PCL/PEO ternary blend during melt blending, spread-

ing coefficients were determined. At first, interfacial tensions

of the components were measured at room temperature and

then extrapolated to the processing temperature (190 oC).

When plotting surface tension (γ) versus temperature (T),

straight lines are obtained for a considerable number of poly-

mers.38,40 The change in surface tension (-dγ/dT) is 0.1 mN/m

per degree for small molecules. For polymers the value is

lower, that is 0.05 mN/m per degree.39,41

Spreading coefficient was calculated according to eq. (1) to

(4) and depicted in Table 3. Considering two negative and one

positive spreading coefficient, it is clear that the complete wet-

ting was obtained. In other words, the typical morphology

were formed which is illustrated in Figure 1(a) to (c).

SEM micrographs of the samples containing different con-

centration of the PEO are shown in Figure 2(a) to (f). In this

figure the black holes corresponds to extracted PEO by water.

As seen in the whole range of PEO concentration, the com-

plete wetting occurred and the porosity was created by leach-

ing the PEO. However, due to low concentration values that

are given in Table 4 of PEO, the low porosity is expected in

sample CEL 1 as shown in Figure 2(a).

With increase in PEO content of the samples, the porosity

increased which is depicted in Table 4. The highest porosity

which is suitable for tissue engineering was related to sample

CEL 11 (51.42%) with 50 wt% PEO content that shown in

Figure 2(e). Our results showed that above 50 wt% of PEO

there is no framework of porous PLLA/PCL blend and it is not

suitable for using in bio scaffold application (Figure 2(f)). Fig-

ure 3 shows the continuity of PEO phase in the samples versus

PEO content. It is obvious that the full continuity is at 50 wt%

concentration of PEO. In other words, assessing a framework

with appropriate dimensional stability is impossible over

50 wt% of PEO that is shown with the dashed line in this fig-

ure. It seems, the morphology of obtained highest porosity was

shown in Figure 2(e) obeys from pattern of Figure 1(a) and (b).

%Xi

Hfs
i

∆

W Hf100%
i

∆×
-------------------------------=

Table 3. Surface Tension, Interfacial Tensions and Spreading

Coefficients of Neat and Blend Samples

Surface tension @ 25 oC (mN/m)

γPLLA
d=43.10 γPLLA

p=30.47 γPLLA=73.57

γPCL
d=45.82 γPCL

p=5.79 γPCL=51.61

γPEO
d=45.60 γPEO

p=22.83 γPEO=68.42

γPLLA/PCL=16.90 γPLLA/PEO=1.16 γPEO/PCL=10.14

Interfacial tensions @ 190 oC (mN/m)

γPLLA
d=34.56 γPLLA

p=17.95 γPLLA=60.76

γPCL
d=37.45 γPCL

p=-6.87 γPCL=38.83

γPEO
d=37.12 γPEO

p=8.87 γPEO=54.34

γPLLA/PCL=72.21 γPLLA/PEO=19.68 γPEO/PCL=140.38

Spreading coefficient (mN/m) of ternary 

λPCL/PLLA/PEO= 48.48 Positive

λPLLA/PCL/PEO= -192.92 Negative

λPLLA/PEO/PCL= -87.58 Negative

Figure 2. SEM micrograph of PLLA/PCL/PEO blends in different

PEO concentrations: (a) 10 wt%; (b) 20 wt%; (c) 30 wt%; (d)

40 wt%; (e) 50 wt%; (f) 80 wt% of PEO. 
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On the other hand, compressive behavior in porous material

and bio scaffold application is important so that this property

for our samples should be considered. For this reason the

PLLA/PCL ratios in the samples containing highest porosity

were changed. SEM micrographs and schematic morphology

of these samples with 50 wt%. PEO and different PLLA/PCL

ratio (10/40, 25/25, and 40/10 wt%) are demonstrated in Fig-

ure 4.

The onset of disintegration above 50 wt% of PEO the porous

PLLA/PCL network loses some part of its mechanical integrity

and begins to collapse. In Figure 4 the white borders of the

porous may be attributed to the PLLA phase due to higher

crystallization percent. Location of the PLLA at the porous

border may also be related to lower interfacial tension of

γPLLA/PEO: 19.68 mN/m in comparison to γPCL/PEO: 140.38 mN/m

and γPLLA/PCL: 72.21 mN/m. In other words, as schematically

shown in Figure 4(b), (d) and (f) interfacial surface between

PCL and PEO was not formed.

By increasing PLLA concentration in PLLA/PCL constant

concentration (50 wt%) in PLLA/PCL/PEO blend samples,

formation of droplet-matrix morphology is expected while the

PCL is dispersed PLLA matrix as shown in Figure 4(e) and (f).

Crystallization. Since the mechanical properties of the

blends are strongly affected by crystallization, this phenom-

enon was studied. Analysis of crystallization behavior of ter-

nary blend is complex and there are a few reports in this field.

This PLLA/PCL/PEO ternary blend seems to be a complicated

one for analysis by DSC because its three components are all

crystalline. The cooling step of DSC thermograms and the rel-

evant DSC data are demonstrated in Figure 5 and Table 5

respectively for pure components and ternary blend samples

respectively.

As seen there is no crystallization peak in pure PLLA which

implies low rate of crystallization for this polymer. By addition

Table 4. Sample Porosity and PEO Continuity

Sample CEL 1 CEL 2 CEL 4 CEL 5 CEL 7 CEL 10 CEL 11 CEL 12

Vf (%) 8.16 17.31 0.00 3.68 26.82 40.53 51.42 40.68

PEO Continuity (%) 16.75 37.45 0.00 91.54 41.67 91.36 91.84 86.94

Figure 3. PEO phase continuity as a function of PEO content. The

white circle indicates the concentration at which there is no frame-

work.

Figure 4. SEM micrographs of samples in 50 wt% of PEO with

PLLA/PCL blends ratio (a) 10/40; (c) 25/25; (e) 40/10. (b); (d); (f)

schematic representation of (a), (b), and (c), respectively. Note that

in all schematics black, gray and white represents the PEO, PCL and

PLLA phases, respectively.
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of other components crystallization peak was observed in DSC

thermogram which means PLLA crystallization was improved.

In other words in applied condition test (10 oC/min) the crys-

talline cells of pure PLLA cannot be formed. It seems that the

main reason for this phenomenon is the formation of a strong

interface between PLLA and PEO because of the better

compatibility42 in comparison to PLLA and PCL phases.43 

It seems PEO chains can be regarded as a defect during the

PLLA crystallization which leads to more efficient nucleation,

in the case of polymer blend diffusion of solutes, viscous flows

in the melt, solid-liquid interface growth and motion, and,

finally, formation of non-equilibrium crystalline defects gen-

erated within the solid phase as a crystal grows rapidly.44-46

Another effect of the existence of PCL and PEO on the

PLLA crystallization is the elimination of cold crystallization.

The cold crystallization in PLLA is originated from the incom-

plete crystalline structure due to its low crystallization rate. As

mentioned above as a result of addition of PCL and PEO into

PLLA, crystallization was improved and the perfect crystals

less or more were formed. 

Because of remaining PCL in the porous samples after PEO

leaching, studying crystallization of PCL is necessary. As seen

in Table 5 the crystallization temperature peak and percent of

crystallization of PCL were increased because presence of

solid PLLA in the temperature range of PCL crystallization

(30 to 40 oC) induces heterogeneous nucleation for the for-

mation of PCL crystals. Enhancement of PCL crystallization

can be also observed in higher crystallization temperature (Tc)

of samples. Generally, our results in this section showed that

more and fast crystallization were monitored for PCL and

PLLA as the main structure of the porous material. 

Mechanical Properties. The most common test for

mechanical evaluation of porous materials especially bio scaf-

fold is evaluating the compressive properties. In this study, the

compression behavior is affected by the amount of porosity,

ratio of PLLA/PCL in porous scaffold and crystallinity. Table

6 reports porosity, apparent, non-porous scaffold density and

the compression modulus in linear elasticity zone of com-

pressive test that is typically strain less than 3%.

Regarding our results, it seems the porosity plays the main

role in controlling of compressive modulus of samples. As

seen from Table 6, with increasing porosity, the compressive

modulus decreases. The lowest modulus is related to samples

CEL 11 due to the highest porosity. 

For more explanation of compressive behavior, the Gibson-

Ashby model that is shown in eq. (8) can be used.35 Based on

this model the compressive modulus (E*) is given as a power

law trend:

(8)

Where c is the compression modulus of the non-porous

material, whereas m is the power-law exponent which should

vary between 1 and 2 for isotropic open-cell foam with uni-

formly distributed cells.35 On a log-log plot, the relationship

between compressive modulus and the relative density follows

a power-law as expected from the deformation mechanisms of

foams model proposed by Gibson and Ashby. Our data were

fitted to Gibson-Ashby model and shown in Figure 6. The

E
*

c
ρ*

ρs
-----⎝ ⎠
⎛ ⎞

m

=

Figure 5. DSC thermograms in reheating step for pure components

and the PLLA/PCL/PEO blend samples scaned at 10 oC/min.
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power law exponent was m=2.89. This value is valid over the

porosity range of the data 8-52% which is a high in com-

parison to theoretical range of uniform isotropic open cells.

Similar observations have been reported for other scaffold

materials.35

The higher value of m in this work implies more depen-

dency of compressive modulus to porosity. In other words, the

sensitivity of the modulus to the porosity in our samples is

more pronounced. Nevertheless, the dependence of compres-

sion modulus on porosity or relative density, which is specific

to the material and fabrication methods, provides the oppor-

tunity to tailoring the biomechanical response of the scaffold to

the damaged tissue.

Table 5. DSC Data of PLLA/PCL/PEO Ternary Blends

TmPCL

 (oC)
TmPEO

(oC)
TmPLLA

(oC)
TcPCL

(oC)
TcPEO

(oC)
TcPLLA

(oC)
∆HcPCL

(J/g)
∆HcPEO

(J/g)
∆HcPLLA

(J/g)
%XPCL %XPEO %XPLLA

PCL 56.56 - - 28.98 - - -56.56 - - 39.67 - -

PEO - 67.14 - - 43.67 - - -135.22 - - 71.21 -

PLLA - - 170.83 - - - - - - - - 42.51

CEL 1 56.18 - 167.34 32.73 - 87.8 33.71 - 3.67 44.06 - 52.93

CEL 2 56.31 - 168.00 31.54 - 93.85 40.99 - 15.08 77.67 - 57.36

CEL 3 56.98 60.41 168.19 31.12 39.51 91.2 26.09 21.85 15.09 62.25 44.87 61.81

CEL 4 56.8 61.8 160.48 32.79 44.36 - 9.53 102.63 - 89.78 64.89 46.35

CEL 5 56.57 62.65 163.41 32.05 44.03 82.14 28.92 49.76 2 66.97 48.26 54.94

CEL 6 57.56 60.92 168.39 31.3 38.71 91.6 29.94 18.49 6.51 46.77 33.71 55.44

CEL 7 56.97 - 169.23 30.7 - 92.01 16.34 - 19.99 28.78 20.71 48.5

CEL 8 57.56 62.38 168.62 31.43 41.35 90.62 22.79 28.83 8.62 54.57 39.34 57.02

CEL 9 56.3 61.46 167.29 32.45 41.28 93.51 12 41.84 17.05 44.45 32.41 55.03

CEL 10 57.08 62.69 163.35 32.59 43.08 83.43 22.08 59.17 2.45 66.83 48.17 57.63

CEL 11 57.54 62.23 165.63 32.13 41.51 95.95 12.84 56.98 10.90 68.76 49.56 59.95

CEL 12 57.57 63.11 167.41 32.26 41.33 93.46 7.96 54.16 14.59 76.05 55.33 54.54

Table 6. Compressive Modulus, Porosity, Bulk Density (d*), and Skeletal Density (ds) of Porous PLLA/PCL 

Sample Com. modulus (KPa) Vf (%) d* (g/cm3) ds (g/cm3) Relative density

CEL 1 640 8.16 1.03 1.12 0.92

CEL 2 160 17.3 0.99 1.12 0.89

CEL 3 150 19.9 0.9 1.14 0.79

CEL 5 270 30.7 0.78 1.13 0.69

CEL 6 720 25.23 0.85 1.13 0.75

CEL 7 1580 4.63 1.1 1.13 0.97

CEL 8 830 34.57 0.75 1.15 0.65

CEL 9 210 41.97 0.68 1.17 0.58

CEL 10 190 40.53 0.67 1.13 0.56

CEL 11 70 51.42 0.55 1.14 0.48

CEL 12 90 40.68 0.7 1.17 0.59

Figure 6. Compressive modulus of PLLA/PCL porous scaffolds as

a function of relative density.
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Conclusions

The analysis of ternary blend properties based on PLLA,

PCL and PEO and evaluation of its potential for using in bio

scaffold were discussed. The porous material was obtained by

leaching of PEO from samples using water. The following

conclusions were drawn from the morphological, crystallinity

and compressive properties studies. 

1. The complete wetting morphology is predicted by Harkins

equations and confirmed by SEM micrographs.

2. The rate and amount of crystalline of PLLA are improved

by addition of PCL and PEO in the samples and cold crys-

tallization of PLLA disappeared in the second heating. 

3. The highest porosity (51.42%) is obtained from the sam-

ples contain 50 wt% of PEO and PLLA/PCL with 25 wt%/

25 wt%.

4. At the constant concentration of PEO (50 wt%) and

decrease of PLLA/PCL ratio, the best properties is obtained by

decreasing the PLLA/PCL ratio.

5. Compressive modulus of the samples is affected by

degree of porosity, ratio of PLLA/PCL in porous scaffold and

its crystallinity. The porosity, however, plays the main role in

variation of compression modulus.
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