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ABSTRACT: The aim of this work was to better under-
stand the performance of binary blends of biodegradable
aliphatic polyesters to overcome some limitations of the
pure polymers (e.g., brittleness, low stiffness, and low
toughness). Binary blends of poly(e-caprolactone) (PCL)
and poly(lactic acid) (PLA) were prepared by melt blend-
ing (in a twin-screw extruder) followed by injection mold-
ing. The compositions ranged from pure biodegradable
polymers to 25 wt % increments. Morphological characteri-
zation was performed with scanning electron microscopy
and differential scanning calorimetry. The initial modulus,
stress and strain at yield, strain at break, and impact
toughness of the biodegradable polymer blends were
investigated. The properties were described by models
assuming different interfacial behaviors (e.g., good adhe-
sion and no adhesion between the dissimilar materials).

The results indicated that PCL behaved as a polymeric
plasticizer to PLA and improved the flexibility and ductil-
ity of the blends, giving the blends higher impact tough-
ness. The strain at break was effectively improved by the
addition of PCL to PLA, and this was followed by a
decrease in the stress at break. The two biodegradable
polymers were proved to be immiscible but nevertheless
showed some degree of adhesion between the two phases.
This was also quantified by the mechanical property pre-
diction models, which, in conjunction with material prop-
erty characterization, allowed unambiguous detection of
the interfacial behavior of the polymer blends. © 2008 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 345-352, 2009
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INTRODUCTION

Each year, tons of petroleum-based synthetic plastics
are disposed worldwide, causing environmental
problems. This number has the tendency to increase
each year with the increasing production and utiliza-
tion of plastic-based products. Recycling and recov-
ery activities are still very limited in the plastic
sector, and this makes a landfill site the final desti-
nation for most of the used items, such as packag-
ing, bottles, and molded products. Landfill space is
becoming extremely limited and represents consider-
able environmental pollution issues, such as soil and
water contamination. Therefore, waste management
has become a major concern throughout the world,
triggering general environmental awareness. With
this not so positive picture, biodegradable polymers
are gaining more and more attention because they
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can be degraded in the environment by the action of
naturally occurring microorganisms. Another impor-
tant factor is that most biodegradable polymers are
based on renewable resources (e.g., corn, soy beans,
and other crops). Aliphatic polyesters are the most
known and studied biodegradable polymers, includ-
ing poly(lactic acid) (PLA),' poly(e-caprolactone)
(PCL),"* poly( 7ydroxybu’cyrate 4% and poly(buty-
lene succmate) These materials have a large field
of a?phcatlon, 210 with medical care,''™ agricul-
ture,''® and packaging'®*® being the most widely
researched areas.

Biodegradable polymers can be processed by tra-
ditional thermoplastic processing methods, and com-
posting is a sustainable option for their disposal.
These materials are not yet broadly used in industry
because of their high cost and limited performance
for many applications. The influence of biodegrada-
tion on the reduction of the mechanical properties of
biodegradable polymers, as well as their blends and
composites, has been investigated.”**! Nowadays,
biodegradable polyesters are extensively studied as
matrix materials in biocomposites reinforced with
various natural fibers,>*? such as flax, sisal, hemp,
jute, ramie, abaca, and chitin,?® for improving their
performance. The achievement of a completely
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biodegradable, natural resource based material is
expected. Blending biodegradable polymers can also
be an approach to overcoming some limitations of
single applications of these materials, such as brittle-
ness, low stiffness, and low toughness. Some studies
have evaluated the mechanical properties of biode-
gradable polymer blends.””"** Chen et al.*’ showed
that the elongation of PLA increased with the addi-
tion of PCL, but the stress decreased at the same
time. Broz et al.”° suggested that PLA and PCL are
not miscible and that some adhesion may occur at
the PLA/PCL interface when the majority phase is
PCL but not when it is PLA. Interfacial tension is an
important factor affecting the compatibility of blends
of biodegradable polyesters with other materials.*

Various methods are used for interfacial character-
ization between different materials (e.g., perfect
adhesion and no adhesion), the technique most of-
ten used being scanning electron microscopy
(SEM).?>?83! Other approaches have been also pub-
lished, including dynamic viscoelasticity® and meas-
urements of blend mechanical properties.”’
Interfacial behavior depends on a number of factors,
including the interfacial tension and processing con-
ditions, with the detection of interfacial behavior
between dissimilar materials being complex. Predic-
tive models developed by several authors®** offer
an expedient approach for recognizing and quantify-
ing to some extent the interfacial behavior of poly-
mer blends.

In this study, a series of blends of biodegradable
polymers using PCL and PLA were prepared by the
variation of the mass fraction across the composition
range. Morphological characterization was per-
formed with SEM and differential scanning calorim-
etry (DSC). The initial modulus, stress and strain at
yield, strain at break, and impact toughness of the
biodegradable polymer blends were investigated.
The properties were described by models assuming
different interfacial behaviors (e.g., good adhesion
and no adhesion between the dissimilar materials),
which, in conjunction with material property charac-
terization, allowed unambiguous detection of the
interfacial behavior of the polymer blends.

EXPERIMENTAL
Materials

PCL [Tone P-767; melt flow index (190°C, 0.30 MPa)
= 30 g/10 min, density at 23°C = 1.145 g/cm’] was
supplied by Dow Chemical Co. (Midland, MI). PLA
[Hycail HM 1010; melt flow index (190°C, 2.16 kg) =
3-8 g/10 min, density at 23°C = 1.24 g/cm’] was
purchased from Hycail B.V. (Noordhorn, The
Netherlands). The specific optical rotation of PLA,

[¢]%, was —150 in chloroform at a concentration of
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TABLE I
Injection-Molding Processing Conditions for ASTM
Tensile Specimens (ASTM Charpy Impact Specimens)
for the Different Blends

PCL/PLA
Weight Cylinder Injection
ratio (wt %) temperature (°C) speed (mm/s)

100/0 80-95 (80-90) 50 (5)
75/25 100-120 (100-120) 50 (10)
50/50 135-180 (135-180) 10 (20)
25/75 165-180 (165-180) 15 (10)
0/100 170-200 (170-200) 30 (30)

1 g/dL and 25°C (AA-1000 polarimeter, Cambridge-
shire, England). PLA was estimated to have an r-lac-
tide content of 96.3% under the assumption that
[0]% of poly(i-lactic acid) and poly(p-lactic acid) was
~156 and +156, respectively.”

Sample preparation

PLA was dried in an oven at 80°C for at least 4 h
before processing because it is a highly hygroscopic
thermoplastic and absorbs moisture from the atmos-
phere. Blends of different weight ratios, ranging
from pure biodegradable polymers to 25 wt % incre-
ments, were prepared by extrusion in a Carvex (Lis-
bon, Portugal) counter-rotating twin screw machine
with a screw diameter of 52 mm, a length/diameter
ratio of 18, and a 15-mm double circular die. The
cylinder temperatures rose from 160 to 170°C, and
the screw speed was around 20 rpm. The blend
threads were cut into small pieces and cooled in
water until solidification. After cooling and drying
at the ambient temperature, the material was granu-
lated in a Colortronic (Derbyshire, UK) M102L cut-
ting mill. The obtained pellets of the biodegradable
polymer blends were processed by injection molding
into ASTM D 638-99 tensile specimens and ASTM D
256-87 Charpy impact specimens in an Engel
(Schwertberg, Austria) ES45 HL-V machine (45 kN
clamping force). The processing conditions were
adjusted for each blend and specimen geometry
(Table I).

Characterization
DSC

Morphology analysis was carried out by DSC on a
TA Instruments (New Castle, DE) Q20 differential
scanning calorimeter. DSC scans were performed
with samples obtained from injected specimens that
were heated from 20 to 180°C at a rate of 20°C/min.
The crystallinity degree of PCL (X, pcr) in the
blends was calculated from eq. (1) with considera-
tion of the amount of PCL in the blend.*® For PCL, a
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Figure 1 DSC scan thermograms of the PCL, PLA, and
PCL/PLA blends.

100% crystalline melting enthalpy (AHgpcr) of 156.8
/8> was assumed. For PLA, the crystallinity degree
(X, pLa) was calculated from eq. (2), and for PLA,
the 100% crystalline melting enthalpy (AHgpra) was
taken to be 93 J/g:*’

_ AH,, pcrL
XC,PCL(%) = [m] x 100 (1)

AH,,pra — AHeepra
AHopraWpLa

XepLa(%) = { } x100  (2)

where Wpcp, and Wppa are the weight fractions of
PCL and PLA in the blends, respectively; AH,, pcr.
and AH,,pLa are the melting enthalpies of PCL and
PLA in the blends, respectively; and AH . pra is the
cold crystallization enthalpy of PLA in the blends.
The presented results are averages of three samples.

Mechanical characterization

Tensile and Charpy impact tests were performed to
characterize the mechanical behavior of the biode-
gradable polymers blends. The tensile tests were
performed in accordance with ASTM D 638-99 on an
Instron (Norwood, MA) 4505 wuniversal testing
machine with a 50 kN load cell. The initial modulus,
stress and strain at yield, and stress at break were
assessed. During the determination of the modulus,
an extensometer with a 50-mm gauge length and a
2 mm/min crosshead speed was used. A crosshead
speed of 50 mm/min was used for the determina-
tion of the other mechanical properties. The Charpy
impact tests were performed in accordance with
ASTM D 256-87 on a Ceast (Pianezza, Italy) machine
with a pendulum energy of 2 | or 4 ], depending on
the polymer blend, and the impact toughness was
calculated. All performed tests were carried out in a
standard laboratory atmosphere of 23°C and 50%
relative humidity.
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SEM

The fracture surfaces of the injection-molded impact
bars were observed with SEM. The fractured surface
was sputtered with a thin layer of gold before imag-
ing on a Leica (Wetzlar, Germany) S360 scanning
electron microscope.

RESULTS AND DISCUSSION
DSC

The crystalline structure and melting of the samples
were characterized with DSC because crystallinity
plays an important role in the mechanical properties
of the systems. Selected heating thermograms of
PCL, PLA, and PCL/PLA blends are shown in Fig-
ure 1. Pure PCL has a crystallinity of approximately
43% and a melting temperature of approximately
74°C. The glass transition is around —60°C; there-
fore, it was not detected in the scans. Pure PLA has
a crystallinity of less than 2%, and it can be assumed
to be amorphous and have a glass-transition temper-
ature of 59°C and a melting temperature of approxi-
mately 145°C. The immiscibility of the two materials
is confirmed by the DSC scans of the blends, which
show two independent melting peaks corresponding
to PCL (at ca. 65°C) and PLA (at ca. 145°C).

The melting enthalpies of the pure biodegradable
polymers and their blends were calculated, as well
as the cold crystallization enthalpy of PLA. The peak
melting temperature across the composition range
for PCL/PLA blends is shown in Figure 2. The addi-
tion of PLA reduces the melting temperature of the
PCL phase, and this indicates the development of
thinner lamellae of PCL. The addition of up to 50%
PCL decreases the melting temperature of the PLA
phase. Thereafter, the melting temperature of PLA
increases as PLA lamellae become thicker, possibly
because of a nucleation effect of PCL.
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Figure 2 Variation of the melting temperature for PCL,
PLA, and their blends.
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Figure 3 Variation of the degree of crystallinity of the
PCL and PLA phases in PCL/PLA blends.

The crystallinity of PCL and PLA in the blends is
shown in Figure 3. The relative degree of crystallin-
ity of the PLA phase increases with the addition of
PCL, and this suggests that PCL promotes the crys-
tallization of the PLA phase. Adding PCL to PLA
increases the crystallinity of PLA (nucleation effect),
reducing the thickness of the PLA lamellae. The rela-
tive degree of crystallinity of the PCL phase
increases with the addition of up to 25 wt % PLA.
Further addition of PLA does not significantly
change the crystallinity of PCL. The addition of PLA
to PCL increases the crystallinity of PCL, increasing
the thickness of PCL lamellae (thicker lamellae).

Mechanical characterization

Typical stress—strain curves of PCL, PLA, and PCL/
PLA blends are shown in Figure 4. During the ten-
sile tests, it was verified that none of the specimens
of PCL or the 75/25 PCL/PLA blend had failed. The
tests were stopped at the maximum displacement of
the tensile machine, which corresponded to a strain
of 375%. Therefore, these materials exhibit a strain at
break higher than 375%. PLA shows a higher initial
modulus and strain at break than PCL but a lower

T

Stress (MPa)

Figure 4 Typical stress—strain curves of PCL/PLA

blends.

Journal of Applied Polymer Science DOI 10.1002/app

SIMOES, VIANA, AND CUNHA

3500
o Modulus (MPa) )] 140
-
3000 -+ Impact strangth (Jim) i%(__.-’"
B o~ 120
o J[,.
o 2500 =
g ™ Y e 1o E
! ~ 3
2 2000 A a :
2 ™, ; yd CI
., ” &
g 1500 : 1~ z
= ~ T o &
> g
1000 i W a0 §
P ———a - 1
e g
500 3 T 20
0 ' " " [}
o 25 50 5 100

Amount of PLA in the mixture PCLIPLA (wt%)

Figure 5 Tensile properties and impact toughness of
PCL, PLA, and PCL/PLA blends: initial modulus (MPa)
and impact toughness (J/m).

deformation capability, as expected. The addition of
PCL to PLA reduces the initial modulus and the
maximum stress level but increases considerably the
strain at break.

In general, PCL acts as a polymeric plasticizer,
lowering the initial modulus and yield stress,
increasing the strain at yield and at break, and
enhancing the flexibility and ductility of a blend.
The addition of PCL gives blends higher impact
toughness, decreasing the brittleness of the materi-
als. Figure 5 shows the initial modulus and impact
toughness for PCL, PLA, and their blends as func-
tions of the mass fraction of PLA (wt %), presenting
average experimental data scattering of 8 and 3%,
respectively.

The increase in the initial modulus of the PCL/
PLA blends with the addition of PLA is lower for
the lower increments of PLA. Until 25% PLA, the
initial modulus remains almost constant, close to the
initial modulus of PCL. The impact toughness of
PLA decreases almost linearly with the addition of
PCL.
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Figure 6 Tensile properties of PCL, PLA, and PCL/PLA
blends: yield stress (MPa) and strain at yield (%).
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Figure 6 shows the stress and strain at yield across
the composition range for PCL/PLA blends as func-
tions of the mass fraction of PLA (wt %), presenting
average experimental data scattering of approxi-
mately 1 and 4%, respectively. The strain at yield
decreases with the addition of PLA; after 75% PLA,
it remains almost constant, close to the strain at
yield of PLA. The yield stress increases with the
addition of PLA; until 25% PLA, it remains almost
constant, close to the yield stress of PCL.

Prediction models

The mechanical properties of the blends (indicated
by subscript b) were described by models assuming
different interfacial behaviors between dissimilar
materials (e.g., models for perfect adhesion and no
adhesion).

Initial modulus

The variations of the initial modulus were compared
with theoretical predictions using different models.
The rule of mixture [eq. (3)] considers perfect adhe-
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sion between the matrix and the dispersed phase
(indicated by subscript d) and perfect dispersion of
the spherical inclusions in the matrix:

Eb:<{§—d—1]x¢d+1>xl—jm (3)

m

where E, is the initial modulus of the bend, E,; is the
initial modulus of the disperse phase, E,, is the ini-
tial modulus of the matrix, and ¢, is the volume
fraction of the disperse phase.

In the foam model proposed by Cohen and Ishai
[eq. (4)], the disperse phase is considered a noninter-
acting phase equivalent to a void or pore:**

B, = (1-9}°) x En (4)

The Kerner-Uemura-Takayanagi (KUT) model
[egs. (5) and (6)] treats the blends as spherical inclu-
sions of one polymer having E; in a continuous ma-
trix of another polymer having E,, and Poisson’s
ratio of the matrix (v,,) is taken to be 0.5.3° This
model has two variations. One assumes perfect ad-
hesion at the blend interface [eq. (5)], and the other
assumes no adhesion [eq. (6)]:

(7 = 5vy) X Epy + (8 — 10v,,) X Ej — (7 — 50) (Eyy — Eg) X &y

Fo = En ((7 —50,) X Epy 4 (8 — 10v,,) x Eg 4+ (8 — 10v,,)(E,, — Eg) X ¢d> ?

_ (7 - 5Dm) X Em - (7 — 5l)m) X Em(I)d
Ey = En ((7 —50) X Ey + (8 — 100,,) X qu)d) ©)

In the calculations, it was assumed that for PCL
mass fractions less than or equal to 50 wt % (volume
fraction of 0.48), PLA formed the continuous matrix
(indicated by subscript m), and above 50 wt %, PCL
was the matrix.

Figure 7 presents the variation of the initial modu-
lus of PCL, PLA, and their blends and the predictive
models: the rule of mixture, the foam model, and
the KUT model.

The initial modulus of the blends follows the rule
of mixture up to 25 wt % PCL, and this indicates
some adhesion between the two phases in this com-
position range. In this case, it is assumed that PLA
is the continuous matrix and PCL is the dispersed
phase. In the composition with up to 25 wt % PCL,
the initial modulus follows the KUT model more
closely for perfect adhesion between the blend com-
ponents. The foam model and the no-adhesion KUT
model both assume no adhesion between the blend
components, and they show similar trends, as
expected, because both are based on the assumption
that the dispersed phase is a noninteracting phase
behaving as a void or pore. The deviation from the

models indicates some degree of interaction between
the two phases for low strains.

Yield stress

The variations of the experimental values of the

yield stress were compared with theoretical
3500
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Figure 7 Variation of the initial modulus of PCL, PLA,
and PCL/PLA blends and the predictive models: the rule
of mixture [eq. (3)], the foam model [eq. (4)], and the KUT
models [egs. (5) and (6)].
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TABLE II
Values of K and o for PCL/PLA Blends
PCL/PLA
PLA volume fraction K o
0 0 0
0.23 —0.05 —0.08
0.48 0.72 1.21
0.73 0.48 0.82
1 0 0
Average 0.6 1

predictions using different models. In the rule of
mixture [eq. (7)]

Gb:({ﬁ—l}xd)d—Fl)xcm @)
m

where o), is the yield stress of the bend, o, is the
yield stress of the disperse phase, and o, is the
yield stress of the matrix.

In the Nicolais—Narkis (NN) model [eq. (8)], the
interphase interaction constant (K) is a function of
the blend structure. For spherical inclusions, K =
1.21 stands for the extreme case of poor adhesion;
interphase adhesion takes place for values of K <
1.21: the lower the value, the better the adhesion.
K = 0 is considered for sufficient adhesion so that
the polymer matrix strength does not decrease:**

op = (1 - K¢f/3) X G ®)

In the porosity model [eq. (9)], the weakness in
the structure or stress concentration is described by
the stress concentration parameter o. The higher the
o value is, the higher the extent is of stress concen-
tration and thus the higher the decrease is in the
yield stress.** This model assumes that the disperse
phase is equal to pores/voids in the matrix. The
pores or voids do not influence the mechanical prop-
erties of the two-phase systems because of no adhe-
sion at the phase boundaries but acts as a stress
concentration:

op = ([exp(—ady)]) x om ©)

In the Béla-Pukéanszky (BP) model [eq. (10)], the
tensile yield stress of the blend is determined by the
yield stress of the matrix, the effective load-bearing
cross section, and the interaction. B is a parameter
related to the load-bearing capacity of the disperse
phase and depends on the size of the contact surface
between the polymer and the disperse phase and on
the properties of the interphase that is formed.
Aggregation decreases the surface available for the
polymer, and consequently, the value of B should
also decrease:

Journal of Applied Polymer Science DOI 10.1002/app
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Op = Oy (lleSDi%) x exp(Bd,) (10)

The NN model and the porosity model assume
that both phases are of a no-adherent type and the
yield stress is a function of either the area fraction or
the volume fraction of the dispersed phase.** Table II
presents the values of K and o for each ¢, value;
they were determined by a comparison of the exper-
imental yield stress data with the models. Because of
data scatter, the average value was estimated,
excluding K and o at ¢4 = 0.23.

According to the NN model, the values of K are
less than unity, with an average value of 0.6, indicat-
ing some degree of adhesion and a smaller amount
of weakness of the blend structure. The porosity
model presents an average o value of 1, revealing
some amount of stress concentration. Figure 8§
presents the variation of the yield stress of PCL,
PLA, and their blends and the predictive models:
the rule of mixture and NN model for K values of
0.6 and 1.21.

Figure 9 presents the variation of the yield stress
of PCL, PLA, and their blends and the predictive
models: the rule of mixture and the porosity model
fora = 1.

The yield stress follows the rule of mixture up to
25 wt % PCL, indicating some adhesion between the
two phases in this composition range. The overall
yield stress data show a good fit to both the NN
model and the porosity model, with an average K
value of 0.6 (Fig. 8) and an average o value of 1
(Fig. 9); this indicates a degree of adhesion between
the phases.

According to the BP model, when the disperse
phase is PLA, B is approximately 3.2, and when the
disperse phase is PCL, it is 1.9; this indicates that
interphase adhesion is promoted when PCL is the
matrix.
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Figure 8 Variation of the yield stress of PCL, PLA, and
PCL/PLA blends and the predictive models: the rule of
mixture [eq. (7)] and the NN model [eq. (8)].
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SEM

The fracture surfaces of pure biodegradable poly-
mers and PCL/PLA blends were observed with
SEM. Figure 10(a—f) shows the SEM micrographs of
PCL, PLA, and PCL/PLA blends. The PLA’s fracture
surface shows a more brittle material, as confirmed
by the tensile and Charpy impact tests. Phase sepa-
ration was shown by all PCL/PLA blends, confirm-
ing that the two biodegradable polymers are
immiscible. The second phase has spherical geome-
try and is well dispersed in the matrix. Phase inver-
sion takes place when the PCL content is at least
less than 50 wt %. The dispersed PLA spheres of the
75/25 blend present a smaller diameter than the
PCL spheres of the 25/75 blend because of the dif-
ferent viscosities of the two materials. The PLA

Figure 10 SEM micrographs of the fracture surfaces of injected molded specimens: (a) PCL, (b) PLA, (c) 75/25 PCL/PLA
blend, (d,e) 50/50 PCL/PLA blend, and (f) 25/75 PCL/PLA blend.

Journal of Applied Polymer Science DOI 10.1002/app
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inclusions show some degree of deformation, indi-
cating some adhesion between the two polymers.

CONCLUSIONS

The properties of biodegradable polymers such as
PCL and PLA can be tailored to achieve a given per-
formance. The addition of PCL lowers the initial
modulus and yield stress; it behaves as a polymeric
plasticizer and enhances the flexibility and ductility
of the blend. PCL gives the blends higher impact
toughness, decreasing the brittleness of the materi-
als. The strain at break is effectively improved by
the addition of PCL to PLA, and this is followed by
a decrease in the stress at break. Phase separation
was revealed by all PCL/PLA blends in the SEM
studies, and DSC results have confirmed that the
two biodegradable polymers are immiscible. A sec-
ond phase with a spherical geometry was seen to be
dispersed in the matrix but nevertheless showed
some degree of adhesion between the two phases.
This was also indicated by the mechanical property
prediction model analyses, which also showed that
this phenomenon is promoted when PCL is the ma-
trix. Prediction models and material property char-
acterization allowed unambiguous detection of the
interfacial behavior of the polymer blends.
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