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Abstract. The morphology and the mechanical properties of polylactide/poly(hydroxybutyrate-co-hydroxyvalerate) blends
of various compositions were studied. The statistical analysis of the scanning electron microscopy images allowed finding
two statistical ensembles of the minor-phase particles. The first ensemble involves the dispersed particles, whereas the second one contains the coalesced particles. The mean diameters of both dispersed and coalesced minor-phase particles were
calculated and plotted against the blend composition. Young’s modulus, tensile strength, elongation at break, and Charpy
impact strength of the blends were determined and examined as a function of the blend composition. The Young’s modulus
values were shown to be in accordance with theoretical predictions.
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1. Introduction

Polylactide (PLA) is one of the most widespread
biomass-based, biodegradable (compostable) and
biocompatible polymers [1, 2]. It is water-insoluble,
can be either transparent or semi-transparent depending on polymer crystallinity, and optically active [1,
3]. It can be processed as a conventional thermoplastic polymer. PLA is used for packaging materials, in agriculture, in textile industry (fibers), in medicine (scaffolds), and in pharmacology (drug delivery systems) [1, 3]. The main drawbacks of PLA are
high brittleness, slow crystallization rate, and high
permeability to gases. The ways for overcoming these
problems are to use plasticizers, copolymerization
with other components, making composites, and
blending with other polymers [1, 4]. The latter allows
fabrication of new materials with improved/modi-

fied properties. Besides, this way is less expensive
than chemical modification or synthesis of tailormade polymers.
If willing to keep PLA-based system fully biodegradable and biocompatible, the second component
should also possess these properties. Polyhydroxyalkanoates, aliphatic polyesters, synthesized by
microorganisms, are often used as components for
blending with PLA and other natural polymers [5, 6].
The miscibility of PLA and poly(3-hydroxybutyrate)
(PHB) strongly depends on both components molecular weight, as expected [7, 8]. For example, using
differential scanning calorimetry (DSC) the authors
reported that bi-phasic mixtures were obtained when
mixing PHB of Mw = 650 000 g/mol with PLA of
Mw above 20 000 g/mol [8]. Below this value, the
polymers were miscible in the whole range of com-
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positions. Bartczak et al. [9] used atactic PHB for
making PLA/PHB blends. They found that PLA and
PHB form non-miscible or partially miscible blends.
They also showed that PHB is well dispersed in the
PLA matrix at various ratios and the glass transition
temperature of blend decreases with increasing PHB
concentration. The impact strength of a thin film of
the PLA/PHB blend (80/20 wt%) achieves 120 kJ/m2
as compared with 50 kJ/m2 for neat PLA [9].
Another frequently used polymer from polyhydroxyalkanoate family mixed with PLA is poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV). Its properties are known to depend on hydroxyvalerate (HV)
content [10]. At very low HV content, PHBV is
similar to conventional petrochemical thermoplastics, such as polypropylene, in terms of melting temperature, crystallinity, and tensile strength [11–15].
Most of literature agrees on immiscibility of PLA
and PHBV [16–19]. Boufarguine et al. [17] created
multilayered films of PLA/PHBV (90/10 wt%) using
multilayer co-extrusion. The formation of highly
crystalline thin and long lamellas of PHBV improved
gas barrier properties as compared to neat PLA.
Foams with various cell densities were produced
from PLA/PHBV and PLA/PHBV/clay blends using
microcellular injection molding technique [20].
Bicomponent PLA/PHBV fibers were prepared
using bicomponent melt spinning [21]. In vitro biocompatibility studies with human dermal fibroblasts demonstrated no toxicity of the fibers making
them promising for medical applications.
Because of PLA/PHBV immiscibility, the morphology of most of the blends presents either ‘inclusions’ of the dispersed phase (usually more or less
spherical droplets in the cases of conventional processing) or co-continuous phases. The properties of
the blend will depend on the proportion in which in
components are mixed, their individual properties,
and also on the size distribution of the dispersed
phase. In our previous work [18], we reported
molten-state rheology of the PLA/PHBV blends and
their morphology. The present work is devoted to the
detailed analysis and understanding of PLA/PHBV
blends characteristics in the solid state: morphology
and mechanical properties, both evolving as a func-

tion of blend composition. Morphology is investigated using statistical analysis of scanning electron
microscopy (SEM) images and analytical description of the histograms of the minor-phase particles’
size. Mechanical properties (tensile strength, Young’s
modulus, elongation at break, and impact strength)
are analyzed with the increment of 10 wt%. The elastic properties of blends are compared to the calculated ones according to different theoretical predictions. We also demonstrate that ductile properties of
PLA/PHBV blend with PHBV in the minor phase
disappear after one month after injection.

2. Experimental
2.1. Materials

Both polymers, PLA (3051D, injection molding
grade) produced by NatureWorks Co. Ltd., USA,
and PHBV (Enmat Y1000P) produced by Tian An
Biological Materials Co., People’s Republic of China,
were provided by Natureplast, France. Their main
characteristics, as given by provider, are collected
in Table 1.

2.2. Blends preparation
PLA/PHBV blends were prepared by components
melting in a Haake Rheomix 600 internal batch
mixer (Thermo Fisher, Germany), the composition
varied from 0/100 to 100/0 wt% with the increment
of 10 wt%. The mixing temperature (165°C), rotor
speed (60 rpm), and mixing time (6 min) were chosen according to minimization of PHBV thermal
degradation [18]. Because of high viscosity of molten
polymers which induced energy dissipation in the
mixing chamber, the temperature exceeded the set
value by ca. 10°C for all blends. The prepared blends
were cooled to ambient temperature and cut into
granules using an M 50/80 granulator (Hellweg,
Germany).
2.3. Morphology characterization
The morphology of the blends was studied using a
high-resolution scanning electron microscope
SUPRA 40 FEG-SEM (Zeiss, Germany). The samples were fractured in liquid nitrogen and sputtercoated with gold-palladium. The obtained images

Table 1. Physical properties of PLA and PHBV as given by provider
Polymer
PLA
PHBV

Glass transition temperature
[°C]
55–60
5

Melting temperature
[°C]
145–155
165–175

610

Melt flow index, g/10 min
[190°C/2.16 kg]
12–20
15–30

Density
[g/cm3]
1.25
1.25
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were segmented and processed by digital analysis
using UTHSCSA ImageTool 3.0 software (Health
Science Center, the University of Texas, San Antonio, USA) resulting in histograms describing minor
phase particle size distribution. The histograms
were consequently described using the model of
reversible aggregation [22, 23].

2.4. Mechanical properties characterization
Dumbbell-shape tensile bars were obtained from the
blends according to ISO 527-2 1BA standard using a
Haake Mini Jet II injection molding machine (Thermo
Fisher, Germany) at 190°C. Impact bars were made
according to ISO 179 standard by compression
moulding using a hydraulic press (Carver, USA).
The tensile properties were measured two days after
injection according to ISO 527-1BA standard using
a tensile testing machine (Erichsen, Germany) at
crosshead speed of 5 mm/min at room temperature.
For a selected blend, PLA/PHBV = 90/10, the evolution of mechanical properties were followed in
time, during one month. Charpy impact strength of
the blends was measured using CEAST 9050
(Instron, USA).
2.5. Background of the model of reversible
aggregation
For statistical analysis of the size distributions of
dispersed-phase particles we used the model of the
reversible aggregation [22, 23]. The model is based
on principles of irreversible thermodynamics and
describes microstructure evolution in liquids. According to the model, a stationary microstructure in a
liquid permanently fluctuates creating a sequence
of the equivalent microstructures, and after liquid
freezing, only one of many possible microstructure
configurations is realized. The microstructure elements, the aggregates, represent the dynamic units
which are permanently composed and decomposed
(a condition of reversibility) under thermal fluctuations with energy kT (k is the Boltzmann constant
and T is the absolute temperature). It is supposed that
the quasi-stationary equilibrium is quickly reached
as a result of self-organization in the system. The
model has successfully been applied to different
objects and processes, including analysis of morphology of incompatible polymer blends [24–28].
In the model, statistical distribution h(s) of the planar size s of the microstructural entities can be read
as Equation (1) [22, 23]:

h1s2
h1s 2 5 as2exp a 2

sDu0
b
kT

(1)

where a is the normalizing parameter and !u0 is the
aggregation energy. The latter parameter can be
treated as a potential barrier to be overcome for the
formation of a statistical ensemble. Its value should
rather be compared to the energy of thermal fluctuations: !u0/kT.
In some cases, the aggregates form not a single but
multiple statistical ensembles. For blended incompatible polymers they are the ensembles of dispersed and coalesced particles [24–28]. In this case,
Equation (1) should be read as Equation (2):
N
siDu0i
h1s2
b
h1s 2 5 a a1s2iexp a 2
kT
i51

(2)

where N is the total number of statistical ensembles,
while i accounts the number of a statistical ensemble.
As the size parameter s we chose the planar area of
the minor phase particles in the SEM images. Equation (2) allows determination of the mean area
<si>of the minor-phase particles belonging to the ith statistical ensemble as the normalized mathematical expectation Msi as shown by Equation (3):
q
siDu0i
s2i exp a2
b dsi
kT
3kT
0
(3)
6si 7 5Msi 5 q
5
siDu0i
Du0i
2
b dsi
si exp a2
kT
0

#

#

0i

Assuming that the shape of the entities related to
the i-th statistical ensemble is circular, their mean
diameter <di> can be determined using a simple
geometrical consideration, see Equation (4):
6si 7
Ä p

6di 7 5 2

3. Results and discussion
3.1. Blend morphology

(4)

In Figure 1, the SEM micrographs of PLA/PHBV
blends of various compositions are presented. All
images show that blended polymers are immiscible
and the particles of the minor phase are well distinguished.
Figure 2 presents the histograms resulting from the
statistical analysis of the minor phase particles
shown in Figure 1 and their analytical descriptions
using Equation (1) or Equation (2). As follows from
611
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Figure 1. SEM images of the PLA/PHBV blends of the compositions: (a) 10/90, (b) 40/60, (c) 75/25, and (d) 90/10 wt%

Figure 2, the histograms corresponding to the blends
with low PLA content ("#10 wt %, see, e.g., Figure 2a) can adequately be described using Equation (1). Similarly, the histograms corresponding to
the blends with low PHBV content (" 10 wt%, see,
e.g., Figure 2d), can also be successfully described
using Equation (1). For the description of the histograms corresponding to the blends with the larger content of the minor component (PLA content > 10 wt%,
Figure 2b, and PHBV content > 10 wt%, Figure 2c),
the bimodal distribution (Equation (2), N = 2) rather
than Equation (1) is suitable.
Mixing of molten immiscible polymers is known to
be accompanied by two processes: i) break-up and
dispersion of a minor phase droplets and ii) their
coalescence [24–28]. The latter is especially pronounced when no compatibiliser is used. Taking
this into consideration, the physical meaning of two
statistical ensembles of the minor phase particles
observed in Figures 2b and 2c and described with
Equation (2) becomes clear: the first ensemble (i = 1)
contains only the individual dispersed particles,
while the second one (i = 2) contains exceptionally
the coalesced particles.

The mean diameter of both dispersed and coalesced
particles belonging to the minor phase was calculated using Equations (3) and (4). In Figure 3, this
parameter is plotted as a function of blend composition. In most cases (except PLA/PHBV = 10/90), the
mean diameter of dispersed PLA and PHBV particles
varies from 0.7 to 1.2 µm; it very slightly increases
with increasing minor phase concentration. The mean
diameter of the coalesced particles increases more
rapidly with increasing minor phase fraction. When
the concentration of the minor component exceeds
40 wt%, the mean diameter of the coalesced particles significantly increases: the blend is formed of
co-continuous phases (infinite diameter) with some
inclusions of individual coalesced droplets. The
result obtained is similar to that for the PLA/polystyrene blends [29]. According to the authors, large
particles of the minor phase can be explained by
weak interactions between the components and
their incompability.

3.2. Mechanical properties
Tensile and impact properties of the blends of various compositions are presented in Table 2. It shows
612
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Figure 2. Statistical area distributions of the minor-phase particles in the PLA/PHBV blends of the compositions: (a) 10/90,
(b) 40/60, (c) 75/25, and (d) 90/10 wt %. Their analytical description (black lines) using Equation (1) or Equation (2) (i = 2) with the equation parameters presented in boxes is provided along with the mean particle area <s>
and mean particle diameter <d> calculated with Equations (3) and (4), respectively. In sub-figures (b) and (c),
individual statistical ensembles related to dispersed and coalesced particles are presented as blue and red lines,
respectively.

Figure 3. Mean diameter of both dispersed and coalesced
minor-phase particles of the PLA/PHBV blends as
a function of the blend composition

that both neat components (PLA and PHBV) and the
majority of the blends are relatively brittle: their elongation at break varies from 3 to 6% and impact
strength varies from 1 to 2.5 kJ/m2. Only two PLA/
PHBV compositions, with low content of PHBV,
demonstrate high deformability: 50.7% (80/20 wt%)
and 204% (90/10 wt%). This phenomenon is similar
to that reported for PLA blended with some other

PHA-based polymers with the latter being in the
minor phase: for example, with poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), so-called ‘Nodax’
copolymers, the elongation was 100–200% [30, 31].
It is known that both PLA and PHBV are subjected
to aging: for example, PLA loses it ductile properties in 4–5 days at ambient temperature [32] and the
mechanical properties of PHBV are stabilized after
20–30 days [33]. We followed the evolution of the
elongation at break during one month for PLA/PHBV
composition 90/10 wt%. The decrease of the elongation after 4, 14 and 24 days is shown in Figure 4:
in about one month, the mixture stored at room temperature loses its ductile properties dramatically. A
slight increase of Young’s modulus, impact strength
and tensile strength of the PLA/PHBV blends in
time is within the experimental errors and thus is
not shown.
In Figure 5, Young’s modulus E and tensile strength
S of the PLA/PHBV blends are presented as a function of blend composition. The experimental results
are shown with points and theoretical predictions
613
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Table 2. Mechanical properties of PLA/ PHBV compositions
PLA/PHBV composition
0/100
10/90
20/80
30/70
40/60
50/50
60/40
70/30
80/20
90/10
100/0

Stress at break
[MPa]
38.8±0.4
39.8±0.2
42.7±1.2
46.1±0.8
47.5±0.6
53.6±0.4
56.4±1.0
57.0±0.8
56.5±0.8
58.0±0.3
67.5±0.5

Elongation at break
[%]
3.9±0.6
3.8±0.5
3.4±0.2
3.7±0.3
6.6±1.1
4.1±0.7
5.5±0.9
9.8±2.2
50.7±33.4
204.3±20.5
4.8±0.4

Young’s modulus
[MPa]
2310±80
2320±30
2380±50
2420±50
2410±20
2610±60
2610±60
2580±20
2490±70
2360±40
2630±30

Impact strength
[kJ/m2]
1.20±0.20
–
0.95±0.30
–
–
1.34±0.18
–
–
2.63±0.50
2.55±0.55
2.00±0.90

1
1
1
1
5 a fi ,$
5 a fi
Eblend
E
S
S
i
i
blend
i
i

Figure 4. Elongation at break of the PLA/PHBV blends as a
function of the blend composition as measured
two days after injection. The results of testing the
90/10 wt% composition after 4, 14 and 28 days
are also presented

for Eblend and Sblend, calculated according to Voigt
(Equation (5)) and Reuss (Equation (6)) models,
are given with solid and dashed lines, respectively:
Eblend 5 a fiEi ,$ Sblend 5 a fiSi
i

i

(5)

(6)

where fi is mass fraction of each component in the
blend and Ei or Si are neat component Young’s modulus and tensile strength values, respectively.
It is clear that tensile strength increases with increasing concentration of PLA phase (Figure 5a) and follows, within the errors, the trends predicted by both
models. Both give rather similar Sblend values and
none of them can be privileged in terms of better
matching the experimental data.
Young’s modulus of the blends is in-between the
values of neat components, from 2300 to 2600 MPa
(Figure 5b), and increases, in overall, with increasing of PLA fraction in the blend, except for some
blends with low PHBV weight fraction (80/20 and
90/10 wt%). Because of a very small difference
between the moduli of neat PLA and PHBV, both
models predict very similar Eblend values. The modulus of the blends with the components in equal proportions, forming co-continuous phases, is slightly
above the additive prediction. Because the maxi-

Figure 5. (a) Young’s modulus and (b) tensile strength of the PLA/PHBV blends as a function of the blend composition. A
comparison with the theoretical predictions (Voight and Reuss models) is also presented with solid green and
dashed red lines, respectively.
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mum deviation of experimental values from the
predictions given by models is within 10%, we will
not speculate about the reason of this slight increase
of blend Young’s modulus. Blends with low PHBV
fraction, such as PLA/PHBV = 80/20 and 90/10,
show moduli lower than the additive values, with
the maximal deviation from the theoretical prediction being within 15%. One of the reasons of this negative deviation could be that after two days the mixture is still ductile and thus has weaker Young’s
modulus. As mentioned above, Young’s modulus of
the blend PLA/PHBV = 90/10 wt% slightly increases
in time, practically reaching the additive values.

4. Conclusions

The morphological and mechanical properties of
fully bio-based blends, PLA/PHBV, prepared by
melt mixing, were investigated in details as a function of composition with the increment of 10 wt% in
the full range of compositions. We statistically analyzed blend morphology using their SEM images
and applying principles of irreversible thermodynamics. Two statistical ensembles of the minor-phase
droplets involving dispersed and coalesced particles
were found. When a content of the minor phase was
low ("10 wt%), only dispersed particles of the minor
phase were found, whereas at the higher minorphase concentration, both dispersed and coalesced
minor-phase particles were observed. For 50/50 wt%
composition, no dispersed particles were found.
The mean diameters of both dispersed and coalesced minor-phase particles were calculated and
plotted against blend composition. The mean diameter of the dispersed minor-phase particles was shown
to be small (about 1 µm) and practically not varying
with composition. The mean diameter of the coalesced particles was found to increase more considerably and achieves ca. 5 µm for the 50/50 wt% composition exhibiting co-continuous morphology.
Young’s modulus and tensile strength of the PLA/
PHBV blends were investigated as a function of
blend composition. Both characteristics were found
to increase with increasing proportion of the PLA
component. The results obtained correspond, within
the experimental errors, to the theoretical predictions according to Reuss and Voigt models.
Blends with low content of PHBV in the minor phase
showed very high elongation at break, about 200%,

for samples studied two days after injection. We
found that this property decreases dramatically in
one month (from 200 to few %) because of the aging
process in both components, though tensile strength,
Young’s modulus, and impact strength did not change
considerably in time.
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