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Abstract. The paper aims to study the poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
blend properties after their degradation under 2000 h of accelerated weathering conditions following the ASTM D4329 standard. PLA/PHBV blends form a biphasic system shown by the presence of two distinct glass transition temperatures and
melting temperatures in differential scanning calorimetry (DSC) analysis, attributed to the neat polymers regardless of the
blend composition. Scanning electron microscopy (SEM) indicated that the addition of high PHBV content to the blend
results in a very heterogeneous surface with cavities available for moisture and UV penetration resulting in easier bulk and
in-depth degradation of the samples. Thus, the wettability properties (evaluated by contact angle measurements) of the blends
changed significantly over the weathering time. On the other hand, the PLA content delays the degradation process of the
blends because of the resultant crystallinity from weathering degradation which exhibits a physical barrier to protect the
PHBV fraction. PHBV improves the toughness of the blend and acts as a nucleating agent for PLA, promoting its crystallinity
during sample preparation. Fourier-transform infrared (FTIR) confirmed photodegradation of all the blends via a Norrish II
mechanism.
Keywords: polymer blends and alloys, poly(lactic-acid), poly(3-hydroxybutyrate-co-3-hydroxyvalerate), accelerated weathering
degradation

1. Introduction

scientists are encouraged to find materials derived
from renewable resources, which show comparable
or enhanced properties to those of petroleum-based
plastics. One solution to be considered is the development and use of biodegradable polymers, for example poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAs), poly(ε-caprolactone) (PCL), poly
(p-dioxanone) (PPDO) and poly(butylene succinate)
(PBS) [1, 2].
PLA is one of the most promising biodegradable bioplastics due to its physical and chemical properties
and full biodegradability. It exhibits an amorphous or
semi-crystalline morphology depending on the L and

Synthetic materials such as plastics have numerous
applications in packaging, automobile manufacturing, food production, pharmaceuticals, and other
areas. Polymers present characteristics not achieved
in other materials, such as low cost, low weight and
high durability. Consequently, the high volume of
production and their short lifespan have resulted in
an increase in plastic waste and environmental pollution. Only the plastic waste generated annually in
coastal countries reached 275 million metric tons,
entering the ocean and accumulating in landfills. To
stop the mountain of discarded plastic from growing,
*
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radiation and controlled humidity and temperature.
The morphology, chemical structure, molecular
weight, crystallization, as well as mechanical and
thermal properties were thoroughly studied. Accelerated weathering exposure had a significant effect
on the general properties of the neat PLA and neat
PHBV samples as a result of degradation. Neat PLA
changed its amorphous character and developed
semi-crystallinity because of the reorganization of
small size chains that formed as a result of chain
cleavage during the moisture and UV exposure,
while neat PHBV was completely degraded after the
same study conditions However, to the best of our
knowledge, there are no studies regarding this behavior on PLA/PHBV blends.
In this study, 75/25, 50/50 and 25/75 w/w PLA/PHBV
were investigated. The degradation behavior of each
blend under controlled conditions of accelerated
weathering was studied to better understand the longterm degradation of PLA/PHBV blends after alternating cycles of UV light and moisture at a controlled
temperature of 50 °C for cycles of 500 up to 2000 h.

D isomers content, but the thermal and mechanical
history from fabrication processes have also a remarkable impact on the material properties. PLA can
be produced from renewable sources, for example
corn starch and sugar beet, by direct condensation
polymerization of lactic acid or by ring-opening polymerization of lactide. However, the application of
neat PLA is strongly limited by its brittleness. Another
good candidate for non-fossil polymers is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which
is a thermoplastic aliphatic polyester, produced naturally by bacterial fermentation with excellent biocompatible and biodegradable properties. PHBV exhibits low glass transition temperatures and high
toughness, but it is relatively expensive. Meanwhile,
PLA prices have dropped from 1000 US$ per kg to
a few US$ per kg during the last 20 years and are now
at a price level similar to that of polystyrene [1, 2].
Several papers focused on the production of PLA/
PHBV blends. Polymer blending is an effective approach to create a material with some desired properties by combining the different advantages of two
or more polymers. The resulting properties are typically a compromise between those of the parent polymers. PHBV/PLA blends form a biphasic system.
This immiscibility was shown by several authors, and
the compatibilization has also been studied, because
enhanced properties have been found blending these
two biopolymers. The production of blends based on
PHBV and PLA can be an efficient and promising
route to extend the applications as biodegradable
materials, considering the possibility to finely tune
their functional properties by adjusting the respective proportions of each component [3–6].
It is important to focus on the weathering degradation of waste plastic left in oceans and landfills, as
well as the application of these blends in real life products, because one should know their behavior after
a certain lifespan. Some studies were done on neat
PLA or neat PHBV to investigate the photo [7, 8], hydrolytic [9], as well as soil and enzymatic degradation [10, 11]. In our previous studies [12, 13] we prepared and investigated the accelerated weathering
degradation of neat PLA and neat PHBV, as well as
the degradation behavior of PLA and PHBV composites containing rutile-TiO2 nanoparticles. Accelerated weathering tests were conducted in weathering chambers that mimic natural environmental
conditions. The blend samples were exposed to UV

2. Experimental
2.1. Materials
The PLA used in this study is a high molar mass
biopolymer (Ingeo™ Biopolymer 2003D), obtained
from NatureWorks, LLC (USA). It is transparent
with a density of 1.24 g·cm–3, melt flow index of
6.0 g/10 min (2.16 kg and 210 °C), glass transition
temperature of ~55 °C and a melting temperature of
~150 °C. The molar mass dispersity of the neat PLA
is 1.3, showing 71 500 and 89 500 g·mol–1, respectively, for number average (Mn) and weight average
(Mw) molecular weights.
The PHBV containing 25% of 3-hydroxyvalerate
segments in the polymer was obtained from Pensieve Technology Co., Ltd. (Wuhan, China). It is
light yellow with a density of 1.24 g·cm–3, a melt
flow index of 3.2 g/10 min, glass transition temperature around –45 °C and a melting temperature of
~90 °C. The molar mass dispersity of the neat PHBV
is 1.41, showing 59 228 and 83 362 g·mol–1, respectively, for Mn and Mw.
Ethylene glycol (>98% FLUKA, Morris Plains, New
Jersey, USA), formamide (>98% FLUKA) and ultrapure water (prepared by Purification System Direct
Q3, Millipore Corporation, Molsheim, France) were
used as testing liquids for wettability analyses.
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450 electron microscope (FEI Nova, Hillsboro, Oregon, USA), at an accelerating voltage of 2–5 kV. A
thin Au layer of a few nanometers thick was sputtercoated onto the surfaces and cross-sections of the
samples to obtain high-resolution images and to
avoid the accumulation of electrons on the measured
layer [14].

2.2. Preparation method
The samples were prepared via melt-mixing using a
Plastograph EC (Brabender GmbH, Duisburg, Germany). PLA and PHBV were dried in an oven at
50 °C overnight prior to mixing. 25/75, 50/50 and
75/25 w/w PLA/PHBV blends were mixed at 170 °C
and 30 rpm screw speed for 10 min. The samples
were then placed between two pieces of stainlesssteel plate covered by a release foil, and molded into
1 mm thick sheets at the same temperature for 5 min
using a hydraulic press (Carver, Inc., Wabash, Indiana, USA) at a pressure of 50 bar. The sheets were
allowed to cool at room temperature and then cut
into dumbbell and rectangular shapes as further described. Neat PLA and neat PHBV were prepared according to our previous works [12, 13].

2.4.3. Atomic-force microscopy (AFM)
Detailed information about three-dimensional changes
in the surface topography of the PLA/PHBV surface
was obtained using atomic force microscopy (AFM).
An MFP-3D system (Oxford Instruments Asylum
Research, Santa Barbara, California, USA) equipped
with an AC160TS cantilever (Al reflex-coated Veeco
model, OLTESPA, Olympus, Tokyo, Japan) was used
for the image scanning and determination of the mechanical properties by the application of an amplitude modulation-frequency modulation (AM-FM)
mode. This mode represents an extension of the standard tapping mode, while the AFM cantilever with
tip is excited simultaneously at both its fundamental
resonant frequency and another eigenmode. The fundamental resonance allowed the observation of the
topographical structures of the sample and tracking
of the frequency, and the amplitude shift of the other
eigenmode was used for an investigation of the mechanical properties. Young’s modulus of the samples
was obtained using a general Hertz model describing
the contact mechanics between the AFM tip and the
sample. A PLA standard with known Young’s modulus (3.04 GPa) was first used for the cantilever calibration to evaluate its elasticity. This cantilever elasticity (412.10 kPa·Hz–1) was then used to obtain the
mean values of the Young’s modulus of the PLA/
PHBV blends in the entire surface area.

2.3. Accelerated weathering test
The accelerated weathering of the PLA/PHBV samples was conducted in an accelerated weathering
tester Model QUV/se (Q-LAB, Westlake, Ohio,
USA). The weathering conditions were according to
Cycle-C of the ASTM D4329 standard. Fluorescent
UV lamps (UVA-340) with 0.76 W·m–2 irradiance
(wavelength 340 nm) were used with cycles of 8 h
UV irradiation at 50 °C, followed by 4 h dark at 50 °C
under 100% condensing humidity. These consecutive cycles were applied to the specimens attached
to the test panels without any interruption. The effects of the accelerated weathering were investigated
for four exposure periods: 0, 500, 1000, and 2000 h.
Samples were collected for analysis after each period, and they are designated as ‘xPLA/yPHBV/zh’,
where x and y show the PLA and PHBV content in
each blend and z denotes the accelerated weathering
period in hours.
2.4. Characterization techniques
2.4.1. Surface visual changes
After each accelerated weathering period, visual inspection of variations in color, gloss, transparency
and roughness of the specimens was carried out. The
visual inspection was made by comparing photographic images of the non-weathered and weathered
specimens.

2.4.4. X-ray diffraction analysis (XRD)
X-ray diffraction (XRD) analyses were performed
using an Empyrean (Panalytical, Almelo, The Netherland) equipped with a Cu Kα (λ = 0.1540 nm) source.
The generator was operated at 40 mA and 45 kV.
Samples were scanned from 5 to 60° at a scanning
rate of 0.0130° 2θ.
2.4.5. Surface energy
The changes in surface wettability of the PLA/PHBV
blends were evaluated by static contact angle (CA)
measurements using the sessile drop method. A surface energy analysis system OCA35 (DataPhysics,

2.4.2. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) analyses of
the samples were performed to obtain 2D images of
the surfaces and fracture surfaces using a NanoSEM
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Filderstadt, Germany) equipped with a CCD camera
was used for this purpose. Water, formamide and ethylene glycol were used as testing liquids to evaluate
the total surface free energy, as well as the polar and
dispersive components, using the conventional
Owens-Wendt-Rabel-Kaelble method. A droplet of
approximately 3 μl from each testing liquid was
placed on the air-facing samples. The contact angle
was calculated after around 3 s to allow reaching of
thermodynamic equilibrium between the liquid and
the sample surface. The reported value for each testing liquid corresponds to the mean of at least five
measurements taken on different parts of the substrate surface.

XC !%$ =

DHm - DHcc
$ 100
W $ DHcc

(1)

2.4.8. Thermogravimetric analysis (TGA)
A TGA4000 (PerkinElmer, Waltham, Massachusetts,
USA) thermogravimetric analyser (TGA) was used
to analyze the thermal degradation behavior of the
samples. The analyses were done from 30 to 600 °C
at a heating rate of 10 °C·min–1 under nitrogen flow
(20 ml·min–1). The sample masses were 10–15 mg.
2.4.9. Tensile testing
The tensile properties were determined at room temperature in a Lloyd LR 50 k Plus (Lloyd Instruments
Ltd., Fareham, United Kingdom) universal testing
machine at a stretching speed of 10 mm·min–1
(ASTM D638). The gauge length was 25 mm, and
the sample (dumbbell shape) width and thickness
were, respectively, 3.25 and 1 mm.

2.4.6. Fourier-transform infrared (FTIR)
spectroscopy
Fourier-transform infrared (FTIR) spectroscopy with
attenuated total reflectance accessory was used to
identify the chemical composition of the samples
after weathering tests. An FTIR Frontier spectrometer (PerkinElmer, Massachusetts, USA) equipped with
a ZnSe crystal was used for these analyses, capturing
data from 1.66 μm penetration depth, using an average of 8 scans with a resolution of 4 cm–1. The FTIR
spectra were obtained from the middle infrared region (4000–500 cm–1 wavenumber).

3. Results and discussion
3.1. Surface morphology
The surfaces of the PLA/PHBV blends were visually
evaluated after 500, 1000 and 2000 h of accelerated
weathering, and compared to the non-weathered samples. Changes in the color and transparency were not
perceptible once the incorporation of PHBV into
PLA caused a transformation from an optical transparent to an opaque system. Neat PLA was completely transparent due to its amorphous structure before weathering [12].
Before weathering exposure, the PLA/PHBV blends
presented a glossy and smooth surface. Despite the
fact that the visual aspect was similar, the SEM (Figure 1 and Figure 2) and AM-FM (Table 1) showed
different characteristics.
After 500 h of weathering no significant changes
were visually observed for all the samples. However,
it was observed that the incorporation of 25 wt% of
PLA in the PHBV matrix was not enough to protect
PHBV from weathering degradation after 1000 h of
accelerated weathering. Thus, the 25PLA/75PHBV/
1000h blend shows some cracks formed on the surface. Cracks and voids allow UV and moisture penetration from the surface to the bulk and will accelerate the degradation process. After 2000 h this blend
was visually degraded, and cracks from contraction

2.4.7. Differential scanning calorimetry (DSC)
The DSC analyses were performed in a DSC8500
(PerkinElmer, Massachusetts, USA) differential scanning calorimeter. The PLA/PHBV samples (5–10 mg)
were heated from 30 to 180 °C, respectively, at
10 °C·min–1. The melting enthalpies of the PLA/
PHBV blends were determined from the DSC curves,
and Equation (1) was used to calculate the degrees
of crystallinity of PLA and PHBV in the blends,
where ΔHm is the measured melting enthalpy, ΔHcc
is the measured cold crystallization enthalpy (which
has a negative value because crystallization is exothermic – therefore the use of |ΔHm| and |ΔHcc| in
Equation (1)), ΔH°m is the enthalpy of melting of the
100% crystalline polymer, with a value of 93.6 J·g–1
for PLA [15] and 109.5 J·g–1 for PHBV [16], and W
is the polymer mass fraction in the analyzed sample.
A second heating scan (curves are not shown here)
was used to analyze the glass transition temperature
of PHBV, Tg PHBV:
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specimens was visually observed with increasing
weathering time, changing the white color of the samples to a pale yellow. The color change of the samples
can be explained by the formation of chromophore
groups (e.g., carboxyl, carbonyl, ketone, aldehyde,
hydroxyl, ester, etc.) and conjugated double bonds in

and expansion behavior in the polymer during the
drying (UV light) and wetting (condensation) cycles
promoted physical degradation, as well as chemical
changes that will be discussed later.
Initially, all the blends were white and opaque.
However, an increase in the yellowness level of the

Figure 1. SEM images of the surface of the PLA/PHBV blends before and after accelerated weathering.
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the polymers through the photo-oxidative reactions
during the accelerated weathering exposure [13]. This
was detected in all the studied blends after 2000 h.
A loss in the smooth character of the 50PLA/50PHBV
surface was also visually detected after accelerated
weathering, but cracks were not identified as noticed
for the 25PLA/75PHBV blend. Decreasing the amount
of PHBV exhibited the same visual characteristics
over the weathering time, which suggests that significant amounts of PHBV underwent severe degradation during weathering exposure, while high PLA
ratios delayed this degradation.
SEM was used to investigate the effects of the accelerated weathering exposure on the morphology of
the surface (Figure 1) and of the cross-section (Figure 2) of the PLA/PHBV blends. 75PLA/25PHBV/0h
shows a smooth and uniform surface, like that of
neat PLA, despite the presence of a small amount of
PHBV. On the other hand, the surfaces of the specimens containing a high PHBV content, 25PLA/
75PHBV/0h, were less uniform showing some imperfections due to the PHBV crystalline structure
[17]. The immiscibility of the two materials is clearly visible in the 50PLA/50PHBV blend. This blend
presented the roughest surface, and some holes and
cavities were noticed.

From the images of the fractured surfaces before
weathering, one observes small dispersed spheres in
the 25PLA/75PHBV/0h blend. With the increase of
the PLA ratio in the blends, the spheres became larger in the 50PLA/50PHBV/0h sample, but less perceptible in the 75PLA/25PHBV/0h sample due to its conversion to the continuous phase of the blend. Thus,
the spherical particles observed in the SEM images
of the 75PLA/25PHBV/0h refer to the PHBV fraction. Two obvious phases were found in all the images of the fractured surfaces, which clearly indicates that the PLA/PHBV blends were not miscible.
After 500 h of weathering, 75PLA/25PHBV/500h
still shows a homogenous surface but after 1000 h
some cracks developed, and the bulk of the sample
can be seen. Spherical particles can be found, as already observed in the cross-sectional images before
weathering, indicating a phase-separated morphology. Increasing the weathering time up to 2000 h, the
surface of the 75PLA/25PHBV/2000h sample was
converted into an infinite number of spherical cavities around 2.5 μm, leaving the bulk of the specimen
completely exposed to degradation. Knowing the typical morphology of immiscible polymer blends, this
result confirms PHBV to be dispersed in the continuous phase of PLA. An interesting result was found

Figure 2. SEM images of the cross-section of the PLA/PHBV blends before and after accelerated weathering.
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degradation, and after 1000 h the spherical morphology of the bulk of the sample, as already observed
in the 75PLA/25PHBV blends, was obvious. Regarding the cross-sectional images of 50PLA/50PHBV
before and after weathering, it is not clear which
phase corresponds to which polymer. A co-continuous morphology was expected, but large spheres containing small spheres inside were observed. Gasmi
et al. [18] suggested this to be small spheres of PHBV
inside the bigger amorphous PLA spheres.
In the same way, the 25PLA/75PHBV blend showed
that the degradation process already started after
500 h. Some holes were observed, and a heterogeneous appearance of the surface was also noted (Figure 1). The small and short-chain oligomers from
this degradation formed on available re-organized
and crystalline structures (as further discussed in the
DSC section). Thus, the crystalline structures were
close and promoted a rougher surface [17], as was
also noticed in 25PLA/75PHBV/2000h. The images
of the fractured surfaces (Figure 2) showed the same
spherical morphology, which remained after weathering. While 75PLA/25PHBV/2000h showed holes
from the complete degradation of the PHBV fraction, 25PLA/75PHBV showed better-defined
spheres. Studying this morphology, we can conclude
that the PHBV was first degraded as shown in Figure 3, leaving the PLA in the blend exposed and resulting in a completely cracked surface as visually
observed.

in the SEM cross-sectional image of the 75PLA/
25PHBV/2000h. A cavity was observed around each
PHBV particle, which confirms the weak interaction
between the two polymers as observed by Gasmi et
al. [18]. In addition, some spherical holes were also
noted as suggested by the surface image from the
same sample. These results strongly suggest the earlier degradation of PHBV compared to PLA, which
occurs firstly in the interface regions between the
two components. During the degradation process,
water and UV contact with PLA and PHBV fractions
gave rise to the erosion of the PLA fraction but the
collapse of the PHBV fraction. A scheme of the suggested physical degradation process is shown in Figure 3. Thus, the smooth surface disappeared, replaced by a porous morphology, which was not
visually detected due to the size of these cavities but
well noticed in the SEM images.
With the increase in the PHBV content the degradation process of the blends seems to have occurred
earlier. The already present small cavities in the nonweathered 50PLA/50PHBV sample promoted its
own degradation. Water absorption and diffusion
through the polymer bulk was higher, resulting in
faster hydrolytic degradation of the polymer, leading
to long chain scission in the small oligomers. In addition, the more cracks there were, the more area was
available into the bulk for UV penetration and degradation. Thus, 50PLA/50PHBV/500h showed large
and deeper cracks on its surface that resulted from

Figure 3. Schematic representations of the accelerated weathering degradation of the PLA/PHBV blends.
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as was also confirmed by XRD and DSC measurements. After 1000 h of accelerated weathering the
mechanical properties of the surfaces of 25PLA/
75PHBV or 75PLA/25PHBV were unchanged, and
Young’s modulus of 50PLA/50PHBV decreased only
slightly to 2.1 GPa. 2000 h of ageing time of 25PLA/
75PHBV resulted in an increase in the Young’s modulus (2.5 GPa), as PHBV degraded and also acted as
nucleating agent for the PLA crystallization, while the
mean values of Young’s modulus slightly decreased
for 50PLA/50PHBV (2.0 GPa) and 75PLA/25PHBV
(2.7 GPa). A chain scission occurred during the degradation, preferably in the amorphous region, and crystalline domains could form [20]. The lowest values
of Young’s modulus were observed after 1000 and
2000 h of accelerated wethering of 50PLA/50PHBV,
corresponding with the mechanical properties in the
bulk (see Section 3.9). However, using the AM-FM
mode, the values of Young’s modulus were different
from those determined during tensile tests. From the
close values of Young’s modulus before and after accelerated weathering for all the PLA/PHBV blends,
it can be concluded that the degradation effect in the
small surface area was insignificant compared to the
degradation effect in the whole bulk considering the
overall structural defects such as cracks and voids
caused by thermal, UV and hydrolytic degradation.

3.2. Surface mechanical properties
The advanced AM-FM mode of AFM was used for
the mechanical properties analysis, and AFM images
with Young’s modulus distribution in a 20×20 µm2
entire surface area were obtained. The related histograms were then used for an evaluation of the
mean values of Young’s modulus using Gaussian fitting [19], and the values are summarized in Table 1.
The AM-FM images of the untreated PLA/PHBV
blends contain brighter parts associated mainly with
PLA and darker parts belonging to PHBV, which
was the most pronounced for 25PLA/75PHBV and
75PLA/25PHBV. The Young’s modulus of the nonweathered 25PLA/75PHBV sample achieved a mean
value of 1.9 GPa. The mean value of Young’s modulus of 50PLA/50PHBV was the same as for 25PLA/
75PHBV, but with a much higher distribution (peak
width). The dominance of the PLA content in the
75PLA/25PHBV sample led to the highest mean values of Young’s modulus (3.0 GPa), which was almost identical to that of the neat PLA standard. The
accelerated weathering ageing led to the changes in
mechanical properties caused by UV, thermal and
hydrolytic degradation. 500 h of ageing time resulted
in a slight increase in mechanical properties for all
the prepared PLA/PHBV blends, while Young’s
modulus of 25PLA/75PHBV, 50PLA/50PHBV and
75PLA/25PHBV increased to 2.2 GPa, 2.2 and
3.9 GPa, respectively. The higher value of Young’s
modulus for 75PLA/25PHBV was probably caused by
a transformation of amorphous phase into crystalline

3.3. XRD studies
Figure 4 shows the diffraction patterns of neat PLA,
neat PHBV and the studied blends. X-ray diffraction
measurements were performed for the non-weathered and weathered samples.
The non-weathered PLA/PHBV blends exhibited the
characteristic profiles of each individual polymer.
The spectrum obtained for neat PHBV exhibited two
prominent peaks at approximately 2θ = 19.6 and
21.7°, as well as a number of minor peaks at approximately 2θ = 22.5, 22.6, 28.7 and 28.7°, that correspond to the reflections of the (021), (101), (111),
(121), (040) crystalline planes, respectively [13, 21].
PLA shows a contrasting profile, exhibiting a broad
peak between 2θ = 7 and 40°, which confirms the
highly amorphous nature of PLA [12, 22]. Two strong
diffraction peaks are observed in the 25PLA/75PHBV
blend, in addition to the other small peaks characteristic of PHBV, while these peaks are less prominent in the 75PLA/25PHBV/0h blend where the
broad halo from PLA is more visible. These results
are expected because of the PLA and PHBV ratios.

Table 1. Mechanical properties of PLA/PHBV blends collected from AFM analyses.
Young’s modulus
[GPa]
Mean

Width

2.9

0.5

1.8·10–3

1.0·10–4

75PLA/25PHBV/0h

3.0

0.4

75PLA/25PHBV/500h

3.9

0.5

75PLA/25PHBV/1000h

3.9

0.6

75PLA/25PHBV/2000h

2.7

0.5

50PLA/50PHBV/0h

1.9

0.4

50PLA/50PHBV/500h

2.2

0.2

50PLA/50PHBV/1000h

2.1

0.4

50PLA/50PHBV/2000h

2.0

0.4

25PLA/75PHBV/0h

1.9

0.2

25PLA/75PHBV/500h

2.2

0.3

25PLA/75PHBV/1000h

2.2

0.5

25PLA/75PHBV/2000h

2.5

0.3

PLA
PHBV
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Figure 4. X-ray diffraction spectra of neat PLA, neat PHBV and a) 75PLA/25PHBV, b) 50PLA/50PHBV and c) 25PLA/
75PHBV blends before and after accelerated weathering.

behavior was expected after 1000 h [12]. However,
the presence of PHBV should be the reason for the
advanced degradation observed in this work, already
noted after 500 h. Three factors enhance this process.
The first one is the lower resistance of PHBV than
PLA to weathering degradation, which in itself supports the degradation of the blend [12, 13]. The high
mobility of the shorter chains formed during UV and
moisture attack accelerated the crystallization process.
The second factor is the nucleating effect of PHBV
crystals in the PLA matrix [3]. In addition, it is
known that the presence of free carboxylic acid end
groups from the weathering degradation of PHBV
could also act as a catalyst for the hydrolytic degradation of both polyesters [23].
The XRD profiles of the 25PLA/75PHBV blends
after UV and moisture exposure showed the same
peaks but with less prominent intensities. The

No recognizable new peak is observed, which confirms the immiscibility of the polymers in these
blends and assuming the PLA does not crystallize
when blended with PHBV. The crystalline peaks in
the XRD spectra of the non-weathered blends can
only be related to the PHBV crystals.
After 500 h of accelerated weathering an interesting
change was observed in all the blends. The characteristic peak from PHBV around 2θ = 44.0° disappears and is replaced by a diffraction peak at 2θ =
16.5°, which corresponds to the (110/200) planes
from the crystalline structure of PLA [6, 22]. This
result indicates the development of a certain crystallinity degree in the PLA phase after weathering
exposure. This confirms that the amorphous regions
are being attacked during UV and hydrolytic degradation, followed by crystallization of the shorter
chains and the formation of a crystalline phase. This
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PLA offers less resistance to UV and water permeation, which means PLA will have this additional step
during degradation. This should be the reason why
the PLA fraction is degraded later than PHBV. The
incorporation of a large amount of PLA can therefore
be considered as a UV and moisture barrier during
the degradation process of the PLA/PHBV blends.
No effect was also detected in the blends’ crystalline
morphologies after long weathering exposure. Therefore, it can be concluded that the crystalline morphology of PLA and PHBV is not affected by the presence of the other one, proving their immiscible
nature, but could be enhanced during weathering
degradation.

presence of the higher content of PHBV discouraged
the crystal formation of PLA around the PHBV particles. Thus, the crystallinity of the 25PLA/75PHBV
blend is significantly reduced, which agrees with the
percentage of PHBV crystallinity obtained and further discussed in the DSC section. After weathering
exposure of the 25PLA/75PHBV blend and the formation of the PLA crystal assigned at 2θ = 16.5 and
18.7°, no changes were observed in the crystallinity
of the PHBV fraction, which means that the small
PLA spheres in this blend obviously did not have any
observable influence on PHBV crystallization. Furthermore, the peak at 2θ = 44.0° was again observed
for higher weathering exposure times. Clearly, this
crystal conformation seems to be unstable and the
weathering degradation affects its presence.
A slight reduction in the relative intensity of the diffraction peak of PHBV is detected as a consequence
of the dilution effect of the amorphous halo from
PLA. In addition, PLA will always show a more
prominent crystallization process during degradation
due to its amorphous character, while PHBV was already a semi-crystalline polymer before sample
preparation and weathering exposure. A semi-crystalline polymer is composed of an impermeable crystalline phase dispersed in a permeable amorphous
phase. Crystallites offer a physical barrier to water
and UV penetration, increasing the tortuosity transport path for these degradation agents, while the
amorphous phase offers a permeable way [5]. Thus,

3.4. Surface energy
Contact angle measurements were carried out to
evaluate the hydrophilic/hydrophobic character of
the PLA/PHBV blends before and after accelerated
weathering degradation. It is known that a hydrophilic property enhances the polymer surface wettability, allowing it to hydrolytically degrade during
the weathering exposure. Thus, cracks, holes and
voids appear earlier allowing the bulk of the sample
to also be exposed to water diffusion and UV penetration. These results are shown in Table 2. The contact angles of 25PLA/75PHBV/2000h could not be
determined because its surface was completely degraded as observed in Figure 1, thus it was not possible to correctly assess this value.

Table 2. CAs of water, formamide and ethylene glycol and surface energy in PLA/PHBV blends before and after accelerated
weathering.
CA
[°]
Water

SE
[mN/m]

Formamide Ethylene glycol Total surface energy Dispersive component Polar component

PLA

66.9±0.8

49.5±1.8

56.2±2.0

36.5

8.4

28.1

PHBV

72.7±1.4

53.5±0.9

54.1±0.8

32.9

15.4

17.5

75PLA/25PHBV/0h

76.8±1.6

63.1±3.4

55.5±1.1

30.4

25.5

8.9

75PLA/25PHBV/500h

53.8±1.1

38.9±1.3

30.4±2.5

45.6

14.1

31.5

75PLA/25PHBV/1000h 46.8±1.5

29.1±2.1

30.3±1.9

52.3

9.5

42.8

75PLA/25PHBV/2000h 31.8±1.1

23.8±2.2

19.7±2.0

65.6

4.9

60.7

50PLA/50PHBV/0h

69.2±1.9

39.2±1.2

41.4±3.1

47.1

42.5

4.6

50PLA/50PHBV/500h

65.5±1.3

40.6±2.4

41.6±0.9

39.9

20.0

19.9

50PLA/50PHBV/1000h 51.1±1.9

32.8±1.9

35.7±1.4

48.9

9.5

39.2

50PLA/50PHBV/2000h 23.9±2.3

21.2±1.1

3.71±3.2

77.2

2.4

74.8

25PLA/75PHBV/0h

69.8±1.1

55.9±2.8

58.1±3.1

33.0

13.3

19.7

25PLA/75PHBV/500h

63.8±1.5

39.3±1.3

45.8±1.9

39.7

14.7

25.0

25PLA/75PHBV/1000h 53.4±1.6

30.2±1.2

33.9±1.9

47.1

13.1

34.0

–

–

–

–

–

25PLA/75PHBV/2000h

–
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Both neat polymers presented static values for CAwater
higher than 65° [12, 13, 24]. Thus, it was expected
that all the formulations would show values higher
than 65° for CAwater before weathering. For instance,
the presence of higher PLA content in 75PLA/
25PHBV blend resulted in a slight increase in hydrophobic character of the blend’s surface. 75PLA/
25PHBV/0h showed a CAwater = 76.8° compared to
50PLA/50PHBV/0h and 25PLA/75PHBV/0h blends,
respectively 69.2° and 69.8°. The hydrophobicity of
the samples should increase with PHBV content since
PHBV are naturally more hydrophobic than PLA
due to its methyl side groups, but it also contains
polar oxygen linkages, which confer hydrophilic
properties to the polymer. In addition, it is known
that longer carbon chain length enhances the hydrophobicity of the polyester [25]. The first stage of
degradation of a polyester chain is usually the reduction of its molecular weight that occurs by random
cleavage of the ester bonds decreasing the polymer
chain length. During the blending and fabrication
process of the blends at high temperatures, polymers
are exposed to thermal degradation [8, 26]. Since
PHBV has a lower melting temperature than PLA,
the CA results strongly suggest that chain scissions
randomly occurred preferentially in the molecules of
PHBV. Therefore, the lower CAwater in 50PLA/
50PHBV/ 0h and 25PLA/75PHBV/0h blends confirm the degradative chain scission of the samples.
Meanwhile, the wettability performance of the material is not only strongly dependent on the chemical
properties of the surface, but also on the topography
of the material. The CAwater of neat PLA (66.9°) is
slightly lower than that in 75PLA/25PHBV (75.0°),
which is similar to that of PLA/TiO2/0h as reported
in our previous work [12]. This should be related to
the synergistic effect of some crystallinity from the
presence of a low content of PHBV, which contributed to a less smooth surface than the neat polymer, such as was observed in the presence of nanofillers [12].
A gradual and constant decrease of the CAwater was
observed for all the blends over the weathering exposure. During polymer degradation, free radicals
are generated, reacting with ambient oxygen to produce peroxide groups. These compounds decompose
and give rise to a variety of polar groups, such as hydroxyl, carbonyl, and carboxylic acid [27], which
should be the reason for the observed continuous increase of the polar component and surface energy of
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all the blends over the exposure time, corroborating
with the FTIR results discussed in the next section.
A gradual decrease of the CAwater was also observed
for CAethylene glycol and CAformamide. In addition, lower
values were observed for the CAs of the non-weathered and weathered 50PLA/50PHBV and 25PLA/
75PHBV blends, while a sharp drop was observed
for 75PLA/25PHBV. The most significant change
was noticed for 75PLA/25PHBV/500h in which
CAwater was 53.8°, giving a decrease of approximately 30°. 50PLA/50PHBV/500h and 25PLA/75PHBV/
500h blends increased the hydrophilicity of their surfaces just around 5°. As well as the chemical composition of each material, cracks and holes on the
surface also contribute to the surface energy. The
physical changes observed during degradation increased the roughness, and this also contributed to the
increase in the hydrophobicity of the most damaged
blends, i.e., 25PLA/75PHBV and 50PLA/50PHBV
compared to 75PLA/25PHBV [7]. Thus, the combination of chemical and physical degradation contributes to the surface properties of the weathered
samples. In addition, some authors mentioned that the
larger contact angle of a hydrophobic surface can be
related to an increase in surface roughness, whereas
the contact angle of a hydrophilic surface decreases
with increasing roughness of the polymer sample
after a degradation process [28]. Thus, the increased
wettability and surface degradation self-stimulates
the continued weathering degradation.

3.5. Surface chemistry (FTIR)
Figure 5 shows the FTIR-ATR spectra of the PLA/
PHBV blends and the corresponding neat polymers
from 4000 to 500 cm–1. The same figure also shows
the infrared spectra of each blend after 500, 1000 and
2000 h of the accelerated weathering.
In addition to the main characteristic peaks of PLA
and PHBV [12, 13] exhibited in the FTIR-ATR spectra of the PLA/PHBV blends, only small changes are
noticed due to the overlapped bands and the different
ratios of each polymer. The spectra of the 75PLA/
25PHBV, 50PLA/50PHBV and 25PLA/75PHBV
blends were very similar to those of the neat polymers, which confirmed that PLA and PHBV are immiscible in these blends and there is no strong molecular interaction between them.
Since differences in the initial crystallinity of polymers should be considered, neat PLA is primarily
amorphous, whereas neat PHBV is semi-crystalline.
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in the 50PLA/50PHBV/0h and 25PLA/75PHBV/0h
blends with increasing PHBV content.
Subtle changes were observed, such as a small shift
to higher wavenumbers in the carbonyl C=O peak of
PLA for the FTIR spectrum of 75PLA/25PHBV/
500h, which was more clearly identified in each blend
over the weathering exposure. During the degradation process, shorter polymer chains are easily able
to re-organize into crystalline domains. In addition,
the lower glass transition temperature of PHBV
(around –47 °C) and the 50 °C of the weathering cycles much more promote this polymer rearrangement. As crystallization increases, these values may
shift/split due to higher crystalline perfection [29],
which was clearly observed in 75PLA/25PHBV/
2000h. This sample shows a broadened carbonyl
peak at 1755 cm–1. The simplest way to observe the
differences is that the crystallinity of the PLA samples

Thus, the C=O band widths for PLA and PHBV differed significantly. FTIR spectra showed a broad
peak at 1746 cm–1 which corresponds to the amorphous carbonyl stretching vibration of the PLA fraction and remains constant in all the non-weathered
blends. To more clearly observe the change in C=O
peaks, the bands at 1850–1650 cm–1 are zoomed in
Figure 5. This characteristic peak of PLA is obviously detected in the 75PLA/25PHBV/0h blend, but less
prominent in the 50PLA/50PHBV/0h and 25PLA/
75PHBV/0h blends. A broad band centred at
1713 cm–1 and attributed to the carbonyl stretching
of the PHBV fraction was also observed in the FTIR
spectra of the PLA/PHBV blends before weathering.
The intensity ratio of these two bands was noticed
to change with composition ratio of each polymer in
the blends. While 75PLA/25PHBV/0h exhibited a
shoulder at 1713 cm–1, it was observed to be sharp

Figure 5. FTIR spectra of neat PLA, neat PHBV and a) 75PLA/25PHBV, b) 50PLA/50PHBV and c) 25PLA/75PHBV blends
before and after accelerated weathering.

698

Antunes et al. – eXPRESS Polymer Letters Vol.15, No.8 (2021) 687–707

relies on the area of an amorphous band at 955 cm–1.
During crystallization, the intensity of this band
should decrease and a new band should appear at
921 cm–1 [29]. However, both bands are also present
in the neat PHBV spectra resulting in both bands
being visible in the blends before any degradation,
which does not allow any conclusion about differences in the PLA crystallinity. After 2000 h of weathering, an additional new shoulder was noticed at
1654 cm–1 from the photodegradation of the PLA
fraction according to a Norrish II mechanism of carbonyl polyester which involves chain cleavage and
the presence of a hydroperoxide and C=C double
band [4].
Figure 5 indicates major changes in the structure of
the 50PLA/50PHBV blends over the weathering time.
A decrease in the carbonyl stretching at 1713 cm–1
was observed, indicating the weathering attack on
the PHBV structure leading to the C=O groups’ consumption, with an increase in the intensity of the
C=O peak for PLA at 1751 cm–1, which was overlapped in the non-weathered samples. This wavenumber showed a shift to higher values after weathering, indicating the modification of the PLA structure as previously discussed. The new shoulder at
1653 cm–1 that corresponds to the formation of C=C
groups observed in 75PLA/25PHBV was also observed in the 50PLA/50PHBV and 25PLA/75PHBV
blends around 1623 cm–1. It seems to happen only
after 2000 h of weathering, independent of the blend
composition.
Analyzing the carbonyl content of the 25PLA/
75PHBV samples, a strong peak at 1713 cm–1 related to the crystalline vibration of PHBV was observed to become more prominent over the degradation time. On the other hand, the PLA carbonyl
vibration was not visible. At the same time the wavenumber range at 1800–1600 cm–1 assigned to the carbonyl content was broader after 2000 h, which could
suggest an increase of C=O from the PLA phase and
the suppressed peak from PHBV around 1159 cm–1,
observed in the 50PLA/50PHBV blend. This increased over time in the blend with 75 wt.% of
PHBV.
Additionally, an intense broad band in the wavenumber range 3300–3500 cm–1 was noticed for all the
PLA/PHBV blends after 2000 h of weathering exposure, which should be attributed to –OH stretching. The weathering degradation promotes an increase in hydroxyl containing groups confirming the
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polar properties of the surface already elucidated in
the wettability analysis and revealed by FTIR.

3.6. Thermal properties
DSC analysis was used to follow changes caused by
weathering degradation in blends of PLA/PHBV.
The related data from the DSC analysis (melting and
cold crystallization enthalpy and temperature, glass
transition and degree of crystallinity respectively,
ΔHm, ΔHcc, Tm, Tcc, Tg and XC) for each component
in the blends are summarized in Table 3.
The 75PLA/25PHBV/0h blend showed an intense
broad cold crystallization peak at 110 °C, and the intensity decreased for 50PLA/50PHBV/0h (observed
at 113 °C), while it was quasi-inexistent in the
25PLA/75PHBV/0h blend. Comparing the enthalpy
values in Table 3, it is clear that the PHBV crystals
acted as nucleation centers for the cold crystallization of PLA during sample preparation [3, 5, 18].
This event was not observed in the XRD analysis before weathering, which should be justified by the
low crystal content in these samples. The cold crystallization peaks are much more intense and well resolved at lower content of PHBV in the blends.
The absence of cold crystallization of PLA was also
noted in all the blends after weathering. The chain
segments after weathering scission became too short
to properly arrange into crystallites.
A narrow melting peak was observed around 92 °C
in the 25PLA/75PHBV/0h blend. The presence of
the second melting peak around 80 °C of the PHBV
fraction was more pronounced as the PHBV content
increased in the blends and over the weathering exposure time. This melting peak of PHBV was difficult to observe in the blend with 75 wt% PLA content, because it is overlapped with the of Tg of PLA,
which is well observed in the presence of 75 and
50 wt% of PLA and less pronounced in the 25PLA/
75PHBV blends.
As expected, the melting peak of PLA is much more
pronounced in the blend which contains a higher
amount of PLA. However, a double melting peak in
the 140–150 °C temperature region is clearly observed at 147 and 151 °C in the 25PLA/75PHBV/0h
blend. The double melting peak for PLA could reflect the melting of β and α-crystallites, that have different melting temperatures due to different size and
perfection [30]. However, it could also have been the
result of a melting-recrystallization-melting process,
or of the melting of different sized lamellae formed

–

–

76.6

PLA

PHBV

95.8

83.1

78.7

62.6
69.0

66.2

74.2

75PLA/25PHBV/2000h

50PLA/50PHBV/0h

50PLA/50PHBV/500h

50PLA/50PHBV/1000h

50PLA/50PHBV/2000h
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*N.C.: Not clear

25PLA/75PHBV/2000h

25PLA/75PHBV/1000h

25PLA/75PHBV/500h

71.7
86.2

72.0
76.2
80.2
64.5
81.0

77.5

93.9

72.8

75PLA/25PHBV/1000h

25PLA/75PHBV/0h

91.6

73.2
80.7

75PLA/25PHBV/500h

–

95.9

95.1

92.3

89.7

95.7

–

93.9

92.4

–

75PLA/25PHBV/0h

91.5

Tm2,PHBV
[°C]

Tm1,PHBV
[°C]

51.7

48.8

43.3

27.3

35.5

33.5

23.2

15.5

26.2

18.3

–35.6

–37.8

–41.2

–42.8

–34.7

–40.0

–40.2

–46.9

N.C.

N.C.

N.C.

–47.3

08.0
18.1

–47.3

–

TgPHBV
[°C]

58.8

–

ΔHm,PHBV
[J/g]

63.0

59.0

53.0

33.0

65.0

61.0

42.0

28.0

96.0

67.0

66.0

29.0

53.7

–

XC,PHBV
[%]

Table 3. DSC data obtained for PLA/PHBV blends after accelerated weathering degradation.

136.3

–

–

–

148.1

152.7

151.5

147.0
151.1

149.5

153.1

133.8
135.1

152.9

135.2

149.9

146.2

130.6
137.9
–

23.9

150.9
158.1

131.5

08.6

06.8

06.8

06.5

18.9

15.8

14.3

13.4

29.6

22.3

150.6

–
–

20.0

148.9
52.3

–

–

–

109.0

–

–

–

112.6

–

–

–

109.6

–

121.2

02.3
–

Tcc,PLA
[°C]

ΔHm,PLA
[J/g]

–

147.7

Tm4,PLA
[°C]

–

Tm3,PLA
[°C]

–

–

–

1.0

–

–

–

4.8

–

–

–

9.5

–

2.2

|ΔHcc,PLA|
[J/g]

–

–

55.9

55.6

–

54.2

59.4

57.2

–

51.5

51.3

56.1

–

56.9

TgPLA
[°C]

37

29

29

11

40

34

31

08

42

34

32

10

–

00

XC,PLA
[%]
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during the blending of a low content of PLA in a matrix of PHBV [31].
Table 3 shows that the Tcc increased but the enthalpy
decreased for PLA in the 75PLA/25PHBV/0h and
50PLA/50PHBV/0h blends, respectively, although
the Tm3 and Tm4 did not change. There were no significant changes in the main melting peak of each
polymer with an increase in weathering time up to
1000 h in the three blends. The inconsistent changes
in the Tg of PLA with increasing weathering time may
have been caused by a complex influence of factors
like changes in free volume and the configuration of
the amorphous phase on this parameter [32, 33]. In
addition, the Tg of PLA in the 25PLA/75PHBV/
1000h, 25PLA/75PHBV/2000h, 50PLA/50PHBV/
2000h and 75PLA/25PHBV/2000h blends was not
observed due to the overlapped endothermic peak of
Tm1. The broadness in the melting peaks is related to
the broadening in the distribution of the polymer
chain lengths, i.e., having both long and short chains
at the same time after degradation. In addition, a
small shoulder at a lower temperature (around 65 °C)
can be noticed in all the blends after 500 and 1000 h
of weathering, which possibly reflects a small quantity of very low Mw polymer as a result of chain scission during degradation. As in the case of PHBV,
PLA also shows a new small peak around 135 °C attributed to the formation of PLA with lower Mw and
new crystals after degradation.
A slight decrease in the melting temperature of PLA
and PHBV was noticed in all the blends after 2000 h
of weathering. It is clear that the 75PLA/25PHBV/
2000h blend was the sample showing the most significant structural changes, as observed in Figure 1
from the infinite number of voids on the surface indicating huge damages in matrix cohesiveness. It is
demonstrated by large and broad peaks featured by
different thermal stabilities due to differently sized
and imperfect crystallites.
Whatever the PHBV content in the blend, the Xc,PLA
for the non-weathered blends were very similar within experimental error, 10, 8 and 11%, as also observed
for the PHBV fraction. On the other hand, an increase in the crystallinity degree of both fractions is
clearly observed with increasing weathering time.
This behavior was much more pronounced for a low
PHBV content in the blend. While Table 3 shows an
Xc,PHBV of 63% for 25PLA/75PHBV/2000h, 75PLA/
25PHBV/2000h was almost completely crystalline
(96%). There is no single explanation for this result.
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Several events happen at the same time during weathering degradation, such as hydrolysis and UV attack,
chain scission of the amorphous regions in PLA and
PHBV, as well as the degradation of the crystalline
regions. One possible explanation is the initial amorphous character of the PLA. It is susceptible to
degradation, leading to chain rearrangement of this
phase into a semi-crystalline structure which acted as
barrier against weathering degradation of the PHBV
matrix. In contrast, when PHBV is moisture and UVattacked, both amorphous and crystalline regions are
available to be degraded. The crystallinity degree of
PLA decreased for lower PLA content in the blends.
This can suggest that PHBV in the blend hinders the
crystallization of PLA when a high ratio of PHBV
was present, possibly protecting them from degradation. Another reason which has been proposed is
that the difference in melting temperature was large
enough for the higher Tm component to crystallize
first and for its spherulites to fill the whole volume,
while the component with lower Tm crystallizes at a
lower temperature in a space limited region inside
the existing spherulites [34].
The presence of the PLA in the PHBV matrix showed
fluctuating values for the temperature and rate of
crystallization over the exposure time, because of the
heterogeneous bulk and multiple events during the
crystallization and degradation process, which was
higher for the weathered samples. However, it proves
the easier re-organization of the shorter polymer
chains after chain scission during degradation under
weathering conditions.

3.7. Thermogravimetric analysis (TGA)
TGA analysis was done to study the effect of accelerated weathering on the mass loss curves of the
blends at constant PLA/PHBV ratios. The respective
temperatures are summarized in Table 4.
PHBV degrades around 405 °C and PLA around
365 °C [12, 13]. The two polymers in the blend degraded separately confirming their immiscibility as
already discussed. The first mass loss step represents
the degradation of PLA and the second that of PHBV.
It is known that the thermal degradation of PHBV
follows a nonradical random chain scission mechanism involving a six-membered ring ester decomposition process [35]. The final degradation products
of PHBV are CO2 and H2O, while the thermal degradation of PLA involves an intramolecular transesterification leading to the formation of lactide and cyclic
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Table 4. Characteristic degradation temperatures from the
dTGA peak maxima for neat PLA, neat PHBV and
the PLA/PHBV blends.
PLA
degradation step
[°C]
PLA

PHBV
degradation step
[°C]

362.0

–

–

405.1

75PLA/25PHBV/0h

368.1

389–420

75PLA/25PHBV/500h

370.2

385–420

75PLA/25PHBV/1000h

353.7

380–420

75PLA/25PHBV/2000h

364.0

384–416

50PLA/50PHBV/0h

362.0

396.3

50PLA/50PHBV/500h

366.4

401.8

50PLA/50PHBV/1000h

364.2

397.1

50PLA/50PHBV/2000h

344.9

384.1

25PLA/75PHBV/0h

353.7

406.1

25PLA/75PHBV/500h

351.5

400.7

25PLA/75PHBV/1000h

345.4

399.6

25PLA/75PHBV/2000h

336.6

397.9

PHBV

chains from PLA could improve the thermal stability
of the PHBV fraction, acting as thermal barrier against
heat diffusion and degradation as previously mentioned.
As expected from the previous analyses, all the
blends after 2000 h accelerated weathering were
much more damaged and susceptible to thermal decomposition. Thus, the respective temperatures decreased significantly after 2000 h of exposure. Therefore, the 25PLA/75PHBV/2000h seems to have a
slightly lower thermal stability than the other blends,
while an interesting result is noticed for the 50PLA/
50PHBV blend, which seems to have been much
more stable than the other polymer ratios.

3.8. Mechanical properties
Variations in the tensile properties, i.e., strength at
break (σbreak), Young’s modulus (E), and elongation
at break (εbreak), of the PLA/PHBV blends both before and after accelerated weathering were studied.
Figure 6 presents an example of a stress-strain curve
of each blend before weathering. The tensile properties for each blend after different periods of accelerated weathering are summarized in Table 5.
A significant general improvement in the tensile properties was observed for the blends compared to those
of the neat polymers. The tensile strength of the
blends was higher than those of the neat polymers,
and PLA changed from brittle to ductile after addition of 25 wt% of the PHBV. The stress-strain curves
of 75PLA/25PHBV/0h and 25PLA/75PHBV/0h (Figure 6) presented three clear regions related to elastic
and plastic deformation. The first region showed linear stretching with recoverable deformation, followed by a neck formation. Then, a plastic deformation was observed in the second region, which is
permanent and non-recoverable. The third region is
clearly noted in 75PLA/25PHBV/0h related to strain
hardening in this blend. In this region, the strength
gradually increases until the samples break. Strain
hardening behavior is an interesting property which
can allow higher quality products due to its good resistance against stretching of polymer segments [38].
This behavior is less prominent in 25PLA/
75PHBV/0h.
The addition of PHBV at various loadings (25, 50 and
75 wt%) into the PLA matrix led to a reduction in
the σbreak and E, but an increase in the εbreak. This is
due to PHBV which has a much lower E and higher
flexibility than PLA. Thus, the brittleness of PLA

oligomers, followed by the formation of acrylic acid
from cis-elimination as well as carbon oxides and
acetaldehyde from fragmentation reactions [36].
Blending PLA with PHBV increased the mass loss
temperature range of the blends if the content of
PHBV was low, i.e., 75PLA/25PHBV/0h presented
the maximum decomposition at 368 and 406 °C, for
the PLA and PHBV fractions, while 25PLA/
75PHBV/0h started decomposing at 354 °C. As already explained, PHBV can be a nucleating agent to
PLA crystallization during sample preparation, and
this was probably the reason for the observed results.
A slight shift to higher temperature values was noticed in 75PLA/25PHBV/500h and 50PLA/50PHBV/
500h, which indicates an increase in polymer stability as a result of the plasticizing effect of the oligomeric products generated during degradation of the
PLA [12, 37]. In addition, it is known that weathering degradation reduces the Mw of a polymer, and
this is followed by the formation of crystalline domains that degraded more slowly during TGA analysis. This behavior was not observed in 25PLA/
75PHBV/500h where the temperature of mass loss
of PLA continued to decrease with increasing weathering time.
The 25PLA/75PHBV samples degraded at lower
temperatures than neat PLA. When the PLA ratio in
the blend was small, it could not re-organize easily
to produce crystalline regions or plasticize itself.
Amorphous chains are more susceptible to degradation, and this is visible in these blends. Amorphous
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Table 5. Mechanical properties of PLA/PHBV blends before
and after accelerated weathering.
σbreak
[MPa]
25.5±1.2

1.8±0.4

3036±101

PHBV

34.2±1.7

730±40

181±6

75PLA/25PHBV/0h

29.0±1.9

197±36

1136±94

75PLA/25PHBV/500h

22.4±4.1

1.8±0.2

1337±11

75PLA/25PHBV/1000h

9.9±2.5

1.8±0.4

–

–

–

9.8±0.6

311±45

50PLA/50PHBV/500h

2.1±3.0

1.1± 0.7

156±181

50PLA/50PHBV/1000h

–

–

–

50PLA/50PHBV/2000h
25PLA/75PHBV/0h

703

619±162

15.2±0.6

50PLA/50PHBV/0h

was reduced by the decrease in the E achieving 1136
and 350 MPa for 25 to 75 wt% content of PHBV.
The εbreak was noticeably similar in these blends, 193
and 197%, respectively. Interestingly, it was not noticed for 50 wt% of PHBV. A completely different
profile was observed in the 50PLA/50PHBV/0h
stress-strain curve showing the lowest σbreak, εbreak
and E values, i.e., 15.2 MPa, 9.8% and 311 MPa. As
already mentioned in this work, PLA and PHBV are
immiscible polymers. Thus, the increased PHBV content in the blend system up to 50 wt% must cause
phase separation due to the decreased compatibility
of the blend which can lead to a reduction of both the
σbreak and εbreak, resulting in samples with very poor
mechanical properties from the unstable network
formed from the immiscible polymers [3, 18]. While
the 75PLA/25PHBV/0h blend showed the sum of
both the characteristic stress-strain curves of PLA
and PHBV, the 25PLA/75PHBV/0h blend mainly
showed the PHBV profile. In addition, because of the
immiscibility of the polymers, the accelerated weathering and the individual degradation process of each
polymer in the blend must explain the observed high
values for the standard deviation, that were significantly higher for 50PLA/50PHBV. Judging by the
heterogeneous appearance of this blend, these results
were expected. High values of uncertainty was also
observed by Zhao et al. [39] for the blend combination of 70 wt% of PLA and 30 wt% PHBV.
The stress–strain results show that whatever the content of each polymer in the blend, the εbreak drops
after 500 h of accelerated weathering. The main

E
[MPa]

PLA

75PLA/25PHBV/2000h

Figure 6. Representative tensile stress-strain curves of each
blend before exposure to accelerated weathering.

ε
[%]

–

–

–

19.0±2.9

193±36

350±57

25PLA/75PHBV/500h

3.2±1.8

1.1±0.3

293±57

25PLA/75PHBV/1000h

0.5±0.2

0.7±0.1

74.6±32.9

25PLA/75PHBV/2000h

–

–

–

changes occurred in the PHBV phase, showing the
vulnerability of PHBV to weathering degradation.
The mechanical properties of neat PHBV decreased
over the weathering time, most probably due to a decrease in Mw [27, 40]. All the samples show that the
most significant changes of mechanical properties
proceeded during the first period of 500 h and continued up to 2000 h. The 50PLA/50PHBV/2000h
sample showed the most pronounced degradation, as
was expected from the damaged surface observed in
Figure 1 at the beginning of the study. The 50PLA/
50PHBV/1000h samples were already significantly
cracked and brittle such as observed before, for this
reason they were also not tested.
In the case of the 75PLA/25PHBV blend, the mechanical properties more gradually decreased with increasing weathering time, as noted in Table 5. Qiang
et al. [41] and Zhang et al. [42] explained this to be a
certain extent of miscibility being attributed to a
transesterification reaction occurring during melt
blending preparation at low content of PHBV. The
resultant copolymers compatibilize the two neat components to improve the PHBV/PLA blend miscibility
achieving a more ductile network. The Young’s modulus of the 75PLA/25PHBV/500h increased slightly
from 1136 to 1337 MPa.
The weathering exposure and low PHBV content in
the 75PLA/25PHBV blend provided toughness to
the PLA matrix during the degradation and increased
the crystallinity of the PLA, as was observed from
the DSC analysis. This increase can be caused by a
combination of at least two factors. The proposed
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mechanism, confirmed by the generation of a new
C=C band in FTIR analysis. An increase in polar
groups (confirmed by FTIR and CA) on the polymer
surface during degradation allowed an increase in
the hydrophilicity for all the blends, which had a positive effect on the hydrolytic degradation. During
weathering exposure, several short chains formed as
a result of chain scission of the amorphous phase of
PLA, leading to chain re-organization and promoting
the crystallinity of the samples. DSC showed an improvement in crystallization of PLA due to UV and
moisture degradation, but also the positive effect
played by PHBV crystals on the nucleation of PLA.
The PLA crystals acted as a barrier against weathering degradation of the PHBV matrix because DSC
showed an overall increase in the crystallinity of
PHBV with increasing PLA content. A significant
general improvement in the mechanical properties
was observed for the blends compared to the neat
polymers. Clearly, PLA changed from brittle to ductile after blended with PHBV. However, the elongation at break dropped after 500 h of accelerated
weathering whatever the blend composition, while
an increase in Young’s modulus was observed for
75PLA/25PHBV/500h due to the effect of the higher
crystallinity of PLA formed after weathering and enhanced by the presence of PHBV acting as nucleating agent. To the contrary, the degradation was the
most pronounced for 50PLA/50PHBV/2000h as a
result of segregation and immiscibility of the individual components. The main changes occurred in the
corresponding PHBV phase, showing the vulnerability of PHBV to weathering degradation, although the
presence of low PHBV content promoted a more
gradual degradation process.

explanation is based on the amorphous character of
PLA and its high content in each blend. PLA chains
offer less resistance to UV and water permeation,
which means PLA will first suffer chain scission of
its long chains followed by the re-organization of this
polymer in crystalline regions. However, PHBV exhibits a semi-crystalline structure and both phases simultaneously undergo weathering degradation. This
additional re-organization step of PLA degradation
should be enough to delay the degradation process
of the blends because some properties will be improved due to the change of the PLA structure from
amorphous to semi-crystalline. In addition, the resultant crystallites exhibit a physical barrier to protect
the PHBV. In the 75PLA/25PHBV blend the small
fraction of PHBV promotes the nucleation effect
leading to thinner crystallites formation during both
the preparation and weathering of the samples [3, 5,
43]. As a consequence of the increased crystallinity
of the PLA, it was also expected that the E would increase. However, it is known that crystalline morphology induces a more ductile or stiffer material,
depending on whether the crystals are large or small.
The blend morphology could therefore be the reason
for the observed results. The degradation continued
after 500 h, with the E, σbreak and εbreak values decreasing, but the process is much less prominent.
After 2000 h, all the blends showed to be completely
degraded and stress-strain measurements were not
possible.

4. Conclusions
Investigation of the accelerated weathering effect
over periods of 500, 1000 and 2000 h on the properties of PLA/PHBV blends showed that degradation
influenced different characteristics according to the
blend composition.
All the analyses showed the immiscibility of the
PLA and PHBV. Some holes and cavities were clearly noted in the SEM analysis of 50PLA/50PHBV/0h,
which promoted the absorption and diffusion of water
through the polymer bulk, as well as the UV penetration resulting in faster polymer chain cleavage. XRD
analysis showed the lower resistance of PHBV to
weathering attack, and suggested a nucleating effect
of the 25 wt% of PHBV on PLA and a later surface
degradation. The visual aspect of the surfaces of the
PLA/PHBV blends changed from glossy and smooth
to cracked and pale yellow after 2000 h caused by
photodegradation of the blends by a Norrish II
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