
1. Introduction
Poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) are biodegradable
polymers produced from non-petrochemical and sus-
tainable resources with the largest global production
amongst biopolymers. PLA is an aliphatic ho-
mopolymer produced via ring opening polymerisa-
tion of lactide or via polycondensation of lactic acid
[1–3]. The methyl side group and the short repeat
unit make PLA slow to crystallise and intrinsically
a brittle polymer [4]. In addition, PLA has poor im-
pact-energy absorption and barrier properties to
aroma, oxygen, and water vapour compared to other
widely used thermoplastics for packaging applica-
tions [5]. For these reasons, PLA is typically blended

with other biopolymers and additives, such as nucle-
ating agents, before processing.
PHBV is the copolymer of polyhydroxy butyrate
(PHB) with hydroxy valerate (HV), a subset of poly-
hydroxyalkanoates (PHAs). In contrast to PLA, which
is produced via chemical synthesis, PHAs can be pro-
duced from algae or bacteria [6–8]. PHBV has poor
tensile strength but excellent gas barrier properties and
an impact strength four times greater than PLA [9–
12]. Because the mechanical and barrier properties of
PLA and PHAs can complement one another, many
researchers have investigated the properties and be-
haviour of PLA/PHA blends at various polymer and
additives ratios as a cost-effective method to benefit
from the superior properties of each polymer in the
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blend [13]. One of the caveats of polymer blending is
that improving one property could sometimes result
in the deterioration of another [14, 15].
Researchers have investigated the PLA-PHBV blend
with and without incorporating compatibilisers. In
practice, the absence of a compatibiliser results in
the break-up, dispersion, and coalescence of the minor
polymer phase in the major phase [16–19]. This be-
haviour is attributed to the low interfacial adhesion
between two polymer phases. The in situ reactive ex-
trusion method has improved the miscibility and com-
patibility between PLA and PHBV [20]. Researchers
have reported a synergistic elongational increase in
the PLA/PHBV ratio from 70/30 to 95/10 percent
[21–24]. This synergistic effect has often been ad-
dressed as an unusual blend behaviour that resulted
in elongational increases up to 1056% (from 4.8 to
50.7%) [21].
Among the literature, Zhao et al. [24] reported an in-
crease of about 250% in the strain at the break at the
PLA/PHBV ratio of 85/15 and about 50% at the
PLA/PHBV ratio of 70/30 compared to pristine PLA.
Noda et al. [25] reported that the addition of 10 wt%
PHA to PLA increased the elongation of the blend by
100% and attributed this behaviour to the presence
of the amorphous phase in the blend. They further
discuss that the deformation mechanism is different
within this region compared to the rest of the blend
ratio. The failure points are localised without prop-
agating to sudden sample failure. Nanda et al. [26]
found a 110 and 250% increase in elongation at break
at PLA/PHBV 60/40 and 70/30, respectively. Although
the biggest elongational increase happened in the
synergistic region, the elongation at break of all sam-
ples processed at the same screw speed (150 rpm)
was reported to be higher than that of the pristine
polymers. In another study, Ma et al. [23] found that
the incorporation of 10 to 30% PHBV into PLA sig-
nificantly increased the ductility of PLA. They report
that at the PLA/PHBV ratio of 80/20, the increase of
elongation at break is 5750% (from 4 to 230%). Han
et al. [27] also blended 5 to 30% PHBV with PLA
and reported a 317% increase of elongation at break
in PLA/PHBV 80/20. This value is 57 times greater
than that of PLA. And again, with the linear increase
of PHBV content in the blend, the elongation at break
decreased. Gérard  et al. [21] reports similar results
and an increase of 204 and 50.7% at the 90/10 and
80/20 ratios, respectively. Liu et al. [28] also noticed
the elongation increase in the 70/30 to 90/10 region,

with the 80/20 having a 500% increase compared to
pure PLA. In more recent studies, researchers have
incorporated PLA and PHBV with other polymers
and additives [29–31], which makes the synergistic
region non-conclusive to the effect of PLA and
PHBV polymers only. However, an outlier elonga-
tional increase at high PLA content can be seen. The
decrease in tensile strength due to the addition of
PHBV content within the synergistic elongational re-
gion of the PLA-PHBV blend reported in the litera-
ture is between 5 to 10% compared to pristine PLA
[26, 32].
The elongational increase and relative tensile strength
stability within the synergistic region promise further
investigation, specifically for flexible packaging ap-
plications. At the time of writing this paper, we have
not found any journal article specifically investigat-
ing the synergistic elongational region in PLA/PHBV
blend with a systematic ‘Design of Experiments ap-
proach. In this research, a mixture design has been
defined within the PLA/PHBV ratio of 70/30 to 90/10
to count for the interactive effect of each blend com-
ponent. A plasticiser and epoxy functionalised styrene
acrylate (ESA) chain extender were added to the
blend to enhance the elongation at break further and
improve the melt strength.

2. Materials and methodology
2.1. Materials
To improve the miscibility of PLA and PHBV, the
polymer grades with a minimum difference between
their melting temperatures were selected. For PLA,
Ingeo™ Biopolymer 2003D (melt flow rate (MFR),
6 g/10 min, 210°C, 2.16 kg) with Tm = 160°C was
supplied from NatureWorks (Minnesota, USA). For
PHBV polymer, ENMAT™ Thermoplastics Resin
Y1000P (MFR = 8–15 g/10 min, 180 °C, 2.16 kg)
was supplied from TianAn Bio polymer (Ningbo,
China). For the ESA chain extender, Joncryl ADR
4468 was provided by BASF, Singapore. Triethyl cit-
rate (TC) plasticiser (C12H20O7) with a molecular
weight of 276.28 g/mol (CAS-No 77-93-0) was sup-
plied by Sigma Aldrich (Milwaukee, USA). All ma-
terials were consumed as received.

2.2. Methodology
The candidate batches to proceed further to blown
film extrusion were chosen based on exhibiting the
highest values of elongational viscosity and elonga-
tional strain.
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As mentioned earlier, a synergistic effect between the
blend constituents at PLA/PHBV ratios of 70/30 to
90/10 is expected; hence the mixture design statistical
analysis was employed to analyse the interactive ef-
fects of each mixture component on different prop-
erties of the blends. Mixture design is typically
utilised when the only intended variable in the man-
ufacturing of one mixture is the content ratio of its
constituent, and other factors that could contribute to
the manufacturing, e.g., process temperature, process
time, etc., remain unchanged. Hence in mixture de-
sign, responses only depend on the relative propor-
tion of components. Minitab software was used to
generate the material proportions of all testing batch-
es (Table 1).
Twelve different batches were manufactured based on
mixture design. In addition, three batches with pris-
tine PLA to PHBV ratios of 70/30, 80/20, and 90/10
(A70, A80, A90) with no plasticiser and chain ex-
tender were manufactured to draw a comparison with
other samples containing plasticiser and chain exten-
der. Extreme vertices design was chosen with a linear
constraint of 0.82 < PLA + PHBV < 0.95 and quad-
ratic model type. In quadratic models, if, for exam-
ple, A, B, and mixture components, the model will
calculate the linear as well as the AB, AC, and BC
relationships. Extreme vertices of the constraint de-
sign space using the XVERT algorithm were gener-
ated, as shown in Figure 1. Using Piepel’s CONAEV
algorithm, the centroid points can be calculated up
to the specified degree.

The Cox response trace plots were used to examine
the effect of each component on the response. The
trace curves depict the impact of changing a compo-
nent’s value along an imaginary line connecting the
reference blend and the vertex. The following were
considered when interpreting the response trace plots:
● The steeper the response traces, the greater the ef-

fect on the response.
● Components were analysed relative to the refer-

ence mixture.
● Longer response traces are indicative of the com-

ponents with larger widths (upper and lower
bounds), and shorter response traces are indicative
of the components with the smaller width.

● The total influence of a component is determined
by the component’s range as well as the steepness
of its response trace.

● The total influence is determined by the difference
in response between where the effect direction
point in the component is at its lower bound and
the effect direction point where the component is
at its upper bound.

● Components with response traces that are nearly
horizontal have almost no effect on the response.

● Components that have similar response traces
have a similar impact on the specified response.

In this analysis, all residuals were standardised. A
residual is a difference between a fitted value (ŷ) and
its corresponding observed value (y); in other words,
it identifies how accurately a model describes the vari-
ance in the observed data. To obtain the standardised
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Table 1. The weight percent materials of testing batches
based on mixture design.

Weight percent of component

Batch PLA PHBV Triethyl citrate ESA
1 83.8 8.2 5.0 3.0
2 76.8 8.2 15.0 0.0
3 73.8 8.2 15.0 3.0
4 66.5 28.5 5.0 0
5 63.5 28.5 5.0 3.0
6 85.5 8.2 5.0 1.3
7 85.5 8.2 6.3 0
8 85.5 9.5 5.0 0
9 57.4 28.5 14.1 0

10 57.4 27.6 15.0 0
11 57.4 28.5 11.1 3.0
12 57.4 24.6 15.0 3.0

A70 70.0 30.0 0 0
A80 80.0 20.0 0 0
A90 90.0 10.0 0 0

Figure 1. Matrix of simplex design plots in amounts.



residual, the value of the residual was divided by the
estimation of its standard deviation. The standard-
ised residuals less than –2 or greater than 2 are gen-
erally considered large.

2.2.1 Sample manufacturing
Extruding filaments
Virgin PLA and PHBV pellets were dried at 90°C for
3 hours, and the moisture content was recorded to be
less than 0.025% (250 ppm). PLA, PHBV, and ESA
proportions were premixed and fed to the extruder
through the hopper section. TC was proportionally
and continuously fed to the extruder through a tube
attached to a multi-syringe-equipped liquid pump
(Cole-Parmer, IL, USA) equipped with a 60 ml sy-
ringe. Each batch was extruded via a co-rotating twin
screw extruder (Brabender, Duisburg, Germany) with
an L/D ratio of 40:1, screw diameter of 25 mm,  a ro-
tation speed of 75 rpm (delivering a varying torque
of 9.5 to 10 N·m) and a temperature profile of 160–
180–185–190–185–180°C from feeding to metering
zone and utilising a 4-mm die. The extrudates that
were in the form of filaments were cooled down via
a downstream air-cooling line and then wound to a
filament spool. For further mechanical characterisa-
tion, samples of adequate lengths were separated in
filament form. The rest of the filaments were pel-
letised via a pelletiser (Labtech, Samut Prakan, Thai-
land) to produce samples for rheological studies.

2.2.2. Rheology studies
The rheological behaviour of manufactured batches
was studied via a dual-barrel capillary rheometer
(Rheo-Tester 2000, Göttfert, Buchen, Germany). An
isothermal test was conducted at 180°C with varying
apparent shear rates of 100, 200, 500, 1000, 2000,
5000, 6000, and 9000 s–1. Barrels were equipped
with two capillary dies with 30 and 10 mm lengths
and an equal hole diameter of 1 mm. Two pressure
transducers capable of 500 and 1000 bar read the die
pressures during the test, and the results were record-
ed by Göttfert’s proprietary software WinRheo in
real time. Each batch was tested twice, and the re-
sults were averaged.
Apparent shear stress (τa) was calculated based on
Equation (1), where R is the radius of the capillary,
L is the capillary 1 length (30 mm), and P1 and P2
are the pressure readings from capillary 1 (30 mm)
and capillary 2 (10 mm), respectively:

(1)

By dividing the apparent shear stress by the apparent
shear rate (γa), the apparent viscosity (ηa) can also
be calculated [33] (Equation (2)):

(2)

Based on Bagley correction [34], the corrected shear
stress can be calculated as shown in Equation (3):

(3)

The Rabinowitsch correction was then used to ac-
count for the effect of the non-Newtonian behaviour
of molten polymers in the corrected shear rates.
Based on this correction, a power-law correlation be-
tween γa and τw (Equation (4)) is drawn. The pseudo
plasticity index (n) can then be determined as the
slope of a double logarithmic plot of τw versus γa
(Equation (4)):

(4)

The Rabinowitsch correction can then be incorpo-
rated into values of γa, and then the true shear rate
(γ·w) can be calculated as in Equation (5), and the true
viscosity (ηw) as in Equation (6):

(5)

(6)

The Cogswell Equations, Equations (7), (8), and (9),
were used to calculate the elongational viscosity of
the manufactured batches [35]:

(7)

(8)

(9)

where σE denotes the average extensional stress, and
the extensional viscosity (ηe) was calculated via ex-
tensional strain (ε·).
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2.2.3. Differential scanning calorimetry (DSC)
Thermal analysis was conducted via a differential
scanning calorimeter (Q1000™, TA Instruments,
DE, USA) at standard mode with a heat/cool/heat
cycle. The temperature profile was programmed to
cover –50 to 200°C, with the starting temperature of
ambient temperature, heating and cooling rate of
20 K/min, and nitrogen gas purging rate of
50 ml/min. Perforated aluminium pans were used to
rid the samples of possible trapped moisture in the
first heating cycle. All samples have equal weights
of 10±0.1 mg. The melting temperature (Tm), glass
transition temperature (Tg), the onset of crystallisa-
tion temperature, and the enthalpy of fusion from
recorded thermographs were calculated via the
DSC’s proprietary software.

2.2.4. Mechanical properties characterisation
Tensile strength and elongation at break
Tensile strength and elongation at break tests were
conducted via a universal tensile testing machine (In-
stron 5567, Instron, Massachusetts, USA). Single-bol-
lard-type grips were used to hold the filament samples
in place. The gauge length of all samples was set to
5 mm and the crosshead speed to 50 mm/min. The
gauge length increment was measured and recorded

via a high-precision camera. The tensile strength
measurements were automatically calculated via
Bluhill software, proprietary software for Instron,
by reading directly from the testing machine. At least
five specimens were tested for each testing sample,
and the results were averaged.

3. Results and discussion
3.1. Mathematical model analysis
The measured results for tensile stress, elongation at
break, glass transition temperature, and enthalpy of
fusion are presented in Table 2. To determine the ac-
curacy of the models and whether the regression as-
sumptions are met, the plot of residuals vs percent,
fitted value, frequency, and observation order was
drawn. Probing the residual plots can determine
whether the ordinary least square assumptions are
met. If these assumptions are met, unbiased coeffi-
cient estimates with a minimum difference are pro-
duced by the ordinary least square regression. Resid-
ual plots are shown in Figures 2 to 5.
The generated fitted values for tensile stress, elon-
gation at break, glass transition temperature, and the
onset of crystallisation temperature versus the devi-
ation from reference blend in proportion are depict-
ed in Figure 6. Before individual analysis of each
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Table 2. Results from mechanical properties tests, thermal analysis, and cost estimation for mathematical model analysis.

σu         is the ultimate tensile stress,
σb          is the tensile stress at the break,
ε           is the elongation at the break,
Tg         is the glass transition temperature,
Tc          is the onset of cold crystallisation temperature,
Tm         is the temperature at the melting point,
ΔHfus    is the enthalpy of fusion

Sample
name PLA PHBV Plasticiser ESA Cost

[NZD/kg]
σu

[MPa]
σb

[MPa]
ε

[%]
Tg

[°C]
Tc

[°C]
Tm

[°C]
ΔHfus
[J/g]

1 0.838 0.082 0.050 0.030 10.2 46.80 35.8 54 50.67 51.28 142.5 16.68
2 0.768 0.082 0.150 0 13.4 33.70 29.1 196 39.61 44.68 140.4 21.86
3 0.738 0.082 0.150 0.030 14.6 5.44 5.0 190 36.26 43.62 135.1 35.47
4 0.665 0.285 0.050 0 10.3 45.90 41.6 53 53.21 53.01 171.6 31.52
5 0.635 0.285 0.050 0.030 11.5 44.30 36.5 164 48.07 52.32 167.5 29.23
6 0.855 0.082 0.050 0.013 9.5 45.70 32.9 113 51.08 54.61 142.9 20.06
7 0.855 0.082 0.063 0 9.5 38.60 29.3 135 51.16 52.98 144.5 12.84
8 0.855 0.095 0.050 0 9.1 52.10 38.2 52 53.03 54.69 168.4 13.70
9 0.574 0.285 0.141 0 14.3 34.30 34.0 189 38.05 45.90 165.1 31.74

10 0.574 0.276 0.150 0 14.6 34.20 33.8 199 38.34 42.98 167.2 33.10
11 0.574 0.285 0.111 0.030 14.2 34.70 31.2 206 43.79 45.66 167.0 30.66
12 0.574 0.246 0.150 0.030 15.6 27.40 27.1 197 40.15 43.54 165.4 33.73

13/A70 0.700 0.300 0 0 8.2 45.90 42.7 52 60.50 60.17 171.9 26.04
14/A80 0.800 0.200 0 0 7.6 52.50 51.5 54 59.85 60.95 170.5 21.66
15/A90 0.900 0.100 0 0 6.99 49.60 49.3 51 59.95 60.87 149.7 12.80



response, a common trend that could be identified
among all responses is that PLA and TC components
have the longest response range (upper and lower
bounds); therefore, the highest total effectiveness,
and ESA has the shortest range, hence the lowest total

effectiveness. The total efficiency of PLA relative to
other components is high with respect to its range and
steepness, albeit the PLA graph isn’t the steepest one
in any of the responses. TC for the specified responses
may be the most effective component in the blend
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Figure 2. Residual plots for tensile stress at break. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.

Figure 3. Residual plots for elongation at break. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.



due to its steep presence in all response graphs and
an extended range of upper and lower bounds.
It can be seen from the tensile stress response plot
(Figure 6a) that PLA and PHBV have a similar

response trace but at a different range. With the pro-
portional increase of these components, the tensile
stress increases and then decreases. PHBV with a
steeper presence denotes higher effectiveness among
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Figure 4. Residual plots for glass transition temperature. a) Normal probability plot, b) versus fits, c) histogram, d) versus
order.

Figure 5. Residual plots for enthalpy of fusion. a) Normal probability plot, b) versus fits, c) histogram, d) versus order.



the two thermoplastics but at a lower range. The TC
plasticiser with the steepest line among all compo-
nents indicates a continuous decline in tensile stress
with its proportional addition to the blend. This be-
haviour can be explained by the function of most
plasticisers in the polymer blend. TC molecules with
low vapour pressure and molecular weight place
themselves among polymer molecules, providing a
lubricating effect between polymer chains. This
leads to an increase in chain mobility, hence facili-
tating molecular separation at higher stress loads.
The ESA chain extender’s low range and short upper
and lower bounds indicate its low total effectiveness.
The increase of ESA content proportional to other
blend components slightly decreases and then in-
creases the tensile stress. ESA chain extender is used
in trace contents in the mixture and here shows, it
does not have a significant interactive effect with
other components in terms of tensile stress.

As shown in Figure 6b, PLA has the longest re-
sponse trace for the elongation at break response. 
The proportional increase of PLA content in the 
blend leads to a rapid and almost linear decrease of 
the elongational strain of the samples from around 
220 to 100%. The high brittleness of PLA can ex-
plain this direct correlation between PLA content 
and elongational strain. In contrast, as expected, the 
addition of TC led to a linear increase of elongational 
strain in the samples indicating a non-interactive ef-
fect of plasticiser with respect to the increase of other 
blend components. PHBV and ESA content show a 
reversed interactive effect on the blend. An increase 
in PHBV slightly decreases the elongational strain 
from 140 to 120% and then back to about 150%. 
PHBV has the lowest response range and the most 
temperate slope between all components. This indi-
cates that PHBV content is not a significant contrib-
utor but has a synergistic effect on the elongational
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Figure 6. Cox response trace plots for a) tensile stress at break, b) elongation at break, c) glass transition temperature and
d) the onset of crystallisation.



strain of the compound. ESA content with high ef-
fectiveness (steep trace line) at a short response
range has a counter effect with PHBV content. It ini-
tially increases the strain rate from 80 to 120% at a
rapid rate and then declines. These interactive effects
justify the importance of mixture design analysis and
call for an optimisation study when different prop-
erties are to be reached simultaneously.
For the glass transition temperature (Figure 6c), all
components show an almost linear response trace
signifying a direct relationship with their proportion-
al content increase. The increase of PLA and PHBV
contents leads to an increase in the Tg. However,
PLA has a more significant effect where the effect
of PHBV is subdued. The direct correlation between
the increase in TC content and the decrease of Tg can
be explained as the main functionality of plasticisers
in polymer blends, which is to place itself between
polymer chains. This affects the intensity of the sec-
ondary bonding forces between the polymer chains,
decreasing the glass transition temperature, among
other effects. ESA chain extender, albeit with low
total effectiveness, acts as a plasticiser in glass tran-
sition temperature response.
The response trace graphs from the onset of crys-
tallisation temperature (Tc) (Figure 6d) are closely
similar to the Tg graphs except for the chain extender

content. The increase of ESA content shows an in-
teractive effect in the blend with a sudden rise and
fall of Tc. Although, in this case, the effect of the
chain extender is not significant compared to the
total effectiveness of other contributors, it can be
concluded that ESA could be used in optimum con-
tents to have a maximised Tc response.
The matrixes of cost per material of components
were visualised by drawing surface response plots
for the main contributing components, as presented in
Figure 7. ESA chain extender was omitted from the
plots due to its trivial contribution to the overall cost.
In surface plots, the mixture components are repre-
sented in x and y-axes, the cost on z-axes, and the
response on the meshed surface. Overall, it can be
concluded that the cost of manufacturing the range
of these mixture compositions is highly dependent
on the price of PLA and, after that, PHBV, then the
plasticiser. This conclusion could change based on
the selection of different grades of materials, the year
of production, and the market price.
Multiple variables often must be considered when a
compound is designed for a real-time application.
For this study, the optimisation goals were to lower
the cost and increase the elongation at break and the
apparent elongational viscosity. The weight and im-
portance of responses were equally distributed. The
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Figure 7. Matrix of surface response plots for the cost [NZD/kg] for a) PHBV-PLA, b) plasticiser-PLA and c) plasticiser-
PHBV



collected experimental results were used for sensi-
tivity analysis to find the optimal responses and com-
pound values. The goal, the target, and the lower and
the higher values of the mentioned properties are pre-
sented in Table 3. The tensile stress values were omit-
ted from the optimisation because the tensile stress
results were within the desired range.
Individual desirability was calculated for each re-
sponse. The optimal values were generated when the
maximum composite desirability of 0.363988 was
reached. The optimal calculated component content
and the predicted responses are presented in Table 4.
The results of embedding these values in the response
optimisation plot are shown in Figure 8. Red vertical
lines represent optimal compositions. One can con-
trol how the changes affect the response by adjusting
the variable settings.

3.2. Mechanical properties
The yield stress, ultimate tensile stress, and tensile
stress at break follow almost a similar trend from
one sample to another, which is quite different from
the strain at break. These two results were separated
into different figures, as presented in Figure 9 and
Figure 10. The deepest dive in the tensile properties
among samples happen as proceeding consecutively
from sample 1 to sample 3. The PHBV content among
these three samples is identical, and the PLA content
is nearly identical. Hence the decrease in stress is
attributed to the increase of the plasticiser content
from samples 1 to 3. However, from samples 2 to 3,
the plasticiser content is constant. Hence it could be
concluded that in sample 3 the ESA content act as a
plasticiser. This could also indicate that sample 3
could contain excess ESA that has not reacted with
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Table 3. Optimisation parameters.

Table 4. Predicted optimal component compositions for a targeted response setting.

Goal Lower Target Upper Weight Importance
Elongation at break [%] Maximum 100 500 500 1 1
Cost [NZD/kg] Minimum 10 10 15 1 1
ηe at γa Maximum 1400 3660 3660 1 1

Component Percentage Predicted response Value Desirability
PLA 57.40 Elongation at break      [%] 206.83 0.267076
PHBV 30.00 Cost                              [NZD/kg] 13.67 0.266246
Plasticiser 11.36 ηe at γa 2932.68 0.678175

Figure 8. Response optimisation plot.



the terminal hydroxyl and carboxylic acid groups in
PLA and PHBV polymer chains. Samples 2 and 3
both have significantly higher percent elongation at
breaks, corroborating the plasticising effect of TC
and ESA.
From sample 4, the tensile stress properties are back
to a 40 to 50 MPa range again, and then it declines
as proceeds to sample 7. It is understandable that in
sample 4, the lack of ESA [36] and the lower TC
contents [11] leads to a more brittle blend, possess-
ing a percent elongation at break of only 50% with
high tensile stress properties among all samples. It
is also interesting to see that sample 4 and sample 1
can withhold almost the same ultimate tensile stress
(about 46 MPa) while containing completely differ-
ent component proportions. This could be of interest
in a practical application where cost optimisation is
necessary. Sample 5, similar to sample 4 in polymer
and plasticiser composition, has only the addition of
ESA content. As discussed earlier, the excess (or un-
reacted) ESA content can act as a plasticiser in the
blend, increasing the ductility while reducing the
tensile stress of the compound relative to the sam-
ple 4 values.
Samples 6 and 7 possess equal contents of PLA and
PHBV and varying contents of TC and ESA. In these
two compounds, the PLA content is higher than sam-
ples 4 and 5 by around 20 to 25%, projecting a slightly
different synergistic effect on their tensile properties.
As a result, samples 6 and 7 have lower tensile stress
than 4 and 5. Another characterisation of the blend
that could be identified from the results can be seen
in the contrasting results of samples 7 and 3. In sam-
ple 3, the tensile stress, ultimate tensile stress, and
yield stress all have nearly the same value, whereas,
in sample 7, the tensile stress sits about 25% lower
on the stress axes than ultimate tensile and yield

stress. This is indicative that sample 3, under axial
stress, does not enter plastic deformation; hence the
material experiences a continuous elastic stretch
from the onset until the breaking point. However,
samples 7 (as well as 4, 5, 6, and 8) experience plas-
tic deformation, presenting different values of yield
stress and tensile stress at break.
Sample 8 shows similar results to sample 4. They
both have some of the highest tensile properties and
low (about 50%) strain at break among all. These
two samples have equal plasticiser and chain exten-
ders and varying polymer contents. The higher PLA
content explains the higher yield stress in sample 8.
It also becomes apparent that sample 4 experiences
a shorter elastic deformation than sample 8. There is
not much compositional difference between sam-
ple 9 and sample 10. These compositions were math-
ematically generated to take account of all plausible
interactive effects incurred by variation of composi-
tion content. Sample 9 has only 1% more PHBV con-
tent (less plasticiser content) in its composition. This
slight material difference manifests its effect in a 10%
increase in elongation at the break of sample 10.
zilar condition in comparison, except here, with the
presence of an ESA chain extender. Sample 12 pos-
sessed 4% less PHBV content and was replaced by
plasticiser. As a result, sample 12 have about 10 MPa
lower tensile stress, ultimate, and yield stress than
sample 10 and 9% lower strain at break. It could also
be concluded that sample 12 experienced a lower
plastic deformation than sample 11.
Samples A90, A80, and A70, contain no plasticiser
nor chain extender and a PLA/PHBV ratio of 90/10,
80/20, and 70/30, respectively. The first noticeable
result from these compositions is the higher values
of tensile stress (in the 45 to 55 MPa region) and low
elongation at break (in the 50% region) among all
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Figure 9. Tensile stress, yield, and ultimate tensile stress of
the filament-like extruded samples.

Figure 10. Elongation at break of the filament-like extruded
samples.



samples. The strain at break remains almost the same
as proceeding consecutively from A70 to A90. This
indicates that if no additives are used, the incorpo-
ration of even up to 30% PHBV content in a blend
with PLA cannot reduce the rigidity of the blend and
increase its ductility. The tensile strength properties
show a nonlinear relationship between PHBV con-
tent and tensile strength; hence a synergistic effect
is identified. The synergistic effect is manifested in
sample A80 as it possesses a higher stress value than
A70 and A90.

3.3. Thermal properties
The melting temperature of pristine PLA and PHBV
used in the sample compositions were separately
measured to be 150.2 and 175.1°C, respectively. The
lower melting temperature values of PLA explain the
lower Tm values of samples 1, 2, 3, 6, and 7, as these
samples contain the largest contents of PLA. This
applies to sample A90 as well. The rest of the sam-
ples have a Tm in a narrow range of 165 to 172 °C,
indicating the trivial effect of TC and ESA on the
melting behaviour of the compounds.
As can be seen in Figure 11, a range of enthalpy-of-
fusion values is obtained for the samples, indicating
that a different crystalline structure is formed for
each mixture composition. PLA has a slow crystalli-
sation rate [37]. Therefore, when a sample containing
PLA content goes through the manufacturing process
and then cools down to environment temperature, its
PLA content holds a lower ΔHfus than the PLA ma-
terial before the process. This is because the lactide
polymers need a longer time to arrange and form
crystal lamellae [38].
In this test, the thermal properties were calculated
from the second heating cycle of the DSC thermo-
graphs. Therefore, PLA polymer contents had a

narrow window to fully crystallise. The lower degrees
of crystallinity and slow crystallisation rate results
in the formation of shorter crystal structures in
processed PLA compared to processed PHBV. This
incurs lower enthalpy of fusion values. Therefore,
this could be associated with the lower ΔHfus values
of samples 1, 7, 8, and A90 due to their high PLA
contents. This trend is followed by samples 2, 6, and
A80 for having proportionally higher PLA contents.
It can also be deduced that the presence of a chain
extender can result in the formation of new and larg-
er crystal structures. This can be seen in comparing
the enthalpy of fusion in sample 3 with samples 9
and 10. Sample 3 contains 16% higher PLA contents;
hence it is expected to present lower ΔHfus values
than samples 9 and 10. But on the contrary, it has a
higher value. This could be associated with the ESA
content that is absent in samples 9 and 10 and pres-
ent in sample 3. ESA is a multifunctional component
that can react with the terminal carboxylic acid and
hydroxyl groups in polyesters [39]. This extends the
polymer chains, which increases the polymer’s mo-
lecular mass. The molecular mass increase ensues
under different conditions in molecular arrangement
conditions when the polymer is being cooled. There-
fore, a larger crystal structure could be formed.
All the glass transition temperatures (Tg) and the
onset of crystallisation temperatures (Tc) in Figure 11
are indicative of PLA because PHBV has a Tg and Tc
in the range of –10 to 20°C [40], and these two poly-
mers are immiscible. Tg and Tc have almost the same
value in samples A70, A80, and A90. These samples
contain only polymers and no additives. Compared
with the rest of the samples, this means the addition
of plasticiser and chain extender has a higher effect
on changing the glass transition and crystallisation
temperature of PLA. Samples 2, 3, 9, 10, 11, and 12
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Figure 11. Thermal properties of the rod-like extruded sam-
ples obtained by differential scanning calorimetry.

Figure 12. Thermograms of all samples from the second
heating cycle obtained from DSC test.



specifically have the lowest Tg and Tc among all sam-
ples due to the highest plasticiser contents. Figure 12
shows the behaviour of thermograms near the glass
transition region of each sample in their second heat-
ing cycle.

3.4. Rheology studies
Figure 13 depicts the rheology graphs obtained from
the different blends. A non-Newtonian behaviour is
observed for all samples; in other words, shear vis-
cosity decreases with the increase of the shear rate.
To further investigate the results, first, the pristine
blends were assessed to identify whether the increase
of PHBV content directly relates to the decrease of
shear viscosity. As seen in Figure 13, it cannot be
concluded that the increase of PHBV leads to a lower
shear viscosity at any given shear rate value because
the shear viscosity values of the A70 blend stand be-
tween the A80 and A90. The polymer chains typically
stretch out in the machine direction during the pro-
cessing stage due to the existing shear stress in the
barrel and slide on one another. At this stage, the mo-
lecular structure and presence of additives or other
blend components affect the chain mobility, hence af-
fecting the shear viscosity of the blend. This syner-
gistic effect has been reported by other researchers
working with different grades of PLA and PHBV.
The synergistic rheological interaction between PLA
and PHBV in a pristine blend (only at the PLA/PHBV
ratio of 90/10, 80/20, and 70/30) is once more pro-
nounced in Figure 14. This time it can be seen that
with the increase in extensional strain rate, the A70
blend shows higher extensional viscosity values,
specifically when the strain rate is in the 3.11·107 to
5.00·108 s–1 range. This means that at identical pro-
cessing conditions, the A70 blend at the given strain

rate could provide a more stable bubble as extension-
al viscosity directly affect bubble stability in the
blown film extrusion process. Generally, the higher
the extensional viscosity, the more stable the bubble.
However, for every polymer, extensional viscosity
needs to reach a point from which the bubble could
be formed (if the polymer is capable of being blown),
and this value changes with the change in strain rate.
If a blend’s extensional viscosity is below the bubble
formation viscosity, the bubble stability would not
be a concern.
One reason batches 2, 3, 10, and 12 were chosen to
be blown to films was their highest values of exten-
sional viscosities among all manufactured blends.
Figure 15 provides a better understanding of the
change in shear viscosity with the increase in shear
rate. It can be seen that sample 3, followed closely
by sample 12, presents the highest extensional vis-
cosities among the blends along the shear rate axes.
Sample 12 also offers the highest extensional viscos-
ity at any given extensional strain rate (Figure 16).
This was expected because both of these samples
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Figure 14. The extensional viscosity vs. extensional strain
rate graph of pristine PLA/PHBV blends with a
PLA to PHBV ratio of 90/10, 80/20, and 70/30.

Figure 13. Comparison of shear thinning behaviour of pris-
tine PLA/PHBV blends with a PLA to PHBV
ratio of 90/10, 80/20, and 70/30.

Figure 15. Comparison of the shear thinning behaviour of
the chosen blends made into blown films.



contained an ESA chain extender, contrary to the
other two samples. The primary application of using
chain extenders is to increase the melt viscosity in
polymer blends. This, as explained earlier, is
achieved by the reaction of the chain extender with
the terminal –OH functional groups in PLA and
PHBV polyesters, extending the chain length and
hence restricting the molecular mobility of the poly-
mers. Samples 3 and 12 have equal percent contents
of ESA (chain extender) and TC (plasticiser), but sam-
ple 3 has lower PLA content. It can be concluded that
in the manufacturing of blown films, in processing
conditions, when the strain rate is below 1.0·109 s–1,
the blend with the lower PLA content could offer
better bubble stability where the chain extender and
plasticiser are equal proportions.

Batch 10 brings about some complexity to Figure 16.
The only difference between batches 10 and 12 is
ESA content. One can conclude that the lack of a
chain extender in sample 10 results in plummeting
extensional viscosity at very early values of strain
rates. This is visible as the ηe values of sample 10
stack up on the ηe = 0. This is, of course, not the case,
but it appears this way when the extensional strain
rate is logarithmically plotted. This rheological be-
haviour could also mean that the increase of exten-
sional viscosity is more dependent on the chain ex-
tender content (in this case, the presence and lack
thereof of ESA) than the PLA content. This is de-
duced from the direct comparison of sample 2 and
sample 10. PHBV polymer, due to having high de-
grees of crystallinity, has a low extensional viscosity
at any given strain rate. Literature also shows that
PHBV could not be blown into the film when not
blended with another polymer with higher extension-
al viscosity and melt stress values. This means that
PHBV percent content in a polymer blend acts as a
bottleneck in the blown film extrusion process, given
that other blend constituents have extensional vis-
cosity and melt stress values higher than the point
the bubble forms (depending on the processing tem-
perature and screw speed).
To have a clear view of how the shear thinning be-
haviour of all mixture formulations compares with
one another, a summary of the elongational viscosity
vs. apparent shear rate of all samples is presented in
Figure 17.
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Figure 16. The extensional viscosity vs. extensional strain
rate graph of the chosen blends that were made
into blown film.

Figure 17. Summary of the differences in shear thinning behaviour of all blends compared with one another.



4. Conclusions
PLA and TC contents have the highest, and ESA con-
tent has the lowest total effectiveness in the blends.
ESA content shows a nonlinear and interactive effect
in responses as its linear content increase leads to the
sudden rise and fall of crystallisation temperature,
elongation at break, and tensile stress. The optimal
values for the lowest cost and highest extension at
break and the elongational viscosity were reached at
PLA/PHBV/plasticiser/chain extender content of
0.574/0.3/0.113/0.012 wt%. The sample with the
highest PLA content possessed the highest tensile
stress. Also, the unreacted ESA content can act as a
plasticiser in the blend, increasing the ductility and
reducing the tensile strength of the compound. Fi-
nally, it cannot be simply concluded from rheology
studies that the increase of PHBV leads to a lower
shear viscosity at any given shear rate because the
shear viscosity values of the A70 blend stood be-
tween the A80 and A90. This substantiates the syn-
ergistic effect of the PLA/PHBV blend in this range.
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