Plastics, Rubber and Composites
Macromolecular Engineering

ISSN: 1465-8011 (Print) 1743-2898 (Online) Journal homepage: https://www.tandfonline.com/loi/yprc20

Investigating the effects of processing parameters
on poly(lactic acid) properties – a central
composite design approach
Mohammad Reza Ketabchi, Mohammad Khalid, Chantara Thevy Ratnam,
Feven Mattews Michael & Rashmi Walvekar
To cite this article: Mohammad Reza Ketabchi, Mohammad Khalid, Chantara Thevy Ratnam,
Feven Mattews Michael & Rashmi Walvekar (2019): Investigating the effects of processing
parameters on poly(lactic acid) properties – a central composite design approach, Plastics, Rubber
and Composites
To link to this article: https://doi.org/10.1080/14658011.2019.1570444

Published online: 30 Jan 2019.

Submit your article to this journal

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=yprc20

PLASTICS, RUBBER AND COMPOSITES
https://doi.org/10.1080/14658011.2019.1570444

Investigating the eﬀects of processing parameters on poly(lactic acid)
properties – a central composite design approach
Mohammad Reza Ketabchia, Mohammad Khalidb, Chantara Thevy Ratnamc, Feven Mattews Michaela and
Rashmi Walvekard
a

Department of Chemical and Environmental Engineering, The University of Nottingham Malaysia Campus, Semenyih, Malaysia; bGraphene
& Advanced 2D Materials Research Group (GAMRG), Sunway University, Subang Jaya, Malaysia; cRadiation Processing Technology Division,
Malaysian Nuclear Agency, Bangi, Malaysia; dSchool of Engineering, Taylor’s University, Subang Jaya, Malaysia
ABSTRACT

ARTICLE HISTORY

This study attempts to optimise poly(lactic acid) processing parameters using central composite
design approach which is well known statistical tool in design of experiments. Three factors and
ﬁve levels were chosen for carrying out the analysis. The parameters include mixing
temperature (180–210°C), screw speed (50–100 rev min−1) and mixing time (5–10 min),
which were varied independently. The results were evaluated based on maximum stress,
tensile modulus, and impact strength under diﬀerent conditions and the signiﬁcant factors
were determined using variance analysis (ANOVA). An optimum balance between the
mechanical properties was obtained when the samples were blend at 180°C at 100 rev min−1
rotor speed for 10 min. Moreover, validation of the predicted results conﬁrmed the optimised
parameters, which were further complemented by morphological and thermal studies.
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Introduction
Increased application of synthetic packaging ﬁlms has
resulted in serious environmental problems following
their non-biodegradability. Therefore, poly(lactic
acid) (PLA) which is environmentally friendly and possess biodegradable properties has recently found many
applications in industries such as food packaging.
However, controlling the processing parameters such
as mixing time, temperature and rotor speed that determine the overall properties of a polymer are very
diﬃcult. To overcome this drawback, it is necessary
to optimise the processing parameters to obtain
superior ﬁnal properties for a polymer blend.
Industries (mainly food packaging) are steadily
introducing environmental friendly materials to their
production line [1,2]. This is due to the environmental
pollution problems caused by using oil-based plastics
[3,4]. Following this growing trend, bioplastics have
attracted a great interest for a diverse range of applications such as their renewability, biodegradability,
and commercial viability [5,6]. They are mainly
classiﬁed into four categories; photodegradable bioplastics, compostable bioplastics, bio-based bioplastics
and biodegradable bioplastics [7,8]. Meanwhile, PLA,
a leading bioplastics member is found to be a suitable
replacement for fossil-based plastics [9,10].
PLA, as a hydrophilic thermoplastic polymer, is
derived from natural feedstock such as corn, barley,
sugar beets, wheat and rice [11,12]. Scientists have
recently improved the mechanical properties of PLA
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by introducing suitable plasticizers such as Polyethylene glycols (PEG) [13,14]. Addition of a plasticizer
could be considered expensive, as it requires further
processing optimisation. Therefore PLA was modiﬁed
itself to enhance the temperature stability of the polymer and reduce the residual monomer content [15].
The modiﬁcation processes for PLA are similar to the
ones employed for thermoplastic polymers, which are
mainly proposed to enhance thermal stability of the
material.
Meanwhile, it is understood that the processing
methods and parameters exhibit signiﬁcant eﬀects on
the ﬁnal product [16,17]. In addition to solvent casting,
melt compounding/extrusion is commonly carried out
to introduce PLA granules in diﬀerent compositions
[18–20]. Through melt compounding, the processing
parameters are mainly temperature, mixing speed
and time. The production lines based on PLA matrices
are strictly limited during the processing procedure due
to the nature of PLA. As a result of this limitation,
studies mainly employed the granules at ∼170°C [21–
23]. This was to reduce the thermal impact on PLA
as a natural feedstock derivative. The processing temperature plays important role in cases where higher
temperatures are required to melt other components
in the composite.
Studies showed eﬀective outcomes using optimisation techniques such as Response Surface Methodology (RSM) [14,24]. Determination of optimum
conditions, involves evaluation of several variables
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inﬂuence individually and their interactions concurrently. At the same time, it estimates the relation
between the obtained responses and the independent
variables. Compared to conventional method this technique saves a notable amount of time, energy and
money by reducing and optimising the number of
experiments [25]. For instance, for a standard three
factorial based design, 27 experiments should be performed while using a Central Composite Design
(CCD) in RSM only 20 experiments are required to
be performed [26]. Despite the drop in number of
experiments, similar and in most cases superior optimised outcomes were obtained.
The main focus of the results presented in this paper
will be on the signiﬁcance of temperature, speed and
time of processing on mechanical properties of PLA.
Therefore, to investigate the maximum processing
temperature of pure PLA, via the least possible number
of experiments, response surface methodology (RSM)
was employed. Morphological studies were conducted
to further understand the role of processing temperature on the morphology development of PLA.

Methodology

experimental trials were based on the 3 factors and 5
levels using CCD. The responses were then ﬁtted to
quadratic polynomial models. Suitability of quadratic
polynomial model was then determined by regression
coeﬃcient R2. Furthermore, F-value and P-value were
used to check the regression coeﬃcient signiﬁcances.
F-value is determined using the mean square of the
pure error instead of the residual error. P-value is the
probability of the null hypothesis.

Experimental procedure
The melt compounding of PLA granules was carried
out in Brabender PL2000-6 twin-screw compounder
according to the experimental design conditions
(Table 2). The compounded PLA granules were then
moulded into BS6746 and ASTM D256 standards
using a bench top injection moulding machine
(RR3400, RAY-RAN Injection Moulding Machine,
United Kingdom), at 180°C and 90°C for barrel and
mould temperatures, respectively. Holding time for
the BS6746 and ASTM D256 samples were 4 and 8 s,
respectively. All specimens were conditioned at ambient condition for 48 h before conducting any tests.

Materials
Polylactic acid (Ingeo biopolymer) grade 2003D (Melt
index 6 g/10 min, density 1.22 g cm−3) was obtained
from NatureWorks LLC product, USA. Biopolymer
granules were oven dried at 60°C for 12 h before
blending.
Experimental design and statistical analysis
The interaction and optimisation of blending parameters such as mixing speed (rev min−1) (A), mixing
temperature (°C) (B) and mixing duration (min) (C)
was studied using Response Surface Methodology
(RSM). Table 1 presents the list of factors (blending
parameters) and range of levels used. These factors
are experimental variables that can be changed independently of each other. In addition, the factors were
analysed based on the mechanical properties of the
blended samples such as maximum stress, young modulus, and impact strength. These are the dependent
variables known as the responses. Table 2 presents
the set of experimental trials generated by the Design
Expert software (V8) to reach maximum results with
minimal number of possible experiments. The

Characterisation and analysis
Tensile testing
To compare and evaluate the tensile properties of the
pure PLA, the samples were moulded using BS6746
standard. The test was carried out using tensile tester,
TOYOSEIKI Strograph R-1. The crosshead speed utilised was 5 mm min−1. Total of 7 samples were tested
and an average of 5 repeating samples was reported.
Impact testing
The impact properties of the notched pure PLA
samples prepared using ASTM D256 standard were
tested using CEAST Impact Pendulum Tester (Model
CE UM-636), with a 4 J hammer. Total of 7 samples
were tested and an average of 5 repeating samples
was reported.
Interfacial morphology analysis (FESEM)
Fractured surface of the tensile and impact samples
were observed with a ﬁeld emission scanning electron
microscope (FESEM, FEI Quanta 400 FE-SEM)
under 20 kV.

Table 1. Levels of independent variables.
Levels
Independent variables
−1

mixing speed (rev min )
mixing temperature (°C)
mixing duration (min)

Codes

Type

Minimum

Maximum

−1 Actual

+1 Actual

Mean

Std. Dev.

A
B
C

Numeric
Numeric
Numeric

50.00
180.00
5.00

100.00
210.00
10.00

50.00
180.00
5.00

100.00
210.00
10.00

75.00
195.00
7.50

17.68
10.61
1.77
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Table 2. CCD design of three variables with their obtained responses.
Exp. name

Speed (rev min−1)

Temperature (°C)

Duration (min)

Max stress (MPa)

Young’s Modulus (MPa)

Impact (J m−1)

100
75
50
75
100
75
75
50
100
75
75
75
75
50
100
75
100
50
50
75

180
195
210
195
210
195
195
195
180
195
180
195
195
210
210
195
195
180
180
210

5
10
5
7.5
5
7.5
7.5
7.5
10
7.5
7.5
7.5
5
10
10
7.5
7.5
10
5
7.5

57.08
55.48
52.25
56.77
38.08
56.77
56.77
54.04
56.33
56.77
60.89
56.77
58.12
50.64
41.62
56.77
55.77
55.56
55.09
51.39

611.3
582.943
648.478
527.136
776.205
527.136
527.136
573.646
651.137
527.136
605.713
527.136
556.089
633.474
650.77
527.136
589.227
549.23
638.06
616.953

30.878
30.099
29.804
28.816
22.367
28.816
28.816
38.474
32.299
28.816
30.476
28.816
29.787
26.016
23.247
28.816
29.889
28.175
29.857
28.285

H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20

Thermal analysis
Thermogravimetric analysis (TGA) was carried out
using a Perkin Elmer simultaneous thermal analyser
(STA 6000, USA) in a nitrogen atmosphere, ﬂow rate
10 ml min−1 at temperature between 30°C and 500°C
and heating rate of 10°C min−1.

Results and discussion
Processing parameters modelling
Table 2 summarises the obtained maximum stress,
impact strength and young’s modulus of the pure
PLA. It is observed that the maximum stress can be
seen at 60.89 MPa, young’s modulus at 776.20 MPa,
and 38.47 J m−1 for impact strength. The quadratic
model statistical testing was employed in form of
Analysis of Variance (ANOVA) to obtain an optimum
procedure.
As such, Table 3 shows the ANOVA results for the
ﬁtted quadratic polynomial model of pure PLA based
on maximum stress responses. In Table 3, Pure-error
is calculated as the square root of the sum of squared
diﬀerences between the observed and the predicted
values divided by the number of subjects in the crossvalidation sample. The smaller the pure error, the
greater the accuracy of the equation. Moreover, Lackof-ﬁt compares the residual error with the pure error.
Corrected total (Cor. Total) value, is the total amount

of variation that occurs with the individual observations of response about the mean.
Model F-value was calculated as ratio of mean
square regression and mean square residual. The Fvalue is the test for comparing the curvature variance
with residual (error) variance and P-value is probability
of seeing the observed F-value if the null hypothesis is
true. If the null hypothesis is true, it shows that the
model is a good predictor of the experimental data.
Therefore, the larger F-value and the smaller P-value,
corresponds to more signiﬁcant coeﬃcient.
Model F-value of 26.81 approved the model signiﬁcant and stability (Table 3). Furthermore, model Pvalue of <0.0001 complemented the model signiﬁcance,
as it was less than 0.05, indicating the feasibility of
using RSM strategies in this study. The model resulted
in an acceptable adj. R2 with R2 diﬀerence value of 0.03
(values are preferred to be less than 0.2). Coeﬃcient of
variation (C.V.) percentage is a standard deviation
expressed as a percentage of the mean, where the
lower the C.V., the smaller residuals relative to the predicted value was. Therefore, C.V. value for the ﬁtted
quadratic polynomial model was 1.96, proposing a
reliable model. Concluding equation based on coded
factors was obtained from the software and presented
in Equation (1).
Maximum stress = (+57.30) − (1.22 × A)
− (4.19 × B) − (1.00 × C)
− (2.11 × A × B)

Table 3. Analysis of variance for the ﬁtted quadratic
polynomial model of PLA processing (max stress).
Source

Sum of
squares

Degree
freedom

Mean
square

Fvalue

Model
Residual
Lack of ﬁt
Pure error
Cor. total

279.78
9.28
9.28
0.00
289.05

9
8
3
5
17

31.09
1.16
3.09
0.00

26.81 < 0.0001

R2 = 0.9679; R2adj=0.9318; C.V.% = 1.96.

P-value

− (0.64 × A × C)
− (0.86 × B × C)
− (1.89 × A2 ) − (1.95 × B2 )
− (1.29 × C2 ).

(1)

Figure 1 shows the 3D interaction plot of processing
temperature, mixing speed, and duration factors with
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responses. From the table, F-value of 10.07 indeed
proved the signiﬁcance of the model, which was further
complemented by the P-value of less than 0.050. Similar to the maximum stress model, Young’s modulus
model presented an acceptable adj. R2 with R2 diﬀerence value of 0.0913. From the R2 value obtained, it
can be concluded that the quadratic equation deﬁnes
91.89% of the total variation of the experimental
results. A C.V. percentage of 3.55% also proved the signiﬁcance of the model. The ﬁnal equation in terms of
coded factors based on DTG results was presented in
Equation (2).
Young′ s Modulus = (+537.77) + (6.73 × A)
+ (7.22 × B) + (3.57 × C)
− (16.05 × A × B)
+ (27.06 × A × C)
+ (13.35 × B × C)
+ (12.84 × A2 )
+ (57.62 × B2 )
+ (15.81 × C2 )

Figure 1. Response surface (3D) presenting the eﬀect of mixing speed, mixing duration, and mixing temperature on maximum stress value.

maximum stress response. A clear decline in maximum
stress value can be observed as the temperature
increased to 210°C (Figure 1(a,c)). The mixing duration and speed had little inﬂuence on maximum stress
value. However, as mixing speed was increased over
75 rev min−1 a slight decline in maximum stress was
observed (Figure 1(b)).
Table 4 shows the ANOVA for the ﬁtted quadratic
polynomial model following Young’s modulus (MPa)
Table 4. Analysis of variance for the ﬁtted quadratic
polynomial model of PLA processing (Young’s Modulus).
Degree
freedom

Mean
square

Fvalue

Pvalue

Model
38775.21
9
Residual
3424.23
8
Lack of
3424.23
3
ﬁt
Pure
0.000
5
error
Cor. total
42199.44
17
R2 = 0.9189; R2adj = 0.8276; C.V.% = 3.55.

4308.36
428.03
1141.41

10.07

0.0017

Source

Sum of
squares

0.000

(2)

Figure 2 depicts the 3D interaction graph of the three
factors with young’s modulus value. Processing temperature at 190°C showed a signiﬁcant eﬀect on the
young’s modulus value (Figure 2(a)). Meanwhile, either
higher or lower temperatures than 190°C showed to be
beneﬁcial. Likewise the previous ﬁndings, processing
speed and duration appeared to have minimal eﬀect
on young’s modulus values.
Table 5 shows the ANOVA ﬁtted quadratic polynomial model for the impact strength. From the
table, the model’s F-value of 6.54 and P-value less
than 0.050 proved the signiﬁcance of the model. The
coeﬃcient of variation (C.V.% = 3.37) of the response
values further illustrated that the model has high
reliability. The impact strength model presented an
adequate adj. R2 with R2 diﬀerence value of 0.0913.
The overall equation based on the coded factors was
presented in Equation (3).
Impact strength = (+29.21) − (0.016 × A)
− (1.82 × B) − (0.66 × C)
− (1.45 × A × B)
+ (0.50 × A × C)
− (0.80 × B × C)
− (0.49 × A2 ) − (0.42 × B2 )
+ (0.14 × C2 )

(3)

Figure 3 presents the 3D interaction graphs of mixing
temperature, speed, and duration interaction with
impact strength value. Increase in mixing temperature
from 180°C to 210°C appeared to clearly decrease the
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Figure 2. Response surface (3D) presenting the eﬀect of mixing speed, mixing duration, and mixing temperature on
young’s modulus value.

impact strength properties (Figure 3(a,b)). In the
meantime, as observed earlier, mixing speed and duration appeared to have minor inﬂuence on impact
properties as compared to the processing temperature.
Processing parameters optimisation
To optimise the blending parameters, the goals for
mixing temperature, speed, and duration were set to
‘in range’. The three responses were set to ‘maximise’.
This was to obtain the highest mechanical performance
Table 5. Analysis of variance for the ﬁtted quadratic
polynomial model of PLA processing (Impact strength).
Degree
freedom

Mean
square

Fvalue

Pvalue

Model
56.33
9
Residual
7.65
8
Lack of ﬁt
7.65
3
Pure
0.000
5
error
Cor. total
63.98
17
R2 = 0.8804; R2adj = 0.7458; C.V.% = 3.37.

6.26
0.96
2.55
0.000

6.54

0.0072

Source

Sum of
squares

5

Figure 3. Response surface (3D) presenting the eﬀect of mixing speed, mixing duration, and mixing temperature on impact
strength value.

over the lowest processing temperature. As observed
earlier, processing temperatures higher than 180°C
showed less desirability. Based on this setting, the software suggested 33 solutions carrying a desirability ranged from 0.72 to 0.92. The solution with the highest
desirability value of 0.92 was selected. Optimum parameters 3D diagram was presented in Figure 4.
The predicted optimised factors for the blend conditions were mixing temperature of 180°C, mixing
time of 10 min and mixing speed of 100 rev min−1.
Moreover, the predicted responses of the blend based
on these predicted factors were 56.84 MPa,
651.13 MPa, and 32.23 J m−1 for maximum stress,
young modulus, and impact strength values accordingly. Upon validation process, actual average values
of 60.31 MPa, 606.54 MPa, and 31.65 J m−1 for maximum stress, young modulus, and impact strength
were achieved respectively. In terms of error percentage, validation results were −5.75%, 7.35%, and
1.83% for maximum stress, young modulus, and
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Figure 4. 3D interaction plot of optimum mixing temperature and speed.

impact strength values accordingly. Validation process
resulted in a slightly higher stress value while lower in
young modulus. The negative error percentage indicates the higher maximum stress validation value
than the predicted value.
To further study the role of temperature, morphological studies were carried out. Figure 5 shows tensile
and notched izod impact fracture surfaces of H11, H4,
and H20 samples. H11, H4, and H20 samples were prepared at same condition (blended for 7.5 min at 75 rev
min−1) while at diﬀerent temperatures (at 180°C, 195°
C, 210°C respectively). During the tensile test, the

failure occurs due to initiation of craze that spread catastrophically across the specimen and rapidly fractures
the sample under relatively high level of stress [27]. The
crazes, which dissipate the strain energy by plastic
deformation, were clearly observed in Figure 5(a–e).
The crazes grow in a direction perpendicular to the
applied tension. It was observed that the fracture
behaviour of the specimens in the tensile test changed
from ductile fracture to brittle fracture with increasing
the temperature from 180°C to 210°C. A large amount
of energy consumed in craze development is the major
source of toughness. The samples prepared at a higher

Figure 5. Morphological structure of H11 ((a) Tensile, (b) Impact), H4 ((c) Tensile, (d) Impact), and H20 ((e) Tensile, (f) Impact)
samples.
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oxidative degradation, and inter and intramolecular
trans-esteriﬁcation reactions to mononmer and oligomeric esters [28].
Moreover, the transparent light yellow colour of the
samples blended at 180°C was changed to darker
brownish colour for the samples processed at 210°C.
The change in colour also conﬁrms the degradation
of the polymer at higher temperatures [28].

Conclusion

Figure 6. DTG thermogram results of H11, H4, and H20
samples.

temperature than 180°C, had relatively lower mechanical strength which was linked to the reduction in number of crazes and increasing brittleness of specimens.
Similarly, the fracture surfaces of impact results show
the transition to a more brittle structure at higher
temperatures (Figure 5(b,d,f)). The ﬂexural ductility
of H4 and H20 decreased and their stiﬀness increased
with increasing temperature.
In addition to morphological characterisation, thermal analysis was carried out to further understand the
inﬂuence of processing temperature. Similarly, H11,
H4, and H20 samples were selected. Figure 6 presents
the eﬀect of processing temperature on the thermal
stability of the PLA. PLA is thermally unstable and
exhibits rapid loss of molecular weight as the result
of thermal treatment at processing temperatures. The
ester linkages of PLA tend to degrade during thermal
processing or under hydrolytic conditions. To further
study the thermal stability of H11, H4, and H20, diﬀerent thermal degradation stages as a function of temperature were analysed (Table 6). The temperatures
T5, T10, T50, Tmax and T90 are temperatures for 5%,
10%, 50%, maximum and 90% decomposition, respectively. Higher the values of T5, T10, T50, Tmax and T90,
higher will be the thermal stability of the sample.
Tmax of H11 which was prepared at 180°C was at
∼348°C while H4 and H20 which were processed at
higher temperatures were at ∼359°C and ∼353°C
respectively. Thermal degradation mainly occurs
through random main-chain scissions coupled with
other reactions such as hydrolysis, depolymerisation,
Table 6. Thermal stability data of H4, H11, and H20 obtained
from TGA curves.
TGA
Sample

T5 (°C)

T10 (°C)

T50 (°C)

Tmax (°C)

T90 (°C)

H11 (180 °C)
H4 (195°C)
H20 (210°C)

307.75
322.34
317.55

318.32
333.96
328.55

349.25
359.07
354.59

348.07
359.44
353.61

362.64
370.82
367.18

Maximum preparation temperature of pure PLA was
investigated using a statistic model. A range of temperature starting from 180°C to 210°C was selected. It
was observed that process temperature plays the most
important role as compared to mixing duration and
speed. Samples prepared at higher temperatures than
180°C presented lower mechanical properties while
having smoother structure. Moreover, the quadratic
polynominal model showed to be suitable to optimise
preparation parameters. The optimal blending condition for PLA was obtained at 180°C, 10 min and
100 rev min−1. Validation process conﬁrms the optimal predicted values. The optimised parameters
resulted in maximum stress, young modulus, and
impact strength values of 60.31 MPa, 606.54.54 MPa,
and 31.65 J m−1 respectively. To obtain an acceptable
mechanical performance, preparation of PLA composites at temperatures higher than 180°C is not
recommended.
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