
The European Union is committed to achieving sus-
tainable growth and climate neutrality by 2050
through the European Green Deal, with the new cir-
cular economy action plan adopted in 2020 as a key
component. The transition to a circular economy is
proposed by closing the loop of product life cycles
through increased recycling and reuse, providing
both environmental and economic benefits. The role
of polymeric materials is essential in achieving these
goals as ecodesign and recirculation of plastic prod-
ucts can substantially decrease waste generation and
demand for raw materials and energy. Adopting the
circular economy approach to polymers does not
only mean reducing the negative impact on the en-
vironment but also fundamentally and comprehen-
sively changing the way we design polymers. The
circularity of the polymers is rooted in their tailored
chemical structure and the design of polymeric sys-
tems enabling recycling. The material recycling of
thermoplastic polymers is already an industrially vi-
able method by simple mechanical recycling by
melting and reprocessing. Therefore, the main chal-
lenges of this field involve developing inherently
recyclable thermoset polymers (https://doi.org/
10.3144/expresspolymlett.2021.89) and the design
of easily recyclable thermoplastic polymer systems
that allow the use of long-fibre reinforcement for
structural applications (https://doi.org/10.1016/
j.polymdegradstab.2021.109797). As most current
applications of thermoplastics assume a very short

lifetime, in their case, the focus should be on recy-
cling rather than increasing the lifetime. Therefore,
enhancing the lifespan can be a relevant strategy, pri-
marily in the case of thermosetting composites
(https://doi.org/10.3144/expresspolymlett.2022.81)
and can be achieved by a variety of approaches, e.g.
structural health monitoring (https://doi.org/10.1016/
j.compscitech.2020.108317, https://doi.org/10.3390/
polym11030523) (including non-destructive testing)
and repair during operation.
Although it is estimated that product design deter-
mines up to 80% of the environmental footprint of a
product during its lifecycle, sustainable strategies are
often not exploited to their full potential at the design
stage. This is particularly true for polymer waste,
where downcycling is the most common way of re-
cycling, leading to quality degradation and a shorter
lifetime. The additional functionalities introduced by
upcycling can be key to increasing the industrial ac-
ceptance and uptake of recyclates. The high thermal
stability and good fire resistance (https://doi.org/
10.3144/expresspolymlett.2018.17) of polymers are
crucial when replacing metals in structural applica-
tions to reduce weight. As the ‘Proposal for a Regu-
lation on circularity requirements for vehicle design
and on management of end-of-life vehicles’ of the
European Union aims to set a mandatory recycled
content target for plastics in newly type-approved
vehicles of 25% by 2030, upcycling of secondary
polymers will be a fundamental aspect in the future.
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1. Introduction
Additive manufacturing (AM) or three-dimensional
(3D) printing is an emerging approach for fabricating
prototypes or final parts with sophisticated geometries
which cannot be produced by traditional manufac-
turing methods [1, 2]. This manufacturing technolo-
gy has diverse usages in academics and distinctive
fields of industry such as automotive, aerospace, soft
robotics, fashion, and health care. The basic idea of
3D printing is the creation of a two-dimensional layer
with a simple geometry on another layer to produce

a complex solid object [3, 4]. Fused deposition mod-
eling (FDM) is the easiest, most controllable, and
most efficient technique of AM to manufacture ther-
moplastic parts. Furthermore, because of the low cost
of base materials in this technique, it is surprisingly
economical [5]. The fundamental concept of its pro-
cedure is the extrusion of semi-liquid thermoplastic.
In the last decade, there have been many prominent
experimental and numerical investigations on the
FDM technique related to improving the material
properties of 3D printed parts [6] and multi-material
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Abstract. There are a limited number of thermoplastics with intrinsic shape memory effect (SME) that are four-dimensional
(4D) printable. Development of other shape memory polymers (SMPs) entails synthesis with a complicated chemical exper-
imental lab effort. In this paper, for the first time, a novel layered multi-material structure is developed based on a deep com-
prehension of SMEs’ macromolecular requisites. The fused deposition modeling (FDM) method is used for the four-dimen-
sional printing of layered structures whose base materials show no SME. Commercial acrylonitrile butadiene styrene (ABS),
toughened ABS-thermoplastic polyurethane (TPU) blend, and TPU, all with no SME, are used to fabricate bi-layers of ABS-
TPU blends and TPU with different volumetric proportions. Different thermo-mechanical tests, including dynamic mechanical
thermal analysis (DMTA), and constrained and free shape recovery, are conducted. Also, the interfacial properties of the
layered 4D printed structure are assessed by the mean of shear testing and scanning electron microscopy (SEM). Experimental
results reveal that the 4D printed bi-layer composites possess a high level of programmability, SME (90–96%), and perfect
interfaces without any porosity and detachment between layers. The results of this research can potentially eliminate the des-
perate need for SMPs for 4D printing and broaden the opportunity to have smart parts using commercial thermoplastics.
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and gradient printing [7–9]. Multi-material FDM
printing is related to printing different filaments by
dual extruder printers [7, 9–11] or using continuous
fibers embedded in filaments and printing them with
an especially designed extruder [12, 13]. Of course,
the manufacturing of composite shape memory poly-
mers (SMPs) has also been developed to achieve
non-thermal stimulation, such as electrical [14].
Shape memory materials (SMMs) are a kind of smart
materials that have captivated industries and academic
researchers for the last couple of decades. These ma-
terials’ shapes can be converted in response to a spe-
cific stimulus [15]. The most important characteristic
of the SMMs is the shape memory effect (SME), in
which the original shape is ‘memorized’ and recov-
ered freely without any additional mechanical force
[16, 17]. SMPs are the most well-known types of
SMMs due to their unique properties. Some of their
features and advantages are: fixing and recovering
large strains, high recovery rate, tailorable properties
(e.g., transition temperature), programmability and
controllability of recovery, low cost, lightweight, ac-
quiring potential of biodegradability and biocompat-
ibility, and vast types of stimuli including joule heat-
ing, electrical current, magnetic field, light exposure,
UV exposure, moisture, pH and mechanical loading,
etc. [18–20]. For manifestation SME, polymers must
have net points or hard phase and soft phase. The hard
phase is needed to form an integrated polymeric net-
work that stores the strain energy and releases it in the
recovery step for memorization of the permanent
shape. These net points can be chemical crosslinks for
thermosets and crystalline or molecular entangle-
ments as physical crosslinks for thermoplastic poly-
mers. The responsibility of fixing the temporary shape
after the programming steps and recovering the ap-
plied deformation is due to the soft phase [21, 22].
Four-dimensional (4D) printing is a scientific hori-
zon that is the integration of two concepts of AM and
the capability to change the shape like an SME [23].
The dynamic properties of 4D-printed SMMs are re-
lated to the fourth dimension of printing. FDM is the
most used technique in 4D printing [24, 25]. Never-
theless, only a few thermoplastic SMPs like polylac-
tic acid (PLA) and polyurethane (PU) are 4D print-
able, and to make novel SMPs, additional operations
such as blending polymers are needed [17, 26]. In
this regard, based on the multi-material printing and
the microscopic concept of SMPs, a shape memory
bi-layer structure is developed here.

Acrylonitrile butadiene styrene (ABS) and thermo-
plastic polyurethane (TPU) are commercial filaments
in 3D printing that are employed in this research. In
multi-material printing, the adhesion of the polymers
in joint surfaces is one of the most prominent points
and is generally limited to three theories, including
mechanical interlocking, diffusion, and thermody-
namic theory of adhesion [27–30]. There are only a
few experimental and numerical investigations on
the adhesion of these two materials, specifically in
the AM field. Harris et al. [31] printed a three-lay-
ered ABS/TPU/ABS structure. The shear test results
suggested that TPU adheres to ABS, which was com-
parable to the commercial adhesive. Another achieve-
ment of their work was that the TPU layer adheres
to lower ABS better than the upper ABS layer. The
reason was that at the printing temperature of TPU
(218 °C), the complex viscosity of this material is
much lower than ABS at its printing temperature
(240 °C). This phenomenon led to excellent inter-
locking and filling of voids in bottom-layered ABS
with TPU. In contrast, the top layer of ABS could
not establish the same interlocking as TPU. Yin et al.
[32] conducted an experimental and numerical in-
vestigation on the interfacial bonding of ABS and
TPU based on the diffusion aspect of adhesion. They
evaluated the effects of building stage temperature,
print speed, and nozzle temperature on the quality of
the interfacial bonding of the ABS and TPU printed
alongside each other. They have found that by in-
creasing the building stage temperature from 30 to
68°C, the bonding significantly improved from 0.86
to 1.66 MPa. By decreasing the printing speed and
increasing the nozzle temperature, also the bonding
was enhanced, but these parameters had minor ef-
fects. They also insisted that for diffusion, both ma-
terials must be above their glass transition tempera-
ture (Tg) during the printing of each layer. de León
et al. [27] blended the ABS and TPU with different
weight percentages (the blends contained 10, 20, and
30 wt% of TPU) to study the compatibility of these
materials. Fourier transform infrared (FTIR) spec-
troscopy analysis in attenuated total reflectance
mode (ATR), atomic force microscopy (AFM) and
Raman spectroscopy were carried out in the study.
The results showed a homogeneous distribution of
ABS and TPU in the blends, probably due to hydro-
gen bonding supramolecular interactions between
TPU polar groups and ABS acrylonitrile and aromat-
ic moieties. AFM phase images presented that in the
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blends with 10 wt% TPU, it was homogeneously
distributed within the ABS matrix, while for blends
containing 30 wt% TPU, it tended to form a contin-
uous phase along the ABS matrix. They also printed
tensile test specimens with the blend to obtain me-
chanical properties. Due to the observations, the
presence of TPU improved interlayer adhesion with-
out deterioration of yield strength for composition
up to 20 wt%.
As it is aforementioned, ABS is the common filament
for FDM, and it also has perfect mechanical proper-
ties. Due to the importance of producing functional
objects, for example, actuators or shock absorbers,
scientists have utilized distinctive approaches [33].
One of these approaches is the printing of flexible
materials [34]. Therefore, ABS, as the common ma-
terial, has been toughened with different elastomers
and plasticizers in different examinations [27, 34,
35]. Also, the toughening of ABS through blending
with another compatible material has another func-
tional advantage which is the reduction of its Tg [34,
36]. de León et al. [27] blended ABS with 30 wt% of
TPU. They could triple the elongation at the breaking
point without any remarkable drop in yield strength
in comparison to the neat ABS. Siqueiros et al. [34]
developed a new filament with ABS and thermoplas-
tic elastomer styrene ethylene butylene grafted with
maleic anhydrate (SEBS-g-MA). They melted and
blended these two materials with distinctive concen-
trations and could increase the elongation at the break
values from 8.5% for neat ABS to 50% for
ABS/SEBS-g-MA 50/50 composition.
In this article, for the first time, 4D printed shape
memory bi-layer structures were developed from a
non-shape memory thermoplastic (ABS) and an
elastomer (TPU). The generalization of SMPs’ mi-
crostructural concept to a macrostructural structure
is employed to achieve the SME in these 4D printed
specimens. Also, in comparison to the previous in-
vestigations of multilayer SMPs produced by co-ex-
trusion, these 4D printed structures benefited from
the 3D printing’s positive points, especially for pro-
ducing complex geometries for applications like pipe
fasteners. To achieve high deformability, reduce the
Tg and improve the adhesion between the materials,
ABS was blended with TPU at two different weight
percentages (80 and 60 wt%). Bi-layer ABS-TPU
structures were printed with different layer thick-
nesses of components, and SME (shape fixity, shape

recovery, and stress recovery) was investigated
through constrained and free stress recovery. Addi-
tionally, a dynamic mechanical thermal analysis
(DMTA), a shear test, and scanning electron micro -
scopy (SEM) were conducted to scrutinize the ther-
mal behavior and adhesion between TPU and the
neat ABS and blends.

2. Experimental procedures
2.1. Materials and filament preparation
Commercial ABS granules were purchased from
Baspar Chemi Sepidan Co, Ltd (Iran). Also, poly-
ester-based TPU granules with the grade of 365A
were prepared from Xiamen Keyuan Plastic Co., Ltd
(China) to be used for ABS/TPU blends. A black-
colored filament of TPU was obtained from Shen-
zhen Esun Industrial Co., Ltd. (China) that is printed
as the elastomeric layer. Before starting any process,
all of the materials were dried for 3 h at 80 °C. Dif-
ferent ABS-TPU blends were mixed by varying
weight percentages of 365A TPU: 20, and 40% (in
terms of ABS80, ABS60). The materials were blend-
ed using a Coperion twin screw extruder (Model
ZSK-25, Coperion GmbH, Stuttgart, Germany) with
an L/D of 40 and a screw diameter of 25 mm to pro-
duce a filament. The processing temperature window
was between 200 to 220 °C with a screw speed of
70 rpm. The filament was cut into palettes. Then,
neat ABS, ABS80, and ABS60 blend palettes were
used to prepare FDM filaments with 1.75 mm diam-
eter by a lab-made single screw extruder with an L/D
of 15 and screw diameter of 15 mm with a speed and
temperature of 30 rpm and 230°C, respectively.

2.2. Printing procedure
A desktop two-nozzle FDM printer with a 0.8 mm
nozzle diameter was employed to print all samples.
The infill density of parts was 100% with a raster
angle of 0° and layer thickness of 200 μm. For all
bi-layer samples, the black-colored TPU was printed
above the neat ABS and toughened ABS blend ac-
cording to Harris et al. [31] investigations. Regard-
ing Yin et al. [32] and de León et al. [27] experi-
ments, the bed temperature was chosen to be 65 °C
and the printing temperatures for neat ABS, tough-
ened ABS blends, and the black TPU were set to be
240, 240, and 230 °C, respectively. Also, the printing
speed for neat ABS and toughened ABS blends was
50 mm/s, and for the black TPU was 15 mm/s.
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2.3. Dynamic mechanical thermal analysis
(DMTA)

A thermal analysis was performed on the neat ABS
and the ABS-TPU blends and the black-colored TPU
to observe the storage modulus and the glass-rubbery
transitional behavior at different temperatures. In
this respect, a cantilever beam with a geometry of
40×10×1 mm was printed based on the ASTM
D4065-01 standard. The test was carried out from 
–100 to 140 °C with a heating rate of 5 °C/min and
a constant 1 Hz frequency by a dynamic mechani-
cal thermal analyzer (Mettler Toledo GmbH,
Switzerland).

2.4. Shape memory performance
For assessment of the shape memory performance
of the bi-layer structures, the free and constrained
shape recovery tests were executed in bending mode
using a universal testing machine with a 1 kN load
cell. A programmable logic controller (PLC) was
employed to manipulate the temperature, heating,
and cooling rates of the tests. All the bi-layer struc-
tures were printed in the geometry of 50×10×4 mm
with three different ratios of TPU layer thickness to
the ABS or ABS-TPU blend layer thickness (ther-
moplastic layer) listed in Table 1. The samples are
bi-layer structures in which the thermoplastic was
printed beneath the black TPU. For the free and con-
strained shape recovery tests, all of the samples were
printed and tested three times to ensure the accuracy
and repeatability of the findings.

2.4.1. Free shape recovery test
For programming, all of the twelve specimens (nine
and three for shape recovery and stress recovery)

were constrained and heated to 85 °C at an 8 °C/min
rate and remain in this condition for 120 s (heating
step). Then a 7 mm deflection was applied to the sam-
ples at a rate of 3 mm/min (deformation step). With-
out any delay, the structures were quenched to am-
bient temperature at a rate of 30 °C/min and fixed in
this circumstance for the next 240 s (cooling step).
Afterward, the specimens were unloaded, and the
fixity ratio was evaluated by Equation (1) (unloading
step). For the shape recovery, samples were reheated
to 100 °C with a high rate of 30 °C/min (recovery
step). The recovery ratios were gauged after one
minute of remaining at a high temperature using
Equation (2). The explained cycle is a well-known
SME programming cycle:

(1)

(2)

2.4.2. Constrained shape recovery test
The constrained shape recovery test was executed
for two-layer structures and only in the same ratio of
TPU thickness to ABS thickness (Samples II, V, VIII).
The three first steps of the test were exactly the same
as the free shape recovery test. Then the samples
were unloaded, and after holding the condition for a
few seconds, the samples were confined again with-
out any further deformation and reheated to 90 °C at
the rate of 15°C/min to examine the recovered force.

2.5. Shear test
The shear test was performed by a universal testing
machine equipped with a 1 kN load cell and a sliding
shear fixture. As depicted in Figure 1, the design of
the fixture consists of two different pieces. A 5 mm
depth groove and hole were craved on the first and
second pieces. By sliding the two pieces on each
other, pure shear is applied to the samples. The shear
samples were designed considering the fixture geom-
etry. The samples consist of two cubes with the geom-
etry of 10×10×5 mm and 8×8×5 mm (Figure 1). The
three reference samples of neat ABS, ABS80, and
ABS60 and the three bi-layer structures consisting
of them and the TPU layer were printed.

100Shape fixity ratio % Applied deflection
Remained deflection

$=! $

100Shape recovery ratio % Remained deflection
Recovered deflection

$=! $
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Table 1. Sample codes considering the used thermoplastic
type, the thickness ratio of layers, and the structure
layout.

Sample
code

TPU/thermoplastic layer
thickness ratio

Thermoplastic
layer type

I 1:3
ABSII 1:1

III 3:1
IV 1:3

ABS80V 1:1
VI 3:1
VII 1:3

ABS60VIII 1:1
IX 3:1



2.6. Scanning electron microscopy (SEM)
For the evaluation of the bond quality between the
materials, imaging was also performed using SEM.
Before imaging, the samples were frozen and broken
down in liquid nitrogen and then coated with gold.
Imaging was performed using Philips XL30 Scan-
ning Electron Microscope (Koninklijke Philips N.V.,
The Netherlands) in secondary electron imaging
mode.

3. Results and discussion
3.1. DMTA
The DMTA results of TPU are shown in Table 2. Ac-
cording to the storage modulus change, –40°C is the
starting point of the glass-to-rubbery transition, and
it continues until 25 °C, demonstrating a wide tran-
sition range of 65°C. The tanδ peak representing the
Tg of TPU is about –1°C and its value is 0.32. Also,
the storage modulus drops from 80 MPa at room
temperature to 25 MPa at 85°C. This decreasing
trend continues until 100°C, and the storage modulus
reaches the least value of 19 MPa, which is consistent

with observations in [37]. The slight rise in the stor-
age modulus of TPU during the cooling process in
the shape memory cycle may slightly help the im-
posed strain to be stored. On the other hand, the
slight increase in storage modulus upon cooling
makes the TPU stiffer while it is in a rubbery state,
causing the entropic force to be intensified with the
same imposed strain. However, this intensified re-
tracting force would not deteriorate the shape fixity
because even the increased storage modulus of TPU
at room temperature is far smaller than that of mate-
rials that possess high storage moduli in their glassy
state at room temperature like ABS.
The storage modulus changes for ABS, ABS80 and
ABS60 according to temperature are presented in
Figure 2 and Table 3. As it is depicted in Figures 2a
and 2b the glass-to-rubber transition of ABS starts
from 90 to 135 °C and tan δ picks at 118 °C (Tg).
Also, α transition of this material occurs at 103 °C,
which is the middle point of the storage modulus’s
drop from 760 to 55 MPa. In addition, between 0 and
85 °C, the storage modulus decreases from 995 to
780 MPa gradually. Also, there is a β transition for
ABS between –85 and –62 °C, which is consistent
with observations in [37]. As aforementioned, de
León et al. [27] reported superior compatibility be-
tween ABS and TPU, which can be distinguished in
the DMTA results of ABS80 and ABS60 composites,
as shown in Figures 2a and 2b. Initially, the glass
transition of ABS80 and ABS60 read from 87 to
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Figure 1. a) The dimensions of the shear test specimens, b) the dimensions of the sliding shear fixture, and the sliding direc-
tion (all in mm).

Table 2. Storage moduli of TPU.

Quality Temperature
[°C[

Storage modulus
[MPa]

Glass transition starting point –40 2234
Glass transition ending point 25 80
Deformation point 85 25
Recovery point 100 19



130°C and 81 to 125 °C, respectively. Furthermore,
with the increase of TPU content in the ABS matrix,
the storage modulus of composite blends gets lower
in the whole temperature range. Also, the reduction
rate of the storage modulus in the β transition of
ABS is slightly decreased for both composites.
Moreover, there are additional drops from around –
40 to 0 °C for both blends, especially in ABS60,
which are associated with the contribution of the
TPU’s glass-to-rubber transition. Besides, significant
continuous declining slopes in the storage modulus
curves of composites are detected between 0 and
85°C due to the corporation of TPU, which are from
695 to 270 MPa and 540 to 97 MPa for ABS80 and
ABS60, respectively. Also, the glass and α transition
temperatures of ABS80 are fallen to 114 and 95°C,
respectively. After surpassing the α transition tem-
perature, the storage modulus dropped from 220 to
32 MPa. In the case of ABS60, the Tα is 87°C, and
the storage modulus decreases from 153 to 27MPa
during this transition. The Tg of this composite is
106°C. The basic concept of the SMEs in this work,
which will be discussed in the next section, is based
on the storage modulus of hard material above the
switching temperature, which is the α transition tem-
perature of ABS, and both composites. Therefore, the

recovery occurs at 100 °C where the α transition is
completed, and the storage moduli of ABS80 and
ABS60 reach 88 and 33 MPa, respectively. This no-
table softening of the ABS blends at this temperature
can lead to the effective release of the stress stored
in the TPU layer during the recovery procedure.

3.2. Shape fixity and recovery
A comprehensive schematic representing the essen-
tial microstructural requisites for exhibiting SME is
illustrated in Figure 3, separately for each program-
ming step. The elastomeric (storing phase) and
switching phase (hard material) layers in Figure 3
refer to TPU and different types of ABS, respective-
ly. In this article, the hard phase as a network and the
soft phase are generalized to a novel bi-layer macro-
scopic-designed SMP structure using multi-material
printing and the basic microscopic concept of SMPs.
These SMP structures are the assembly of a stiff non-
shape memory thermoplastic with a high Tg and an
elastomer with a lower Tg (below room temperature)
on top of the former layer. To make a clear associa-
tion between the microstructural requisites for ex-
hibiting SME and the characteristics that belong to
the proposed bi-layer, the physical state of each layer
in each programming stage is shown in Figure 3. An
SMP has two microstructural features that have pow-
ered it to emerge SME. First, there should be net
points, forming an integrated network to restrict rel-
ative movements of the polymer chains and perma-
nent deformations. In the designed bi-layer structure,
these net points are formed from the interconnected
hard phases in TPU as a thermoplastic elastomer.
This feature of TPU has brought hyperelastic prop-
erties along with negligible permanent deformation.
Second, there should be a phase transition for storing
and relieving the applied deformation. In the bi-layer
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Table 3. The storage modulus changes according to temper-
ature for ABS, ABS80, and ABS 60.

T
[°C]

Storage modulus
[MPa]

ABS ABS60 ABS80
–85 1540 1400 1180
–62 1170 1110 10463

0 995 695 540
100 465 88 33
110 112 40 33
120 54 39 31

Figure 2. The results of the DMTA: a) the storage modulus, and b) tan δ of ABS, ABS80, and ABS 60.



structure, the glass transition of the polymer chains
in the hard ABS layer acts similarly to an SMP. The
collection of net points and phase switchable chains
are found within the microstructure of an SMP. In
the designed layered composite, the combination of
two layers acts as a parallel spring system with the
same amount of strain in each layer. The combina-
tion of the microstructural features of each layer and
the parallel structural behavior can well be associated
with the exact microstructural requisites that are
found within an SMP. The thermoplastic is respon-
sible for fixing the temporary shape in temperatures
below Tg by the rubber-to-glass hardening transition
accompanied by a substantial increase in modulus.
During the programming steps, by deforming the
structure, elastic stress emerges in the elastomer, and
with the aid of the cooling of the deformed structure
below the thermoplastic Tg, the elastic stress can be
stored in the elastomer by the resists of the stiffed
glassy thermoplastic. When the structure is heated
above the thermoplastic Tg, the mentioned layer
starts to soften, and the steep decrease in the storage
modulus leads to the stored stress in the elastomer
layer being released. During programming, the stress
is applied to the structures, and the elastomeric layer
has the duty of stabilizing most of the imposed stress
thanks to the presence of an integrated network in its
molecular architecture, restricting stress relaxation.
Also, the thermoplastic is responsible for fixing the
deflection due to its hardening behavior caused by
reaching the glassy state of the material during the

cooling step (Figure 3c). The resistance of the ther-
moplastic layer to preserve the stored stress in the
elastomeric layer (TPU) without a substantial spring
back is reduced when its portion decreases. This al-
ternation causes the structural stiffness to be less-
ened, which is well accompanied by a decrease in
the shape fixity. In contrast, higher stress can be stored
in the structure by raising the portion of the TPU
layer. This phenomenon leads to a more complete
shape recovery during the stimulation process (re-
covery step).
The shape memory performance ratios for different
4D printed bi-layer structures are named in Table 4
regarding the differences in hard material and the
TPU thickness to hard material thickness ratio. All the
fixed and recovered shapes of the samples are sum-
marised in Figure 4. By comparing the samples in
each set, decreasing and increasing trends are ob-
served in shape fixity and shape recovery, respectively,
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Figure 3. Schematic of samples during the shape memory cycle: a) as-printed condition, b) after heating and deformation,
c) after cooling, d) recovery step.

Table 4. Shape recovery and shape fixity of the samples.
Sample
code

Shape fixity ratio
[%]

Shape recovery ratio
[%]

I 84.0 66.3
II 78.9 76.5
III 67.6 83.9
IV 94.1 87.4
V 88.6 90.5
VI 81.7 94.1
VII 89.7 93.0
VIII 86.1 94.7
IX 78.3 96.2



regarding the increasing portion of the TPU layer
thickness in these structures. The shape fixity ratios
for the two-layer ABS-TPU structures in terms of
TPU layer thickness are in the range of 67.6 to 84%,
and the highest and lowest values are obtained for
the highest and lowest TPU ratios, respectively. This
trend is repeated for two ABS80 and ABS60 struc-
tures because increasing the layer thickness ratio of
the ABS, due to its higher modulus, provides more
resistance to relax the TPU layer. On the other hand,
the highest amount of recovery ratio is also obtained
for the lowest thickness ratio of the ABS layer be-
cause in the recovery step, the lower resistance means
more recovery of the TPU elastic layer and the orig-
inal shape. Shape recovery ratios are observed in the
range of 66.3 and 83.9% for the two-layer structure.
Shape fixity is improved in the second set compared
to the first set, which is specifically related to differ-
ent glass-rubber transitions of the neat ABS and
ABS80. At the programming temperature (85 °C),
the neat ABS structures are just at the start of their
α transition, and most regions of these layers are
glassy. The glassy regions can cause a more pro-
nounced elastic and visco-elastic spring back of the
structures after the unloading step at ambient tem-
perature, which has been observed in previous sources
[38]. Vice versa, the mentioned spring backs are
much less in the structures with thermoplastic layers
of ABS80 due to the lower temperature range of
glass-to-rubber and α transitions as well as the less

portion of glassy regions in the thermoplastic layer,
which contributed to the better shape fixity [39]. In
the third set’s samples, a drop in shape fixity com-
pared to the second set can be observed. Less struc-
tural stiffness is achieved with the aid of the highest
content of the TPU toughened into these thermoplas-
tic layers of ABS60, which is linked to a lower shape
fixity and excellent shape recovery, regardless of the
thickness ratio of TPU to hard material [40].
Overall, the improving trend for shape recovery is
correlated with the different glass-to-rubber regions
of the neat ABS, ABS80, and ABS60 composites.
As mentioned earlier, the glass-to-rubber transition
is shifted to a lower range of temperatures by blend-
ing neat ABS with TPU elastomer. At 100°C (recov-
ery temperature), ABS60 shows the least storage
moduli (33 MPa) among all three thermoplastics
concerning DMTA results. This storage modulus is
related to more softening of the thermoplastic com-
posite layer at the recovery temperature, indicating
weakened resistance for the release of the stored
stress in the elastic layer and a resultant higher re-
covery ratio [40]. Also, the neat ABS and the ABS80
composites have storage moduli of 450 and 88 MPa
at 100 °C, respectively, which results in a lower
shape recovery ratio. From another point of view,
the existence of more TPU content in the thermo-
plastics increases the portion of elastic material in
the whole structure, which may aid in a better recov-
ery ratio. Also, in videos 1 and 2, the programming,
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Figure 4. Fixed and recovered conditions of the coded samples.



fixity, and recovery steps of these two-layer struc-
tures can be seen.
Furthermore, a customized complex tubular self-ac-
tive bi-layer structure as one of the most prominent
applications of SMPs has been manufactured and
presented in Figure 5. The structure is a mechanical
fastening that can be used to fasten pipes [41].

3.3. Stress recovery
The stress recovery results of Samples II, V, and VIII
are illustrated in Figure 6, respectively. The defor-
mation stress of Sample II, which contains the neat
ABS as the thermoplastic layer, is 10.8 MPa. Also,
the maximum recovered stress for this specimen is
3.7 MPa, and it occurs at 87 °C. For Sample V
(ABS80 composite as a thermoplastic layer), a sig-
nificant drop is observed in deformation stress which

is 5.5 MPa, and this can be related to the more soft-
ening of the ABS80 composite at the deformation
temperature. This sample demonstrates a 2.45 MPa
recovery stress which represents the recovery of a
higher proportion of the deformation stress in com-
parison with the previous sample. This result is along
with the earlier discussed results of the DMTA and
shape memory performance that was attributed to the
more softening of the thermoplastic composite layer,
enabling the 4D printed bi-layer structure to recover
the shape and force more intactly. The superior shape
fixity of Sample V causes the TPU layer to store
more of the deformation stress, and the excellent
shape recovery helps this sample to recover a higher
portion of the deformation stress.
Regarding DMTA results, the glass-to-rubber tran-
sition of the ABS80 composite starts at a lower
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Figure 5. The customized tubular self-active bi-layer mechanical fastening.

Figure 6. Stress recovery plots of the sample: a) Sample II, b) Sample V, and c) Sample VIII.



temperature. Therefore, the maximum recovery
stress happens at lower temperatures of 81 °C. The
last specimen’s deformation stress is 4.82 MPa. This
low deformation stress contributed to the smallest
storage modulus of the ABS60 composite among all
used thermoplastics. Furthermore, the maximum re-
covery stress is 2.21 MPa and occurs at 74 °C. Sam-
ple VIII is also shown a substantial stress recovery
of the deformation stress, almost the same as Sam-
ple V because both samples have exhibited superior
shape fixity and recovery ratios in close range to one
another. By considering all of the plots, the stress in
Samples V and VIII rises more sharply than the
Sample II at lower temperatures. It is associated with
the progressive decline of storage modulus observed
in DMTA curves of the ABS80 and ABS60 compos-
ites all over the temperature range, and their lower
storage modulus in each temperature leads to the re-
lease of stress progressively at lower temperatures
which does not exist in the neat ABS. Moreover, by
increasing the temperature, there are drops in stress
after the stress recovery peaks for all samples. How-
ever, the drop for Sample II is obviously slighter
than the two other specimens. This distinction is cor-
related to the storage modulus of the samples at 9 °C
and the higher α transition temperature of the neat
ABS. The prominent decrease in the storage modu-
lus after the recovery peak results in more softening
of the material and represents lower stress. For the
neat ABS, the α transition starts at a high tempera-
ture of 86°C (based on the DMTA curve). This phe-
nomenon can cause a neglectable drop in the storage
modulus and also a slight drop in the stress recovery
plot for this structure. But for the other structures,
due to the significant change in the storage modulus
between the stress peak’s temperature and 90°C, the
drops of stress in them are more obvious, causing a
peak in stress recovery to be made, which is consis-
tent with previous sources [38, 42]. These differ-
ences in actuation temperatures and stresses can pro-
vide us with a wide range of actuators for distinctive
applications like grippers in soft robotics or pipe fas-
teners and splints in biomedical applications.

3.4. Adhesion
Figure 7 demonstrates the shear test results for each
set of materials. As can be seen, the specimen that
was made of the neat ABS shows the best shear
strength, and its maximum shear stress is 21.70 MPa.
Furthermore, there is a significant declining trend for

the maximum shear stress of the ABS80 and ABS60
specimens, which is associated with the softening of
materials due to the corporation of TPU in these
composites. The maximum shear stresses are 13.70
and 7.30 MPa for ABS80 and ABS60 specimens, re-
spectively. Also, there is a marginal descending trend
for the maximum shear stress of bi-material struc-
tures. As it is depicted in Figure 7, the sample with
the neat ABS and TPU has an 8.8 MPa maximum
shear stress which is approximately 40% of the value
associated with the ABS-ABS sample. These results
have an excellent resemblance to Harris et al.’s [31]
investigations of the maximum shear stress of
ABS/ABS/ABS (15 MPa) and ABS/TPU/ABS
(5 MPa). Based on the report of the comparison of the
bi-material ABS-TPU structure with an industrial ad-
hesive by Harris et al. [31], it can be deduced that the
adhesion between the TPU and ABS is perfectly ac-
ceptable in this study. It is proof of the multi-material
printability of these two materials for variant appli-
cations. Besides, the ABS80/TPU and ABS60/TPU
structures manifest 7.2 and 4.5 MPa maximum shear
stresses, which are about 50 and 60% of the values
associated with relevant mono-material specimens,
respectively. This ascending trend of these percent-
ages could be related to the better adhesion of these
composites to the TPU, which may be attributed to
the presence of the dispersed TPU microdomains in
the ABS matrix and the high affinity of the TPU
layer to adhere to itself.

3.5. SEM
The interface of the TPU with the neat ABS and the
composites printed layers is shown in Figure 8a–8c.
As can be observed, there are excellent interfaces
without any porosity and detachment between two
materials in each image. Therefore, mechanical inter-
locking and filling all the voids and roughness of the
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Figure 7. Maximum shear stress of each set of materials.



thermoplastic layer’s surface with the elastomeric
material (TPU) is a promising approach for the good
adhesion of the neat ABS and the blends with TPU.
The reason for these phenomena is the low viscosity
of the TPU at its printing temperature (220°C). Also,
as it was aforementioned, the TPU was printed on

the thermoplastics. Thus, during the printing proce-
dure, high nozzle temperature (220 °C) and the hot
extruded TPU may warm the surface of the thermo-
plastic up to even more than its glass transition tem-
perature. Based on examinations of Yin et al. [32],
the diffusion phenomenon can happen at the surface
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Figure 8. Scanning electron microscope of interface of a) ABS and TPU, b) ABS80 and TPU, c) ABS60 and TPU, d) mor-
phology of the ABS60 composite; and e) bi-layer structure of the neat ABS and TPU.



of two polymers when the polymers reach above
their glass transition temperatures. Concerning this
matter, the TPU may have diffused into the neat ABS
and the composites. In addition, Figure 8d shows the
microscopic droplets of TPU in the ABS matrix. The
average diameter of these droplets is 1 μm, which in-
dicates the compatibility of the polyester-based TPU
with the ABS [27]. Also, in Figure 8e, it can be seen
that the bilayer specimens were printed in their best
quality. Due to the low viscosity of TPU, the material
was printed without any porosity. Furthermore, the
thermoplastic layer has some neglectable voids be-
tween raster, but these voids don’t deteriorate the
shear stress results due to what was discussed above.

4. Conclusions
In this paper, a novel bi-layer macroscopic designed
SMP structure was introduced using multi-material
4D printing and the basic microscopic concept of
SMPs, hard and soft segments as network, and switch-
ing phases. The SME comes from the lamination as-
sembly of stiff non-shape-memory thermoplastics
like net ABS, ABS80, and ABS60 composites and
TPU elastomer TPU. Bi-layer ABS-TPU structures
were 4D printed considering the thermoplastic and
the thickness ratio of the constituent layers, and
shape memory properties, thermal analysis, and mi-
crostructure were investigated. The below results
were concluded.
• In the bi-layer structure, the thermoplastic is re-

sponsible for fixing the temporary shape in tem-
peratures below its Tg by the rubber-to-glass hard-
ening transition. During the programming steps,
by cooling the deformed structure below the ther-
moplastic Tg, the elastic stress can be stored in the
elastomer by the resistance of the stiffed glassy
thermoplastic. When the structure is heated above
the thermoplastic’s Tg, the mentioned layer starts
to soften, and the steep decrease in storage modu-
lus leads to stored stress in the elastomer layer to
be released.

• The highest shape fixity values (87.4 to 94.1%)
were achieved for the ABS80. The reason for its
superiority compared to pure ABS and ABS60 is
the lower glass transition temperature and higher
elastic modulus, respectively. On the other hand,
ABS60 showed shape recovery ranges of 93% to
96.2% in the different thickness ratios of compo-
nents, which is due to the more TPU phase.

The softening of the ABS80 and ABS60 compos-
ites at the deformation temperature caused the
reduction of programming stress. The highest val-
ues of recovery ratio were obtained for ABS com-
posites, which were 2.45 and 2.14 MPa for ABS80
and ABS60, respectively.

• Increasing the thickness ratio of the ABS layer
caused more resistance against the release of the
TPU layer in the programming step, and this trend
was observed in all three bi-layer structures that,
with the increase of ABS, fixity and recovery ra-
tios increased and decreased, respectively.

• Neat ABS showed the best shear strength, and its
maximum shear stress was 21.70 MPa. A significant
declining trend for the maximum shear stress of
the ABS composites was associated with the soft-
ening due to the corporation of TPU in these com-
posites. Besides, the ABS80/TPU and ABS60/TPU
structures manifested 7.2 and 4.5 MPa maximum
shear stresses, which were about 50 and 60% of
the values associated with relevant mono-material
specimens, respectively.

• The SEM results proved the excellent interfaces
without any porosity and detachment between two
ABS-TPU layers and mechanical interlocking, fill-
ing of all the voids and roughness of the thermo-
plastic layer’s surface with the TPU was a prom-
ising approach for the good adhesion of the neat
and ABS composites with TPU.
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1. Introduction
Utilizing natural resources effectively and creating
innovative eco-friendly technology are the corner-
stones of the sustainable development concept. As
the environmental crisis and petroleum depletion
grow more seriously and in response to the Sustain-
able Development Goals (SDGs) policy, chemicals
and materials made from natural and recycled re-
sources have attracted a lot of attention [1]. One of
several strategies for minimizing the negative impact
of petroleum-based plastic materials on the environ-
ment is the use of biodegradable materials for re-
placement of synthetic materials [2–7]. Due to its

naturally renewable nature, low cost, and wide avail-
ability, starch is one of the most prominent raw ma-
terials used to produce biodegradable materials.
There have been many research studies on the de-
velopment of starch-based films made from different
starches i.e., potato, and cassava starch including
high-amylose starch [8–14], but there has been rela-
tively few research on sago starch film formation
and its application [15–17].
Sago starch is extracted from sago palm (Metroxy-
lon spp.) which is distributed throughout Southeast
Asia. It has distinctive features, nevertheless, some
of its physicochemical characteristics are extremely
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Abstract. Sago starch (SS) was blended with natural rubber (NR) using nanoclays, namely montmorillonite (MMT), kaolinite
(KAO), and kaolinite modified by dimethyl sulfoxide (KAO-D) to enhance its physical and mechanical properties. Each
nanoclay was incorporated at 2, 4, 6, and 8 wt%, respectively. The SS80NR20 (80 wt% of sago starch and 20 wt% of natural
rubber) biocomposites were characterized by solubility of water, water vapor transmission, mechanical and thermal properties.
The constituent interaction and morphology of the SS80NR20 biocomposites were also presented by using X-ray diffraction
(XRD) technique and scanning electron microscope (SEM). The findings demonstrated that the inclusion of clays signifi-
cantly improved both the water resistance and tensile properties when compared to the SS80NR20 blend. In the SS80NR20
biocomposites, MMT at 6 wt% exhibited the lowest moisture content, solubility in water, and water vapor transmission. As
the amount of nanoclay in the biocomposites increased, their tensile strength dramatically increased whilst their strain at
break had a tendency to diminish. Strong interaction by establishing the intercalated structure of MMT, and KAO within
SS80NR20 biocomposites were attributed to both physical and mechanical properties, while the weak interaction at the in-
terface of SS and NR was attributed to KAO-D.
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comparable to those of typical starches like potato
and cassava [17, 18]. The features of the hot paste
and the temperatures are also extremely like potato
starch, whereas the amylose amount and the temper-
atures of gelatinization are very similar to maize
starches [18]. The intriguing thing about sago starch
is that it contains more fiber, phenolic compounds,
waxes, and lipids than other starches, which helps
the starch film swell in water relatively slowly [17].
Therefore, it is possible that sago starch (SS) can be
developed as a biopolymer film for packaging. Un-
fortunately, numerous limitations make sago starch-
based polymers show poor inherent properties, such
as relatively low mechanical properties, poor water
resistance, and barrier properties [13–17].
To enhance their mechanical properties and mini-
mize the dependence of their behavior on the pres-
ence of water, thermoplastic starches have, on the
other hand, been successfully blended with other ap-
propriate polymers to generate the interesting renew-
able polymer, associated with starch [19–23]. For in-
stance, the blend of cassava starch (CS) with natural
rubber (NR) is based on the different characteristics
between CS and NR, resulting blend with distinctive
properties different from the initial polymers are ex-
pected. NR is an emulsion (latex state) composed
primarily of long linear chains of cis-1,4 polyiso-
prene and trace amounts of mineral salts, phospho-
lipids, and glycoproteins. Chemical compatibility
between starch and NR blend, which is currently
very poor due to the hydrophobic-hydrophilic antag-
onistic relationship, is another factor that affects
blend performance [19–23].
The mechanical properties of blends of starch and
NR produced using conventional methods are con-
sidered extremely poor owing to incompatibility and
poor water resistance. The apparent immiscibility of
hydrophilic starch and hydrophobic NR, however,
results in phase-separated blends with poor interfa-
cial characteristics that can be solved by compatibi-
lization [20–23].
Furthermore, gelatinizing starch is an effective
method for improving the interfacial interaction be-
tween different phases. The addition of the compati-
bilizer is also generally preferred due to its ability to
improve the system's properties. The addition of
fillers into a binary polymer which is incompatible
has been shown to influence phase morphology
caused by the interaction of the blend's individual
components with the solid surface. Organoclay has

been used as a reinforcing and compatibilizing filler
in polymer blends [22–30]. The extent of the silicate
nanolayer dispersion, as well as the clay type and
elastomer compatibility, have all been found to have
a strong influence on the properties of the com-
pounds. Furthermore, the smaller size of the dis-
persed phase droplets was obtained. This suggested
that the clay could act as a compatibilizer, decreasing
the interfacial tension between the two polymer phas-
es [24–28]. However, there are not many studies on
NR disperse phase added to the starch in gelatinized
form. Hydrophilic starch and hydrophobic NR are in-
herently incompatible, resulting in phase-separated
blends with interfacial properties that can be im-
proved by nanoclay compatibilization [22, 23].
In this research, preliminary experiments have already
been performed by varying the ratios between sago
starch and natural rubber as follows: 100:0, 95:05,
90:10, 80:20, 70:30 60:40, and 50:50 by weight, re-
spectively. The addition of rubber into the blend was
limited by phase separation. The appearance of which
also depended on the glycerol content. It was found
that the ratio of SS and NR with 80:20 is the ratio in
which the minimum content of sago starch begins
phase separation of both phases, resulting in a de-
crease in mechanical properties and water vapor per-
meability. This also agrees with other reports [19, 21].
Numerous factors, such as the distinctive formula-
tion ratio of SS and NR (80:20), and the incorpora-
tion of nanoclays namely montmorillonite, kaolinite,
and kaolinite modified with dimethyl sulfoxide as
reinforcing agents, could contribute to the originality
of the blend. These factors may contribute to im-
proved physical and mechanical properties, such as
increased tensile strength, enhanced flexibility, im-
proved tear resistance, or better thermal stability. Re-
garding the applications, it would be valuable to
highlight the potential industries or fields where the
SS-NR blend could find utility. For example, it could
be relevant in the development of biodegradable
packaging materials, eco-friendly adhesives, or bio-
medical products with enhanced mechanical proper-
ties and biocompatibility [15, 17].
Additionally, gelatinizing sago starch is an effective
way to increase the affinity at the interfaces between
the different phases. Besides that, it is always desir-
able to enhance the properties of the blends through
the addition of the compatibilizer. This research
studied the effects of different types and amounts of
nanoclays on sago starch blended with NR prepared
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via a solution blending and casting process. The nan-
oclays were used in various amounts, and their effects
on the structure and properties of the bio-based com-
posites were characterized. The goals of this study
were to identify the optimal nanoclay contents that
provided the greatest properties and to elucidate the
relationship between the structures and properties of
various biocomposite film formulations.

2. Experimental
2.1. Materials
Sago starch was extracted from the starch granules
found in the sago palm (Metroxylon spp.) in the
southern part of Thailand. It comprises 23.9 wt% of
amylose, 0.19 wt% of protein, 0.04 wt% of lipid,
0.13 wt% of lignin, and 0.54 wt% of acid detergent
fiber. High ammonia natural rubber latex with 60%
dry rubber content was purchased from Chana Latex
company. Glycerol used as a plasticizer in starch was
supplied from Ajax Finechem Pty Ltd. (Australia).
Montmorillonite (MMT) and kaolinite (KAO) clays
were purchased by Amarin Ceramics Co., Ltd. (Non-
thaburi, Thailand). 100 g of clays (MMT and KAO)
was dispersed in distilled water with a homogenizer
at 15 000 rpm for 1 h. The MMT and KAO clays
were cleaned by soaking in a concentrated HCl so-
lution overnight to remove the iron oxide. After that,
white clay was collected by filtration and dried in an
oven at 60 °C. Then it was kept in a container that
was sealed. The kaolinite clay was modified by di-
methyl sulfoxide to enhance the d-spacing of silicate
layers of kaolinite [16].

2.2. Bio-based composite preparation
100 ml of de-ionized water and sago starch (80 wt%
of starch) were dispersed in a beaker, and the mix-
ture was continuously agitated at 80 °C to produce a
homogenous solution and ensure even dispersion of
all ingredients. After that, glycerol (30 wt% of starch)
as a plasticizer was added to the gelatinized starch
solution, and NR latex (20 wt% of dry rubber) was
also mixed. Three types of nanoclay i.e. montmoril-
lonite, kaolinite, and KAO modified with dimethyl
sulfoxide (KAO-D) with various amounts of 2, 4, 6,
and 8 wt% of starch were added and stirred for 1 h.
The SS80NR20 blended solution was then poured
onto the polyethylene plates and allowed to dry for
48 h at 50°C. The thickness of the biocomposite film
was then measured in five replications with a mi-
crometer. All abbreviations of the formula used are

shown as follows: SS80NR20 represents the
80 wt% of sago starch and 20 wt% of natural rubber
while SS80NR20MMT, SS80NR20KAO, and
SS80NR20KAO-D represent 80 wt% of sago starch,
20 wt% of natural rubber containing MMT, KAO
and KAO-D, respectively.

2.3. Bio-based composites characterization
2.3.1. Moisture test
The moisture content of SS80NR20 biocomposite
films was determined according to ASTM D789 with
some modifications. Five samples with 2.0×2.0 cm
were weighed to gain the initial weight (W0). Then,
bio-based composite samples were dried in an oven
at 110°C and weighed every hour until constant
weight (Wf). The percentage moisture content was
given by Equation (1):

(1)

2.3.2. Water solubility test
The solubility of SS80NR20 biocomposite speci-
mens was measured to gain the weight lost in the
water. Five specimens with 2.0×2.0 cm were weighed
as the initial weight (W1). Then, specimens were im-
mersed in distilled water at room temperature. After
24 h, the specimens were dried in an oven at 50 °C
for 24 h and weighed to obtain the final weight (W2).
The percentage of solubility was calculated in the
Equation (2):

(2)

2.3.3. Water vapor transmission test
Testing for water vapor transmission (WVT) was
done in line with ASTM E96-80 (ASTM 1998). The
top of the container was then tightly sealed with a
piece of SS80NR20 biocomposite film. The biocom-
posite film was measured for thickness and diameter
and placed in a 75% humidity chamber. The weight
change of specimens was measured every 12 h until
the sample weight remained constant. The water
vapor transmission rate of the sample was calculated
from the weight, diameter, and thickness of the film
sample as Equation (3):

(3)
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where W is the weight loss of the cup [g], A is the
water vapor transmission area [cm2], and t is the time
of water vapor transmission [h].

2.3.4. Tensile measurement
Tensile testing was performed in accordance with
ASTM 638. The modulus, tensile strength, and elon-
gation at break of SS80NR20 biocomposite films
were measured using a universal tensile testing ma-
chine (H10KS Hounsfield Test, Tinius Olsen Ltd.,
United Kingdom)) with a 500 N load cell in tensile
mode. For each formulation, at least 7 samples with
rectangular samples (100×12×~0.25 mm) were
clamped between the grips (30 mm initial distance),
and tested with a speed of 50 mm/min. The stress
and strain were recorded during the test.

2.3.5. X-ray diffraction measurement
Biocomposite specimens were analyzed by X-ray
diffractometer (Philips X’Pert MPD, Netherlands)
with Cu Kα radiation (λ = 0.154 nm), operating at
35 kV and 15 mA. The diffraction patterns were
recorded from 2.5 to 50° at a scanning rate of
1.5°/min. The d-spacing (d) was calculated according
to Bragg’s law as shown in Equation (4):

(4)

where n is the order of diffraction, θ is the diffraction
angle and λ is the wavelength.

2.3.6. Morphological study
A morphology study was done at the tensile fracture
surface of the SS80NR20 biocomposites by using a
scanning electron microscope (Quanta 400 model)
to observe the NR and nanoclays phase distribution
and aggregation. The test specimens were attached
to an aluminum mount with double-sided adhesive
tape and sputtered with gold (10 nm thickness), on
a Polaron SC 515 sputter coater to eliminate elec-
tron-charging effects. The samples were examined
at an accelerating voltage of 20 kV in the vertical di-
rection. Scanning electron microscope (SEM) mi-
crographs of the biocomposite films were taken at
5000× magnification.

2.3.7. Thermal stability analysis
The thermal decomposition temperature of the
SS80NR20 biocomposites was carried out by using

a Perkin Elmer TGA 8000 apparatus. The thermo-
gravimetric analyzer (TGA) was operated at a heat-
ing rate of 10 °C/min from 50 to 600 °C under a ni-
trogen atmosphere.

2.3.8. Dynamic mechanical analysis
Rectangular specimens of the SS80NR20 biocom-
posites were conditioned for two weeks at 25°C and
60±5% RH, before being tested using a dual can-
tilever clamp on a model DMA 1 (Mettler Toledo,
Switzerland) dynamic thermo-mechanical analyzer.
The measurement was performed at a frequency of
1 Hz and at an amplitude of 2 μm over a temperature
range from –100 to 200 °C, at a scanning rate of
5 °C/min. The temperature dependence of storage
modulus (E′) and tanδ was measured in the temper-
ature range from –100 to 200 °C.

3. Results and discussion
3.1. Moisture content and solubility
When natural rubber was blended with sago starch,
and clays a lower moisture content compared to pris-
tine sago starch film was obtained as illustrated in
Figure 1. It is due to the hydrophobicity of rubber.
However, the result of incorporating clays as filler
showed a slightly decreased in moisture content. The
decrease in the number of water molecules in the in-
ternal of SS80NR20 biocomposites due to the inser-
tion of polysaccharide chains of sago starch and rub-
ber molecular chains in the silicate layer, leading to
lower water molecule adsorption while kaolinite-
added biocomposites absorbed more water mole-
cules. It was due to the less distribution of clay in
the biocomposite films. While adding KAO-D pre-
sented more decreased moisture content compared

sind n2 i m=
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with the SS80NR20 blend. This is expected that the
silicate layer dispersion of KAO-D in the starch ma-
trix led to diminishing the interaction of water mol-
ecules and the polysaccharide chain.
From Figure 2, the escalation of NR to SS increased
the water solubility of composites compared to the
SS80NR20 blend because of poor compatibility be-
tween polar starch and non-polar rubber. However,
the addition of clays tended to present that the water
solubility of biocomposite films was reduced with
the least water-soluble modified kaolinite added bio-
composites. It was assumed that the internal struc-
ture of KAO-D displayed the separated silicate lay-
ers which are facilitated by a better dispersion of the
clay in the polymer matrix (exfoliated structure),
[16, 24] expecting in good distribution in SS80NR20
biocomposites. This was due to interactions at the
interface of nanoclay and polymer whereas
SS80NR20 biocomposites blended with MMT exhib-
ited higher water-soluble than those of KAO and
KAO-D added on account of the hydroxyl group of
the glucose unit of sago starch absorbing the MMT
While MMT clay and rubber are less active, water
molecules are easier to insert [8, 23]. Some studies
reported a rise in the intermolecular forces between
the film's respective components and speculated that
hydrogen bonds generated between MMT, and starch
chains were stronger than those formed between
MMT and starch as well as water [25].

3.2. Water vapor transmission
In assessing SS80NR20 biocomposites for usage
in protective coating for food packaging and other
applications requiring efficient polymer barriers,
the observed dramatic reduction in WVT is signif-
icant. The water vapor transmission of SS80NR20

biocomposites is exhibited in Figure 3. It was demon-
strated that the WVT of SS80NR20 biocomposites
with the addition of MMT, KAO, and KAO-D was
reduced as compared with SS80NR20 blend. In turn,
this indicated that nanoclays could improve the WVT
of SS80NR20 biocomposite films. Surprisingly,
when MMT clay was incorporated into SS80NR20
biocomposites, the WVT at 24 h was significantly de-
creased as shown in Figure 3a. WVT of the biocom-
posites with 2 wt% clay decreased by 55% compared
to SS80NR20 biocomposites as well as the water
vapor transmission slightly decreased with increas-
ing time. A possible explanation for its effect could
be that the glucose unit in sago starch was able to
form hydrogen bonds with the hydroxyl group of
MMT and its stronger structure improve water vapor
transmission. This behavior agreed with previous re-
ports [23, 31]. The WVT of SS80NR20 biocompos-
ites containing MMT presented the lowest values,
indicating that MMT might reduce the number of ac-
tive sites where water molecules can interact with
starch chains, and owing to the presence of dispersed
large aspect ratio silicate layers in the polymer ma-
trix as seen in other polymer-layered silicate com-
posites [8, 26]. When kaolinite clay was added to the
SS80NR20 biocomposites, it was obviously seen
that the water vapor transmission decreased with the
addition of 4 and 6 wt% of KAO and KAO-D clay
compared to the SS80NR20 biocomposite film as il-
lustrated in Figures 3b, 3c.
It was noteworthy that the water vapor transmission
increased with the incorporation of 8 wt% of KAO
and KAO-D. This can be explained by the addition
of 4 and 6 wt% clay, as well as the good distribution
of KAO in the SS80NR20 composites. However, the
increment in the amount of kaolinite clay generated
the agglomeration of the silicate layer leading to a de-
crease in water vapor transmission. KAO-D de-
creased the WVT and gave the minimum WVT at
6 wt%. This is consistent with the biocomposite film
morphology (Figure 6i–6k) as discussed in Sec-
tion 3.5. It was found that the clay plates separated
to form a silicate layer, the larger the volume result-
ing in better water vapor transmission. According to
the materials’water vapor barrier capacity evalua-
tion, the nanostructure of the SS80NR20 films rein-
forced with the nanoclay created a more tortuous
path for the permeant gas to pass through. The mol-
ecules of water vapor diffused through the biocom-
posite film, following the path of low resistance. Due
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to the lower specific surface area and the strong
polymer/filler interaction of MMT, the WVT reduc-
tion was slightly greater than that of KAO and
KAO-D [16, 23].

3.3. Tensile properties
Regarding the tensile properties of the SS80NR20
biocomposites, the average values of tensile strength,
Young’s modulus, and elongation at break are shown
in Figure 4. Tensile strength and Young’s modulus
values exhibited a significant increment for the
SS80NR20 biocomposites with the addition of MMT
clay. With the variation of MMT content from 2 to
8 wt% in the SS80NR20 biocomposites, the change
in the tensile characteristics can be explained more
clearly as shown in Figure 4b. The maximum Young’s
modulus and tensile strength found for SS80NR20
biocomposites containing 6 wt% of MMT, were
about 3 times higher than that of SS80NR20 blend.
As observed in Figure 4b, Young’s modulus for the
SS80NR20 film was 23 MPa which was enhanced
to 53.2 and 90.5 MPa for 2 and 6 wt% of MMT, re-
spectively. The enhancement of the tensile strength
of SS80NR20MMT composites might be caused by
the strong surface interaction between MMT and the
polymer matrix because of the intercalation of SS
and NR in the clay silicate layer. This improvement
of the tensile strength is likely to be due to the strong
interfacial interaction between MMT and polymer

matrix caused by the intercalation of SS and NR into
the clay silicate layers. It is indicated that the distri-
bution of MMT in the self-assembled film is homo-
geneous [23, 26]. Interestingly, the elongation at
break of MMT-filled SS80NR20 biocomposites was
also significantly increased. It was possible through
the insertion of polysaccharide and rubber chains
into the silicate layer of MMT resulting in an inter-
calated structure as well as a mechanical interlocking
between the polymer chain and silicate layer was
formed [24, 26]. The tensile properties of KAO-
filled SS80NR20 composites slightly increased. An
increase in these properties may be due to the rein-
forcement of kaolinite clay, which was a structurally
strong inorganic filler. The tensile strength of
SS80NR20 biocomposites containing 4 wt% of
kaolinite presented the maximum value when in-
creasing kaolinite content markedly tended to de-
crease. However, for modulus at 1% strain, the
SS80NR20 biocomposites gave the maximum value
with 4 wt% of kaolinite. It can be explained that the
more kaolinite content up to 6 wt% more coagula-
tion of kaolinite clay was found. This corresponds to
the results of X-ray diffraction analysis as shown in
Figure 5b. It can be assumed that some polysaccha-
ride and rubber chains can be inserted into the sili-
cate layer of kaolinite acting as intercalated phenom-
ena, while some silicate layers do not alter. This is
owing to the very weak interaction between polymer
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and kaolinite clay as the interlayer space of kaolinite
is an asymmetrical structure. The asymmetrical
structure of AlO2(OH)4 octahedral and SiO4 tetrahe-
dral sheets led to induce strong superposed polarity,
in conjunction with hydrogen bonds between the sil-
icon oxide and the alumina surface. As a result, the
strong cohesive energy of the kaolinite mineral was
reported [13, 16]. By comparing clay effects on the
tensile strength and modulus of the SS80NR20 blend
with the inclusion of an equal amount of clay (2, 4,
6, and 8 wt%), it was also revealed that the MMT
had more reinforcing and compatibilizing effects on
SS80NR20 blend. These can be attributed to the
stronger interactions of the nanoclay with SS chains
in comparison to rubber chains, as evidenced by the
SEM results (Figure 6). The results shown in 
Figure 4c also indicated that the incorporation of the
nanoclay into the SS80NR20 blend increased its
elongation at break. It is attributed to the compatibi-
lizing role of clay, which promotes interfacial inter-
actions between the SS and NR components. For the
SS-rich phase, the reinforcement of the interfacial
interactions between the phases due to the presence
of the nanoclay in the interface could positively in-
fluence their elongation at break. On the other hand,

the localization of the nanoclay in the individual
phases, especially the matrix phase, and its interac-
tion with the components decreased the mobility of
chains and therefore could negatively affect the elon-
gation at break. Surprisingly, when nanoclay was
added to the SS80NR20 system, the elongation at
break (EB) was markedly increased by the maximum
EB when 6 wt% nanoclay was added in which the
SS80NR20 biocomposites with the addition of
MMT having the highest elongation at break of
3 times compared to the SS80NR20 film. The EB of
8 wt% of nanoclays in the SS80NR20 blend was sig-
nificantly reduced. It can be explained that, at higher
clay content, the clay particles have a greater tenden-
cy to interact and form aggregates. These aggregates
can act as stress concentration points, minimizing
the overall strength and mechanical properties of the
blend. The presence of larger clay aggregates can
create voids or weak points within the biocomposites
(as seen in Figures 6e, 6h, 6k), leading to a decrease
in mechanical performance. Additionally, at higher
clay content in the blend, poor dispersion results in
weak interfacial bonding between the clay and the
polymer matrix, leading to reduce load transfer and
lower mechanical properties. It is well known that
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the physical and mechanical properties of native SS
and NR components are very weak in the absence of
compatible or reinforcing agents. Therefore, the phys-
ical and mechanical properties of the mixture are also
inferior, and this is mainly due to the incompatibility
of the two components with each other. The mechan-
ical properties are in accordance with the morphology
in Section 3.5.

3.4. Nanoclays dispersion in biocomposites
The X-ray diffraction patterns of SS80NR20 bio-
composites are shown in Figure 5. After solution
blending, the diffraction character of SS80NR20 bio-
composites indicated amorphous sago starch with
broad, featureless peaks throughout the whole 2θ
scanning range. The X-ray diffraction (XRD) pattern
of biocomposites; however, exhibited the MMT-spe-
cific peaks with the addition of layered silicates. The
MMT presented a diffraction peak crystal plane 001
at 2θ = 6.92° corresponding to the d001 of 1.28 nm,
whereas the 001 diffraction peaks of MMT in the
biocomposites shift toward lower angles, i.e., 6.92°
to 5.37°, 5.12°, and 4.87°, which indicated that the in-
terlayer distances increased as shown in Figure 5a.
The basal spacings of the MMT were calculated from
the XRD peak position using Bragg’s equation,

where the d001 of MMT in the biocomposites was
found to be in the broader range of 1.64 to 1.81 nm.
The lateral dimensions of this structural amylose unit
were approximately 1.5 nm for each elementary
chain, while the cis-1,4 polyisoprene structure was
approximately 1.5 nm for each chain. The result im-
plied that intercalation of the polysaccharide of SS
and rubber chains into the silicate interlayers oc-
curred and expanded the basal spacing. All polymer-
clay nanocomposites have XRD patterns that were
suggestive of an intercalated structure in which the
polysaccharide chains or rubber incorporated between
the silicate layers, expanding their gallery height but
preserving their layered stacking with interchanging
biopolymer/silicate layers as described in a previous
report [23, 25].
Characteristic diffraction peaks of the purified KAO
can be observed at 2θ = 8.92°, 12.37°, and 24.9°. The
X-ray diffraction patterns of SS80NR20 biocompos-
ites loading kaolinite clay are shown in Figure 5b.
The increase in the kaolinite content in the
SS80NR20 biocomposites led the peaks at 8.92° and
12.37° to be more intense, suggesting that the pseu-
do-crystals were still present. Especially, the inten-
sity of peaks at 8.92° presenting in the SS80NR20
biocomposites revealed the intercalated structure of
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silicate layers by the insertion of some polysaccha-
ride and rubber chains in the silicate layer of kaolinite
[13, 16, 23]. Nonetheless, the disappearance of the
7.87° in the dimethyl sulfoxide (DMSO) intercalated
kaolinite (KAO-D) in the SS80NR20 biocomposites
implied that this component was almost disorganized
(Figure 5c). It was found that when added KAO-D,
a peak at position 12.37° presented, and more inten-
sity of this peak was observed, while peak 7.87° dis-
appeared. It can be explained that the KAO-D gave
more reorganized its silicate layer to form the com-
pact silicate layers in the SS80NR20 biocomposites.
This is due to the kaolinite intercalation process ex-
plained as a diffusion process, the driving force of
which is strong hydrogen bonds formed between the
intercalation agent and the hydroxyl group (–OH) of
the octahedral sheet. The release of the original crys-
tal interlayer bonds could be a primary or a secondary
effect of the intercalation agent. A large dipole mo-
ment of organic compound combined with a signifi-
cant number of intercalated molecules per unit cell
favors the formation of an intercalation complex.
Therefore, the conventional intercalation agents con-
sisting of both dipole moment and polarizability of
glycerol and DMSO with lower values than that of
kaolinite are not suitable to intercalate the finer struc-
ture of kaolinite. Therefore, in the system there is
glycerol, which is more polar than DMSO, thereby
reducing the activity rate within the silicate layer,
leading to the restoration of the original structure
again. As a result, the mechanical properties and
water vapor transmission of the SS80NR20 biocom-
posites adding KAO-D clay were therefore reduced.

3.5. Morphological study
Starch and natural rubber have different properties,
and when blended, their stability can be influenced
by composition and processing techniques since
starch is hygroscopic which can absorb moisture from
the surrounding environment. To improve stability,
glycerol as a plasticizer [19] and clays were added
to the blend to reduce moisture sensitivity [16, 23,
25]. SEM micrographs of the SS80NR20 biocom-
posites are shown in Figure 6.
The separated phase boundaries of the SS80NR20
blend and clays are seen. The fracture surface of SS
and SS80NR20 in Figures 6a, 6b were fairly smooth.
The SEM micrographs show rubber particles on the
surface of the biocomposite that has undergone ten-
sile fractures, indicating that the compatibility of NR

and SS is less. The surface roughness of the
SS80NR20 composite films increased with the nan-
oclay content. Figure 6c–6k confirmed that the ad-
dition of nanoclays with 2, 4, and 6 wt% in the
SS80NR20 blend had a significant effect on fracture
morphology and behavior. The distinctive phase
boundaries of the SS and NR blend can be clearly
seen, and they gradually diminished with the addi-
tion of 2 and 4 wt% of clays. This suggested that
nanoclays may act as interfacial interfaces. It re-
duced the inter-surface tension by simultaneous dis-
sociation of the NR phase and resulted in a reduction
in particle size [23, 27]. It may be inferred that the
MMT and KAO clays can help SS and NR become
compatible with each other. However, some agglom-
eration of modified- kaolinite clay particles can also
be seen in Figure 6i–6k. The agglomerating domains
of KAO-D clay which are highlighted in yellow cir-
cle particles may cause the reduction of tensile
strength and elongation at the break of biocompos-
ites. The high surface area and strong interfacial in-
teractions of nanoclays with both starch and natural
rubber can promote better interfacial adhesion, lead-
ing to improved blend stability.

3.6. Thermal stabilities
Due to their inherent configuration characteristics,
inorganic materials exhibited greater thermal stabil-
ity and thermal resistance qualities than organic
ones. Hence, incorporating inorganic particles into
polymers could significantly increase the thermal
stability of composites consisting of natural poly-
mers. Figure 7 depicts the thermogravimetry (TG)
and derivative thermogravimetry (DTG) curves of
biocomposites containing 4 wt% of MMT, KAO,
and KAO-D. A preliminary weight loss was ob-
served between 30 and 115 °C. The evaporation of
the water accounted for the weight loss. Three steps
of decomposition were observed for biocomposites.
The onset and peak temperatures were determined
as shown in Table 1. Water loss occurred in the first
step at temperatures below 100 °C, whereas starch
degradation occurred in the second step at tempera-
tures about 270–340 °C, and degradation of NR was
presented in the temperature range of 360–430°C as
shown in Figure 7a. When nanoclays were mixed
with SS80NR20, their decomposition temperatures
increased indicating an improvement in the stability.
Similar trends have been seen, with the stability im-
provement being ascribed to the strong interactions
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between starch and MMT [8, 10, 32]. However, even
around the temperature of 600 °C, there are some
residues for all SS80NR20 blends with 9–15 wt%.
These phenomena can be described that sago starch
and natural rubber are polymers composed primarily
of glucose and polyisoprene units, respectively. When

subjected to elevated temperatures, both starch and
NR undergo thermal degradation. This degradation
process involves chain scission, the release of volatile
compounds, and the residual carbonaceous material.
The SS80NR20 blend contains clays as inorganic
materials that are not easily decomposed at the given
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Figure 6. SEM micrographs of a) SS and b) SS80NR20 films, and biocomposites with the addition of 2, 4, and 6 wt% of
c), d) e) MMT, f), g), h) KAO, and i), j), k) KAO-D.



temperature range contributing to the observed
residue. This improvement in the thermal stability
was evident in the DTA peaks as shown in Figure 7b.
It is worthy of note that the thermal stability of the
SS80NR20 biocomposites increased with an in-
crease in the addition of nanoclays. The interfacial
combination between NR and starch is strong when
the addition of nanoclays, leads to the enhancement
of thermal stability. This implies that improving the
dispersion state of the nanoclay in the SS80NR20 for
the intercalated nanocomposites is necessary for heat
stability. The formation of a tortuous path structure
in the SS80NR20 in intercalated structures could pre-
vent or restrict the diffusion of the gases and volatile
compounds produced during the decomposition.
Therefore, it can be concluded that the introduction of
inorganic particles would greatly improve the ther-
mal stability of organic polymer materials [8, 32].

3.7. Dynamic mechanical investigation
DMA measures the changes in stiffness and damp-
ing by applying an oscillatory force at an established

frequency on the sample. Elastic, storage Moduli and
tan δ information were obtained using DMA data.
Temperature-dependent modulus values and
SS80NR20 biocomposite transitions can be ob-
served in Figure 8 which are E′ and tan δ curves. If
the blends are immiscible, the tan δ curves will in-
dicate the presence of two damping peaks correspon-
ding to the Tg of the different polymers [20]. If the
two polymer phases are completely miscible, only
one peak will be observed, which is found between
the Tg of the component polymers. In SS80NR20
biocomposites with 4 wt% of kaolinite, the value of
the storage modulus (E′) was found to be highest at
the glassy and rubbery areas, indicating that these
samples were more brittle than other samples. A sig-
nificant increase is noticed in Tg for all the samples
compared to SS80NR20 as seen in Table 1. This in-
creases in the value of Tg is an indication of improve-
ment in the intermolecular bonding within the
SS80NR20 biocomposites. For an efficient reinforce-
ment of S80NR20 with clays, it is crucial to a favor-
able interaction and a homogeneous dispersion of the

J. Ruamcharoen et al. – Express Polymer Letters Vol.17, No.11 (2023) 1096–1109

1106

Figure 7. a) TGA and b) derivative gravimetric weight loss of biocomposites with 4 wt% of MMT, KAO, and KAO-D.

Figure 8. DMA characteristics of a) mechanical loss factor (tanδ) and b) storage modulus (E′) of biocomposites with 4 wt%
of clays.



MMT and KAO in the SS80NR20, which will facil-
itate the stress transfer from the SS80NR20 to the
nanoclay, increasing the rigidity of the material. Tanδ
curves as a function of temperature of SS80NR20
biocomposites are shown in Figure 8b. All the sam-
ples showed three relaxation peaks in tan δ curves.
The relaxation located at lower temperatures, next
to –50°C is associated with the glass transition of the
NR phase, in glycerol plasticizer, while the broad re-
laxation that occurs at higher temperatures corre-
sponds to the glass transition of the starch-rich
phase. This contributes that when clay was present,
starch and natural rubber chain mobility were more
constrained [24, 32]. The SS80NR20 blends with the
addition of nanoclay showed the broadening and
shifting of damping peaks glass transition tempera-
ture (Tg) of NR was shifted to higher than that
SS80NR20 blend which revealed some interaction
between the sago starch and NR. This is related to a
partially miscible blend. It was also found that, at
room temperature, the stiffness of SS80NR20 is im-
proved by the incorporation of nanoclays. These find-
ings indicate that favorable contact and uniform dis-
persion of the nanoclays in the SS80NR20 blend are
important for an efficient reinforcement of SS80NR20
with nanoclays. It will enable the stress transfer from
the matrix to the nanoclays and increase the stiffness
of the material. Comparing the types of clays, MMT
helps the most improvement of the compatibility.

4. Conclusions
The following conclusions may be taken from the
findings and discussion. In the blending solution
process, the SS80NR20 biocomposites can be ac-
complished with nanoclays as reinforcing and com-
patibilizing fillers. The XRD characterization re-
vealed evidence that the layered silicate is interca-
lated by polysaccharide and rubber chains. Accord-
ing to the results of XRD and SEM micrographs, it

was indicated that MMT and kaolinite clays help im-
prove interfacial adhesion. The mechanical and phys-
ical characteristics of SS80NR20 biocomposites were
attributed to the strong interaction that resulted in the
intercalated structure of MMT and KAO, whereas
KAO-D was accountable for the weak interaction at
the SS80NR20 interface. The glass transition tem-
perature (Tg) of the NR or SS-glycerol phase is high-
er than that of the SS80NR20 blend, which is anoth-
er indication of the compatibilizing action of nan-
oclay in SS80NR20 biocomposites.
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1. Introduction
Isotactic polypropylene (PP) is one of the most es-
sential semi-crystalline polymers of modern times
due to its wide range of applications, suitable me-
chanical properties and low price. Polypropylene is
characterized by low density, relatively high melting
point and good chemical resistance. Commercial PP
is commonly prepared using iso-specific Ziegler-
Natta or metallocene catalysts. This type of prepa-
ration produces highly linear chains and narrow mo-
lecular weight distribution, resulting in low melt
strength and no strain hardening, which limits its
processing by thermoforming, coating, foaming, or
film-blowing [1, 2]. An effective method for improv-
ing these limiting properties is the introduction of
long chains on the polypropylene backbone [3–6].

Two main methods are used to prepare the long-chain
branched polypropylene (LCB-PP). The post-reactor
method is based on the disruption of the main chain
of PP and subsequent grafting of long branches onto
the main chain of the polymer by chemical grafting
reaction in the molten state, for example, in the pres-
ence of peroxides [7–9] or by high-energy irradiation
in solid state [10, 11]. Long-chain branching can also
be achieved in situ during polypropylene polymer-
ization by adding a suitable comonomer [12, 13].
Polypropylene exhibits a polymorphic structure with
well-defined distinct α-, β-, γ- and smectic phases,
the last formed during high undercooling [14]. Mono -
clinic α-phase, developed during ordinary processing
conditions, forms two variants; α1 with random down-
up directions of methyl groups and more stable α2
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with ordered methyl groups [15]. β-phase can be ob-
tained by creating favorable crystallization condi-
tions, such as a high-temperature gradient, the pres-
ence of shear forces, or by using heterogeneous
β-nucleating agents, resulting in a trigonal lattice.
Compared to the α-phase, it exhibits much better
toughness and ductility but is thermodynamically
less stable. β-phase can recrystallize into the α-phase
upon stretching at high temperatures [16–19]. The
third crystalline phase of polypropylene is the or-
thorhombic γ-phase which rarely occurs under par-
ticular thermodynamic conditions, either by the ac-
tion of very high pressure or by using samples with
a low molecular weight [20].
The change of the PP molecular architecture, by in-
troducing long-chain branching, strongly influences
the process of crystallization and resulting morphol-
ogy. LCB-PP contains structural defects, which af-
fect both the nucleation and growth of crystallites.
In the case of LCB-PP produced by a radical-driven
synthesis process using peroxides in the melt state,
not only are long branches created, but the process
is also accompanied by chain scission and gel for-
mation, which can strongly affect the nucleation rate.
The self-seeding effect of LCB-PP has already been
observed [21–23]. The presence of defects in the
form of branching points, on the other hand, reduces
the rate of crystallite growth. However, the overall
crystallization is faster in the case of LCB-PP. [4, 22]
As for polymorphic composition, the presence of
long branches and thus a higher amount of irregu-
larities on the polymer backbone causes a higher
ability of PP to crystallize into the orthorhombic
γ-phase side by side to α-phase [24], even at elevated
pressures [3]. At the same time, the crystallization
temperature itself has a non-negligible effect, which
affects the helical conformation regularity. It, there-
fore, strongly influences the resulting crystalline
phase structure of LCB-PP [1].
Nucleating agents are often used in PP to shorten
processing cycles and to modify final properties,
mainly mechanical and optical properties. For the
improvement of the optical properties, so-called clar-
ifying agents are used, which nucleate into the α-
phase and significantly reduce the size of the crys-
tallites, resulting in less light scattering [25–27]. Due
to the polymorphism of PP, several nucleating agents
are also used to cause crystallization into the
β-phase. The effectiveness of a commercial β-nucle-
ating agent in LCB-PP and mixtures of LCB-PP with

linear PP was investigated in the work of Gajzlerova
et al. [22]. It was found that the self-nucleation effect
of LCB-PP is dominant, and the formation of β-phase
is suppressed [22, 28–31].
The process of nucleation of PP by the sorbitol-based
clarifying α-nucleating agent is well documented
and widely studied [32–36]; however, LCB-PP has
not been appropriately investigated in this context
yet. Thus, this work analyzes the effect of a sorbitol-
based clarifying agent on the optical properties and
crystallization of LCB-PP under isothermal condi-
tions. The main aims are to provide an overview of
the influence of long branches and the nucleating
agent on polypropylene during the crystallization
process at high crystallization temperatures (Tc).

2. Experimental
2.1. Materials
Two types of commercially available polypropylene
grades used for the experiment were obtained from
Borealis AG company, Vienna, Austria. Long-chain
branched PP was Daploy WB140HMS with melt
flow rate (MFR) 2.1 g/10 min, weight-averaged mo-
lecular weight of 600000, and polydispersity index of
5.2. Linear PP was homopolymer Borclean HC300BF
with MFR 3.3 g/10 min (both measured at 230 °C,
2.16 kg, ISO 1133), weight-averaged molecular
weight of 300000, and polydispersity index of 8.0.
In LCB-PP, long branches were incorporated into the
main chain by grafting a monomer by radical means
with the help of peroxides. Specific α-nucleating/
clarifying agent Millad 3988 (1,3;2,4-bis(3,4-di-
methylbenzylidene)sorbitol) [37] supplied by Mil-
liken Chemical Co., (USA) was applied in the con-
centration of 0.2 wt%.

2.2. Samples preparation
The nucleating agent was mixed into the polypropy-
lenes in two steps, first manually, then using a twin-
screw extrusion machine [38]. During the first step,
0.3 wt% of paraffin oil was added to the granulate
to improve subsequent dispersion of the nucleating
agent Millad 3988 at the concentration of 0.2 wt%.
This was followed by mixing using a co-rotating
twin screw extruder (Brabender GmbH & Co, Ger-
many) with cooling and pelletizing. The processing
conditions during extrusion were set as follows:
screw speed 50 min–1, temperatures of barrel zones
180, 200, and 210°C. To ensure the same processing
and thermal history for all samples, neat PP and neat
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LCB-PP underwent the same procedure: mixing with
paraffin oil and extrusion under the same conditions
as those containing nucleating agent.
From the prepared pellets, the plates of a thickness
of approx. 0.5 mm were compression-molded: press-
ing temperature 210 °C for 5 min and cooling tem-
perature 60 °C for 10 min, and polyethylene tereph-
thalate films were used as a separator. Afterward, the
specimens were examined by wide-angle X-ray scat-
tering (WAXS) and differential scanning calorimetry
(DSC), and optical properties were observed via
spectrophotometer. In the following part, nucleated
and neat materials are marked as follows: neat linear
PP as L-PP, neat long-chain branched PP as LCB-PP,
nucleated linear PP as α-L-PP, and nucleated long-
chain branched PP as α-LCB-PP.

2.3. Methods
The effect of the α-nucleating/clarifying agent on op-
tical properties was analyzed by haze measurement
on as-processed plates using UltraScan Pro D65 in-
strument, HunterLab, Reston, Virginia, USA, accord-
ing to ASTM D1003. The measurements were taken
five times, and the arithmetic mean was determined.
The effect of long branches and the addition of an
α-nucleating agent on the crystallization process was
studied under isothermal conditions using a differ-
ential scanning calorimeter DSC1 (Mettler Toledo,
USA). Samples of approx. 5 mg weights were placed
in aluminum pans and measured with an empty pan
as a reference. Measurements were taken under an
inert nitrogen atmosphere with a gas flow of 20 ml/s.
The thermal regime was following: heating from 50
to 220°C by the heating rate of 10°C/min, annealing
at 220 °C for 5 min to remove thermal history, cool-
ing to crystallization temperature (130, 135, 140, 142,
144, 146, 148 and 150°C) by cooling rate 50°C/min.
Then samples were maintained at crystallization tem-
perature until the crystallization peak was completed,
but no longer than 180 min, followed by heating to
190°C by 10°C/min to observe the melting profile.
The crystalline structure was examined by wide-
angle X-ray diffractometer PANalytical X’Pert PRO
(Malvern PANanalytical, United Kingdom). Diffrac-
tometer was equipped with Bragg-Brentano geome-
try in reflection mode with CuKα radiation with Ni
filter (λ = 0.154 nm, I = 30 mA, U = 40 kV) and em-
ployed in the diffraction angle interval of 2θ = 5–30°.
Diffractometer was additionally equipped with tem-
perature cell TCU 110 (Anton Paar GmbH, Austria).

Samples were cut to the dimensions 10.0×14.0×
0.5 mm to fit in the temperature cell, and the con-
ductive paste was used to ensure good and even ther-
mal conductivity throughout the whole sample. Sam-
ples were then heated to 220 °C by 10 °C/min and
held at this temperature for 5 min, followed by amor-
phous halo measurement. After, the samples were
cooled to the desired crystallization temperature 140
or 150°C based on the limit temperatures from DSC
measurements by the cooling rate 20 °C/min. At this
point, the samples were held at the crystallization
temperature for 171 min, and X-ray diffractograms
were obtained during the isothermal crystallization
process at the given intervals (0, 4, 8, 12, 99,
171 min). The crystallinity of the samples was cal-
culated from the share of the fitted areas of the crys-
talline part (AC) and amorphous part (AA) using
Equation (1) [39]:

(1)

X-ray patterns were analyzed by Scherrer equation
(Equation (2)), which gives the length Lhkl of the
crystallite domain in the direction perpendicular to
(hkl):

(2)

where λ is the wavelength of the used X-ray, FWHM
is the full width at half maximum of the relevant
peak, and 2θ is the peak position; both values are in
radians. The constant K is omitted by setting it to 1,
as in a previous study [39].

3. Results and discussion
3.1. Optical properties
The effectiveness of the nucleating/clarifying agent
was examined by measuring the optical properties,
namely the haze, of the prepared samples (see Table 1).
As can be seen, for L-PP, the addition of the clarify-
ing agent reduced the haze significantly, from 55.0
to 39.7%. Thus, the agent clearly serves its purpose
by reducing light scattering, which is a well-known
and described effect [25–27]. The haze value of
branched polypropylene is very low, even slightly
lower than that of α-L-PP (36.5%). This is due to the
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Table 1. The haze of the samples.
Sample L-PP α-L-PP LCB-PP α-LCB-PP

Haze [%] 55.0±0.4 39.7±0.3 36.5±0.3 32.1±0.4



self-nucleation effect of LCB-PP, where the crystal-
lites cannot grow to larger sizes leading to a reduced
haze [2–4, 22]. This self-nucleation appears to be
more efficient in terms of optical properties than the
used clarifying agent Millad 3988. The addition of
this agent to the LCB-PP leads to a further slight
haze reduction to a value of 32.1%. Although the
change is not dramatic, the clarifying agent performs
its function even in branched polypropylene.

3.2. Thermal behavior
Using DSC, the effect of long branches and nucleat-
ing agent on crystallization was observed under
isothermal crystallization conditions. Crystallization
temperature varied from 130 to 150 °C, and crystal-
lization time was not longer than 180 min. In the
case of linear polypropylene, the crystallization was
completed only at 130 and 135 °C in the given time
frame. On the other hand, at these temperatures, the
crystallization exotherms of LCB-PP and both nu-
cleated polypropylenes were not possible to examine
due to continuous crystallization even during cooling
to crystallization temperature; thus, the exotherms
were not complete. Figure 1 shows the sigmoidal
crystallization curves of samples isothermally crys-
tallized at temperatures 140, 142, 144, 146, 148 and
150 °C. Only the samples where whole crystalliza-
tion exotherms were obtained are shown. Figure 2
depicts the correlation between the crystallization
half-time and the crystallization temperature across
all samples, obtained from the sigmoidal curves from
Figure 1. It is evident that the addition of an α-nu-
cleating agent significantly accelerates the crystal-
lization of linear PP. On the contrary, neat LCB-PP
behaves as if it already contains heterogeneous nu-
cleation seeds. These heterogeneous nucleation seeds
could be local cross-linking formed during the pro-
duction of branched polypropylene. LCB-PP used in
this study was produced by a radical mechanism
with the help of peroxides, and during this process,
in addition to branching, a gel may also be formed,
or even chain splitting can occur [40]. This hetero-
geneous self-nucleation significantly influences
crystallization, and the addition of nucleating agents
does not significantly affect the kinetics of crystal-
lization. Indeed, crystallization curves of branched
polypropylenes with/without a nucleating agent are
very similar, especially at higher crystallization tem-
peratures. The slight acceleration of crystallization
after the addition of the nucleating agent is clearly

visible only at a crystallization temperature of 140°C.
This observation may be related to the minor im-
provement in the optical properties of LCB-PP after
the addition of the agent used. The crystallization
curve of nucleated linear PP is always shifted to high-
er times compared to those of branched PP, and the
difference is more significant the higher the crystal-
lization temperature. Moreover, at higher tempera-
tures, the curve is deformed (144 and 146 °C), and
at temperatures of 148 and 150°C, the crystallization
was not complete in the given time of 180 min. The
curves are, therefore, not shown. Evidently, the nu-
cleating agent loses its nucleating capability at such
high temperatures. The above-mentioned deforma-
tion of the α-L-PP crystallization curves is due to the
formation of asymmetric crystallization exotherms
that exhibited shoulder or doubling (Figure 3). This
phenomenon is probably caused by two crystalliza-
tion mechanisms occurring simultaneously. At such
high temperatures, the nucleating agent that dis-
solves in the PP melt apparently crystallizes only to
a limited extent, and its function fails [37].
The crystallization half-time of LCB-PP with and
without a nucleating agent follows a similar pattern,
with differences only apparent at high crystallization
temperatures of 148 and 150 °C, where the presence
of the nucleating agent decelerates the crystallization
process (Figure 2). This is likely due to the nucleat-
ing agent not being able to fully crystallize at these
high temperatures and potentially diluting the PP
melt [37]. The nucleating agent only slightly accel-
erates the crystallization of LCB-PP at a crystalliza-
tion temperature of 140 °C. Evidently, the effect of
the nucleating agent used depends on the thermal
regime applied. Notably, neat LCB-PP was found to
crystallize faster than α-L-PP. Thus, the effect of
self-nucleation in LCB-PP is more pronounced than
the addition of the α-nucleating agent to L-PP.
The isothermally crystallized samples were then heat-
ed to determine the melting temperature (melting
temperature is the peak of the endotherm). The results
are shown in Figure 4. A correlation between the in-
crease in crystallization temperature and the increase
in melting temperature is observed. In the case of neat
L-PP, the full crystallization was achieved only at
temperatures of 130 and 135°C, and thus only these
samples were melted. The melting behavior of such
material shows the presence of both α- and β-phases
with melting temperatures approx. 155 and 167°C,
respectively, in the case of lower crystallization
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temperature. It should be noted that the melting peak
of the β-phase was significantly smaller compared
to that of the α-phase, corresponding to the very low
content of β-phase in the sample (this will be proved
thereinafter by X-ray analysis). On the contrary,
when adding an α-nucleating agent, no melting en-
dotherm of β-phase was observed. Two values of
melting point in the case of samples crystallized at
high temperatures 144 and 146°C refer to the pres-
ence of α1 (at approx. 170 °C) and α2 (at approx.

174°C) phases [41, 42]. All LCB-PP samples show
only one endotherm corresponding to the melting of
α-phase, and, moreover, the values are very similar
independently of the presence of the nucleating agent.
Compared to linear polypropylene, the melting tem-
peratures of LCB-PP samples are significantly lower,
approx. 162 vs. 167°C for a crystallization temper-
ature of 140 °C. This suggests that the formation of
thinner lamellae is associated with the presence of
branching in polypropylene.
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Figure 1. Crystallization curves of isothermally crystallized samples at various crystallization temperatures (the inset shows
an x-axis cutout), a) Tc = 140°C, b) Tc = 142°C, c) Tc = 144°C, d) Tc = 146°C, e) Tc = 148°C, f) Tc = 150°C.



3.3. Supermolecular structure
Wide-angle X-ray scattering (WAXS) equipped with
a temperature cell was used to study the morphology
of isothermally crystallized samples. The crystalliza-
tion temperatures 140 and 150 °C were chosen as

representatives based on the results from thermal
analysis. The measurement took place after melting
the sample, then after reaching the crystallization
temperature, and during crystallization at specified
intervals. It is worth mentioning that the thermal
conditions in the sample were different for WAXS
than for DSC due to the different sizes of the sample,
the atmosphere during the measurement, and mainly
the cooling rate. Therefore, the results are not entire-
ly comparable to the results from the DSC.
The presence of peaks corresponding to the main
planes of the α-phase α(110), α(040), and α(130),
β-phase (300) and γ-phase (117) can be observed in
the typical diffraction spectra of three-phase crys-
talline systems [22]. X-ray diffractograms of all poly -
propylene samples, see Figure 5, show the evolution
of phases during isothermal crystallization at select-
ed times. The initiation of the crystallization process
in neat L-PP isothermally crystallized at 140 °C oc-
curred at crystallization time (tc) 8 min of time-de-
pendent crystallization. The final pattern (after tc
171 min at 140°C) contains, in addition to the α-dif-
fraction peaks at angles 2θ = 14.20, 17.00 and 18.80°,
a small diffraction peak associated with the presence
of the β-phase (16.20°) and also a small broad γ-phase
diffraction peak (20.05°). Thus, a three-phase system
with a dominant amount of α-phase was formed.
Adding of a nucleating agent to the linear polypropy-
lene significantly accelerated the crystallization
process, which proceeded even upon cooling to a
crystallization temperature of 140°C. Moreover, the
formation of the β-phase was suppressed entirely,
while the diffraction peak corresponding to the
γ-phase was observed. Thus, a two-phase α/γ system
with α-phase dominance was formed. Increasing the
crystallization temperature to 150 °C leads to a re-
tardation of crystallization in both cases, with/with-
out the nucleating agent, and also to the exclusive
formation of the α-phase: no β- and γ-diffraction
peaks were observed. Indeed, these phases cannot be
formed at such a high temperature [43].
Diffraction patterns of LCB-PP crystallized at 140 and
150°C are also shown in Figure 5. Since the patterns
of nucleated LCB-PP were the same as those of neat
LCB-PP, they are not shown in the figure. LCB-PP
crystallized into both the α- and γ-phases at 140 °C.
At 150 °C, the crystallization was slightly slower,
and the γ-phase diffraction peak disappeared.
From the crystallization patterns, crystallinity was cal-
culated and plotted as a function of time in Figure 6.
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Figure 2. Crystallization half-time of samples crystallized at
various crystallization temperatures.

Figure 3. Crystallization exotherms of α-L-PP at various
crystallization temperatures.

Figure 4. Melting temperatures of samples crystallized at
various crystallization temperatures.



In the case of crystallization at 140 °C, except for
L-PP, all samples crystallized upon cooling to the
crystallization temperature. Both LCB-PP samples
crystallize faster than α-L-PP due to their ability to
self-nucleate, which is consistent with the DSC
measurement results. The achieved crystallinity is
higher for linear PP than for LCB-PP. Adding a nu-
cleating agent leads to a slight decrease in crystallinity

in the case of L-PP. However, no effect is observed
in the case of LCB-PP. At a higher crystallization
temperature of 150 °C, the addition of a nucleating
agent to LCB-PP leads to a very slight acceleration
of crystallization and also to a slightly higher crys-
tallinity. Linear polypropylene crystallizes reluctant-
ly at this high temperature, and adding the nucleating
agent leads to acceleration, but not significantly. In
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Figure 5. WAXS patterns of neat and nucleated linear polypropylene and neat long-chain branched polypropylene crystallized
at 140 and 150°C, a) L-PP at 140°C, b) L-PP at 150°C, c) α-L-PP at 140°C, d) α-L-PP at 150 °C, e) LCB-PP at
140°C, f) LCB-PP at 150°C.



the time taken for isothermal crystallization, the
plateau was not reached, so the final crystallinity val-
ues could not be evaluated, but they are certainly
higher than in the case of LCB-PP. Although it is im-
possible to fully compare these results with those
from the DSC due to the different analysis condi-
tions, the trends are the same, and the results confirm
and complement each other.
From the diffractograms obtained at the longest crys-
tallization time, i.e., 171 min, the values of the lamel-
lae length in the (110), (040), and (130) directions of
the α-crystallites were calculated (Table 2). In the
case of linear PP crystallized at 140 °C, the addition
of the nucleating agent leads to a significant reduc-
tion in lamellae length. However, for a crystalliza-
tion temperature of 150 °C, this is not the case; the
length of the lamellae remains the same independ-
ently of the addition of the nucleating agent; thus, at
this high temperature, it does not fulfill its function.
The length of the lamellae of branched polypropy-
lene crystallized at 140°C is even shorter than in the
case of linear with the nucleating agent, and the ad-
dition of the agent leads to a further slight decrease,
indicating its efficiency. This is in good agreement
with haze measurement. However, the same trend is
observed at the higher crystallization temperature of
150 °C: the addition of the nucleating agent also

leads to a reduction in lamellae length. Thus, the mo-
lecular structure of polypropylene seems to influence
the efficiency of the nucleating agent.

4. Conclusions
This study shows the combined effect of long-chain
branches and the addition of commercial sorbitol-
based α-nucleating/clarifying agent Millad 3988 on
the optical properties, crystallization, and supermol-
ecular structure of polypropylene. As expected,
adding this nucleating agent significantly reduces the
haze of common linear polypropylene. In the case of
LCB-PP, which itself shows lower haze than L-PP
with the nucleating agent, a slight reduction is also
observed.
Used nucleating agent selectively affects polymor-
phic phases, suppresses β-phase growth, and slightly
decreases crystallinity in L-PP. Moreover, it signifi-
cantly speeds up the crystallization at lower crystal-
lization temperatures up to 146 °C while affecting
the mechanism of crystallization, forming double
exotherms, especially at higher crystallization tem-
peratures. For LCB-PP, it was found that polymor-
phic composition does not depend on the addition of
the nucleating agent; however, the crystallinity slight-
ly increases. Also, the crystallization rate is not con-
siderably affected by the addition of nucleating agent
into LCB-PP, which is nevertheless higher than that
of nucleated linear polypropylene. Only a slight pos-
itive effect is observed at the lowest crystallization
temperature and a negative effect at higher crystal-
lization temperatures. LCB-PP favors self-nucleation
due to long branches acting as defects in structure
and, thus, as heterogeneous nucleation seeds.
To conclude, although the used nucleating/clarifying
agent appears to have a slight effect on the optical
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Figure 6. Evolution of overall crystallinity during time-dependent isothermal crystallization at a) 140°C and b) 150°C.

Table 2. Lamellae length calculated from WAXS data.

Material
140°C 150°C

L110
[nm]

L040
[nm]

L130
[nm]

L110
[nm]

L040
[nm]

L130
[nm]

L-PP 42.8 19.0 42.6 42.8 42.7 42.6
α-L-PP 34.3 21.4 34.1 42.8 42.7 42.6
LCB-PP 28.5 24.4 21.3 34.3 28.5 28.4
α-LCB-PP 24.5 19.0 18.9 28.5 24.4 24.3



properties of long-chain branched polypropylene, it
does not affect the crystallization kinetics signifi-
cantly.
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1. Introduction
Poly(lactic acid) (PLA) is an aliphatic polyester pro-
duced from renewable resources, such as sugarcane
and starch. It is also known as a biodegradable and
compostable polymer. It is widely used in food pack-
aging and consumer products [1, 2]. The mechanical
properties of PLA are comparable to conventional
polymers, such as polystyrene (PS) and polyethylene
terephthalate (PET) [3]. Therefore, it has great po-
tential to replace conventional petroleum-based poly-
mers because of environmental concerns and energy
savings. Although PLA is environmentally friendly,
biocompatible, and processable, its brittleness is a
major problem that restricts its applications [2].
Several works have been studied to solve this prob-
lem. Binary blends of PLA and other polymers have

successfully enhanced the toughness of PLA. It
acted as a toughening agent for PLA, such as poly
(polyethylene glycol-co-citric acid) [4], poly(β-hy-
droxybutyrate-co-β-hydroxyvalerate) [5], epoxi-
dized poly butadiene [6], poly(styrene-b-butadiene-
b-styrene) [7], poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) triblock copolymers [8],
poly (butylene adipate-co-terephthalate) [9], poly
(ethylene-butylacrylate-glycidyl methacrylate) [10],
poly (butylene 2,5-furandicarboxylate)-b-poly(eth-
ylene glycol) [11], and poly(1,4-cyclohexanedimeth-
ylene iso sorbide terephthalate) [12]. Natural rubber
(NR; cis-1,4-polyisoprene) is an aliphatic hydrocar-
bon polymer that is harvested from the Hevea
brasiliensis tree. It has several interesting properties
including good mechanical properties, abrasion
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resistance, and electrical insulation. It served as a
good toughening agent for PLA. The toughness [13,
14] and ductility [15, 16] of PLA have been im-
proved by blending with 10 wt% of NR. The high
content of NR (>10 wt%) caused the coalescence
phenomena and deteriorated the mechanical proper-
ties of the blends [13, 15]. The NR particles dis-
persed in the PLA matrix. It plays an important role
in the mechanical properties of the blend. The craze
initiates and terminates by NR particles. The com-
patibility of the blend is strongly associated with its
mechanical properties. The difference in polarity of
PLA and NR caused phase separation in the blend.
It was due to the poor interfacial adhesion between
the two phases. Compatibilization was a useful
method to improve the compatibility of PLA and NR
by adding the third component. Block and graft
copolymers have been used as the compatibilizers
for PLA and NR blends, such as NR-based diblock
copolymer [17], NR-based triblock copolymer [18],
NR grafted with poly(methyl methacrylate) [13], NR
grafted with poly(vinyl acetate) [19], NR grafted
with PLA [20], NR grafted with poly(butyl acrylate)
[21], and NR grafted with poly(vinyl propionate)
[22]. These studies were successful in improving the
interfacial adhesion between the two phases and en-
hancing the toughness of the PLA/NR blends. These
copolymers placed themselves at the interface be-
tween PLA and NR. One part was miscible with PLA
and the other one was miscible with NR. Thus, the
interfacial adhesion was enhanced. It allowed the
stress to transform from one phase to the other one,
which was efficient for craze initiation and propaga-
tion [23].
The addition of a second component with a reactive
group is another approach for the compatibilization
of PLA through reactive blending. If the chains of
the second component are terminated by hydroxyl or
carboxyl groups, three interchange reactions are pos-
sible during mixing: alcoholysis, acidolysis, and
ester-ester interchange [24]. It is also known as trans-
esterification. The block copolymer was initially
formed and finally converted to the random copoly-
mer. The blends of PLA with a second polymer
through transesterification have been reported. For
example, the melt blending of PLA and poly(ethyl-
ene-co-vinyl alcohol) through transesterification re-
vealed a reduction of the interfacial tension and im-
proved the interfacial adhesion between the two

phases [25]. The interchange reaction between PLA
and polycarbonate (PC) enhanced the compatibility
of the blend and increased the interfacial adhesion
between the two phases [26]. The ductility of PLA
improved with the addition of maleic acid anhydride
end-capped poly(propylene carbonate) [27].
The purpose of this work was to synthesize the
α-carboxyl, ω-hydroxyl natural rubber (CHNR) for
use as an alternative toughening agent for PLA. The
blends were performed by melt mixing. We assumed
that the reactive blend could proceed and generate a
new copolymer. The effects of compatibilization on
morphology, thermal and mechanical properties of
the blends were investigated.

2. Experimental
2.1. Materials
Poly(lactic acid) (PLA Ingeo® 4043D) was produced
by NatureWorks LLC, USA. The content of d-lactide
content is approximately 6%, and a Melt Flow Index
(MFI) of 6 g (10 min–1) at 210 °C with a load of
2.16 kg. The melting temperature (Tm) and glass tran-
sition temperature (Tg) are approximately 145–160
and 55–60 °C, respectively. Natural rubber (NR;
STR5L) with a Mooney viscosity (ML1+4 at 100°C)
of 80 was produced by Chalong Latex Industry Co.,
Ltd., Thailand. Periodic acid (H5IO6, 99%), N,N-di-
methyl-4-aminopyridine (DMAP, ≥99%), and suc-
cinic anhydride (SA, ≥99%) were purchased from
Sigma-Aldrich. Sodium borohydride (NaBH4, 97%)
was purchased from Loba Chemie Pvt. Ltd. Sodium
bicarbonate (NaHCO3), sodium thiosulfate pentahy-
drate (Na2S2O3·5H2O), dichloromethane (DCM) and
tetrahydrofuran (THF) were all purchased from RCI
Labscan Ltd.

2.2. Synthesis of carbonyl telechelic natural
rubber (CTNR)

CTNR was synthesized according to previous work
[28]. NR (60 g) was dissolved in 1500 ml of THF
overnight. An amount of 8.84 g of H5IO6 was dis-
solved in 97 ml of THF and added to the reactor. The
reaction was carried out at room temperature for 6 h.
The organic solution was filtered and washed with
aqueous solutions (70/30% vol/vol of NaHCO3/NaCl
and 50/50% vol/vol of Na2S2O3/NaCl). Then it dried
over MgSO4 and filtered through a filter paper. Fi-
nally, the organic solution was evaporated in a rotary
evaporator and dried in a vacuum oven.
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2.3. Synthesis of hydroxyl telechelic natural
rubber (HTNR)

HTNR was synthesized according to previous work
[28]. CTNR (46 g) was dissolved in 1270 ml of THF.
The NaBH4 (13.98 g) was added to the reactor. The
reaction was carried out at 60 °C for 6 h under a ni-
trogen atmosphere. The organic solution was hy-
drolyzed with ice and washed with a saturated NaCl
solution. The organic phase was dried over MgSO4
and filtered. Finally, it was evaporated in a rotary
evaporator and dried in a vacuum oven.

2.4. Synthesis of α-carboxyl, ω-hydroxyl
natural rubber (CHNR)

HTNR (38 g) was dissolved in 1200 ml of DCM.
Then the DMAP (3.19 g) and SA (7.47 g) were added
to the reactor. The reaction was carried out at 30 °C
for 24 h under a nitrogen atmosphere. The organic so-
lution was washed twice with saturated NaHCO3 and
saturated NaCl solutions. Then it was dried over
MgSO4 and evaporated to remove the DCM. The ob-
tained CHNR was dried in a vacuum oven to remove
the residual DCM.
The chemical structures of all oligo-isoprenes (CTNR,
HTNR, and CHNR) were verified by proton nuclear
magnetic resonance spectroscopy (1H-NMR) and
Fourier transform infrared spectroscopy (FTIR) tech-
niques. The molecular weights of oligo-isoprenes
were determined by gel permeation chromatography
(GPC) and 1H-NMR.

2.5. Preparation of polymer blends
The neat PLA was dried overnight in an oven at
105°C to remove moisture. Then it was kept in a des-
iccator before blending. The proportion of PLA to
rubber (NR and CHNR) was fixed at 90/10 wt%. The
binary blends of PLA/NR and PLA/CHNR were pre-
pared by melt blending using a twin-screw extruder
(LTE16-44, LAB TECH Engineering Co., Ltd., Thai-
land) at a rotor speed of 100 rpm. The temperatures
of the eleven zones were set at 140 °C (feed zone),
140°C (zone 2), 150°C (zone 3), and 160°C (zones 4-
11). The PLA and obtained blends were shaped at
160 °C for 9 min with a pressure of 140 kg·cm–2

using a compression molding machine (SLLP50,
Siamlab Engineering Co., Ltd., Thailand). The ob-
tained sheet was cooled in the air at room tempera-
ture for 10 min. The thickness of the obtained sheets
was approximately 2 mm.

2.6. Chemical structure analysis
The chemical structures of NR and oligo-iso-
prenes were verified by FTIR and 1H-NMR. The
FTIR spectra were recorded on the Fourier transform
infrared spectrometer (Perkin-Elmer, Spotlight
200i). The absorption bands were reported in the
range of 400–4000 cm–1 based on 16 scans at a res-
olution of 4 cm–1. The 1H-NMR data were recorded
on the Varian Unity Inova NMR spectrometer
(500 MHz). Deuterated chloroform (CDCl3) was
used as a solvent. The number-average molecular
weight (M–

n) of all oligo-isoprenes (CTNR, HTNR,
and CHNR) was determined by 1H-NMR using the
integrated peak areas, repeating unit of NR (68), and
total mass of the rest molecule. The M–

n of CTNR was
calculated according to Equation (1):

(1)

where Ib and If,i are the integrated peak areas at 5.10
and 2.43–2.52 ppm, respectively. 100 is the total
molar mass of the rest molecule. The M–

n of HTNR
was calculated according to Equation (2):

(2)

where Ib and Ie are the integrated peak areas at 5.10
and 3.65 ppm, respectively. 104 is the total molar
mass of the rest molecule. The M–

n of CHNR was cal-
culated according to Equation (3):

(3)

where Ib and Ie are the integrated peak areas at 5.10
and 4.08 ppm, respectively. 204 is the total molar
mass of the rest molecule.

2.7. Measurement of molecular weight
The molecular weights and molecular weight distri-
butions of PLA, NR, oligo-isoprenes, and the blends
were measured by gel permeation chromatography
(GPC; Agilent, 1260 Infinity II) performed with two
columns (PLgel MIXED-C, 5 μm, 7.5×300 mm)
and a refractive index detector. The tests were per-
formed at 40 °C. The flow rate of eluent (THF) was
1 ml·min–1. The data were calibrated with polystyrene
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standards and corrected with the Benoit factor
(0.67) [29].

2.8. Blend characterization
2.8.1. Mechanical properties
Izod and Charpy impact tests of PLA and the blends
were carried out according to ASTM D256. Six
V-notched and unnotched specimens were prepared
for each test. The depth of the V-notch was 2.5 mm.
The tensile properties were tested according to ASTM
D412C. Six dumbbell-shaped specimens were tested
using a universal testing machine (Instron 5569) at
a crosshead speed of 5 mm·min–1.

2.8.2. Blend morphology
The morphologies of PLA and the blends were in-
vestigated using a scanning electron microscope (FEI
Quanta 400). All specimens were prepared by freeze
fracturing. It was frozen in liquid nitrogen. Then the
frozen specimen was rapidly fractured. The fractured
surfaces were coated with gold before analysis.

2.8.3. Thermal properties
The thermal properties of PLA and the blends were
investigated using differential scanning calorimetry
(Perkin-Elmer, DSC7). The first heating scan was
heated from –70 to 180°C, followed by cooling from
180 to –70°C, then heating again as in the first heat-
ing scan. The tests were performed at the heating rate
of 10°C·min–1 under a nitrogen atmosphere. The glass
transition temperature (Tg), melting temperature
(Tm), and cold crystallization temperature (Tcc) were
determined from the second heating thermograms.
The degree of crystallinity (Xc) was calculated ac-
cording to Equation (4):

(4)

where ∆Hm and ∆Hcc are the enthalpies of fusion and
cold crystallization in J·g–1, respectively. 93 J·g–1 is
the enthalpy of fusion of 100% PLA crystal [30].
The dynamic mechanical thermal analysis (DMA)
was performed with a dynamic mechanical analyzer
(DMA8000, PerkinElmer, USA). The specimens were

tested in dual cantilever mode with a temperature
scan from –70 to 180°C at a heating rate of 3°C·min–1.
The frequency was 1 Hz and the strain control was
0.01%.

3. Results and discussion
3.1. Characterization of oligo-isoprenes
Three types of oligo-isoprenes were synthesized
from NR (Figure 1). The new oligo-isoprene (CHNR)
was prepared in three steps. The first step was the
synthesis of CTNR containing an aldehyde and a ke-
tone chain ends through the controlled oxidative
degradation of NR. The initial molecular weight (M–

n)
of CTNR was set around 5000, 10 000 and
15 000 g·mol–1. The CTNR was used as a starting
oligo-isoprene to produce further HTNR and CHNR.
A second step was the reduction of CTNR with
NaBH4 to generate the HTNR containing hydroxyl
chain ends. The last step was the synthesis of CHNR
from the HTNR by using SA in the presence of
DMAP as a catalyst.
All chemical structures of the oligo-isoprenes were
characterized by 1H-NMR and FTIR. The 1H-NMR
spectra of NR and oligo-isoprenes with a targeted mo-
lecular weight of 5000 g·mol–1 are shown in Figure 2.
NR presented the characteristic peak of CH protons
at 5.10 ppm. The characteristic peaks of CTNR were
observed at 9.77 and 2.13 ppm belonging to the alde-
hyde and ketonic protons, respectively. For the HTNR
spectrum, the disappearance of the peak at 9.77 ppm
was clearly observed. The presence of the new peaks
at 3.80 (CH proton) and 3.65 (CH2 protons) ppm con-
firmed the change of carbonyl to hydroxyl groups.
The characteristic peaks of CHNR were observed at
4.08 and 2.65 ppm corresponding to the CH2 protons
adjacent to ester groups, while the peak at 3.80 ppm
still appeared at the same position that was close to
the hydroxyl group. These verify that the CHNR was
terminated by hydroxyl and carboxyl groups.
The FTIR spectrum of NR presented the character-
istic peak at 1665 cm–1 for the stretching vibrations
of C=C (Figure 3). The CTNR presented the new
absorption band at 1721 cm–1 corresponding to the
stretching vibrations of C=O, whereas this peak
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disappeared after conversion to HTNR. The new ab-
sorption band of OH stretching appeared at
3378 cm–1. This was due to all carbonyl groups of
CTNR changing to hydroxyl groups. In the CHNR
spectrum, new absorption bands were observed at
1734 and 1722 cm–1. Both were assigned to the
stretching vibrations of C=O in different functional
groups (ester and carboxylic groups), whereas the
absorption band of OH stretching at 3378 cm–1 still
appeared. Both 1H-NMR and FTIR data confirmed

the synthesis of CHNR containing hydroxyl and car-
boxyl groups at the chain ends.
The molecular weights of obtained oligo-isoprenes
were determined by 1H-NMR and GPC (Table 1). It
was found that the M–

n of all CTNR (4466, 9018 and
14049 g·mol–1) was close to the targeted molecular
weights (5000, 10 000, and 15 000 g·mol–1). From
GPC analysis, the M–

n of all CTNR were 5100,
10100, and 14 100 g·mol–1. The CTNR with initial
M–

n of 5000, 10000, and 15000 g·mol–1 were labeled
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Figure 2. 1H-NMR spectra of NR and obtained oligo-isoprenes with the targeted molecular weight of 5000 g·mol–1.

Figure 3. FTIR spectra of NR and oligo-isoprenes with the
targeted molecular weight of 5000 g·mol–1.

Table 1. Molecular weights of oligo-isoprenes.

aDetermined by 1H-NMR.
bDetermined by GPC.

Sample M–
n

[g·mol–1]a
M–

n
[g·mol–1]b

M–
w

[g·mol–1]b PDIb

CTNR5 4466 5100 11300 2.22
HTNR5 4746 5700 12800 2.25
CHNR5 5096 6200 12900 2.08
CTNR10 9018 10100 19700 1.95
HTNR10 9614 10600 20900 1.97
CHNR10 10747 12400 23600 1.90
CTNR15 14049 14100 36000 2.55
HTNR15 14887 15300 43900 2.87
CHNR15 15315 16600 38000 2.29



with CTNR5, CTNR10, and CTNR15, respectively.
Then they were used for the preparation of HTNR
and CHNR. Both 1H-NMR and GPC techniques
gave a slight increase in M–

n values of HTNR
(HTNR5, HTNR10, and HTNR15) and CHNR
(CHNR5, CHNR10, and CHNR15) from those of
the CTNR because the chemical structures of their
oligo-isoprenes were changed to the new ones. The
polydispersity index (PDI) of all oligo-isoprenes was
approximately 2.

3.2. Blend characterization
The binary blends of (PLA/NR and PLA/CHNR)
were prepared by melt blending. It is known that func-
tional groups play an important role in controlling
chemical reactions. Both PLA and CHNR contained
two different reactive end groups (hydroxyl and car-
boxyl groups). Thus, it was possible to generate new
random copolymers through transesterification. The

proposed mechanisms are illustrated in Figure 4. It
involved three reactions: acidolysis, alcoholysis, and
direct ester exchange. The block copolymer (PLA-
co-CHNR) was initially formed in the acidolysis re-
action. The PLA homopolymer and succinic acid
could occur in this reaction. Succinic acid might react
with PLA-co-CHNR, PLA, and CHNR. In this case,
it acted as a chain extender that expanded the poly-
mer chain. In the alcoholysis reaction, the formation
of PLA-co-CHNR, PLA homopolymer, HTNR, and
PLA-succinic acid might occur. HTNR could react
with PLA to form the PLA-HTNR block copolymer
and/or it was likely a chain extender for the polymer.
The PLA-succinic acid had a chance to react with
PLA, CHNR, and HTNR generating the copolymers.
For direct ester exchange, the PLA-co-CHNR and
PLA-succinic acid were formed. The block copoly-
mers (PLA-co-CHNR) were initially formed and they
subsequently reacted with themselves and starting
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Figure 4. Transesterification reactions between PLA and CHNR. a) Acidolysis reaction, b) alcoholysis reaction, and c) direct
ester exchange.



polymers (PLA and CHNR) converting to random
copolymers. Based on the proposed mechanisms, it
was concluded that there are different chain lengths
of copolymers, homopolymers, diols, and diacids in
the reaction mixture.
In fact, transesterification causes the breakage of
polymer chains which leads to a decrease in the mo-
lecular weight of the polymer. In order to confirm
these reactions, the measurement of molecular weight
by GPC was utilized. The molecular weights and
molecular weight distributions of the PLA and the
blends are listed in Table 2. The M–

n of PLA and NR
were 81 500 and 289000 g·mol–1, respectively. The
M–

n of the PLA/NR was 88000 g·mol–1 and it in-
creased from the M–

n of PLA. This indicated that there
was no chemical reaction during the melt blending.
In the case of all PLA/CHNR blends, M–

n had dra-
matically decreased from the PLA. This was due to
the formation of shorter chains (new copolymers)
through transesterification, as proposed in Figure 4.
This is similar to a prior study on the blend between
polycaprolactone and PLA through transesterifica-
tion [31].
The molecular weight distribution curves of PLA,
NR, and the blends are shown in Figure 5. A broad

peak indicated that the molecular weight distribution
of the sample was wide. In fact, polymer distributions
can be wide because there are many high molecular-
weight and low molecular-weight components. The
PDI of the PLA/NR was approximately 2.61. Mean-
while, the PDI of PLA/CHNR was approximately
2.00. This was known as a broad distribution of poly-
mer indicating that polymers have the distribution of
chain lengths. A broad distribution of PLA/NR was
due to the nature of NR. Generally, natural polymers
such as NR have a width distribution. In the case of
PLA/CHNR, the formation of new copolymers with
different chain lengths caused the wide distribution.
Thus, the GPC analysis confirmed the transesterifi-
cation during the melt blending of PLA/CHNR.

3.3. Morphological analysis
The morphology of the blends was investigated by
SEM. The SEM images of PLA and the blends at the
same 500× magnification are shown in Figure 6.
PLA showed fine phase morphology (Figure 6a),
while phase separation was observed in the PLA/NR
and PLA/CHNR blends (Figure 6b–6e). Especially,
a coarse and heterogeneous morphology was clearly
observed for the PLA/NR (Figure 6b). NR was dis-
persed in a PLA matrix. The polar PLA and non-polar
NR made an immiscible blend with poor interfacial
adhesion between the two phases. All PLA/CHNR
blends showed a finer phase morphology than
PLA/NR. Rubber particle size could indicate the
compatibility in the blend. The particle size of rubber
was around 10.8 μm in the PLA/NR, while the
PLA/CHNR5, PLA/CHNR10, and PLA/CHNR15
were 4.2, 5.5, and 7.2 μm, respectively. The smaller
particle size of the rubber indicated a reduction of
the interfacial tension between the two phases [23].
It was also observed in other works [13, 19, 20, 32].
This implied that CHNR was more compatible with
PLA than NR.
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Table 2. Molecular weights and thermal properties of PLA and the blends.

Sample M–
n

[g·mol–1]
M–

w
[g·mol–1] PDI Tg

[°C]
Tm

[°C]
TCC
[°C]

∆Hm
[J·g–1]

∆HCC
[ J·g–1]

Xc
[%]

PLA 81500 149000 1.82 60 150 119 24.5 24.0 52.2
NR 289000 1197000 4.14 –63 – – – – –
PLA/NR 88000 230000 2.61 –63, 60 150 – 06.6 6.7 14.3
PLA/CHNR5 31000 64300 2.07 -60, 50 141, 148 110 25.6 30.1 60.1
PLA/CHNR10 35000 71000 2.02 –61, 51 140, 149 101 30.9 34.8 70.6
PLA/CHNR15 49000 98000 2.00 –62, 52 144, 150 111 28.4 33.0 66.1

Figure 5. Molecular weight distributions of PLA and the
blends.
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Figure 6. SEM images of PLA and the blends: a) PLA, b) PLA/NR, c) PLA/CHNR5, d) PLA/CHNR10, and e) PLA/CHNR15.



3.4. Thermal analysis
Besides the morphological analysis, the miscibility
of the blend could be investigated from Tg. All ther-
mograms were recorded during the second heating
scan (Figure 7). The neat PLA and NR presented a
single Tg at 60 and –63 °C, respectively. The
PLA/NR exhibited two Tgs at –63 and 60 °C. The
lower Tg belonged to NR, while the higher Tg be-
longed to PLA. The blend showed two Tgs of pure
components and it was no shift from the values of
their Tgs. This was a type of immiscible blend. Two
Tgs and the shift of them were observed in all
PLA/CHNR blends. The Tg of CHNR shifted to a
higher temperature (–62–(–60 °C)), while the Tg of
PLA shifted to a lower temperature (50–52 °C). It is
known that a shift of Tg from one blend component
towards the Tg of the other blend component is re-
ferred to as a partially miscible blend. Interestingly,
the maximum shift for PLA/CHNR5 was 2°C (Tg of
CHNR) and 10 °C (Tg of PLA). It implied that
CHNR5 was more compatible with PLA. Two melt-
ing peaks were notably observed for all blends, ex-
cept for PLA/NR. When the sample was heated at a
low rate during the temperature scan, small crystals
melted and then recrystallized, resulting in the ap-
pearance of a second melting peak at a higher tem-
perature [33]. This is a common phenomenon found
in several rubbers toughened PLA [13, 16, 22, 25,
34]. The degree of crystallinity (Xc) of PLA was ap-
proximately 52.2% (Table 2). It seems that blending
with NR caused a reduction in Xc of PLA to 14.3%.
This was probably because the high molecular
weight of NR caused more chain entanglement and
hindered the nucleation of PLA. It was similarly ob-
served in a previous study [35]. It was found that the

Xc of PLA slightly increased up to 60.1–70.6% after
blending with CHNR. It implied that CHNR acted
as a good nucleating agent for PLA.
The mechanical and thermal properties of the mate-
rial could be determined by DMA. Figure 8 shows
the DMA curves of PLA and the blends. Generally,
the storage modulus (E′) measures the elastic re-
sponse of the material. The E′ (at 30 °C) of PLA de-
creased with the addition of NR (Figure 8a). This
was due to the elastomeric nature of NR. It is known
that E′ is associated with the stiffness of a material.
It indicated that the NR decreased the stiffness of
PLA. This observation was similar to the previous
report [36]. The enhancement of E′ was found in the
PLA/CHNR10. This can be caused by the highest
crystallinity which affected the stiffness of the blend.
From the DSC analysis, the Xc of the PLA/CHNR
blends could be ranked in the following order:
PLA/CHNR10 > PLA/CHNR15 > PLA/CHNR5. It
could be concluded that the crystallinity promoted
the stiffness of the blend. This behavior was similar-
ly found in PLA blended with spent coffee grounds
[37]. The E′ was suddenly dropped in the temperature
range of 70 to 75 °C. This is known as a glass tran-
sition region and the onset temperature is identi-
fied as a Tg. The Tg of PLA was observed at 73 °C
(Figure 8b). Two Tgs were found in PLA/NR at –60
and 73°C corresponding to the Tg of NR and PLA,
respectively. The Tg of PLA in all PLA/CHNR blends
was slightly shifted to the lower temperature (70–
72°C), while the Tg of CHNR was seen from –54 to
–59°C. It indicated that CHNR was more compati-
ble with PLA than NR. All the blends showed a
broad tan δ peak because the mixture had more het-
erogeneous polymers. The differences in the polymer
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Figure 7. DSC thermograms of PLA, NR, and the blends: a) overall view, and b) expanded view for the temperature range
from –70 to –40°C.



chain lengths lead to a wide distribution of relaxation
times [38].

3.5. Mechanical properties
The mechanical properties of PLA and the blends are
summarized in Table 3. The rubber content was
10 wt% in all blends. The impact resistance was in-
vestigated by both Izod and Charpy impact tests. Gen-
erally, the impact strength determines the toughness
of a material. It measures the energy absorption dur-
ing its fracture. The brittle material has lower energy
absorption than ductile material. The Izod impact
test differs from the Charpy impact test by the direc-
tion of the specimens in the machine. In the Izod im-
pact test, the impact strengths of notched and un-
notched PLA (2.2 and 8.2 kJ·m–2) were insignifi-
cantly changed after blending with NR (3.3 and
8.7 kJ·m–2). It is known that the compatibility of the
blend relates to its mechanical properties. The
PLA/NR was an immiscible blend that caused poor
interfacial adhesion between PLA and NR phases.
Therefore, it was insufficient for stress transfer be-
tween the two phases. In rubber-toughened plastic,
the deformation mechanism involves shear and cav-
itation processes [39]. The shear processes consist
of shear yielding and shear band. The cavitation

processes involve crazing, voids, and fractures. The
crazing and shear yielding occur simultaneously.
However, crazing is currently accepted as a principal
mechanism for toughening. When stress is applied
to the polymer, it initiates a craze and leads to the for-
mation of an interpenetrating network of voids. The
craze initiates at a stress concentration produced by
rubber particles. The craze growth propagates and ter-
minates at rubber particles. The impact strengths of
un-notched and notched specimens of PLA increased
with the addition of CHNR. Interestingly, the unbro-
ken specimens without notch of PLA/CHNR5 and
PLA/CHNR10 indicated the high toughness of these
blends. According to the proposed mechanism in
Figure 4, the transesterification occurred at the in-
terface of PLA and CHNR. The formation of the
PLA-co-CHNR behaved as a bridge connecting the
two phases. The stress could transfer between two
phases resulting in the enhancement of impact
strength. In the Charpy impact test, blending with NR
slightly decreased the impact strength of un-notched
PLA and insignificant changed the impact strength
of notched PLA. CHNR5 and CHNR10 showed a
significant enhancement in both notched and un-
notched specimens. In the case of CHNR5, the im-
pact strength increased up to 60.0 and 17.0 kJ·m–2
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Table 3. Impact strength and tensile properties of PLA and the blends.

Sample
Izod impact strength

[kJ·m–2]
Charpy impact strength

[kJ·m–2] E
[MPa]

σb
[MPa]

εb
[%]

Unnotched Notched Unnotched Notched
PLA 8.2±0.1 2.2±0.2 18.7±0.4 2.6±0.2 1827±48 69.57±1.19 5.80±0.12
PLA/NR 8.7±0.1 3.3±0.2 15.4±0.3 3.2±0.2 1232±52 31.87±1.09 6.08±0.06
PLA/CHNR5 Unbroken 7.4±0.2 60.0±0.6 17.0±0.70 1450±64 36.88±0.35 14.52±0.110
PLA/CHNR10 Unbroken 5.1±0.1 30.1±0.3 8.7±0.6 1385±41 30.76±0.92 11.26±0.090
PLA/CHNR15 17.7±0.3 4.2±0.1 18.4±0.6 4.2±0.5 1406±53 24.81±0.96 3.04±0.04

Figure 8. DMA curves of PLA and the blends: a) storage modulus and b) tan δ.



from those of PLA at 18.7 and 2.6 kJ·m–2. It seems
that CHNR5 was a good toughening agent for PLA.
Due to the good interfacial adhesion between the two
phases, the initiation of the craze at the interface of
the matrix and the dispersed phase was prevented and
retarded the fracture growth. It resulted in an increase
in impact strength. The chain lengths of copolymers
affected their mechanical properties. The impact
strength tended to decrease with molecular weight.
Rubber particle size plays an important role in the
mechanical properties of the blend. Larger rubber
particle size promotes craze propagation, while
smaller rubber particle size is insufficient to stop
craze propagation and fracture. Therefore, the opti-
mal rubber particle size could stabilize the craze
growth and stop the crack. In this work, the optimal
rubber particle size in PLA/CHNR blends was ap-
proximately 4–5 μm. It has been reported that the
optimal rubber particle size provided the optimum
mechanical properties [13, 15, 20, 22].
The tensile properties are listed in Table 3. The
Young’s modulus (E) and tensile strength (σb) of
PLA dramatically decreased with the addition of NR
and CHNR. Generally, the addition of soft polymers
like rubber to the plastic matrix causes deterioration
of E and σb [13, 15, 16, 20–22]. No improvement in
elongation at break (εb) was observed for PLA/NR
in comparison with the PLA. This suggests that the
compatibility of the blend is strongly related to its
mechanical properties. The εb of PLA increased sig-
nificantly with the addition of CHNR5 and CHNR10,
except for CHNR15. This implied that CHNR5 and
CHNR10 increased the ductility of PLA. The stress-
strain behaviors of PLA and the blends are shown in
Figure 9. Generally, the area under the stress-strain
curve correlates to the toughness of a material. The
stress-strain curve of PLA showed a straight line

that dropped suddenly after reaching the maximum
stress point. This is a characteristic of a brittle ma-
terial that has a limit absorbing the energy before
failure. The stress-strain curves of PLA/CHNR5 and
PLA/CHNR10 showed a larger plastic region after
the yield point than PLA/NR. The large area under
the curve indicates that it absorbs a large amount of
energy during the plastic deformation before failure.
It implied that PLA/CHNR5 and PLA/CHNR10 were
more ductile materials than PLA/NR. Figure 10 pres-
ents the different types of tensile fracture surfaces.
The smooth and fine fracture surface of PLA indi-
cates a brittle fracture (Figure 10a). The immiscibil-
ity of PLA and NR caused weak interfacial adhesion
between the two phases. The rubber particles were
pulled away from the PLA matrix during the fracture
and left the holes (Figure 10b). As a result of the ab-
sence of rubber particles, there was no prevention of
craze growth. Finally, it led to the fracture of a ma-
terial. The coarse surface and stress whitening were
observed in all PLA/CHNR blends, which indicated
the ductile fracture (Figure 10c–10e). Moreover, the
presence of an optimal rubber particle size in the
PLA/CHNR could retard the craze propagation and
fracture. These observations supposed that the en-
hancement in the compatibility of the blends could
improve their mechanical properties.

4. Conclusions
Binary blends (PLA/NR and PLA/CHNR) were pre-
pared by melt mixing. The blend between PLA and
NR was a physical blend, while the blend of PLA
and CHNR was a reactive blend. The GPC analysis
confirmed the formation of PLA-co-CHNR during
blending. The compatibility of the blend is related to
its mechanical properties. The CHNR was more
compatible with PLA than NR. The addition of
CHNR5 and CHNR10 increased the interfacial ad-
hesion between the two phases and enhanced the im-
pact strength and elongation at break of the PLA.
The mechanical properties of the PLA/CHNR blends
decreased with the molecular weight. The shorter
chain length of the copolymer was more effective
than the longer one. The DSC thermograms and
SEM images also confirmed the compatibility of
PLA and CHNR. The significant shift of Tg values
in all PLA/CHNR blends implied an improvement
in compatibility. The addition of CHNR did not hin-
der the crystallization in PLA. The optimal rubber
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Figure 9. Stress-strain curves of PLA and the blends.
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Figure 10. Tensile fracture surfaces: a) PLA, b) PLA/NR, c) PLA/CHNR5, d) PLA/CHNR10, and e) PLA/CHNR15.



particle size in the PLA/CHNR was 4.2 and 5.5 μm.
It could retard the craze propagation and fracture.
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1. Introduction
With a growing concern about the environmental im-
pact of waste and the need to conserve resources,
there is an increasing interest in recycling and reusing
polymeric materials, such as plastics and rubbers [1].
In recent years, there has been significant progress
in developing technologies and processes for recy-
cling rubber in line with the 2030 Sustainable De-
velopment Goals (SDGs) and the 2050 European
Green Deal. These processes can potentially recover
valuable materials from waste rubber and reduce the
amount of waste accumulated in landfills and oceans
[2]. The demand for recycled rubber products is also
increasing as companies and consumers seek more

sustainable alternatives to virgin rubber [3], includ-
ing the construction, automotive, sports, and footwear
industries. However, there are still challenges to
overcome in rubber recycling, such as technical lim-
itations or cost-effectiveness.
The main recycling methods for rubbers include
(i) mechanical recycling, which involves shredding
or grinding of rubber waste into small pieces [4],
(ii) chemical recycling which involves breaking down
the rubber waste into its constituent chemicals using
chemical processes, such as depolymerization [5],
(iii) devulcanization that is the process of breaking
the chemical cross-links that provides to rubber its
elasticity, making it possible to reuse the material
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[6], (iv) pyrolysis that is a thermal decomposition
process that breaks down waste rubber into smaller
molecules in the absence of oxygen, producing gases,
oils, and carbon black [7]. While there may be some
energy and resource inputs associated with the grind-
ing or shredding process, mechanical processes are
generally considered to be one of the more environ-
mentally friendly options for rubber recycling, as it
does not involve the use of chemicals and usually do
not generate toxins. Among these mechanical meth-
ods, cryo-grinding and high shear mixing are prom-
ising processes to obtain residues with high added
values.
Cryogrinding involves using liquid nitrogen or other
cryogenic gases to cool the material being ground to
very low temperatures. The material is then ground
using types of equipment such as cryo-mills, which
operate at very high speeds to reduce the size of the
waste particles. Cryogrinding can produce particles
with a narrow size distribution and a fine particle
size [8], especially compared to ambient grinding
[9]. High shear mixing involves the application of
mechanical forces onto materials to achieve mixing,
dispersion, or emulsification. This can be carried out
using equipment such as rotor-stator mixers, high-
pressure homogenizers, or colloid mills. The result-
ing products can have a homogeneous texture and
fine particle size distribution. High shear mixing is
a more complex and expensive process compared to
traditional grinding, but it can offer greater control
over the final product properties [10].
The waste rubber originated from the treatment of
pneumatic tyres (so-called ground tyre rubber), and
can be re-compounded without any addition of other
raw material, showing high mechanical resistance but
low strain at break (around 200%) [11]. To get mate-
rials with high deformability and/or toughness, pro-
viding them sufficient properties for novel applica-
tion with high added value, the waste rubber can be
blended with polymeric matrices, such as fresh plas-
tic, thermoset rubber matrices [12] or concrete [13].
Among these materials, natural rubber (NR) is an in-
teresting candidate to be used as the rubber matrix
owing its excellent large strain properties such as fa-
tigue behaviour, strain-induced crystallization ability
as well as its compatibility with the waste rubber from
the pneumatic tires as the latter contains vulcanized
(and/or partially devulcanized) natural rubber.
The incorporation of waste rubber as reinforcing filler
has been used as a strategy to improve the tensile

properties of NR. The tensile strength and modulus
of the waste/natural rubber blends usually increase
while the elongation at break decreases [14]. More-
over, it has been shown that the reinforcement effi-
ciency of traditional fillers, such as carbon black and
silica, can sometimes be improved by substituting
them with waste fillers [15]. The thermal and dy-
namic mechanical properties of waste rubber/natural
rubber blends demonstrate that the resulting com-
posites containing a natural rubber matrix and waste
rubber as fillers show excellent damping behaviour
[16]. Finally, the use of waste rubber in natural rub-
ber matrices has been shown to reduce the environ-
mental impact and carbon footprint compared to tra-
ditional rubber materials [15].
As mentioned above, strain-induced crystallization
(SIC) in NR is one crucial factor that has been con-
sidered in recent studies dedicated to the design of
waste/natural rubber blends. SIC is a phenomenon
in which the application of deformation to natural
rubber leads to the alignment of polymer chains and
the formation of crystalline domains, resulting in im-
proved mechanical properties (large strain reinforce-
ment and increased fatigue life). Incorporating waste
rubber into the natural rubber matrix can positively
affect SIC, as has been shown recently by in-situ
X-rays [17] and in-situ IR thermography [18, 19].
Nonetheless, none of these studies focused on the
possible effect of the type of treatment applied to the
wastes (devulcanization, grinding, etc.), while they
are expected to result in a drastic modification of the
ultimate properties of the waste/rubber blend.
In this paper, we prepared waste/natural rubber blends
using two distinct mechanical waste treatments: the
cryo-grinding process and the high-shear mixing
process. The properties of the wastes, as well as the
tensile properties of the resulting waste/natural rub-
ber composites, are discussed, and a focus is done
on the impact of the type of waste treatment on the
large strain reinforcement of the blends.

2. Materials and experiments
2.1. Materials processing
Natural rubber (NR) is a Standard Malaysian Rubber
(SMR, Akrochem company, Akron, USA). It has a
CV60 of about 55–60 (Mooney viscosity ML 1 + 4,
100°C:). It contains 0.15% of hydroxylamine that had
been added to the latex stage to prevent the raw rub-
ber from stiffening while storing. Ground tire rubber
(GTR, J. Allcock & Sons Ltd Company, Manchester,

N. Candau et al. – Express Polymer Letters Vol.17, No.11 (2023) 1135–1153

1136



United Kingdom). Tire buffing was used to trans-
form the rubber from the pneumatic tire into mil-
limeter size crumbs. Two types of particles were ob-
tained using a cryogrinding process or a high-shear
mixing process (HSM, REP-International company,
Corbas, France), as indicated in Table 1.
The crumbs, size-reduced via a controlled cryo-
grinding, are free of contaminants such as textile,
metal, and road dirt. Nonetheless, they look grey as
talc had to be added to make the material flow and
sieve correctly during the cryogrinding process. The
cryoground GTR (GTR(d)) was subsequently sieved
using a vibratory sieve shaker (Analysette 3, Fritsch
GmbH, Idar-Oberstein, Germany) with a mesh 230’s
(size <63 μm).
The high shear mixing process consists of two metal-
lic cones (a stator and a rotor) with a series of
grooves on their surfaces were used. The distance be-
tween the surfaces of both cones (gap) was optimized
to provide the finest waste particle sizes. The rotation
speed and the direction of rotation make the rubber
move into the grooves of the cones, stressing and re-
laxing in a continuous and rapid way. Based on the
geometry of the cones, the material is highly sheared
when the material is located between the zenith flat
parts. Three sequences of 5 min were applied to the
waste rubber to avoid continuous processing and
hence limit the self-heating that may cause thermal
degradation and/or re-vulcanization in situ. The
crumbs obtained from HSM (GTR(h)) were subse-
quently sieved using a vibratory sieve shaker (Analy-
sette 3, FRITSCH Bakery Technologies GmbH &

Co. KG, Germany) with a mesh 120’s (size
<125 μm).
To prepare the NR/GTR blends, the NR was first
masticated inside the chamber of an internal mixer
(Brabender Plastic-Corder W50EHT, Brabender
GmbH & Co., Duisburg, Germany) at a temperature
of 80°C, for 5 min and a rotation speed of 40 rpm.
5 more minutes the vulcanizing agent dicumyl per-
oxide (DCP, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) was added (see Table 1) and
mixed for 5 min. The masterbatch containing NR,
GTR and DCP was vulcanized according to the es-
timated optimal time at 170 °C under 4 MPa. The
curing curves were recorded by using a Moving Die
Rheometer (Monsanto moving die rheometer MDR
2000E, MonTech, Columbia City, USA) oscillating
at a constant frequency of 1.677 Hz and an ampli-
tude of deformation of 1.38% (5°) at the vulcaniza-
tion temperature (166–171 °C). To perform the ten-
sile tests, dogbone-shaped specimens with a 1 mm
thickness, 4 mm width and 15 mm length were ex-
tracted from hot moulded sheets by die-cutting with
a specimen preparation punching machine (Manual
Hollow Die Punch, CEAST company, Torino, Italy).

2.2. Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was performed
on rectangular samples using DMA equipment (Q800,
TA Instruments, New Castle, USA). Specimens were
tested in tension mode using pre-stress of 1 N, an am-
plitude of cyclic deformation of 0.5%, and a frequen-
cy varying from 1 to 100 Hz (frequency sweep
method). The temperature was maintained at 25°C.

2.3. Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) was
performed at room temperature (25°C). Absorbance
spectra were recorded on an FTIR spectrometer
(Nicolet 6700 FTIR, Thermo Scientific, Waltham,
Massachusetts, USA) equipped with Cesium Iodide
(CsI) beamsplitter to measure in attenuated total re-
flection modes. Spectra were obtained in the wave -
number interval ranging from 600 to 4000 cm–1.

2.4. Swelling
The rubber was immersed in cyclohexane (Cyclo-
hexane, ACS, 99+%, Thermo Scientific Chemicals,
Waltham, Massachusetts, USA) for 72 h. After 72 h
the swollen mass was measured. The rubber was then
placed under a hood at room temperature for 72 h to
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Table 1. Materials codes. The mesh size indicates the size of
the sieving used to extract the GTR that is further
used to prepare the NR/GTR blends.

*Values are based on the American National Standard for Industrial
Wire Cloth (American Standard ASTM-E 11.

**The DCP was introduced as a weight percent of the overall rubber
phase quantity i.e., the NR phase in the case of vulcanized NR and
the NR phase + rubber phase in the GTR in the case of the vul-
canized NR/GTR blends.

***The DCP calculated as a function of the NR content only.

Material
code

GTR
[wt%]

Mesh
size*

Curing T
[°C]

DCP**

[wt%]
DCP/NR***

[wt%]
GTR(g) 100 230’s × × ×
GTR(h) 100 120’s × × ×
NR 0 × 170 1.50 1.50
NR/GTR(g–) 20 230’s 170 1.30 1.50
NR/GTR(g+) 20 230’s 170 1.63 1.88
NR/GTR(h–) 20 120’s 170 1.30 1.50
NR/GTR(h+) 20 120’s 170 1.63 1.88



remove the solvent. The mass of the dry samples was
then measured. The average network chain density
has been calculated from swelling experiments and
the Flory-Rehner equation (Equation 1) [20]:

(1)

where V1 = 108 cm3/mol is the molar volume of the
solvent (cyclohexane), χ1 is the Flory-Huggins poly-
mer solvent dimensionless interaction term (χ1 is the
Flory-Huggins polymer solvent dimensionless inter-
action term and is equal to 0.363 in the case of NR-
cyclohexane [21]). v2 = 1/Qr, with Qr the swelling
ratio of the rubber matrix. Qr = V/V0 where V and V0
are the volumes of the rubber network, at swelling
equilibrium and after swelling and drying respective-
ly. The ratio 2/f is associated with the phantom model
that assumes spatial fluctuation of crosslinks (non-
affine) used for high deformation ratios. f, the cross -
link functionality, is chosen equal to 4. For filled
compounds the Kraus correction [22] is used to ac-
count for the contribution of filler in the swelling
ratio (Equation (2)):

(2)

with φ is the volume fraction of fillers, and Qc the
swelling ratio of the composite. Equation (2) assumes
non-adhesion of the fillers to the rubbery matrix,
hence creating vacuoles in the swollen state.

2.5. Thermogravimetry analysis
Thermogravimetric analysis (TGA) is performed on
GTR particles and on NR/GTR blends (DSC 1 Star
System, Mettler Toledo, Columbus, OH, USA). The
materials are put into an alumina crucible with a
quantity of around 5–10 mg. The standard IEC
60811-100 is used for the determination of the car-
bon black content. To do so, the GTR is heated from
30 to 1000°C with a heating ramp of 10°C/min work-
ing under a nitrogen environment from 30 to 850°C,
and under an air environment from 850 to 1000°C.

2.6. Micro-computed tomography (µCT)
3D morphological information of rubber blends was
obtained by micro-computed X-ray tomography
(μCT) carried out on a microtomograph Skyscan 1272
by Bruker (Billerica, Massachusetts, USA) equipped
with an X-ray generator of 10 W, 20–100 kV, an

X-ray detector of 11 MP (4032×2688 pixels), with a
maximum resolution of 0.45 μm. The volume-of-in-
terest (VOI) was chosen around 7–13 mm3. An accel-
eration voltage of 50 kV at a current of 200 μA was
employed. A full rotation (360°) was used with pro-
jections taken every 0.25°. The source-to-object-dis-
tance (SOD) and source-to-detector-distance (SDD)
were set to obtain a voxel size of 3 μm. The 3D vol-
ume reconstruction of the projections was generated
by Bruker software. Image treatment and analysis
were performed with the commercial software Avizo
(Thermo Fisher Scientific Inc., USA). The inherent
noise of the acquired images was reduced by means
of a median filter. Finally, images were binarized by
thresholding the grayscale histogram.

2.7. Uniaxial tensile tests and uniaxial cyclic
tests

Uniaxial tests were performed on a universal testing
machine equipped with a 5 kN force sensor (Z008
Zwick/Roell, Ars Laquenexy, France). The first test
type consists of a uniaxial stretching up to failure at
a constant crosshead speed and temperature. Several
conditions have been tested, with a crosshead speed
varying from 100 to 2000 mm/min, corresponding
to a nominal strain rate of 1.1 and 222 %/s, respec-
tively, according to the specimen dimensions (15 mm
length), and a temperature varying from –25 to 80°C.
The second type of test is an incremental test per-
formed at a constant crosshead speed and at room
temperature that consists of the application of a se-
ries of cycles, with an increment of the maximum
deformation reached during cycles (from 50% for
the first cycles to 500% for the last cycles). The test
generally stops due to specimen breakage. At each
applied cycle, the specimen is unloaded until reach-
ing the relaxed state (zero force). The third type of
test is a cyclic test performed at a constant frequency
of 0.3 Hz. The strain amplitude of the cycles is cho-
sen to equal 200%, which means a nominal strain
rate of 120 %/s. Before the cyclic deformation, the
rubber specimen is pre-deformed up to 400%. The
cyclic tests start with an unloading and then a load-
ing, meaning that the cyclic tests are performed be-
tween the deformation of 200 and 400%. For each
type of test, the specimen deformation was estimated
by measuring the local displacement between two
white lines drawn in the central part of the specimen,
separated by an initial distance of 10 mm and or-
thogonal to the specimen tensile axis. The local
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strain rate accounting for this correction has been es-
timated and found to decrease slightly with applied
strain. A summary of the testing conditions for the
three types of tests is shown in Table 2.

3. Results and discussion
3.1. Characterization of the waste rubber and

waste rubber-based blends
Prior to the preparation of the natural rubber/ground
tyre rubber blends, the GTR waste from the same
batch was passed through two distinct processes:
cryo-grinding or high shear mixing (HSM). The
wastes obtained after these processes were sieved to
collect the smallest rubber particles. The GTR parti-
cles were subsequently siegved. As cryo-grinding
usually results in quite small particles, it was possi-
ble to collect enough GTR(d) particles with a mesh
120’s (size <63 µm) to prepare the blends. Contrar-
ily, the GTR(h) crumbs obtained from HSM could
have been collected in sufficient quantity only by
using the sieving size <125 μm. To quantify their av-
erage size and their size distribution by µCT, the
GTR particles were dispersed into an NR matrix at
5 wt%, a content sufficiently low to allow the analy-
sis on isolated GTR particles (Figure 1a). The 2D
representative tomography images of the resulting
NR/GTR composites (Figures 1a and 1b) show dif-
ferent intensities of grey due to the density contrast
of the phases. The whitest grey is ascribed to the
waste particles, being denser owing to their high
content in carbon black, and the continuous phase,
namely the NR matrix, is represented by the darkest
grey regions. White domains had been observed that
represent some highly dense particles (talc from
grinding, traces of zinc oxide originating from the
sulphur vulcanization of the tire). A filter size has

been applied to remove their contribution. Quantita-
tive observations reveal that the size distribution of
the GTR(g) is quite homogeneous compared to the
size distribution of the GTR(h). One may note that the
largest sizes of GTR(h) and GTR(g) are found to be
higher than the sieving size. This might be explained
by the high aspect ratio of certain GTR particles that
are sieved. The average size of the GTR(g) and GTR(h)
are found to be equal to 34 and 83 µm, respectively.
By making an analysis of isolated GTR particles, it
has been found that the specific surface (object sur-
face/volume ratio) was equal to 84 and 37 mm–1 for
cryoground GTR and GTR obtained by HSM.
While the GTR(h) particles show some limited size
reduction as compared to the GTR(d), the HSM
process has been carried out with the aim of selec-
tively breaking the covalent bonds (devulcanization),
through the application of high shear forces. Such de-
vulcanization is expected to occur in the whole vol-
ume of the GTR particles, as shown in Figure 1c.
However, the GTR sur face is more easily exposed
to a further reaction with another phase (in our case,
the NR matrix) during their blending and re-vulcan-
ization in the presence of a new vulcanizing agent
(in our case, the dicumyl peroxide). To investigate
the reactivity of the GTR(h) particles, we prepared
three systems: a GTR powder without vulcanization
agent, an NR, and an NR/GTR blend with a vulcan-
ization agent (1.5 wt% of the NR phase). We cured
all of them at 170°C for 10 minutes by using a mov-
ing die rheometer (MDR) to track the evolution of
the torque with time, indicative of the formation of
crosslinks (Figure 2). Interestingly, from the naked
eye's observation, the cured powder of GTR showed
certain cohesion, suggesting the formation of possi-
ble interfacial bonds between the GTR particles.
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Table 2. Testing conditions for the three types of tests: tensile test, incremental test, and cyclic test.

*During the incremental tests, the maximum loading is increased from 50 to 500%, with an increment of around 30–35%. Each cycle is
performed with an unloading down to zero force.

**During the cyclic test, after the pre-deformation at 400% the cycles start with an unloading followed by a loading, i.e., the cycle occurs
between 200 and 400%.

Type of test Nominal strain rate
[%/s]

Temperature
[°C]

Cyclic deformation
[%]

Pre-deformation
[%]

Tensile test

1.1 21 × ×
11 21 × ×
56 21 × ×

222 21 × ×
11 –25 × ×
11 80 × ×

Incremental test 11 21 Incremental* ×
Cyclic test 120 21 200 400**



This statement is consistent with increased torque
with time suggesting the formation of crosslinks of
the resulting bulk powder (Figure 2a). This may orig-
inate from the vulcanization of the wastes by two
possible concomitant mechanisms: (i) the activation
of a residual sulphur vulcanization system persisting
after the curing process of the pneumatic tyre and/or
(ii) the re-activation of sulphur bonds broken after
application of the high shear mixing process. Both
the NR and NR/GTR blends show an increase of
torque with curing time, confirming crosslinking re-
actions again. The minimum and maximum torque
is logically found to increase with the addition of
wastes, as they act, owing to their carbon black con-
tent, as reinforcing particles, in both unvulcanized
and vulcanized states.
In filled rubber, the torque increase is larger, and the
proportionality of the crosslink density to the torque
increase is no longer true in the case of filled com-
pounds since the contribution of fillers to the viscos-
ity is higher in the vulcanized state [23, 24].
Nonetheless, the increment of the torque (Figure 2b)
is found to be significantly higher in the NR/GTR
blend (relative increment of 350%), compared to the
NR (relative increment of 280%), and to the GTR

powder (relative increment of 26%). This suggests
a higher reactivity in terms of crosslink creation.
This may arise from the creation of supplementary
bonds at the interface between the GTR particles and
the NR matrix, resulting in the fixation of the GTR
to the NR matrix, hence increasing the viscosity of
the blend and hence the torque increment.
Given these previous rheological results, the effect of
the GTR distribution, as well as their reactivity with
the NR matrix, that results in both waste treatments
and blends vulcanization, are also expected to have
an impact on the small and large strain mechanical
properties. This will be studied in the following.
Dynamic mechanical analysis (DMA) experiments
were performed on the bulk powder GTR cured for
10 minutes at 170 °C and compared with the DMA
response of the NR matrix cured in the same condi-
tions (Figure 3) to further demonstrate the elastic re-
sponse of the GTR bulk powder. Not only the aggre-
gated GTR show cohesion, as previously observed,
but they also show a small strain elastic response,
with an elastic modulus increasing linearly from 7
to 11 MPa in the frequency range of 1–100 Hz. This
result confirms the creation of interfacial bonds elas-
tically active at the GTR surface, consistent with the
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Figure 1. a) GTR(h) and b) GTR(g) particles obtained from the high shear mixing process and cryo-grinding process, respec-
tively. µCT was performed on NR/GTR blends containing 5 wt% of GTR to avoid possible aggregation for the
GTR. c) GTR particle size distribution in number. The representative volumes of observations (represented in
violet lines) correspond to approximate volumes of 7–13 mm3.



torque increase in previously described rheology ex-
periments.
Before further investigating the large strain response
of the NR/GTR blends, as well as the reinforcing ef-
fect of the various phases (e.g., rubber phase and car-
bon black (CB) present in the GTR), it is important
to identify their fraction. Thermogravimetric Analy-
sis (TGA) may be used to solve it. Most of the rub-
ber is expected to decompose below 500 °C as sown

on the TGA curves (Figure 4). It has been shown in
the literature that the formation of short hydrocar-
bons attests to the thermal degradation of the rubber
chains above 500 °C [25]. The remaining materials
above 500 °C attest to the presence of non-rubber
components, most likely CB aggregates and eventu-
ally, in a few proportions, some clay minerals that
can arise from the application of the cryo-grinding
process (see experimental section) for the series of
materials based on HSM(g). The mass loss of the NR
matrix (Figure 4a) shows a single decomposition
process with a maximum at around 350 °C, that cor-
responds to the degradation of the polyisoprene
chains. The GTR particles show a distinct decompo-
sition process: the degradation of the rubber phase
is delayed as compared to the one of the NR, that is
due to the presence of Styrene Butadiene Rubber
(SBR) in the GTR with a higher decomposition tem-
perature (around 430 °C). The material remaining at
500 °C corresponds to the non-rubber components.
It mostly corresponds to the CB fraction, of similar
quantity between GTR(h) and GTR(g), as both types
of waste come from the same batch. Few amounts
of talc used for the cryo-grinding process, which de-
composes at temperatures close to 900 °C [26], may
contribute to the total weight. This explains why the
mass loss is slightly higher in GTR(g) compared to
GTR(h) after rubber degradation. Figure 4b, 4c shows
the thermal decomposition of NR/GTR blends as

N. Candau et al. – Express Polymer Letters Vol.17, No.11 (2023) 1135–1153

1141

Figure 2. a) Torque versus curing time by using moving die rheometry (MDR) technique, performed on natural rubber matrix
(NR), GTR(h) powder obtained after the HSM process (see experimental section) and on NR/GTR(h) material (see
Table 1 for the materials nomenclature). b) Maximum and minimum torque during the MDR experiment.

Figure 3. Complex modulus [MPa] versus frequency [Hz]
(in log scale) for NR and GTR(h) materials be-
tween 1 and 100 Hz at 0.5% of deformation.



compared to NR, highlighting the contribution of non-
rubber components to be around 7–8 wt% at 500°C.
The remaining mass at 500°C ascribed to non-rub-
ber content expectedly follows a linear trend versus
GTR content (Figure 4d). The GTR particles con-
tain, on average, a total of 40 wt% of non-rubber el-
ements. As the GTR represents the 20 wt% of the
NR/GTR blends, this means that the non-rubber
components occupy a total of 7–8 wt% in the
NR/GTR blends.
An analysis of the chemical composition of the GTR
and of the NR and NR/GTR blends, complementary
to TGA, has been achieved by performing a Fourier
transformed infrared spectroscopy (FTIR) (Figure 5).

The 1500–800 cm–1 region includes the absorbance
bands of elastomeric components and non-elas-
tomeric components (SiO2 or carbon black). The
peak at 698 cm–1 corresponds to the (C–H)op bend
of the mono-substituted benzene in the styrene bu-
tadiene rubber (SBR), present in the GTR(g) but
hardly visible in the GTR(h). The peak at 830 cm–1

corresponds to the =C–H out of plane bending in
rubber molecules [29]. Natural rubber cis-isomer
configurations can be observed at 870–780 cm–1 for
all materials [30] and the peak at 1375 cm–1 corre-
sponds to the (C–H) symmetric bend of the-CH3
bond in NR [31]. The peak at 1450 cm–1 corresponds
to the –CH2– stretching of the elastomeric phases:
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Figure 4. a), b), c) Thermogravimetric analysis curves of the various materials listed in Table 1. d) Mass loss at 500 °C versus
the GTR content for the same series of materials.



NR molecules in the NR matrix and NR+SBR mol-
ecules in the GTR. The associated peak in the GTR
is hence more intense as compared to the –CH3
(C–H) symmetric bend. All the FTIR spectra show
strong bands in the range of 3015–2744 cm–1, indica-
tive of the asymmetric and symmetric stretching fre-
quency of the C–H groups (C–CH3 and –CH2–). The
peak at 1095 cm–1 observed in the GTR(g) may cor-
respond to the Si–O stretching due to the presence
of talc used for the grinding process, consistent with
TGA results (Figure 5). When comparing the FTIR
of the NR/GTR vulcanized with various amount of
DCP, the C=C stretch (1664 cm–1) was not signifi-
cantly different in all cases. In has been suggested in
the literature, in that case, a predominance of an ab-
straction route over a radical addition in the peroxide
vulcanization of NR at 170°C [29].
One may note here that the crosslinking agent, DCP,
has been introduced at two distinct contents (+ or –)
to account for the following assumption: all rubber
phases, i.e., NR matrix and rubber contained into the
GTR particles, may react with the DCP. Within this
assumption, the DCP content is chosen equal to 1.30
and 1.63 wt%, respectively. If, however, it is assumed
that only the NR phase reacts (and the rubber phase
in the GTR reacts only at the waste surface), the per-
centages of DCP are found equal to 1.5 and 1.88 wt%
of the NR matrix (cf. Table 1).

The volume percent of CB was calculated using a
density of 1.9 g·mol–1. The network chain density,
ν, was calculated following a simple rule of the mix-
ture and from the knowledge of the density and
weight fraction of the rubber phase and CB particles
(see Equations (1), (2) in the experimental section).
One may note that, even if a non-extended study has
been carried out about the devulcanization state of
the wastes, in a previous publication [28], we showed
that the cryoground GTR with size <63 µm were
found around 1.3 mol·cm–3.
The network chain density is found around
1.35·10–4 mol·cm–3 in the case of the vulcanized NR
(Figure 6), a network chain density close to the one
of the cryoground GTR. Both the NR/GTR(g–) and
NR/GTR(h–) have lower network chain density as
compared to one of the NR. This may be explained
by (i) the reaction of the rubber phase in the GTR
particles with DCP that impedes efficient peroxide-
vulcanization of the NR matrix and/or (ii) the con-
comitancy of both DCP degradation and sulphur re-
action that may reduce the final crosslink density, as
1 mol of sulphur destroys 1 mol of DCP [27].
By increasing the quantity of DCP, the network
chain density of the NR/GTR blend is found to in-
crease from 1.1·10–4 to 2.15·10–4 mol·cm–3. This
drastic change in crosslink density may suggest a
better reactivity of the GTR particles with DCP
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Figure 5. FTIR spectra from 650 to 4000 cm–1 of the GTR(h), GTR(g), and the different NR/GTR blends of the study. The
curves had been shifted in the y-axis for the sake of clarity. a) full wavenumber range, b) selected wavenumber
range between 650 and 1800 cm–1.



when compared with NR/GTR(g). One explanation
may be that migration of DCP from the NR matrix
to wastes and/or migration from the remaining sul-
phur system from the GTR (from tire curing) to the
NR matrix occurs. One may state indeed that large
waste particles (obtained from HSM) limit the mu-
tual migration of sulphur and DCP, owing to the
lower surface area between the two phases (NR and
GTR), hence promoting the formation of crosslinks.
This apparent high reactivity of the NR/GTR(h) blend
with DCP is consistent with the large increase of
torque seen during the MDR curing curve (Figure 1)
as well as the elevated elastic modulus in DMA ex-
periments (Figure 2). Such drastic changes in the

network chain density of the NR/GTR are expected
to impact the large strain tensile properties, such as
strain-induced crystallization abilities, as studied in
the following section.

3.2. Tensile and strain-induced crystallization
properties

Tensile properties of the NR/GTR blends using
wastes obtained after grinding or after HSM process-
es were compared. Our vulcanized NR material
shows hyperelastic behaviour with reinforcement at
large strain, as seen in Figure 7a, which is usually
ascribed to its ability to crystallize under strain. Even
if the crystalline fraction in the NR remains minor
(generally less than 20–25 vol.%), the high stiffness
and orientation of the crystalline domains are known
to reinforce the stress in the tensile direction, acting
as temporary fillers.
One important usage of waste rubber for pneumatic
tyre (GTR) in fresh rubber matrices relates to their
mechanical reinforcement abilities. NR/GTR blends
show similar tensile behaviour as compared to NR
(Figures 7b, 7c). The tensile and strain-induced crys-
tallization (SIC) properties of the NR and NR/GTR
blends are shown in Figure 8. The elastic modulus –
calculated by using the gaussian approximation [32]
– has been found to slightly increase with the applied
strain rate for all NR and NR/GTR blends (Figure 8a).
Assuming a time-temperature equivalence in the
elastic strain regime, an increase of the strain rate
limits chains relaxation, and hence induces a higher
chains stiffness. Possibly, more trapping of chains
entanglements may occur with high strain rate, that
also contributes to the increase of the elastic modu-
lus (Figure 8a).
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Figure 6. Network chain density of NR, NR/GTR(g–),
NR/GTR(g+), NR/GTR(h–) and NR/GTR(h+). The
symbols – and + indicate the quantity of crosslink-
ing agent (DCP) introduced (see Table 1).

Figure 7. Room temperature tensile curves of NR (a), NR/GTR(h–) (b) and NR/GTR(h+) (c) blends for various strain rates of
v1 = 1.1 %/s, v3 = 11 %/s and v4 = 222 %/s.



The strain at crystallization onset estimates the ap-
pearance of the incipient strain induced crystals. It
is used here to measure the possible effect of the
waste particles on the improvement of SIC in the
NR matrix. It has been suggested in previous works
[18], that the deviation of the tensile behaviour from
the gaussian approximation may be ascribed to the
initiation of the strain induced crystalline phase that
causes a large strain reinforcement. Such statement
had been proven by direct characterization method
of SIC such as the in-situ X-rays [17]. We applied
the method used in that previous works to identify
the strain at crystallization onset (Figure 8b). Only
weak effect of the strain rate is observed, except for
the pure vulcanized NR that tends to show a decrease

of the strain onset with strain rate. Stress at break
(Figure 8c) is found to decrease for the highest
strain rates studied (above 100 %/s), concomitantly
with a decrease of the strain at break (Figure 8d). In
such high strain rate conditions of solicitation, the
presence of highly oriented crystals in NR and
NR/GTR, combined with the presence of waste
rubber as reinforcing fillers, may contribute to the
increased local strain in the amorphous part of the
NR matrix, hence causing a premature failure.
The tensile and strain-induced crystallization param-
eters were discussed for the highest strain rate stud-
ied (Figure 9), where possible applications can be
found, such as the elastocaloric effect due to the gen-
eration of heating/cooling induced by crystallization/
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Figure 8. Room temperature tensile parameters of NR and NR/GTR blends as a function of the strain rate from 1.1, to
222 %/s: a) Elastic modulus, b) strain at crystallization onset, c) stress at break and d) strain at break.



melting processes near adiabatic conditions [18].
The effect of the presence of waste rubber on the ten-
sile properties of rubber blends has been considered
in the literature [33], where the presence of carbon
black in the waste particles had been evoked to part-
ly explain a mechanical reinforcement effect. The
elastic modulus is found to decrease from NR to
NR/GTR blends when lower DCP quantity is used
but is found to increase from NR to NR/GTR blends
when higher DCP quantity is used (Figure 9a), con-
sistent with differences in the crosslink densities
(Figure 5). Our results are consistent with the litera-
ture where the elastic modulus of rubber is increased
in the presence of waste fillers [34]. In prior works,
it has been shown that the property of the natural

rubber matrix to crystallize under strain could be im-
proved by the presence of waste rubber [17]. The lat-
ter are playing the role of nucleating agents for SIC,
by amplifying the local deformation in the NR matrix.
In this study, this nucleating effect is shown for the
two types of NR/GTR blends: in both cases, the
higher the quantity of crosslinking agent, the lower
the strain onset (Figure 9b). It has been shown in the
literature that the strain at crystallization onset de-
creases while increasing the network chain density
in a range between 0.76 and 1.93·10–4 mol·cm–3 [35]
for peroxide-cured NR. The higher the network
chain density, the higher the chains alignment and
the orientation along the stretching axis, favouring
the occurrence of SIC. Our results do not show clear
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Figure 9. Mechanical parameters measured during tensile experiments performed at 21°C and at the strain rate v4 = 222 %/s:
a) elastic modulus obtained from the Gaussian approximation, b) strain at crystallization onset estimated from the
deviation of the tensile curve from the Gaussian approximation, c) stress at break and d) strain at break.



correlation between the network chain density and
the strain at crystallization onset. Nonetheless, in our
system, a better representation of the chains orienta-
tion is the elastic modulus (Figure 9a), as it considers
both chemical crosslinks and entanglements trapped
during the tensile test. The higher the elastic modulus,
the lower is the strain at crystallization onset. The
stress at break is found to increase in presence of
GTR, likely due to both the reinforcement effect of
the carbon black particles in the wastes but also
owing the nucleation ability of theses wastes to
favour SIC (Figure 9c). One may note that in the
case of NR/GTR(h+) blends, tensile properties are de-
creased. This can be attributed to a higher quantity
of cavitation originated at NR-GTR interface that
may participate in materials softening, especially at
such high strain rate conditions (222 %/s), favoured
by the presence of larger waste particles obtained
from HSM process (see Figure 1). Such correlation
between stress softening and the occurrence of cav-
itation had been studied previously in filled EPDM
in the same strain rate range [36]. The strain at break
does not seem to be widely influenced by the  pres-
ence of wastes, nor by the type of waste processing
(Figure 9d).
The environment temperature is known to widely in-
fluence the strain-induced crystallization behaviour
of NR materials and hence influence its associated
mechanical reinforcement. Tensile tests carried out
on NR and NR/GTR specimens at a given strain rate
(v2 = 11 %/s) and at various temperatures show hy-
perelastic behaviour with reinforcement at large
strain (Figure 10). The latter is more pronounced
when decreasing the temperature. This is likely as-
cribed to the promotion of SIC ability while decreasing

the temperature in the same temperature range, as
shown in the literature [37, 38].
Elastic moduli are not found to be dependent on
the temperature in the temperature range studied
(Figure 11a). Nonetheless, the strain at crystalliza-
tion onset is found to increase with the temperature
(Figure 11b). It has been shown in the literature that
–25°C is the optimum temperature for thermal crys-
tallization in both vulcanized NR and NR containing
reinforcing fillers (carbon black or silica) [39] due
to competition – at temperatures between the glass
transition temperature and the melting temperature
– between crystal nucleation (activated at low tem-
perature) and molecular diffusion to make a crystal
growing (activated at high temperature). It has also
been shown that this optimum is between –25 and 
–10 °C when combined with thermal and strain-in-
duced crystallization in the strain range of the pres-
ent paper [40]. Our results obtained about the strain
at crystallization onset reveal the same dependence
on the temperature for both NR and NR/GTR. Inter-
estingly, the addition of GTR into the NR matrix
seems to slightly increase the optimum temperature
of crystallization in comparison with pure NR. This
shift is expected to occur when increasing the strain
rate, as demonstrated by both experiments and phys-
ical modelling [40]. In the case of our blends, the
presence of GTR fillers increases the local deforma-
tion in the crystallizing NR matrix, as well as its local
strain rate, compared to the strain rate in the neat NR.
As the strain rate is increased, the nucleation is forced
to occur at higher strain, and the contribution of the
nucleation term (driven by entropy force) is predom-
inant and tends to shift the optimum temperature to
higher values (see reference [40] for a detailed
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Figure 10. Tensile curves of NR (a), NR/GTR(h–) (b) and NR/GTR(h+) (c) at the strain rate of v2 = 11 %/s and at various tem-
peratures: –25, 23 and 80°C.



demonstration). One interesting application is the
possibility of these NR/GTR blends to operate in an
optimum way (i.e., when SIC occurs at the lowest
strain) at a temperature close to room temperature.
It may be useful for applications requiring SIC to
occur at high strain rates, such as heating/cooling
systems using the elastocaloric effect in NR, that
may operate with usual temperatures close to 21 °C
in countries with a temperate climate.
The effect of the GTR on elastic modulus and strain
at crystallization onset are illustrated for the series of

tensile tests at –25°C (Figure 12). The presence of
GTR is found to increase the blend's stiffness. One
may note that the reinforcing effect of the GTR on the
elastic modulus is more important at low temperatures
(Figure 12a), in comparison with the results obtained
at room temperature (Figure 9a). Similarly, the effect
of the GTR on the strain at crystallization onset is
more visible. The presence of GTR decreases the
strain at crystallization onset, and the higher the
crosslink density of the NR/GTR, the lower the
strain at crystallization onset for the two types of
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Figure 11. Elastic modulus (a) and strain at crystallization (b) onset of NR and NR/GTR blends at the strain rate of v2 =
11 %/s and at various temperatures: –25, 21 and 80 °C.

Figure 12. Mechanical parameters were measured during tensile experiments performed at –25 °C and at the strain rate v2 =
11 %/s: a) elastic modulus obtained from the Gaussian approximation, b) strain at crystallization onset estimated
from the deviation of the tensile curve from the Gaussian approximation.



NR/GTR. Such conclusions are similar to previous
results observed at 21 °C and at the strain rate v4 =
222 %/s (Figure 9c, Figure 9d). Moreover, the
NR/GTR blends containing GTR particles obtained
with HSM (GTR(h)) show the highest elastic modu-
lus. This result is consistent with the literature that
shows that the elastic modulus of rubber blends
using waste latex is increased while increasing the
waste diameter, while the finest diameters are closer
to the theoretical expectations from the Einstein
equation [41]. Consistent with such an increase of
elastic modulus, SIC onset is found to appear at the
lowest strain for NR/GTR(h), confirming a trend seen
from results at 21 °C and at the strain rate v4 =
222 %/s (Figure 9a, Figure 9b).
Until now, single tensile loading had been applied
on the NR and NR/GTR blends. To make the
NR/GTR blends suitable for industrial applications,
the cyclic behaviour must be investigated. High
strain rate strain-induced crystallization may indeed
generate an elastocaloric effect that can be used for
heating/cooling devices working under cyclic load-
ing to generate continuous heating and/or cooling
with operating time. In the present paper, a series of
incremental tests were performed (see Table 2 for the
testing conditions). The loading conditions and the
evolution of the stress-strain behaviour in such type
of experiments is illustrated for the NR/GTR(h+) in
Figure 13. The first cycles show hyperelasticity and
reversibility with the absence of mechanical hystere-
sis. However, from an applied deformation at and

above 300%, the cycles induce a dissipation of the
mechanical energy that is most likely due to the oc-
currence of SIC.
Such energy dissipation is considered as a signature
of SIC. It is calculated from the area of the mechan-
ical cycle and express in MJ·m–3 (or equivalently in
MPa). The detailed procedure for the estimate of
such energy dissipation is given in reference [18].
When potted against the maximum applied strain, it
results in a progressive increase that directly related
to the progressive building of the crystalline domains
upon deformation (Figure 14). In such cyclic condi-
tions, once again, the presence of GTR is found to
act as nucleating agent for SIC. The higher the
crosslink density for the NR/GTR blends, the more
pronounced is the nucleating effect for both types of
NR/GTR using different varieties of waste rubber
treatments.
In a last series of tests, the NR and NR/GTR blend
are studied by applying continuous cycles of an am-
plitude of 200% after the application of a pre-defor-
mation of 400%. Such conditions are expected to
generate strain-induced crystallization during loading
and full melting during unloading, hence associated
with mechanical dissipation. In all samples, both
maximum stress (Figure 15a) and dissipated energy
(Figure 15b) are found to decrease with the number
of cycles. The drastic decrease in the dissipated en-
ergy within the first cycles is likely due to the de-
crease in the crystallization/melting abilities. This is
particularly true for the NR/GTR blends, especially
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Figure 13. Cyclic loading of the NR/GTR(h+) during incremental tests (a) and stress-strain behaviour during such type of
test (b).



those with higher network chain densities. In such
types of experiments, a memory effect of the strain-
induced crystals may cause the persistence of a frac-
tion of the crystalline phase after unloading, as had
been demonstrated in vulcanized NR [42]. This like-
ly results in a decrease of the energy dissipation as-
sociated with its further crystallization/melting in
subsequent cycles. After the application of hundreds
of cycles, the NR/GTR blends with the highest net-
work chain density show the best ability to dissipate

mechanical energy, with the highest value obtained
for the blends using cryoground GTR (GTR(g)).
Such ability may be related to the fact that the blends
containing the finest GTR particles, independently
of the quality of the NR/GTR interface, possibly
faceless cavitation, and better distribute the stress in
the NR matrix. These results suggest these blends
be interesting materials for potential elastocaloric
properties while working into heating/cooling de-
vices, owing to their possible ability to continuously
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Figure 14. Evolution of the dissipated energy versus strain during incremental cycles for a) NR/GTR blends using cryoground
GTR compared with neat NR and for b) NR/GTR blends using GTR passed through HSM process compared
with neat NR.

Figure 15. Maximum stress was measured during the cyclic tests at a strain rate of 120 %/s. A pre-deformation of 400% has
been applied followed by a cyclic test with a strain amplitude of 200%: a) maximum stress, b) dissipated energy



generate heat and cool during repetitive mechanical
cycles.

4. Conclusions
We have prepared peroxide-cured waste/natural rub-
ber blends by internal mixer and by hot press. These
blends contained a natural rubber matrix and waste
rubber from the pneumatic industry (ground tyre
rubber) that were obtained by two distinct mechani-
cal recycling processes: GTR(g) by cryo-grinding and
GTR(h) by high shear mixing process. On one side, it
has been shown that the cryo-grinding process result-
ed in the obtention of the finest particles, as demon-
strated by µCT. On the other side, rheology and dy-
namic mechanical analysis performed on GTR
powder obtained from HSM and on NR/GTR blend
revealed an elastic response that suggests the forma-
tion of interfacial strength between the GTR parti-
cles and between the GTR particles and the NR ma-
trix as compared to the blend using cryoground
particles. The tensile properties of NR/GTR blends
using both types of GTR treatment were investigated
under several conditions by varying the tensile speed
(from 1.1 to 222 %/s), the specimen temperature
(from -25 to 80 °C) and the mechanical path (single
cyclic loading or incremental cycles). It has been
shown that owing to the highest degree of crosslink-
ing in the NR/GTR using GTR obtained from HSM,
the elastic modulus was the highest, and the strain at
crystallization onset was the lowest during single
tensile loading. Contrarily, in more drastic condi-
tions of solicitation, such as cyclic loadings, the
NR/GTR blends using cryoground GTR show the
highest tensile properties as well as a higher capacity
to generate strain-induced crystallization. This sug-
gests a better accommodation of the strain in such
types of blends (less molecular scale damage such
as crosslinks breakage, chains scission, or less deco-
hesion at NR/GTR interface). The results suggest
that the HSM is a promising process for waste rubber
recycling to enhance the tensile properties of NR but
shows a limitation under cyclic conditions due to
possible damage of the material due to (i) a to high
level of crosslinks and/or (ii) the loss of the interfa-
cial strength after the application of a series of cycle
due to too a strong localization of the stress because
of the large size of the waste particles. A possible im-
provement would consist in combining cryo-grinding
and HSM processes to use the advantage of both

techniques: size reduction from cryo-grinding and
higher interfacial strength from the HSM. Finally,
the measure of the devulcanization state of the GTR,
especially from the HSM process, by using swelling
and Soxhlet extraction, would be of great interest to
optimize the re-vulcanization process.
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1. Introduction
Poly(ε-caprolactone) (PCL) is a synthetic biodegrad-
able polyester that is compatible with a variety of
polymers and is one of the most promising bio -
degradable polymers in the market at present [1].
Moreover, due to the unique lithium-ion complex-
ation and transport mechanism, PCL-based solid
polymer electrolyte (SPE) has a wide electrochem-
ical stability window and high lithium ion migration
number [2–5], so PCL can be applied to the prepara-
tion of SPE. However, the poor thermal stability and
semi-crystallinity of PCL [6] limit the cell cycle per-
formance and ionic conductivity of PCL-based solid
electrolytes. The addition of organic layered silicates
as nanoparticles to PCL can ameliorate these limita-
tions. However, the compatibility and dispersion of
natural mineral materials in polymers are poor. If the

traditional physical blending method is used to pre-
pare polymer composite materials, uneven disper-
sion may occur in silicate mineral polymer materials,
and poor compatibility leads to the reduction of me-
chanical and thermal properties of composite mate-
rials [7]. And the presence of larger mineral particles
in the polymer matrix creates a lot of ‘Blocks’ which
in part blocks the movement of ions, resulting in
lower conductivity. In order to overcome these dif-
ficulties, the method of in situ intercalation polymer-
ization is adopted. By in situ polymerization of
monomers between layers, the silicate layer is
stripped, and the large particle size is converted to a
smaller size and distributed uniformly in the polymer
matrix. As Ilsouk et al. [8] prepared poly(ε-capro-
lactone)/organomodified Moroccan beidellite clay
through in situ polymerization, Moroccan beidellite
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clay was well stripped and dispersed in PCL, which
is consistent with other relevant reports [9–11]. In
addition to improving the thermal stability of poly-
mer, the addition of nano-sized particles enhanced
the activity of polymer molecular chains, thus im-
proving the ionic conductivity of polymer elec-
trolytes. Due to the nano-dispersion of the silicate
layer, the properties of ordinary materials are com-
pletely different from those of composite materials
with inorganic components dispersed at the micron
level. Unexpected properties were observed, such as
large increases in thermal stability, mechanical
strength, and permeability to gases such as oxygen
and water [12, 13].
Compared with silicate minerals such as montmoril-
lonite and kaolin, there is relatively little research on
rectorite nanocomposites, so there is potential for re-
search and development. Natural rectorite is a spe-
cial layered silicate mineral composed of octahedral
mica and octahedral montmorillonite layers stacked
in a 1:1 ratio, with good colloid properties and cation
exchange capacity [14, 15]. Because of the special
layered structure, it has the characteristics of both
mica and montmorillonite [16]. Recently, rectorite
(REC) has been widely used in polymer modifica-
tion. It was found that the mechanical and thermal
properties of the polymer were greatly enhanced
with the introduction of REC [17]. In addition, rec-
torite is more resistant to heat and is a better barrier
than montmorillonite because of its higher aspect
ratio [18].
Considering the dual advantages of excellent cation
exchange and the low cost of REC, cetyl trimethyl
ammonium bromide (CTAB) was used to modify
rectorite to obtain organic rectorite (OREC).
PCL/OREC nanocomposites were synthesized by in-
tercalating ε-CL monomer into OREC layers and in
situ intercalation polymerization. The optimum syn-
thesis conditions of PCL/OREC nano composites
were studied by changing the ratio of initiator to
OREC. The effects of OREC incorporation on the
morphology, thermal stability, and electrochemical
properties of PCL/OREC nanocomposites were in-
vestigated by various characterization methods.

2. Experimental
2.1. Materials
Ca-Rectorite (Ca-REC) (95% purity) was purchased
from Lingshou Country Deheng Mineral Prod-
ucts Co., Ltd (Hebei, China). Hexadecyl trimethyl

ammonium bromide (CTAB, 99% purity) was pur-
chased from Shanghai Aladdin Bio-Chem Technol-
ogy Co., Ltd (Shanghai, China). Tin 2-ethylhexa-
noate (Sn(Oct)2, 98% purity) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Methanol, dichloromethane, hydrochloric
acid and Al2O3 (99.9% metals basis, α-phase, 30 nm,
99% purity) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Shanghai, China). ε-caprolac-
tone (ε-CL, 99% purity) was purchased from Shang-
hai Aladdin Bio-Chem Technology Co., Ltd (Shang-
hai, China).

2.2. Purification of rectorite
10 g REC was added to 100 ml deionized water and
stirred to a uniform liquid phase, then 3 g sodium
hexametaphosphate was added as dispersant and
stirred at room temperature for 5 h. The solution was
poured into the centrifugal tube and the upper solid
was collected after high-speed centrifugation; the
lower black solid was removed as impurities, and
then an appropriate amount of deionized water was
added for washing. This process was repeated three
times. After drying and grinding, purified REC is
stored in a dry environment.

2.3. Organization of rectorite
REC was added to 1 mol/l hydrochloric acid solution
with a solid-liquid ratio of 1:20. Disperse for 15 min
with ultrasound and stir for 12 h. The solution was
poured into a centrifuge tube and washed three times
until the pH value approached 7. After drying for 12 h
at 80°C, the acid REC was obtained by grinding. 5 g
acidified REC was added to 50 ml deionized water,
stirred evenly, and 0.879 g CTAB was added. The re-
action was performed at 60°C for 5 h under a nitro-
gen atmosphere, followed by high-speed centrifuga-
tion and deionized water washing for three times. The
supernatant was taken, and no bromine ions were de-
tected with silver nitrate solution, dried at 80°C for
12 h, and OREC was obtained by grinding.

2.4. Synthesis of PCL/OREC nanocomposites
PCL/OREC nanocomposites were prepared by
monomer intercalation in situ polymerization. A cer-
tain amount of ε-CL and OREC was added to the
branching flask, and the samples were dispersed by
ultrasonic for 30 min in a nitrogen atmosphere and
stirred at 66 °C for 12 h. A certain amount of
Sn(Oct)2 was added to the system as a catalyst, and
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the flask was stirred in an oil bath at 140 °C for 24 h
after being purged with nitrogen three times. At the
end of the reaction, an appropriate amount of meth-
ylene chloride was added to the system to dissolve
the product. When the product was completely dis-
solved, excessive methanol was added and placed in
the refrigerator overnight. After the product is pre-
cipitated from the solution, it is washed and filtered
with methanol to remove unreacted monomers and
catalysts. The product was dried at a vacuum of
40 °C for 48 h, then weighed and yield calculated.
The general procedure is illustrated in Figure 1.

2.5. Synthesis of composite polymer
electrolytes (CPEs)

In the glove box, an appropriate amount of pure PCL
or PCL/OREC nanocomposites and LiTFSI were
dissolved in an appropriate amount of dimethyl car-
bonate, in which LiTFSI accounted for 20% of the
mass of the polymer and stirred at 60°C for 1 h. Then
15 wt% Al2O3 powder was added and stirred for a
certain time under continuous heating. When the sys-
tem was completely evenly dispersed, the solution
was poured onto a glass plate with a spatula to form
a film and dried at room temperature for 24 h to re-
move residual solvents. The resulting CPE film was
cut into 19 mm diameter disks and assembled into
coin-shaped cells in a glove box.

2.6. Characterization
The phase and composition of the samples were
characterized by X-ray powder diffraction (XRD,
Bruker D8 Advance, Bruker AG, Saarbrucken,
Germany) using Cu Kα radiation (λ = 0.15406 nm)
and characterized by Fourier transform infrared

spectrometer (FTIR, ThermoFisher Nicolet iS50,
Thermo Fisher Scientific, Massachusetts, USA).
Thermal analysis was performed in nitrogen at a
heating rate of 10 °C·min–1 from 30 to 600 °C (TG,
Netzsch STA 2500, Netzsch, Selbu, Germany). The
morphology and structure were examined by scan-
ning electron microscopy (SEM, Hitachi SU8010,
Hitachi Corporation, Tokyo, Japan and GeminiSEM
300, Carl Zeiss AG, Oberkochen, Germany). The
thermal behavior of the samples was performed by
differential scanning calorimetry (DSC, Discovery
DSC 25, TA Instruments, Newcastle, USA). Firstly,
the samples were heated from ambient to 80 °C at a
heating rate of 20 °C·min–1 and held isothermally at
80°C for 10 min; secondly, the samples were cooled
from 80 to –80 °C at a cooling rate of 20 °C·min–1

and held isothermally for 10 min; and finally, the
samples were again heated from –80 to 80 °C at a
heating rate of 20 °C·min–1. The chemical structures
of the samples were recorded by nuclear magnetic
resonance (1H-NMR, Bruker 400M, Bruker AG,
Saarbrucken, Germany). The number-average mo-
lecular weight (Mn) of the samples was determined
using gel permeation chromatography (GPC, Breeze
2 Hplc 1525, Waters Corporation, Massachusetts,
USA). The dynamic thermomechanical analyzer
(DMA) was used, and the test conditions were as fol-
lows: using a single cantilever fixture, the test tem-
perature range was –120 to 30 °C, the test frequency
was 1 Hz, and the heating rate was 2 °C·min–1 (Dis-
covery DMA850, TA Instruments, Newcastle, USA).
The ionic conductivities of the membranes were de-
termined by electrochemical impedance spectro -
scopy (EIS, Zennium X, Zana Electrochemistry,
Kronach, Germany). The charge and discharge tests
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Figure 1. Mechanism of PCL/OREC synthesis.



were performed from the LAND system (LAND,
CT2001A, Wuhan Shenglan Electronic Technology
Co., Wuhan, China). For cycling performance, the
cells were charged and discharged with a 0.5 C rate. 

3. Results and discussion
3.1. Structural analysis of REC and OREC
FTIR spectra of REC and OREC are shown in
Figure 2. In the FTIR spectra of REC, the peak at
3620 cm–1 was related to the tensile vibration of the
hydroxyl group of the Al–OH unit in rectorite. The
peak values of 3419 and 1637 cm–1 are correlated
with H–O–H tensile vibration and bending vibration
of H2O [19]. The peak at 1050 cm–1 is attributed to
Si–O–Si tensile vibration in the plane. A peak of
822 cm–1 was associated with the bending vibration
of Si–O–Al, while the peak of 822 cm–1 disappeared
in FTIR spectra of acid-treated OREC. These results
showed that the strength of the Si–O–Al band was
weakened after acid treatment, and part of Al3+ in the
surface skeleton was dissolved. Meanwhile, it was
further indicated that acid treatment could change the
surface properties of rectorite without destroying the
structure of the original rectorite [20, 21], which was
consistent with other layered silicate minerals with
similar structures, such as montmorillonite and talc
[22, 23]. In the FTIR spectrum of OREC, the broad
peak at 3590 cm–1 and the peak at 1637 cm–1 were at-
tributed to the tensile vibration and bending vibration
of adsorbed water molecules. Compared with the vi-
bration peak at 1050 cm–1 in the REC spectrum, the
OREC spectrum moves to a higher wave number of
1100 cm–1, corresponding to the out-of-plane Si–O–Si
tensile vibration after acid treatment [24, 25]. At peak

values of 2927, 2852, and 1454 cm–1, they were cor-
related with characteristic peaks of alkyl chains of sur-
factants, indicating [26] CTAB molecules were suc-
cessfully grafted onto the surface of REC.
Figure 3 shows the X-ray diffraction data for REC
and OREC. The interlayer distance of rectorite was
obtained from the peak position (d001-reflection) of
X-ray diffraction data. In the X-ray diffraction data
of REC, the d001-reflection of phyllosilicate at 2θ =
7.20° corresponds to the interlayer distance of
12.3 Å. In the X-ray diffraction data of OREC, the
d001-reflection of phyllosilicate at 2θ = 4.98° corre-
sponds to the interlayer distance of 17.7 Å. These
data show that the d001 crystal plane spacing of rec-
torite increases by 5.4 Å interlayer distance after or-
ganic treatment. Cetyltrimethyl ammonium bromide
(CTAB) has a long alkyl chain structure and enters
the silicate layer through ion exchange with REC
[27]. Cationic surfactants can effectively increase the
interlayer spacing of clay, thereby effectively reduc-
ing the interaction force between clay sheets [28]
and improving the compatibility between natural
clay and polymer.
The surface morphologies of REC and OREC were
characterized by SEM images. It can be observed
from Figure 4a that there is uneven particle size in
the original REC, and the particle surface is rough,
presenting a jagged and irregular sheet structure. As
the layers are closely superimposed on top of each
other, the spacing between the layers is almost indis-
tinguishable. However, in the SEM image of OREC
(Figure 4b), the particle size becomes smaller, the
size distribution becomes uniform, more pore struc-
tures appear, the layered structure becomes loose,
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Figure 2. FTIR spectra of REC and OREC. Figure 3. X-ray diffraction patterns of REC and OREC.



and the layered stepped structure can be clearly seen.
The results showed that after acid treatment and or-
ganic modification, the interlayer spacing increased
and became more conducive to monomer entry. This
result is consistent with the analysis of XRD.

3.2. Characterization of PCL/OREC
nanocomposites

Figure 5 shows the NMR hydrogen spectrum, and
the analysis reveals the chemical structure of the
sample. 1H-NMR (CDCl3, δ [ppm]):2.2 (Ha, 2H), 1.7
(Hb, 4H), 1.4(Hc, 2H), 4.1 (Hd, 2H). The results con-
firm the successful synthesis of PCL [29].
To study the optimum ratio of initiator Sn(Oct)2 and
OREC in the polymerization of ε-CL. Table 1 shows
the effects of different initiator/monomer (I/M) mass
ratios on the conversion rate and polymer dispersion
index PDI (Mw/Mn) of nanocomposites when OREC
addition amounts are 1, 2 and 4 wt%, respectively. As

can be seen from the above table, the best conditions
for composite synthesis are OREC with I/M = 0.2
and 2 wt%. Therefore, the subsequent tests were car-
ried out with this sample.
When OREC content was increased to 2 wt%, a de-
crease in polymer dispersion index was observed.
This is because the chain growth in the clay layer is
limited at the beginning of polymerization, and these
chains are not easy to participate in the transesteri-
fication reaction. When the chain grows long
enough to achieve the effect of stripping, this pro-
tection will disappear [30]. The dispersion of rec-
torite in PCL was greatly improved after the strip-
ping effect occurred, and the inorganic/organic
interface effect was enhanced. After acid treatment,
some Si–O–Al structures in rectorite are dissolved,
resulting in the formation of more Si–OH. These
surface hydroxyl groups can attack the C–O bond in
the caprolactone monomer and achieve the purpose
of ring-opening polymerization [31]. Therefore, a
portion of the PCL molecular chain grows on the
surface of the REC; we believe that rectorite and
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Figure 4. SEM images of a) REC and b) OREC.

Figure 5. NMR hydrogen spectrum of PCL.

Table 1. Effect of different ratios on conversion, molecular
weight, and PDI of polymer nanocomposites.

Sample OREC
[%]

I/M
[wt%]

CR
[%]

Mn
[g·mol–1] PDI

1 1 0.1 89.60 32000 1.65
2 1 0.2 88.00 36000 1.61
3 1 0.4 86.50 35000 1.84
4 2 0.1 89.20 34000 1.39
5 2 0.2 93.60 39000 1.23
6 2 0.4 95.60 35000 1.50
7 4 0.1 89.40 19000 1.61
8 4 0.2 94.40 22000 1.58
9 4 0.4 92.00 20000 1.78



Sn(Oct)2 cooperate to catalyze ε-CL polymerization.
When the clay concentration reached 4 wt%, clay
stripping became difficult and resulted in shorter
molecular chain growth lengths and lower molecular
weight of polymers. At these concentrations, stripped
and unstripped rectorite co-existed in the composite,
leading to an increase in PDI.
Figure 6 shows the X-ray diffraction data of PCL
with different amounts of rectorite. It can be ob-
served that the diffraction peak of the d001 crystal
plane of rectorite exists in PCL with a mass fraction
of OREC of 4 wt%, which indicates that part of rec-
torite is not stripped when the amount of rectorite is
too large. However, when a low amount of rectorite
was added, no d001 crystal plane was observed, indi-
cating that the interlayer distance became infinite
and rectorite was completely stripped and dispersed
in PCL. At the same time, the peak width of
1%OREC to 4%OREC is significantly different.
With the increase of OREC addition, the peak width
of PCL/OREC XRD curve is wider, and the peak
height is lower, indicating that the presence of

OREC can reduce the crystallinity of PCL, and the
crystallinity of PCL/OREC is lower with the in-
crease of OREC addition.
Figure 7 shows SEM images of pure PCL and
PCL/OREC with different OREC content, which are
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Figure 6. X-ray diffraction data of PCL with different
amounts of rectorite.

Figure 7. SEM images of a) pure PCL, b) PCL/1%OREC, c) PCL/2%OREC and d) PCL/4%OREC.



sectional images obtained by brittle fracture after
liquid nitrogen cooling. As can be seen from 
Figure 7a, pure PCL shows a well-organized and well-
grown spherulite structure, while dispersed rectorite
exists in PCL/OREC, and the mobility of the chain
is limited, leading to imperfect crystallization, which
does not allow the growth of well-developed spher -
ulite structure [32]. It can be seen from Figure 7b–
7d that with the increase of OREC content, the
spherulite structure in the crystallization process of
PCL is gradually weakened, the amorphous region
increases and the overall structure becomes loose.
This shows that the addition of OREC can inhibit the
crystallization of PCL and thus change the polymer
structure. Moreover, no mineral was observed, indi-
cating that rectorite completely dispersed in PCL.
Thermogravimetric analysis (TGA) was used to
study the thermal degradation behavior of nanocom-
posites at a heating rate of 10 °C·min–1. Figure 8
compares pure PCL with nanocomposites containing
1, 2, and 4 wt% OREC. Compared with pure PCL,
the temperature at which the nanocomposite loses
50 wt% increases with the increase of rectorite con-
tent and reaches an increase of 50 °C at 4 wt%. This
shift to higher temperatures may be due to the barrier
properties conferred by the highly anisotropic nano -
particles and the formation of carbon, resulting in re-
duced permeability/dispersion of oxygen and volatile
degradation products through the sample. This indi-
cates that the addition of rectorite can effectively im-
prove the thermal stability of PCL.
Figure 9 shows the DSC curves of different samples.
The melting temperature (Tm), melting enthalpy
(ΔHm), and crystallinity (χc) data obtained from

DSC curves are shown in Table 2. Crystallinity was
calculated using the ratio of the heat of melting per
gram of sample determined by DSC measurements
to the heat of melting corresponding to 100% crys-
talline PCL (156 J·g–1) [33]. As shown in Table 2,
compared with pure PCL, the melting temperature
of PCL/OREC nanocomposite basically remains un-
changed. However, the melting enthalpy of
PCL/OREC decreased with the increase in OREC
content, and the crystallinity decreased by 4.6% at
4% OREC. The crystallinity of the PCL/OREC nano -
composite is reduced because the stripped OREC
nanoparticles in the nanocomposite limit the mobil-
ity of the PCL chain to a certain extent, thereby re-
ducing the crystallinity of the matrix [34, 35]. This
is consistent with the results of the previous XRD
analysis. In polymers, ionic conduction predomi-
nantly occurs in amorphous regions through the local
segmental motion [36]. The reduced crystallinity
makes the polymer chain segments more flexible,
which has a beneficial effect on electrical conduc-
tivity [37].
Dynamic mechanical analysis (DMA) is one of the
most effective methods to investigate the molecular
motion of polymers. It can describe the modulus of
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Figure 8. Thermogravimetric analysis of pure PCL and PCL
with different content of OREC.

Figure 9. DSC curves of pure PCL and PCL with different
content of OREC.

Table 2. The melting temperature (Tm), melting enthalpy
(ΔHm), and crystallinity (χc) data of PCL and PCL
with different content of OREC.

Sample Tm
[°C]

ΔHm
[J·g–1]

χc
[%]

Pure PCL 57.6 69.8 44.7
PCL/1%OREC 57.5 67.5 43.3
PCL/2%OREC 57.7 64.6 41.4
PCL/4%OREC 57.3 62.6 40.1



materials, investigate the mechanical internal friction
of materials, and explore the molecular motion of var-
ious units. The relationship between material mi-
crostructure and material properties can be studied.
Figure 10 shows the variation curve of energy stor-
age modulus of PCL and PCL/OREC with tempera-
ture. As can be seen from the figure, the energy stor-
age modulus of PCL/OREC nanocomposite is higher
than pure PCL at different temperatures. The in-
crease in energy storage modulus is due to the uni-
form dispersion of nanoparticles in the matrix and
the strong interaction between nanoparticles and the
PCL matrix. The increase of energy storage modulus
is beneficial to the practical application of PCL ma-
terials at higher temperatures.
As can be seen from Figure 11, the Tα value of
PCL/OREC corresponds to –30.5 °C, while that of
pure PCL corresponds to –28.1 °C. This phenome-
non indicates that the addition of nanoparticles as in-
ternal plasticizers increases the distance between
polymer molecular chains [38] and reduces the in-
ternal friction between polymer chains. Therefore,
the degree of interaction between polymer chains de-
creases, and the Tα value decreases. In addition,
compared with pure PCL materials, the maximum
value of tanδ of composites with nanoparticles is re-
duced, mainly because the volume effect caused by
the dilution effect after filler is added has a certain
effect on the reduction of loss factor. Moreover, there
is a strong interaction between the nanoparticles
modified by CTAB and the PCL matrix, which can
reduce the peak internal friction of the composite
[39]. Therefore, the addition of nanoparticles en-
hances the activity of molecular chains in the system,

thus improving the ionic conductivity of polymer
electrolytes.
The ionic conductivity of solid electrolytes is a direct
reflection of the ionic conductivity in the material.
To obtain ionic conductivity, an AC impedance test
is first performed to obtain electrochemical imped-
ance spectroscopy (EIS). Solid electrolyte mem-
brane CPEs (pure PCL and PCL/OREC) was made,
and the AC impedance spectrum obtained by testing
was shown in Figure 12. The results showed that
PCL/OREC samples showed lower ionic resistance
compared with pure PCL at temperatures greater
than 30 °C. The conductivity values of the samples
can be calculated separately, and the results are
shown in Table 3. Obviously, in the range of 40 to
60°C, the conductivity of CPEs (PCL/OREC) is im-
proved compared with that of CPEs (pure PCL). The
possible reason is that the addition of inorganic
nanoparticles affects the growth pattern of PCL mo-
lecular chains, resulting in branched structures that
can provide relatively short ion transport paths, re-
duce the crystallinity of the polymer, and improve
the ionic conductivity of the electrolyte. At the same
time, uniformly dispersed stripped OREC reduces
the intermolecular hydrogen bond strength between
the polymer network molecules and increases the
proportion of amorphous domains associated with
lithium-ion migration, which ultimately improves
the ionic conductivity of the sample [40, 41].
The way polymer solid electrolytes transport ions is
through the movement of chain segments [42, 43].
The ionic conductivity of pure PCL and PCL/OREC
is not much different at room temperature because
the chain structure of PCL is relatively static at low
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Figure 10. The curve of energy storage modulus of PCL and
PCL/OREC.

Figure 11. Relationship between temperature and tanδ of
PCL and PCL/OREC.



temperatures, and the activity capacity of PCL and
PCL/OREC chains is similar. However, the activity
of polymer nanocomposite chains is better at higher
temperatures. At the same time, the operating temper-
ature of the battery is generally higher than the normal
temperature. At more than 30°C, the chain movement
of PCL/OREC is better, lithium ions are easier to
transmit, and the ionic conductivity is higher.
LFP//CPE//Li cells were assembled to evaluate the
electrochemical performance of the prepared CPEs
(PCL/OREC) in lithium solid-state batteries. The ex-
perimental temperature is 60 °C, the theoretical spe-
cific capacity is set to 170 mAh·g–1, and the test con-

dition of the rate charge and discharge experiment is
the current density of 0.5 C. As shown in Figure 13,
the discharge capacity shows an upward trend with
the increase in the number of cycles, indicating that
the activation process of the battery is slow. The re-
versible discharge capacity is maintained at
181.2 mAh·g–1, and a specific discharge capacity of
about 174.2 mAh·g–1 was shown after 100 cycles,
indicative of good capacity retention at 96.7%.

4. Conclusions
In this paper, the organic rectorite (OREC) was pre-
pared by acid treatment and CTAB modification, and
the structural changes of REC before and after mod-
ification were obtained by XRD, FTIR and SEM. The
ε-CL monomer was intercalated and dispersed into
the layered structure of OREC, and the PCL/OREC
nanocomposites were successfully synthesized by
in situ intercalation polymerization. The yield and
molecular weight of PCL/OREC were investigated
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Figure 12. Nyquist plot of a) CPEs (pure PCL) and b) CPEs (PCL/OREC).

Table 3. Ionic conductivity of pure PCL and PCL/OREC at
different temperatures.

Sample
Ionic conductivity

[S·cm–1]
30°C 40°C 50°C 60°C

CPEs (pure PCL) 0.56·10–5 0.73·10–5 0.16·10–4 0.27·10–4

CPEs (PCL/OREC) 0.52·10–5 0.95·10–5 0.18·10–4 1.13·10–4

Figure 13. a) Charge and discharge profiles and b) cycle performance of CPEs (PCL/OREC) in LiFePO4/CPEs/Li-battery.



by orthogonal experiment, and the best formula was
obtained. The XRD and SEM micrographs show that
OREC exists in a stripped state in PCL matrix with
good dispersion. By TG and DSC tests, it was found
that the addition of OREC made PCL have higher
thermal stability and lower crystallinity. Moreover,
through DMA analysis, PCL/OREC has higher en-
ergy storage modulus and stronger molecular chain
motion ability compared with pure PCL. In addition,
PCL/OREC has strong electrical conductivity at
higher temperatures and exhibits enhanced cyclic
stability. We expect that the synthesis of PCL/OREC
nanocomposites by in situ intercalation polymeriza-
tion not only provides a reliable method for PCL-
based nanocomposites, but also provides a wider ap-
plication prospect for PCL materials.
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1. Introduction
1.1. Regulation of waste management in

Hungary
Among environmentally harmful wastes plastic is
one of the most challenging ones on a world scale
[1–7]. Packaging dominates the usage of plastics ac-
counting for nearly 40% of plastic consumption [8–
10]. The European Union (EU) continuously makes
huge efforts both to reduce the amount of plastic
packaging waste and to recycle post-consumer
waste. One of the acts was the legislative framework
to control plastic packaging waste. The latest big
step of the European Commission toward a circular
economy was acceptance of the Plastic Strategy in

2018 [11]. Along with the European Union Action
Plan for the circular economy which allocates the
entire action plan of increasing the quality of plastics
recycling the ‘Plastics Waste’ EU strategy forces to
make all plastic packaging recyclable by 2030 [11,
12]. For achieving goals of the European Union Ac-
tion Plan for a circular economy appropriate institu-
tions, systems, and incentives appear to be crucial in
order to define and build a holistic approach to in-
crease the quality of plastics recycling [11, 13, 14].
Additionally, secondary raw materials were stated
by the European Green Deal to be mandatory for the
market from 2019 [15]. According to the Single-Use
Plastic (SUP) directive, polyethylene terephthalate
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(PET) drinking bottles will be demanded 25% recy-
cled plastic from 2025 and 30% from 2030 [16]. The
European Union boosts all the countries to create
and introduce innovative models for plastic produc-
tion and consumption to achieve circularity in a
shorter time frame. The deposit-refund system
(DRS) for wastes such as plastics and glass is only
one of the models. Furthermore, the European Par-
liament is encouraged to establish the national DRS
schemes destined for the unionization of models
under EU law for the EU single market [17]. Hun-
gary as a member of the EU harmonized the waste
regulation in the country. The Hungarian Parliament
accepted the amendment of the Waste Law [18]
which contributed to the domestic introduction of the
DRS in the next years. In accordance with the afore-
mentioned the National Waste Management System
is currently under major reconstruction with respect
to fit requirements for a more sustainable circular
economy [19]. In Hungary, the DRS system is going
to be extended for PET drinking bottles either besides
aluminium beverage can and glass bottles. In the re-
turn system planned in Hungary, the disposed drink-
ing water and beverage bottles are collected in com-
mercial units as cleanly as possible. It is important to
note, that the DRS is destined for the compilation of
drinking bottles, meanwhile, other PET products than
bottles such as detergent, soap, and rinsing flasks
among others will remain in the selective waste or re-
grettably in the municipal solid waste [20].

1.2. Waste management in the North-Balaton
region

Waste management in Hungary is under a huge
transformation as MOL Plc. won the Hungarian state
concession tender for municipal waste management
services. The concession agreement is for 35 years
with a commencement date of July 1, 2023. The
North-Balaton Waste Management Nonprofit Ltd.
(NBWN Ltd., in Hungarian: Észak-Balatoni Hul-
ladékgazdálkodási Nonprofit Kft.) is one of the 28
Hungarian regional waste management public serv-
ice companies. NBWN Ltd. is responsible for waste
management in more than 158 settlements in Veszp-
rém country consisting of more than 126000 house-
holds. NBWN Ltd. contributes to six other waste
management public services accounting for local
waste collection, separation, and temporary storage.
Avar Ajka Nonprofit Ltd. is in charge of waste man-
agement in 48 towns and villages. The enterprise is

competent in collecting household waste from more
than 20 000 sources and as a public service collects
both the selectively disposed household wastes and
the selective waste yards on the streets. Households
are required to collect only the packaging wastes
such as paper, cardboard, plastic, and metal in a ‘yel-
low or blue’ bin. The glass packaging wastes are
compiled in containers for glasses on the streets.
Avar Ajka Ltd. operates a manual sorting site in Ajka
with a capacity of 7630 tonnes/year for packaging
wastes such as plastic, paper, cardboard, glass, metal
and also the mix of them. The incoming waste is
weighed and then placed into the manual sorting
conveyor and separated in the 12-position manual
sorting line (Figure 1).
The recyclable fractions are paper and cardboard,
aluminium, PET, high-density polyethylene (HDPE)
and polypropylene (PP), foil furthermore magnetiz-
able metals. PET wastes are separated into three
fractions, namely coloured PET as PET-D, water
clear PET as PET-A, and bluish PET as PET-B. The
sorted PETs are only drinking bottles, other PET
wastes are ended in sorting residue. The highest
quantity in weight in the income household selective
waste is paper, cardboard, newspaper fraction (34%),
20% is glass waste, 8% is PET (all types), 6% is foil
and 26% is sorting residue. The other sorted frac-
tions count at most 3%. Values were calculated for
the 2021 base year, however, the last five years gave
the same rates [21].
Sorting residues are grouped and transported to an-
other resides of the NBWN Ltd. into Királyszent -
istván. In Királyszentistván a waste separation plant
with 120000 tonnes/year household solid waste ca-
pacity is working to enrich the wastes energetically
utilizable, for instance, refuse derived fuel (RDF).
Mechanical biological treatment (MBT) is carried out
on the non-hazardous waste inside the plant. The first
step of the mechanical processing is the weighing and
shredding of the waste into 250–350 mm particle size.
Afterwards, the magnetizable metals are separated.
The next step is a rotary sieve wherein the biological
waste under 80 mm particle size is removed for fur-
ther treatment. Residue over 80 mm is usually divided
into two parts by an air-separation unit. The heavy
fraction containing mostly stones and bricks goes to
the landfill directly. The light and middle fractions are
driven into an eddy current sorter to recover the alu-
minium wastes. The next process polyvinyl chloride
(PVC) removal from the light and medium PET
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fractions remained by an optical sorting machine. The
sorted PVC is deposed into the landfill either. The
halogen-free residue for RDF is balled or shredded
and balled. 92% of the total plant income is directed
to the MBT site whereby 77% of it is going through
the separation line. In the end, 28% of RDF is gener-
ated from the separated household waste. Values were
also calculated for the 2021 base year, however, the
last five years gave the same rates either [21].

1.3. PET recycling from different waste
sources

The composition of plastic mixtures originated
from an open-loop recycling process as described

in Figure 1 could be rather complex; therefore,
chemical incompatibility and inhomogeneity of var-
ious plastics had to be taken into account. The draw-
backs of recycling of the plastic mixtures can be suc-
cessfully managed by the proper separation as one
of the crucial steps in plastic recycling. Moreover,
secondary raw materials gain higher economic val-
ues when the concentration of contaminants, e.g.
other types of plastics, are kept at lower levels [22].
However, contaminants are not the only cause for
the reduction in the properties of the recycled plastic
product resulting in lower economic values. The other
crucial step is the reprocessing. It is well-known, that
reprocessing of plastic waste with various types of
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Figure 1. The waste streams through the manual sorting site (Ajka) and MBT plant (Királyszentistván), the source of PET
samples for the research was highlighted in black.
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equipment of melt processing techniques such as ex-
trusion and injection moulding can lead to the dete-
rioration of product properties because of molecular
weight reduction and degradation effects [23]. PET
has become one of the most popular packaging ma-
terials and the main problem is the large volume of
waste produced within an extremely short time.
Huge efforts have already been made towards recy-
cling PET, especially recycling into higher value-
added products since landfilling is not an option for
disposal anymore [24]. Melt extrusion is one of the
general processes for the mechanical recycling of
plastics resulting in PET pellets without significant
changes in the chemical structure of the polymer
chain. Within the EU, PET bottles are recycled by
over 50%, becoming the most recyclable product up-
to-date [7]. PET-based products other than bottles,
such as films and fibres, do not achieve such high
recycling rates as PET bottles. Most of them end in
the RDF fraction of waste which is the most difficult
to recycle into higher value-added products. Because
important mechanical properties usually reduce due
to degradation during reprocessing designation me-
chanical recycling of PET as down-cycling often oc-
curs [25]. PET upcycling applications started with
Coca-Cola to reuse beverage bottles [26]. The recy-
cling industry started with mechanical PET transfor-
mation into value-added products such as clothes.
Different end products such as containers, films,
nonwoven fabrics, and other plastics can also be pro-
duced from waste PET [26]. Plenty of researchers
applied PET waste as a replacement for aggregate in
cement concrete as a reinforcement in the form of
fibers or even as raw material for the production of
activated carbon [24, 26]. Numerous publications
describe opportunities for the synthesis of polyester
resin on a PET waste basis either [24]. There is in-
creased interest in the application of recycled plastic
materials in pavement and PET was a widely used
candidate in many studies as a partial replacement
for the aggregate [27–33]. For example, the highest
resistance to permanent deformation was obtained
by using 20% of PET as a partial replacement more-
over, PET as a modifier improved fatigue life either
[30, 34]. Contaminants in PET waste cause serious
problems, e.g. PVC decomposes and hydrochloric
acid gas releases resulting in the colour-changing
and degradation of molecules. Energy consumption
and costs are saved through recycling if plastics are
reprocessed without separation from other materials

or cleaning steps can be minimized [22, 24]. Alse-
wailem and Alrefaie [23] investigated only the influ-
ence of paper contaminants on the mechanical prop-
erties and processability of post-consumer PET. One
of their most important results was that the tough-
ness of reprocessed post-consumer PET bottles dras-
tically decreased in the presence of paper. The other
important result was that the presence of PE as caps
or cap rings and labels did not seem to alter its mold-
ability and mechanical properties. Researchers also
paid attention to minimizing the number of melt pro-
cessing steps of reprocessing post-consumer PET in
order to avoid deterioration of its mechanical prop-
erties [23].
Since choices of consumers can either support or
hinder the circularity of plastic reuse, our study ba-
sically aims to present the values of PET waste since
its most important properties are good enough for
higher value-added products, moreover, the research
concentrates on wastes of PET products other than
bottles either aimed to fill a research gap. Real PET
is not a model PET raw material for demonstrating
the waste origin, but such a PET waste stream, that
comes from everyday life from humans as waste ei-
ther selectively collected or not. The study focused
on processing opportunities and mechanical proper-
ties of different real PET wastes containing poly-
olefins as contaminants. Experiments were carried
out with waste PETs derived from the selective col-
lection and different stages of the separation line of
plastic sorting plants. Although the material struc-
tural analysis used to be applied to determine the
properties of composites or structured materials [35],
in the case of waste materials the effects of contam-
ination (e.g. organic residues), as well as the prepa-
ration processes (e.g. melt currents, viscosity, pres-
sure condition, temperature), can be followed exactly
by X-ray tomography which is a novel and untradi-
tional analysis technique in the field of polymer re-
cycling researches.

2. Experiments
2.1. Raw materials
The ‘selective income’ sample (SI) was a typical
‘yellow/blue bin’ waste which is originated from the
input of the Avar Ajka Ltd. plant (Ajka, Hungary).
The second sample was the ‘sorting residue’ of the
manual sorting plant of Avar Ajka Ltd. signed as SR
(Ajka, Hungary). That kind of residue is transported
to the waste plant of Királyszentistván. The third
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sample was derived from the RDF waste supplied by
the sorting plant of Királyszentistván (Hungary). The
waste samples were sorted for PET by an optical
sorting machine (Black UNISORT P1000 R, Steinert
GmbH, Cologne, Germany). The optical sorting ma-
chine is working in the near-infrared wavenumber
range (1000–1700 cm–1). The machine is unique be-
cause its spectrum library is editable with spectra of
new or unknown materials of the software either.
The equipment is also able to separate the black ma-
terials because the separation of the matters is
achieved beyond the conveyor. The sensor unit is
arranged above the conveyor and the beam source
that lights the conveying material stream is also built
into that module. The emitted beam is infrared light
and the reflected light by the materials is absorbed
and measured by the camera system. The PC process-
es and evaluates the measured spectra and the results
are directed to the controller unit. At end of the belt,
80 pieces of pneumatic nozzles are positioned re-
sponsible for the separation of the detected objects.
The composition of real waste samples for the ex-
periments was identified by the near infrared (NIR)
apparatus first. The investigated input sample (SI)
of the manual sorting plant consisted of paper and

cardboard (22%), glass (11%), and other plastics
mainly PP, low-density polyethylene (LDPE), HDPE,
polystyrene (PS) (44%), and PET waste (23%). In
that sample, the PET wastes were typically drinking
bottles. In the sorting residue sample (SR) the initial
content was 10% metal, 69% other plastic waste and
the PET was 21% wherein the bottles of washing and
shower gels were significant. In the RDF fraction
20% was waste glass, 21% resulted in PET and 59%
was other plastics. After optical sorting, the SI and
SR samples contained 10% impurity which is mostly
HDPE as bottle cap and PP label of the bottle.
In the RDF sample, the label appears as contamina-
tion nearby the HDPE bottle cap and PP bottle label
(Figure 2). As a raw material for experiments two
other waste PET samples were sorted by hand from
the selective collection of only PET drinking bottles
symbolizing the bottles from DRS to be introduced.
One sample ‘B’ (Veszprém, Hungary) was just the
PET bottle without any cap or label. The second one
‘BCL’ (Veszprém, Hungary) was the whole PET bot-
tle with label and cap.
After separation, PET samples were shredded in a
shredder (GRS 183A9, DIPRE, San Giorgio delle
Pertiche, Italy) and classified by a sieve with a
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Figure 2. NIR separated and shredded PET samples from real waste a) SI, b) shredded SI, c) SR, d) shredded SR, e) RDF,
f) shredded RDF (SI – selective income; SR – sorting residue; RDF – refuse derived fuel).



diameter of 5 mm (Figure 2). The shredded samples
were soaked for a day in tap water. The process was
carried out two times. The shredded samples were
dried at 60°C for 16 hours before filament extrusion,
the moisture content was below 0.02 wt% for all
samples after the procedure.

2.2. Methods
PET samples were prepared in a twin screw labora-
tory extruder (LabTech LTE 20-44, LabTech Engi-
neering Ltd., Samutprakarn, Thailand). The screw
speed was 100 rpm for each sample, and the temper-
ature profile varied between 245 and 265°C depend-
ing on the origin of the waste. Tensile properties
were measured under laboratory conditions at room
temperature and at 48% of relative humidity with an
universal tensile testing machine (INSTRON 5967,
Instron, Norwood, Massachusetts, USA) with a
cross-head speed of 90 mm/min. The extruded fila-
ment samples were conditioned at 60 and at 105 °C
for 4 hours before measurements. Filaments with di-
mensions of 2 mm averaged diameter and 150 mm
averaged length were prepared for mechanical tests. 
Tensile strength and elongation at break results were
taken from the average of a minimum of 11 parallel
measurements. Rheological properties of the pre-
conditioned granulated filaments were measured
with a capillary rheometer (CEAST Smart Rheo
2000, CCSi, Inc., Akron, Ohio, USA) at 255°C after
three minutes of preheating time and shear rate below
10000 1/s. Five PET waste-based extruded samples
were scanned at a resolution of approximately 6 μm
using CT scanner (Nikon XT H 225 ST, Nikon
Metrology, Leuven, Belgium). The average time per
scan was 21 min and 1250 projections images were
captured in two frames per projection mode. The
samples were scanned a voltage of 165 kV and a cur-
rent of 65 μA. For the analysis and visualization, the
VG Studio Max 2022/2 software pack was applied.
These measurement settings were able to show the
microporosity as well as the inclusion content of the
extruded rods, which gives useful information about
the inner structure of the scanned bodies.
All DSC measurements were done on a reaction
calorimeter (C80 D, Setaram, Mougins, France).
The PET waste samples were weighted on a Mettler
Toledo analytical scale (ML204 NewClassic,
Columbus, Ohio, USA) and was put into an alu-
minium foil sample holder (weight differences be-
tween the sample and reference holders were

±5.0 mg). A standard stainless-steel cell was used
for the measurements without PTFE joints. The sam-
ple was first pre-heated to 30 °C using 0.1 °C/min
heating rate and was held at that temperature for
2.0 hours. The analysis was done using 0.8 °C/min
heating rate from 30 to 300 °C. The observed repro-
ducibility was within 0.5 °C of the specified param-
eters throughout the measurements. DSC results
were taken from the average of three parallel meas-
urements. The results were analysed using the Cal-
isto software (version 1.076).

3. Results and discussion
3.1. Raw material characterization
All the colours of PET bottles from the selective col-
lection at the Department were separately collected
for at least a two-year period then ground and differ-
ent batches were identified with melt flow index
(MFI) (Figure 3) values. An MFI tester (CEAST
7024000, CCSi, Inc., Akron, Ohio, USA) was used
to determine melt flow indices of the PET sam-
ples at 255 °C under a load of 2.16 kg. Waste PET
bottles had MFI values between 12 g/10 min and
20 g/10 min dependent on the colour of the bottle
(Figure 3e). MFI of batches of water clear (Figure 3a)
and green colours (Figure 3b) were close to the av-
erage values but occasionally with high standard de-
viation (SD). MFI of the blue PET bottles was the
most unbalanced (Figure 3c). Collecting waste PET
bottles in mixed form without any separation based
on colours resulted in MFI within a wide range of
average values and extremely high standard devia-
tions (Figure 3d).
In accordance with the confidence of MFI values and
the colour of PET, the separation of drinking bottles
by colour is beneficial from the aspect of recycling.
In further experiments, DRS was symbolized by blue
colour bottles based on the MFI values that were all
the same as of mixed colour bottles.
Shredded samples originated from hand selection
and collection systems showed similar behaviour to-
ward parameter change with the purity. Furthermore,
because of the corresponding signals became less in-
tensive certain thermal properties could not be iden-
tified to an exact point by differential scanning
calorimetry (DSC) (Figure 4, Table 1). Glass transi-
tion temperature (Tg) of the RDF sample elevated by
12.5°C compared to the SI. Similarly, for the hand
selected samples the Tg increased by 5.4 °C for the
BCL sample compared to the B sample. Based on
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the level of impurities, minor endothermic peaks and
an elongated exothermic baseline shifts were ob-
served between 134.9 to 239.6 °C indicating the
melting and different phase transitions of the poly-
olefin content. Both the cold crystallization (Tcc) and

the melting temperature (Tm) decreased by a small
extent within 3.0 °C overall depending on the level
of impurity. However, no Tcc value appeared in the
RDF sample indicating that the impurities mask the
phase transition.

3.2. Melt flow index of the waste PETs
MFI values of waste PET from the different origins
at 255 °C and under the load of 2.16 kg were repre-
sented in Figure 5. Wastes were identified as ground
material. Waste PET from the selective collection of
mixed bottles had the lowest MFI (15 g/10 min), in-
dicating the highest molecular weight among the
waste PETs. Both selective income (SI) and sorting
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Figure 3. MFI values of waste PETs selected by the colour of the bottles a) water clear (W), b) green (G), c) blue (B),
d) mixed (M), e) averaged.

Table 1. Main data from the DSC analysis.

*Phase transition masked by impurities

Sample (1) – Tg
[°C]

(2) – Tcc
[°C]

(5) – Tt
[°C]

SI 74.9 115.5 256.9
SR 85.5 113.9 256.0
RDF 87.4 N/A* 253.8
B 70.9 117.1 260.3
BCL 76.3 116.3 258.1



residue (SR) were the same and had higher
(~30 g/10 min) MFI than that of only PET bottles.
MFI of SI and SR were 50% higher than waste PET
bottles ground with the caps and labels
(~20 g/10 min) together, demonstrating that the poly -
olefin content of those real waste PETs shifted the
MFI advantageously to the same direction and ex-
tent. Waste PET sorted from the RDF had outstand-
ingly high MFI (~50 g/10 min) also with extremely
high standard deviation (~10 g/10 min), as expected.
A wide quality range of waste PET was supposed to
be the consequences of degradation effects during
the lifetime via the lower molecular weight of the
molecules.
All kinds of waste PET were reprocessed by extru-
sion moulding and qualified first with MFI. Results
were summarized in Figure 5. No significant differ-
ences (2–5 g/10 min) between MFIs of the ground
and regranulated materials appeared, providing that
extrusion parameters were set advantageously. Re-
processing made sense, at least in a narrower range
of SD for the MFI. Therefore, regranulated wastes
generally were more homogeneous than the only
ground materials. Furthermore, SD was at least the
same (~2 g/10 min) for regranulates from the SI and
SR as for BCL. The average MFI (~30 g/10 min) of
regranulated PET from SI and SR were the same, but
60% higher than the only PET sorted from bottles
without cap and label. Therefore, the molecular
weight of the PET materials from the selective col-
lection containing not only drinking bottles (SI) was
thought to be lower than that of only PET drinking

bottles. MFI of PET sorted from RDF was doubled
probably because of the drastic deterioration of mo-
lecular weight as PET in RDF was degraded to a
much higher extent and its quality changed in a wide
range.
MFIs of regranulated SI and SR are not the same as
regranulated waste PET bottles ground with the caps
and labels together indicating that the polyolefin con-
tent of those real waste PETs shifted the MFI in the
opposite direction. The reason behind the phenome-
non was that the polyolefin content of SI and SR
came not only from the caps and labels of drinking
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Figure 4. The DSC analysis and evaluation (BCL (a)) of the shredded PET waste samples (b). (1): Tg – glass transition;
(2): Tcc – cold crystallization; (3): Tendo – endotherm peak, polyolefin component melting; (4) Texo – exothermic
peak, polyolefin component phase transition and (5): Tm – melting.
(SI – selective income; SR – sorting residue; RDF – refuse derived fuel; B – bottle; BCL – bottle with cap and
label).

Figure 5. MFI values of PET wastes from different sources
and with different pretreatment.
(SI – selective income; SR – sorting residue;
RDF – refuse derived fuel; B – bottle; BCL – bottle
with cap and label).



bottles, but PET residues were also other than only
bottles. Just as a short conclusion of MFI results, it
was stated that PET A/B/D fractions are worth select-
ing because of their higher values as secondary raw
materials since PET wastes (SI and SR) had much
higher MFI, therefore lower molecular weight values.
The wide range of MFI of real PET waste makes both
the reprocessing and the quality control more diffi-
cult. Caps and labels beside the PET did not cause
such significant deterioration that might be difficult
to manage during reprocessing. Alsewailem and Al-
refaie arrived at the same statements [23].

3.3. Results of capillary rheological
measurements of the waste PETs

During the investigation of reprocessing conditions
of waste PETs from different origins, capillary rhe-
ological measurements were carried out at the same
temperature and in the same shear rate range in order
to make a correct comparison of the results. Viscos-
ity curves (Figure 6) were identified in the typical
shear rate range not only for extrusion moulding but
also for injection moulding. Viscosity curves of waste
PETs showed the same trends in the whole shear rate
range investigated. SI and SR samples had not only
the same trend of viscosity but also the same values.
The lowest viscosities were given by the waste PET
derived from RDF in sync with the high MFI values
aforementioned. Differences in the viscosities among
the waste PETs disappeared in the shear rate range
of injection moulding; therefore, processing param-
eters during injection moulding could be rather in-
dependent of the origin of waste PET.

Viscosities of waste PETs (Figure 6) were the same
in the region for injection moulding except the one
sorted from RDF. The former phenomenon was be-
lieved to be a sign of the same processing parameters
for waste PET regranulates (SI, SR and B) by injec-
tion moulding. Regranulate of PET bottles represent-
ed exactly the same viscosity curve as the SI and SR
regranulates. PET bottles are worth sorting as selec-
tively collected PET bottles with cap and label
(BCL) had higher viscosities than the other PET
waste streams in the shear rate region of extrusion
moulding, forecasting also better mechanical prop-
erties of the extruded filaments. Reprocessing of
waste PET materials caused an average viscosity in-
crease of 5–7%, which can be partially drawn back
to the measurement standard deviation.

3.4. Assessment of mechanical properties of
the recycled PETs

Not only determination of the advantageous process-
ing parameters is essential in plastic recycling for
achieving a seemingly homogeneous sample, but
also the level of mechanical properties. The tensile
test is one of the most informative and fast measure-
ments to identify the possible application fields. In
our research, pellets originated from different qual-
ities of PET waste were extrusion moulded, and ten-
sile test of the extruded filaments was carried out.
Since tensile properties of filaments conditioned at
both 60 and 105°C were measured, information was
collected about samples conditioned at both below
and above temperature of glass transition of the PET.
Samples conditioned at 105 °C were expected to be
brittle [36]. Specimens were broken almost promptly
after tensile stress, reflected by only a few percent
but no more than 7% for the elongation at break
(Figure 7a). The highest value of elongation at break
(EB) was measured for the sample from selectively
collected PET waste and it was stated that the more
contaminated the PET waste was the lower the elon-
gation at break became regardless of the pre-condi-
tioning parameters. No relevant difference was
found between SI and SR, but an outstandingly brit-
tle sample was obtained by processing PET originat-
ed from RDF. The latter is revealed by elongation at
break being only 1–2%. Even the EB of the same
sample conditioned at 60 °C was only 2%. Elonga-
tion at break of the samples conditioned at 60°C was
higher compared to the samples conditioned at 105°C
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Figure 6. Viscosity of extruded PET wastes from different
sources.
(SI – selective income; SR – sorting residue;
RDF – refuse derived fuel; B – bottle; BCL – bot-
tle with cap and label).



considering all of the waste PET grades, but the de-
gree of the difference was dependent on the origin
of the waste. High EB (approx. 150%) was only ob-
served for the sample of selectively collected just
PET material when pre-conditioning was carried out
at 60 °C. Favourable EB (62%) was achieved in
waste PET containing both cap and label meanwhile
the degree of SD indicated inhomogeneity of the
samples either. Close cold crystallization tempera-
ture was first thought to be responsible for the sig-
nificant difference in EB of the samples with the
same composition because a stiffer material with
higher strength was produced, when pre-condition-
ing had been carried out at 105 °C (Figure 7b).
PET collected selectively (sample B) possessed the
highest tensile strength (approx. 60 MPa), which
was the less dependent on the pre-conditioning tem-
perature (Figure 7b). The tensile strength of the sam-
ple from the PET bottle processed with cap and label
together (BCL) decreased by only 10% compared to
the one from just PET bottles collected selectively.
Standard deviation also reduced, which was presum-
ably caused by processing polyolefins accompanied
to the PET [23]. The tensile strength of PET samples
derived from the waste sorting plant reached only a
maximum 40 MPa if pre-conditioning was at 60°C
before measurements. No significant difference at
the same pre-conditioning was observed in the ten-
sile strengths of the recycled PET samples originated
from the fractions of SR and RDF. Approx. 30 MPa
of tensile strength was achieved for both of the latter,
which refers to the tensile strength level of general
original polyolefins. Increasing pre-conditioning
temperature up to 105 °C resulted in the improve-
ment of tensile strength by an average of 20% in-
crease, which could be basically accounted for

thermal treatment closer to the cold crystallization
processes mentioned before except for the RDF. A
general conclusion about the homogeneity of a sam-
ple can be drawn from the level of the SD for tensile
properties. Lower standard deviation referred, on the
one hand, to better homogeneity of a sample pro-
duced from a waste resource, and on the other hand,
to the similar extent of degradation processes within
the sample caused by extrusion moulding. Inhomo-
geneity of a sample, i.e. higher standard deviations,
may be caused by both quality of the waste material
and the degradation reactions occurring during the
processing.
Overall, it can be stated that in the later step in the
sorting process, the waste PET came from less the
pre-conditioning temperature affected EB. There-
fore, inhomogeneity and a wide quality range of
waste PET were suggested to be the crucial factors
and not the cold crystallization.

3.5. Results of computed tomography
investigation of the extruded waste PETs

Results shown in Figure 8 demonstrated the poten-
tial of X-ray tomography (CT) techniques to inves-
tigate the correlation between the source and prop-
erties of the wastes as well as the emerging inner
structure of the samples. It can be clearly established
that the uncontaminated B and BCL samples contain
no gaseous inner porosity and inclusions of higher
X-ray absorption coefficient (e.g. metal contamina-
tion) in the detectable size range (above 6 µm).
These results highlight that the tensile tests show the
real bulk properties of that samples without any in-
fluence of inner geometrical inhomogeneities. In the
case of real waste, characterized by SI, SR, and RDF
extruded rods, the structure is much more complex.
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Figure 7. Elongation at break (a) and tensile strength (b) of extruded PET wastes from different sources.
(SI – selective income; SR – sorting residue; RDF – refuse derived fuel; B – bottle; BCL – bottle with cap and
label).



They contain simultaneously gaseous pores and in-
clusions of higher atomic numbers (e.g. metal parti-
cles). Therefore, it is proven that these material sys-
tems have to be treated as composite materials
during the generally performed material testing tech-
niques. While the material inhomogeneities can en-
hance the mechanical properties as a particle, a fibre,
or plate reinforcement because of the appropriate ad-
hesive forces due to its original task (the background
image of Figure 8), the material vacancies can de-
crease the material cross-section making weak points
in the structure. The voids have a certain degree of
crack-stopping role, but investigating elastic material
systems does not have a significantly positive influ-
ence on the mechanical properties. Summarized, it
was proven and supported by the structural analysis,
that the organic contamination content of the real
plastic wastes produces gaseous voids in the struc-
ture because of the heat treatment during the recy-
cling. Furthermore, the inhomogeneities of higher
atomic numbers (metals) can be detected with vari-
ous morphologies depending on the origin of waste.

These parts significantly influence the properties of
the produced recycled materials.

4. Conclusions
Due to the effort of the European Union to reduce
the amount of single-use plastics and increase the
rate of recycled plastic products, especially PET
bottles, introduction of a deposit-refund system for
PET drinking bottles has been urged. The aim of
that study was to investigate recycling of PET
wastes, particularly of non-drinking bottle types.
The PET wastes were sampled from different real
waste streams such as from a selective waste sorting
plant, namely its selective income (SI) and its sort-
ing residue (SR). PET waste was also separated
from RDF from the MBT plant. The deposit-refund
system (DRS) was symbolized by collected in-
home bottles with (BCL) and without (B) caps and
labels.
Since PET drinking bottles possess higher mechan-
ical strength and elongation than the secondary raw
material consisting of all kinds of PET wastes (SI),
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Figure 8. 2D slices produced from the 3D CT measurement of extruded samples. Coloured surfaces characterize the micro-
porosity of the samples, while bright surfaces (white colour areas) belong to the inclusions. The image used as
background is the 3D visualisation example of inclusions in the SR sample. (2D images characterize the results of
B, BCL, SI, SR and RDF samples from left to right).
(SI – selective income; SR – sorting residue; RDF – refuse derived fuel; B – bottle; BCL – bottle with cap and
label).



in consequence, the introduction of a deposit-refund
system on PET drinking bottles is highly recom-
mended. PET bottles are worth selecting into PET-A,
PET-B and PET-D fractions. The selective income
(SI) containing all kinds of PET wastes and the sort-
ing residue (SR) containing PET wastes except drink-
ing bottles can be extruded at the same temperature
profile and extrusion speed. Samples from both afore-
mentioned waste PETs (SI, SR) had the same rheo-
logical and mechanical properties indicating on the
first hand, that the absence of the PET drinking bot-
tle waste did not cause significant property change
and on the second hand, that PET selected from SR
can be at least as advantageous secondary raw ma-
terial as the SI. PET wastes derived from RDF
showed the worst processing and mechanical prop-
erties. That behaviour was dedicated to the foreign
organic compounds bonded to the PET waste unless
it was carefully washed and conditioned before ex-
trusion moulding. Based on the results, more serious
washing pretreatment was suggested for achieving
better performance of PET waste derived from the
RDF fraction. X-ray tomography measurements
showed a correlation between the source of waste
plastic (purity) and the gas void structure (quantity
and morphology) which influence essentially the ob-
tained macroscopic mechanical properties.
In conclusion, based on our experimental results, it
can be determined that valuable PET waste suitable
for recycling is available beyond the drinking-bot-
tles. However, this raises several other questions that
need to be studied in the future, such as those sum-
marized in the followings. The willingness of the cit-
izens to engage in selective waste collection, the de-
velopment of programs related to incentivizing
selective waste collection, which can involve both
educational activities and financial incentives (e.g.
PAYT (pay-as-you-throw), DRS etc.), and the situa-
tion of the vulnerable segment of the population in-
volved in collecting recyclable materials to earn
some income are all points that need to be examined.
These aforementioned aspects are planned to be
studied within the framework of a comprehensive
study in the future.
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