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A B S T R A C T

Thermal degradation of poly(butylene terephthalate) (PBT)/organically modified clay (organoclay) nano
composites at elevated extrusion temperatures is inevitable and restricts the extensive use for these nano
composites. This study aimed to prepare PBT/organoclay nanocomposite with enhanced properties by chain 
extender assisted reactive extrusion approach. A commercial organoclay, Cloisite 30B (C30B), was employed to 
prepare nanocomposite and a chain extender having multi epoxy functional groups, Joncryl ADR 4300 (Joncryl), 
was used to compensate thermal degradation of PBT accelerated by the organoclay for the first time. The 
morphological observations revealed high delamination of C30B within the matrix and the incorporation of 
Joncryl led to a well-exfoliated structure. The non-chain extended nanocomposite showed the matrix degrada
tion in the rheological tests, where the notable benefit of the chain extender to offset degradation was observed 
by improvements in the viscoelastic properties. Compared to neat PBT, the tensile modulus of non-chain 
extended nanocomposite increased by 33 %, whereas a 56 % enhancement was measured for nanocomposite 
with chain extender. Thermogravimetric analyses indicated higher thermal decomposition temperature with 
addition of Joncryl into the nanocomposites. It was concluded that Joncryl recoupled degraded chains of PBT 
and effectively improved the features of nanocomposites.

1. Introduction

Poly(butylene terephthalate) (PBT) has been considered as signifi
cant engineering thermoplastic from polyesters group and synthesized 
by condensation polymerization of alcohols with acids. PBT has been 
widely used today because of its eminent mechanical and thermal 
properties, electrical insulation and resistance to solvents. It is used as 
the base material in the production of electrical switches, sockets, fiber 
optic cable covers, fuse panels, interior accessories of cars, toys, kitchen 
and sports goods [1–3]. In an attempt to enhance the properties of PBT 
and make its usage in wider applications, preparation of PBT nano
composites with various nanoparticles is an appropriate approach [4,5]. 
Nanoclays are commonly preferred to develop PBT nanocomposites as 
tremendous surface area of nanoclays enables high interaction with the 
polymer matrix and builds up many features like tensile, rheology and 
barrier [6,7].

The most crucial issue for development of polymer nanocomposites 
with layered silicates is delamination and distribution of nanoclays 
through polymer matrix with an exfoliated morphology [8,9]. The 
exfoliated state of layered silicates is dependent several factors like 

modification of the clay and nanocomposite preparation method [10]. 
The hydrophilic characteristic of the clay restricts its use with organic 
polymers and makes the modification of clay by organic cations essential 
[11,12]. Compared to solvent casting and in-situ polymerization, the 
melt compounding becomes prominent technique to develop polymer
–clay nanocomposites which is applicable to industry allowing high- 
volume production and being environmentally friendly without 
requirement of solvents [13–15]. The major obstacle in the melt com
pounding of polymer-organically modified clay (organoclay) nano
composites is lower thermal stability of quaternary ammonium salts 
applied to organically modify the clays. Most of polymers require high 
processing temperatures than 180 ◦C, where ammonium modifiers un
dergo thermal degradation reactions inevitably [16]. Although imida
zolium and phosphonium treated montmorillonites show enhanced 
thermal stability, they have poor intercalation within the polymer ma
trix [17,18]. Thermal degradation of ammonium surfactants occurred 
either the nucleophilic replacement or Hofmann elimination reactions. 
An alkyl halide resulted from the nucleophile attacking on the surfac
tants via halide ions. For Hofmann elimination, hydroxyl functionalities 
in the organoclay extracts hydrogen as proton (H+) from the ammonium 
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surfactant’s carbon atoms and results in generation of Bronsted acids 
which have catalytic effect on scission of polymer chains [19].

The decomposition occurred in the ammonium modifiers of the clays 
induces the PBT matrix degradation further during melt-processing and 
leads to carboxyl and hydroxyl chain end groups [7,20]. The chain 
scission of PBT diminishes the molecular weight and performance of the 
nanocomposites. Solid state polymerization is commonly applied to 
enhance molecular weight of polyesters however, this batch process has 
been performed under elevated vacuum and temperature for extended 
times of 8–24 h [21,22]. The employment of chain extenders in the 
extrusion of polycondensates is a favorable method which has been 
applied to control thermal degradation and enhance molecular weight of 
poly(ethylene terephthalate) (PET) [16,19,23], poly(lactic acid) (PLA) 
[24–26], polyamide (PA) [27] and poly(hydroxybutyrate-co- 
hydroxyvalerate) (PHBV) [28] based organoclay nanocomposites in 
the literature. These studies confirmed that chain extender approach 
compensated thermal degradation of polymer matrix with improved 
properties of the nanocomposites and increased exfoliation level of 
organoclays without requirement of further processing. Chain extender 
type directly influences yield of reaction with end groups of thermally 
degraded polymer, therefore determination of the appropriate chain 
extender is a critical issue [29,30].

Joncryl 4300 (Joncryl), a chain extender having multi epoxy func
tional groups, was reported as a good candidate for offsetting thermal 
degradation of polyesters such as PET and PLA prepared by commercial 
organoclays in the melt-compounding. Najafi et al. [24] reported that 
Joncryl had a more profound effect to compensate thermal degradation 
and increase molecular weight of PLA/organoclay nanocomposites 
during extrusion. Compared to phosphite and diimide chain extenders, 
the multiple reactive groups of Joncryl reacted with more PLA chains 
and significantly increased the rheological properties by formation 
cross-linking or branching in the polymer chains. Meng et al. [25] used 
diisocynate, dianhydride and Joncryl to improve thermal stability of 
PLA based organoclay nanocomposites during melt processing. It was 
concluded that reactivity of Joncryl was much larger and this extender 
remarkably offset thermal degradation of nanocomposites to an extent 
of organoclay loading (6 wt%). Another work by Najafi et al. [26] re
ported that PLA based organoclay nanocomposites containing Joncryl 
presented higher extent of clay dispersion and lower permeability than 
those having no extender. The higher molecular weight of chain 
extended nanocomposites reflected a profound enhancement in tough
ness, drawability and modulus of the nanocomposites. In a study con
ducted with PET [16], Joncryl was utilized to eliminate thermal 
degradation during the extrusion of PET/organoclay nanocomposites. 
The effect of Joncryl on the improvement of thermal stability of the 
nanocomposites was confirmed by the increases in the complex viscosity 
and elastic modulus of the samples. The epoxy functionalities of the 
chain extender reacted with the chain reactive endings of PET thus 
connected the polymer chains and improved the rheological properties. 
Transmission electron microscopy (TEM) images showed enhancement 
of clay distribution through the polymer matrix in the presence of chain 
extender. This finding was explained that the Joncryl augmented the 
viscosity of the polymer creating higher shear stresses during extrusion 
and leading the clay aggregates to disperse within the polymer matrix. 
The incorporation of Joncryl also caused enhancement in tensile 
modulus of the nanocomposites due to higher molecular weight of the 
polymer matrix and clay exfoliation. Compared to neat PET, the 
modulus of the nanocomposites containing Joncryl increased by 66 %, 
while nearly 30 % enhancement was observed for the nanocomposites 
without Joncryl.

The efficiency of Joncryl for organoclay nanocomposites based on 
the blends of PLA with various polymers were also reported in the 
literature. In the study by Khojasteh-Khosro et al. [31], scanning elec
tron microscopy (SEM) analysis showed that the incorporation of 
Joncryl to PLA/Polycarbonate (PC) organoclay nanocomposites 
enhanced dispersion of clay particles due to stronger shear forces 

applied during mixing by higher molecular weight of the blend. More
over, Joncryl led to decrease in PC domain size for nanocomposites. On 
the other hand, flexural and tensile strength, elastic and flexural 
modulus and elongation at break were increased with addition of 
Joncryl to nanocomposites. The chain extender lowered interfacial 
tension therefore improved compatibility of the blends and provided 
higher stiffness and toughness to the nanocomposites due to a large 
extent of clay dispersion. The benefit of Joncryl was also reported for 
PLA/ Poly(butylene adipate-co-terephthalate) (PBAT)/organoclay 
nanocomposite films as the incorporation of Joncryl at 1 wt% increased 
tensile strength, elongation at break and elastic modulus of the nano
composites by higher interactions between PLA and PBAT and enhanced 
molecular weight of the samples [32]. A study conducted by Kahraman 
et al. [33] focused effects of Joncryl on the PLA/thermoplastic urethane 
(TPU)/organoclay nanocomposites. TEM and SEM images presented the 
compatibilization effect and viscosity enhancement of the nano
composites with chain extender which reflected smaller TPU domain 
size and better clay dispersion. The impact strength, tensile strength and 
modulus of blend nanocomposites increased with Joncryl indicating 
improvements in droplet morphology, compatibilization of polymer 
phases and clay dispersion. Since these studies dictated the benefit of 
Joncryl to improve thermal stability and properties of various polymer- 
organoclay nanocomposites during melt-processing, there is a research 
gap in the use of Joncryl chain extender for PBT/organoclay nano
composites during melt-compounding and highlights novelty of the 
present study.

The aim of this study was to prepare PBT/Cloisite 30B (C30B) 
organoclay nanocomposites with enhanced properties by reactive 
extrusion approach using Joncryl chain extender with multi epoxy 
functionalities for the first time. The effect of organoclay and chain 
extender on the morphological, rheological, thermal and mechanical 
properties of PBT were investigated.

2. Experimental

2.1. Materials

An extrusion grade PBT (Ultradur B2550) was purchased from BASF 
in granular form. The density of the polymer is 1300 kg/m3 and it has a 
melting temperature of 223 ◦C [34]. The organoclay, Cloisite 30B from 
Southern Clay Products Inc, is a montmorillonite treated by bis-2- 
hydroxyethyl quaternary ammonium chloride having a cation ex
change capacity of 90 meq/100 g clay and the interaction of hydroxyl 
radicals of the clay modifier with carboxyl endings of polyesters makes 
this organoclay preferred in the present study [26]. Joncryl ADR 4300, a 
styrene-acrylic copolymer chain extender having multi epoxy reactive 
groups, was kindly supplied from BASF. It possesses a molecular weight 
(Mw) of 6800 g/mol, a density of 1080 kg/m3, a glass transition tem
perature (Tg) of 54 ◦C and it can react with chain end groups of poly
condensates [16,25]. In the study Joncryl ADR 4300 and Cloisite 30B 
were abbreviated to JC and C30B, respectively.

2.2. Sample preparation

A co-rotating twin-screw laboratory scale compounder (Haake 
Minilab II Micro-compounder, Thermo Scientific) was used to prepare 
the samples. Prior to processing, PBT granules, chain extender and 
organoclay powder were dried at 85 ◦C for overnight to remove moisture 
and avoid thermo-oxidative degradation during melt compounding. The 
barrel temperature was set at 245 ◦C and screw rotation speed was fixed 
at 50 rpm. All materials were directly and simultaneously fed into 
compounder and mixed for 3 min. The nanoclay and chain extender 
loadings were kept at 4 wt% and 1 wt%, respectively. At the end of 
mixing time, the extrudate was cooled down, pelletized and placed in a 
vacuum oven at 85 ◦C for overnight. The dried extrudate granules were 
then molded at 245 ◦C under 250 MPa for 3 min using a hot press to 

B. Tuna                                                                                                                                                                                                                                           Engineering Science and Technology, an International Journal 60 (2024) 101910 

2 



prepare testing specimens. The experimental work is summarized in 
Fig. 1.

2.3. Characterization

X-Ray Diffraction (XRD) analysis was applied for determination of 
the basal spacing (d001) for organoclay powder and PBT/organoclay 
systems. The analyses were carried out by a Philips X’Pert Pro X-Ray 
diffractometer, using CuKα radiation (λ = 1.54056 Å) at 45 kV and 40 
mA. The distance between silicate layers was calculated from Eq. (1)
using Bragg’s law: 

n λ = 2dsin θ                                                                                 (1)

where n, λ, d and θ address to order (integer) of the wavelength (n = 1), 
wavelength of X-Rays, space of diffracting planes and angle of diffrac
tion, respectively.

Scanning electron microscopy (SEM) was employed to evaluate the 
internal structure of the nanocomposites and the influence of the Joncryl 
on the micron scale distribution of the nanoclays within PBT matrix. 
SEM observation was performed using a Carl Zeiss 300VP SEM operating 
at 5 kV. Prior to analysis, surfaces of specimens were coated with a 
conductive gold layer by Quorum Q150 RES.

The influence of the Joncryl on the nano scale distribution of the 

organoclay within PBT matrix was investigated using the FEI TECNAI 
F30 transmission electron microscope (TEM) at 200 kV. Ultrathin sec
tions of the specimens were cut at cryogenic temperature of − 100 ◦C by 
LEICA EM UC6 Ultramicrotome.

The rheological analyses of the samples were conducted by Anton 
Paar Physica MCR 501 rotational rheometer. The frequency and time 
sweep tests were performed by using a parallel plate flow geometry with 
25 mm plate diameter and 1 mm gap size at 240 ◦C. Time sweep tests 
were conducted at 1 Hz frequency over 900 s to evaluate thermal sta
bility of the samples. Frequency sweep analyses were carried out be
tween 0.1 and 100 Hz angular frequency range. In the tests, the strain 
amplitude was adjusted at 0.5 %, which was in the linear viscoelastic 
region.

The determination of tensile properties of the specimens were ach
ieved by an Instron Universal Testing Machine (Model 5564) at room 
temperature according to ISO 37/4 test standard. Five dumbbell-shaped 
test specimens from each group were measured at a cross-head speed of 
5 mm/min and the average results with standard deviations were 
reported.

Thermogravimetric analysis (TGA) was conducted by Hitachi Exstar 
SII TG/DTA 7300 analyzer under nitrogen atmosphere. The analyses 
were implemented on specimens of 8 mg from room temperature to 
750 ◦C at a heating rate of 10 ◦C/min.

Fig. 1. The overview of experimental work.
Fig. 2. XRD patterns of C30B powder, PBT/C30B nanocomposite without chain 
extender and PBT/C30B nanocomposite with chain extender.
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3. Results and discussion

3.1. Morphological properties

Fig. 2 shows the XRD diffractograms of organoclay and PBT/orga
noclay nanocomposite systems in the presence and absence of chain 
extender. The existence, intensity and position of the peaks obtained 
from XRD analyzes allow a primary evaluation of the internal structure 
of the nanocomposites. The peak intensity and the d001 diffraction of 
PBT/C30B nanocomposite corresponding to 2θ had lower angle (3.48◦) 
than C30B powder (4.31◦) which can be attributed to diffusion of PBT 
chains into the basal spaces of organoclay during extrusion [16]. As a 
matter of fact, the gallery spacing of nanolayers in C30B powder 
increased after melt-compounding with PBT from 2.05 nm to 2.53 nm. 
The introduction of Joncryl in the nanocomposite decreased the in
tensity of the peak and shifted it to lower angle as 3.34◦. Since the basal 
spacing for PBT/C30B/JC was found to be 2.64 nm, the enhancement of 
gallery spacing in chain extended nanocomposite can be explained that 
extended and branched PBT chains exerted larger shear forces on clay 
particles and brokedown them into multiple smaller stacks [24,27].

Since XRD analyzes cannot directly provide visual information about 
the extent of exfoliation and clay particle size, microscopy studies using 
SEM and TEM were carried out in an effort to better elucidate the XRD 
data. Fig. 3 presents SEM images of the nanocomposites. A few small 
clay agglomerates can be observed in the non-chain extended nano
composite from Fig. 3a, whilst C30B particles were homogeneously 

distributed in the PBT matrix at the submicron particle size and without 
formation of large agglomerates for the chain extended nanocomposite 
in Fig. 3b. The breakdown of the large clay agglomerates to submicron 
particles could be attributed to strong shear forces by the help of chain 
extender during melt-compounding. With regard to fracture 
morphology of the nanocomposites, non-chain extended nanocomposite 
showed mainly brittle features which could be characterized by micro
cracks within the PBT matrix from Fig. 3c. In addition to that, there were 
some voids, where initiated to crazing in the matrix. On the other hand, 
the nanocomposite with chain extender exhibited rather ductile features 
as shown in Fig. 3d. The incorporation of Joncryl led to fibrillation in the 
polymer matrix that was indication of plastic deformation. Since the 
exfoliated layers and smaller tactoids could not be detected by SEM, 
further visual observations using TEM were performed to examine in
fluence of chain extender on the extent of organoclay dispersion.

Fig. 4 shows TEM images of the chain extended and non-chain 
extended nanocomposites, where dark/black lines show clay layers 
and light/gray areas represent PBT matrix. Fig. 4a presents that no large 
agglomerates were appeared for PBT/C30B nanocomposite and the 
nanoclay particles were homogeneously dispersed in the PBT matrix. 
High shear and elongational stresses during melt compounding broke 
down clay particles into tactoids consisting of a few thin layers and 
exfoliated platelets therefore PBT chains diffused into the gallery spaces 
of the organoclays and increased the distance between the silicate layers 
[35]. Moreover, the strong polar interactions between hydroxyl groups 
of the methyl tallow bis(2-hydroxyethyl) ammonium cation in the 

Fig. 3. SEM images of (a) and (c) PBT/organoclay nanocomposite without chain extender, (b) and (d) PBT/organoclay nanocomposite with chain extender.
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Cloisite 30B and the carboxyl groups of PBT likely facilitated the extent 
of intercalation and further exfoliation of Cloisite 30B within PBT matrix 
[36]. On the other hand, Joncryl increased the dispersion of organoclays 
in the PBT matrix leading to mainly exfoliated structure for PBT/C30B/ 
JC in Fig. 4b. The chain extended and/or branched structure of PBT by 
Joncryl exerted strong shear and elongational forces on clay particles 
during extrusion thus the tactoids lost their stacked state and disorderly 
distributed within PBT [19,27].

3.2. Rheological properties

Rheology enables to get a deeper insight on molecular structure of 
polymeric materials such as particle-filled systems. While rheological 
analyses are generally used to investigate interactions between filler and 
polymer, the measurements also reflect the structural changes occurred 
by heat and mechanical deformation during melt-processing. The 

complex viscosity (η*) and elastic modulus (G′) of the specimens over 
time is presented in Fig. 5. The viscosity and modulus of PBT/C30B 
decreased monotonically over time and stated that the organomodifier 
in the clay accelerated thermal degradation of PBT under shear and high 
temperature during rheological measurements. Even though the nano
composite exposed to serious thermal degradation, the magnitude of 
complex viscosity and modulus for PBT/C30B had higher than PBT, 
which could be arisen from polymer-organoclay interactions [37]. 
Expectedly, the introduction of Joncryl significantly changed the vis
cosity and modulus for PBT/C30B. The chain extender not only stabi
lized complex viscosity and elastic modulus of the nanocomposite over 
time, but it also enhanced the magnitudes of viscosity and modulus for 
the respective system. These results dictated benefit of Joncryl on 
recoupling of the degraded chains of PBT and upgrading thermal sta
bility of the PBT/organoclay nanocomposites. Joncryl reacts with either 
hydroxyl or carboxyl chain ends of degraded PBT and chain branching 
may occur due to multiple reactive groups of the chain extender [38]. 
Compared to PBT/C30B, the stable viscosity and elastic modulus of the 
PBT/C30B/JC along time asserted that epoxy functional groups of 
Joncryl continued to react with chain endings of degraded PBT, pref
erably carboxyl groups, during the rheological tests [39]. On the other 
hand, the complex viscosity and elastic modulus of PBT and PBT/JC 
remained stable over time as matrix degradation is less in the absence of 
organoclays. Compared to nanocomposite sample, the incorporation of 
Joncryl into neat PBT reflected relatively small enhancement in the 
viscosity and modulus that may be arisen from formation of lower 
amount of degraded chain ends in the neat polymer.

Fig. 6 illustrates the complex viscosity and elastic modulus of the 
samples along frequency. The viscosity and elastic modulus of the 
nanocomposites had larger than that of neat PBT irrespective from the 
presence of chain extender over the frequency range. Such changes in 
viscoelastic behaviour of the nanocomposites may be arisen from 
particle-particle and polymer-particle interactions with a higher extent 
of clay exfoliation verified by TEM images [40]. Joncryl showed a 
striking influence on the rheological features of the PBT and corre
sponding nanocomposite proving chain extension. For example, PBT/ 
C30B/1JC nanocomposite presented 12840 Pa.s complex viscosity at a 
frequency of 0.1 Hz whilst this was 6588 Pa.s for PBT/C30B. The chain 
extension of the Joncryl with PBT was also concluded from the results, 
PBT/JC had higher viscosity (3461 Pa.s) than neat PBT (2369 Pa.s) at 
the same frequency. The structural changes in the nanocomposites can 
be also seen from Fig. 6b, PBT and PBT/JC indicated pseudo-Newtonian 
behaviour that was more profound at lower frequencies, whereas the 
nanocomposites exhibited shear-thinning characteristics due to 
polymer-organoclay interactions [41,42].

The low loading of chain extender (1 wt%) makes difficult to detect 
changes in the polymers by fourier-transform infrared spectroscopy 
[27,43]. In order to get more information about the structural change of 
the polymer with chain extender, the loss angle (δ = arctan(G″/G′)) vs. 
frequency was plotted in Fig. 7. In the figure, the samples depicted two 
distinct behaviors according to presence of chain extender. Neat PBT 
showed typical linear system characteristics as having loss angles values 
closed to 90◦ at low frequencies. On the other hand, PBT with Joncryl 
had lower loss angles at all frequencies and the decline in loss angle was 
more notable with increased frequency. Such change in the PBT was an 
indication of chain branching due to multiple epoxy functional groups of 
Joncryl. Since the chain extended PBT had more elasticity and chain 
entanglements, the relaxation of polymer chains became slower and loss 
angle showed a stepped reduction along frequency. These observations 
for polymer-chain extender systems are in good agreement with the 
outcomes of Najafi et al. (2012) [24], Ghanbari et al. (2013) [19] and 
Tuna (2023) [29].

3.3. Mechanical properties

Mechanical properties are directly related to the molecular structure 

Fig. 4. TEM images of (a) PBT/organoclay nanocomposite without chain 
extender and (b) PBT/organoclay nanocomposite with chain extender.
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of the materials and tensile tests enable to detect any structural change 
of polymers used in solid state form. Table 1 summarizes tensile 
modulus, tensile strength and elongation at break data of the samples 
undertaken. As can be seen, Joncryl slightly increased tensile modulus of 
neat PBT by 3 % that can be attributed to the enhancement in the mo
lecular weight of the polymer [28]. In the case of nanocomposite, 
nanoclay showed its reinforcing feature in the neat polymer where 
tensile modulus increased by 33 % for PBT/C30B compared to PBT. Such 
increase in the modulus of nanocomposite may be arisen from the high 
strength applied by the nanoclay itself and/or high delamination and 
distribution of nanoclays in the matrix [44–46]. The notable benefit of 
chain extender incorporation to the nanocomposites was observed by 
enhanced tensile modulus of the nanocomposite systems. Compared to 
PBT, a 56 % enhancement in tensile modulus was reported for PBT/ 
C30B/JC nanocomposite. Joncryl increased molecular weight of the 
thermally degraded nanocomposites, moreover, improved exfoliation of 
clay layers in the matrix and these reflected on higher modulus of chain 
extended nanocomposites.

Similar to tensile modulus results, nanocomposite indicated higher 
tensile strength than PBT since a substantial ratio of the applied load 

during the test was carried by nanoclay. Joncryl enhanced the tensile 
strength of the nanocomposite due to higher exfoliation of nanoclays 
within PBT matrix which was observed by TEM images. Accordingly, the 
stress routing from the matrix to the inorganic part proportionally en
hances with contact area of nanoclay, causing the chain extended 
samples to show higher strength values [26].

The inclusion of nanoclays turned the PBT into a more brittle 
structure causing the nanocomposites to exhibit very low elongation at 
break values [47]. This behavior in polymer-organoclay nano
composites is explained by formation of silicate aggregates by Vander 
Waals interactions between silicate layers of C30B. The agglomerates 
induce occurrence of microvoids and therefore trigger propagation of 
cracks in the polymer [6]. Moreover, the coalescence of such microvoids 
creates larger cracks leading the nanocomposites to behave brittle [48]. 
On the other hand, the chain entanglement density of the samples 
increased due higher molecular weight and chain branching in the 
presence of Joncryl, which made the samples more resilient to me
chanical deformation and increased the elongation at break values [49].

Fig. 5. (a) Elastic modulus and (b) complex viscosity of the samples over time.

Fig. 6. (a) Elastic modulus and (b) complex viscosity of the samples over frequency.
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3.4. Thermal properties

TGA tests were applied to examine the influence of nanoclay and 
chain extender on the thermal degradation behavior of PBT under inert 

atmosphere. TGA curves are depicted in Fig. 8 and the degradation 
temperatures at 10 %, 20 % and 50 % weight losses (Td10, Td20 and Td50) 
with residue weight of the samples at 700 ◦C are given in Table 2. The 
findings indicated that the incorporation of organoclay into the PBT 
decreased thermal stability considerably. During extrusion of PBT, the 
ammonium surfactant in the organoclay thermally degraded and resul
ted to reactive radicals such as Bronsted acids by Hofmann elimination 
which increased thermal degradation of PBT matrix further [50]. With 
the addition of the Joncryl into the nanocomposite, degraded reactive 
chain end groups of the PBT were recoupled to each other and increased 
thermal resilience of the nanocomposites with shifting degradation 
temperatures to higher values. PBT organoclay nanocomposite with 
chain extender presented 442.7 ◦C for Td10 which was explicitly higher 
than the Td10 of nanocomposite without chain extender, 433.6 ◦C. 
Furthermore, chain extender increased Td10 of neat PBT from 447.5 ◦C to 
452.2 ◦C. Such improvement in the thermal stability can be also 
observed from Td20 of the samples, incorporation of chain extender 
enhanced Td20 from 465.4 ◦C to 469.1 ◦C for neat PBT and from 459.9 ◦C 
to 462 ◦C for PBT organoclay nanocomposite. The efficiency of Joncryl 
on the thermal stability of neat PBT and nanocomposite were relatively 
less at higher degradation temperatures (Td50). This could be attributed 
to degradation of chain extender at very high temperatures due to its 
polymeric nature that caused to insufficient reaction activity. Herein, 
one should be noted that improvement of the thermal stability of PBT 
organoclay nanocomposites during extrusion is the main objective of 
this study. It is known that temperature profile for extrusion of PBT is 
typically between 200 ◦C and 300 ◦C, not very high temperatures. 
Therefore, Td10 values could more reflect the thermal degradation of the 
samples during extrusion. When the residue amount of the samples at 
700 ◦C are examined in Table 2, the nanocomposites showed slightly 
higher amounts of char due to presence of organoclay in the structure.

4. Conclusion

In the present study, reactive extrusion approach using a chain 
extender with multiple epoxy functional groups was pursued to 
compensate thermal degradation of PBT/organoclay nanocomposites in 
the melt processing. Following conclusions have been inferred from the 
research: 

– The morphological analyses revealed that C30B particles were highly 
delaminated in the PBT matrix and a well-exfoliated structure was 
obtained in the nanocomposite containing Joncryl in consequence of 
robust shear and elongational forces by the larger molecular weight 
matrix in the compounding.

– The rheological time sweep tests enabled to observe simultaneous 
viscosity and modulus change of the samples under high tempera
tures and shear likewise to extrusion conditions. The gradual 
decrease in the viscosity and modulus of the non-chain extended 
nanocomposite over time backed our argument that the organoclay 
accelerated thermal degradation of PBT during extrusion. On the 
other hand, the addition of chain extender controlled thermal 
degradation and stabilized viscosity and modulus of the nano
composite during test proving the chain extension of Joncryl with 
PBT.

– The samples having chain extender showed higher elastic modulus 
and complex viscosity than those without chain extender in time 
sweep and frequency sweep tests due to recoupling of degraded PBT 
chains by epoxy groups of chain extender. Moreover, a structural 
change in the sample with chain extender was observed from the plot 
of the loss angle vs. frequency. These results supported chain 
extension of PBT with Joncryl.

– The chain extension of PBT by using Joncryl was also detected from 
mechanical properties. The samples having Joncryl showed higher 
tensile modulus and strength than those without chain extender due 
to recoupling of degraded chains and enhanced molecular weight. 

Fig. 7. The loss angle of PBT and PBT/JC over frequency.

Table 1 
Tensile properties of the samples.

Sample Tensile modulus 
(MPa)

Tensile strength 
(MPa)

Elongation at break 
(%)

PBT 2291.6 ± 79.5 77.3 ± 3.8 33 ± 2.1
PBT/JC 2367.8 ± 94.2 76.8 ± 4.7 36.3 ± 3.8
PBT/C30B 3036.6 ± 0.62.7 85.9 ± 2.1 8.5 ± 2.2
PBT/C30B/ 

JC
3567.9 ± 86.4 91.2 ± 3.5 12 ± 3.6

Fig. 8. TGA curves for the samples.

Table 2 
TGA data of the samples.

Sample Td10 (◦C) Td20 (◦C) Td50 (◦C) Residue at 700 ◦C (wt%)

PBT 447.5 465.4 495.4 18.3
PBT/JC 452.2 469.1 496.3 19.3
PBT/C30B 433.6 459.9 492.6 20.2
PBT/C30B/JC 442.7 462 493.9 22.4
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The higher molecular weight caused more entanglements in the 
polymer chains which made the PBT more resistant to deformation.

– The notable benefit of chain extender on the thermal stability of the 
samples was determined from TGA tests. With addition of Joncryl, 
Td10 of PBT/C30B increased from 433.6 ◦C to 442.7 ◦C due to chain 
extension of PBT.
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