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Abstract
In this study, PBT/recycled-PET blends were developed using a twin-screw extruder. A commercial chain extender (Joncryl 
ADR 4468) was also used to melt mix with PBT/recycled-PET blend systems. Firstly, Joncryl at different loadings was 
extruded with recycled-PET to explore the influence of branching on melt behavior and crystallization of PET. The effect of 
blending recycled-PET with PBT on the final properties was then explored at different blending ratios (25w/75w, 50w/50w 
and 75w/25w). Similar blends were subsequently prepared while incorporating chain extender. Melt behavior, phase mis-
cibility, crystallization behavior, solid viscoelastic properties, tensile and impact properties of the blends were eventually 
analyzed using differential scanning calorimeter (DSC), melt flow indexer (MFI), dynamic mechanical analyzer (DMA), 
and tensile and Izod notched impact testing, respectively. The results showed that the addition of chain extender increased 
the melt viscosity of PET and at the low contents enhanced the PET’s crystallization rate. On the other hand, the blends of 
PBT/recycled-PET are fully miscible in the amorphous region whereas the crystalline phases are immiscible subsequent to 
a fast cooling. The PBT and PET molecules could also co-crystallize and be fully miscible in crystalline phases upon slow 
cooling of the melt. Blending recycled-PET with PBT didn’t suppress the tensile properties of PBT, however it could enhance 
the PBT’s ductility and reduce its impact strength. The chain extender didn’t influence the mechanical properties much.
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Introduction

Poly(ethylene terephthalate) PET is the most commonly 
used commercial polyester due to its its low material cost 
and superior properties compared to other engineering 
thermoplastic polyesters. PET possesses excellent thermal 
and mechanical properties, high chemical resistance, high 
transparency, and good barrier properties against oxygen 
and water vapor [1–3]. Due to these features, PET is widely 

 * Mohammadreza Nofar 
 nofar@itu.edu.tr

1 Metallurgical & Materials Engineering Department, Faculty 
of Chemical and Metallurgical Engineering, Istanbul 
Technical University, Maslak, 34469 Istanbul, Turkey

2 Materials Technologies, Arcelik A.S. Central R&D 
Department, Tuzla, 34950 Istanbul, Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-019-01435-w&domain=pdf


1405Journal of Polymers and the Environment (2019) 27:1404–1417 

1 3

used in applications such as textile fibers, soft-drink bot-
tles, packaging films, automotive structural components, and 
electrical parts [4, 5]. Among these applications, fiber-grade 
and bottle-grade PETs dominate the global PET market as 
commodity products [6]. As a consequence, there is a large 
amount of landfill of these daily used products and hence the 
wastes of PET dramatically threats the beauty of the nature 
and influences the global warming. The PET wastes are 
largely involved among almost 35% of the total plastics that 
are disposed in the landfills. In 2012 in Europe, 26% of total 
post-consumed plastics were recycled, 36% was incinerated 
for energy recovery however, 38% of these plastics still had 
to be buried in the landfill [7]. Therefore, recycling PET 
products is of a great importance for rescuing the environ-
ment and the earth for the future generations. It is reported 
by Arena et al. [8] that the production of 1 kg of recycled-
PET (r-PET) flake instead of virgin PET saves approximately 
30 MJ energy, which is equivalent to the energy content of 
about 1 l gasoline.

The use of chain extender (CE) has been shown to be 
a solution to improve the properties of recycled polymers, 
although the use of CE could sometimes be costly. In this 
context, the CE compensates the low molecular weight of 
r-PET by extending or branching the r-PET molecules and 
hence improves its melt strength. Therefore, rheological and 
melt properties of the r-PET and hence its poor processabil-
ity, formability and foamability could be improved [9–11]. 
There are a wide range of commercially available CEs that 
could be used for PET. Depending on the nature, reactiv-
ity and number of functional groups on the CE molecules, 
different properties could be obtained in the final product 
[12]. Bi-functional CEs such as di-epoxides, di-isocyanates, 
di-anhydrides or bis (oxaline)s promote linear chain exten-
sion. On the other hand, tri- or tetra-functional CEs such 
as tetra-epoxides, tetra-functional tetra-glycidyl diamino 
diphenyl methane could generate branched structures in PET 
[10]. Several studies have been conducted to investigate the 
effect of addition of CE on the final properties of PET. Few 
studies revealed that the addition of pyromellitic dianhy-
dride (PMDA) as the CE results in a significant decrease 
in hydroxyl content and an increase in intrinsic viscosity of 
r-PET [13]. The increase in PMDA content also increases 
the complex viscosity at low frequencies and improves the 
shear thinning behavior of r-PET [14, 15]. This is due to 
the increased molecular weight and increased molecular 
entanglement. Japon et al. [16] also studied the use of multi-
functional epoxy-based CE with different degrees of func-
tionality to increase the melt strength of PET. This CE with 
multi-functional epoxides induced long chain branching and 
caused improvements in both shear and elongational viscosi-
ties. Awaja et al. [13] showed that the crystallinity of chain 
extended r-PET decreased with increasing degree of branch-
ing. Other studies reported that the crystallinity depression 

occurs during chain extension due to the increase in molecu-
lar entanglement caused by high degree of branching and 
cross linking [4, 9, 17, 18]. Raffa et al. [19] illustrated that 
both di-functional and multi-functional CEs depress the 
crystallinity and crystallization rate of r-PET. On the other 
hand, Rosu et al. [20] claimed that the addition of branched 
PET to linear PET promoted the linear PET’s crystallinity. 
Li et al. [21] disclosed that at low degrees of branching the 
PET’s crystallization rate could increase as the branched 
sites could behave as nucleation points while the increase in 
branching degree suppresses the crystallization due to the 
reduced molecular regularities. This phenomena was also 
confirmed by Nofar et al. [22, 23] but on PLA samples that 
have also similar slow crystallization rate.

In recent years, another method to overcome the reduced 
properties of recycled polymers and thereby to improve the 
features of the final products is blending with other poly-
mers that have superior properties with respect to those weak 
features of the recycled polymer. Blending recycled poly-
mers with cheaper polymers but with appropriate features 
could also reduce the final cost of the products. Accord-
ing to their morphology, polymer blends can be classified 
into either miscible or immiscible. While miscible blends 
are single-phase down to the molecular level, immiscible 
polymer blends are phase separated in the microstructure. 
In immiscible polymer blends further compatibilization 
might be required to form a more stable blend with better 
phase interfacial interactions between the polymeric phases 
[24–26].

Blends of poly(butylene terephthalate) (PBT) and PET are 
commercialized thermoplastic polyester products which are 
mostly processed in injection molding to produce products 
with required heat resistance and glossy surface appearance. 
Similar to PET, PBT is a commercial aromatic thermoplastic 
polyester which is widely used in engineering applications. 
Chemical structures of PBT and PET are quite similar and 
thereby PET and PBT form stable blends without requiring 
compatibilizers due to their miscibility at the amorphous 
phase as also a single glass-transition temperature (Tg) 
appears intermediate between those of individual compo-
nents [27]. On the other hand, PBT has a very fast crystal-
lization rate due to the existence of flexible butylene groups 
within its molecular structure whereas PET possesses very 
slow crystallization kinetics which also causes the cold crys-
tallization phenomena during heating cycles or annealing. 
As a result of this difference in crystallization rates, separate 
crystalline phases could form with no evidence of co-crys-
tallization. Therefore, these blends could be immiscible in 
the crystalline state and double melting peaks with slightly 
reduced temperatures of the peaks could be observed [27]. 
Similar results on miscibility of amorphous and immiscibil-
ity of crystalline phases were confirmed by Avramova [28]. 
Since slow crystallization and poor processability of PET 
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are somewhat PET’s main drawbacks, blending with PBT 
with faster crystallization rate, better processability, and with 
good compatibility with PET could be a breakthrough to 
enhance PET’s and specially r-PET’s shortcomings [29–32]. 
Furthermore, PBT/PET blends have been developed prin-
cipally to improve processability, surface appearance, heat 
deflection temperature (HDT), impact strength and dimen-
sional stability of final products [1]. These blends also ben-
efit from the low cost of PET and the fast crystallization 
rate of PBT. The blends of PBT/PET could also be utilized 
in home appliances, electrical and automotive applications 
where high stiffness and strength, high heat and chemical 
resistance and glossy surface appearance are required [1, 
33]. It has been reported that the addition of PBT could also 
enhance the impact strength of PET [31].

Although from the DSC thermograms, several studies 
have illustrated that the blends of PBT and PET are misci-
ble, Aravinthan and Kale observed in their scanning elec-
tron micrographs that the PBT/PET blends at close blending 
ratios formed co-continuous and fibrillar immiscible mor-
phologies [34]. Szostak [31] also revealed that the addition 
of PBT into PET increased the crystallization rate and the 
degree of crystallinity of the blend while decreasing the 
crystallization temperature. Tao et al. [35] claimed that the 
presence of PBT caused better crystal nucleation in PET 
while broadening its processing temperature.

Series of patents exist in the subject of PBT/r-PET blends 
[36–38]. They showed that after series of modifications the 
performance of PBT/r-PET material prepared by different 
formulation could be equaled to that of PBT/virgin PET. 
Baxi et al. [39] investigated the thermal, mechanical and 
microstructural properties of PBT/PET blends mixed with 
r-PET. They prepared their samples by addition of 60 or 
90 wt% of r-PET into virgin PET/PBT blend either with 
composition of 40:60 or 20:80. They claimed the mechani-
cal property and crystallinity enhancements in the blend 
system of 60 wt% r-PET into 40:60 virgin PET/PBT blend 
due to crosslinking of the polymeric chains between r-PET 
and blends structure. Rahmat et al. [40] studied the effect of 
CE content on mechanical properties and viscosity of PBT/
glass-fiber reinforced r-PET composites. They used styrene-
acrylic multifunctional oligomer (Joncryl ADR-4368) as the 
CE. They observed a significant viscosity rise as well as 
melt volume rate (MVR) drop after addition of 0.5 wt% and 
0.65 wt% of CE into 50:50 PBT/glass-fiber reinforced r-PET. 
The limited dosage of CE is determined as 0.65 wt% accord-
ing to their study due to the gel formation caused by high 
level of crosslinking.

In this study, PBT blends with post-consumed r-PET (bot-
tle flakes wastes) were prepared with different compositions 
using a twin screw extruder (TSE) while CE was also incor-
porated to further improve the properties of the noted blends. 
Injection molding was then employed to prepare the testing 

samples. The melt behavior, miscibility, phase separation, 
crystallization behavior, solid viscoelastic features, and 
mechanical properties of the blends are comprehensively 
discussed in this study. More specifically, we illustrated how 
the miscibility and phase separation of PET and PBT amor-
phous and crystalline regions are dependent on the cooling 
rate of the blends, or in other word, on the cooling occurs in 
processing of the blends. It has been elucidated that the PET 
and PBT crystalline phases could be immiscible when the 
samples are quickly cooled. However, this phase immiscibil-
ity of the crystalline phases could turn to be phase miscibil-
ity and co-crystallization of PET and PBT could occur when 
the cooling rate decreases. In this context, the miscibility 
and phase separation behaviors of the crystalline phases of 
PET and PBT and their dependency on the cooling gradients 
are disclosed in this study more comprehensively.

Experimental

Materials

A commercial PBT with 17 ± 4 cm3/10 min melt volume 
rate was supplied from Sasa Polyester Inc. Co. in Adana, 
Turkey. R-PET flakes obtained from bottle wastes were 
supplied from Çevre PET Inc. Co. in Adana/Turkey. The 
properties and contamination contents of supplied r-PET 
flakes are listed in Table 1. Thermal degradation tempera-
tures and residual concentrations of bottle-grade virgin PET, 
processed r-PET were determined by using TA Instrument 
thermogravimetric analyzer (TGA Q 500). Analysis were 
carried out at a heating rate of 20 °C/min from room tem-
perature to 950 °C. The percentage of the residues at 600 °C 
were recorded in both water bottle grade prime PET and 
processed r-PET. Similar amounts of inorganic residues 
(11.2 wt% and 11.7 wt%) were observed in prime PET and 
processed r-PET, respectively, as also stated in Table 1.

Table 1  Properties and contamination contents of supplied r-PET 
flakes

Properties Unit Values

Intrinsic viscosity dL/g 0.65–0.75
Water content wt% 0.3–0.7
Flake size (D) mm 8–10
White color ratio % 75–85
Blue color ratio % 15–25
Metal content ppm 10
PVC content ppm 20
Paper and fiber content ppm 10
Adhesives content ppm 10
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A commercial CE with Joncryl ADR 4468® trade name 
was supplied from BASF. Joncryl is a multi-functional sty-
rene acrylic oligomer which includes epoxy reactive groups 
with a chemical structure which is reported elsewhere [41].

Processing and Sample Preparation

PBT pellets and r-PET flakes were dried in a vacuum oven 
at 70 °C overnight to remove moisture and avoid further 
degradation during processing. A laboratory scale TSE with 
24 mm screw diameter and 28 L/D ratio was used for pre-
paring the compounds. The temperature profile was set to 
235–245–255–260–260–255–245 °C from the feeder to the 
die with a constant screw rotation speed of 200 rpm. After 
drying, the samples were taken out from the oven immedi-
ately and processed right away to minimize the humidity 
absorption. The filament shaped extrudate were cooled in a 
water bath and then cut into pellets in a granulating unit and 
dried in the oven right away. The experiments were designed 
and conducted as follows:

(a) Various contents of CE, Joncryl, (0, 0.05, 0.25, 0.40, 
and 0.80 wt%) were, firstly, melt blended with r-PET 
flakes using the TSE to obtain chain extended r-PET. 
The PET and the CE were separately added into the 
extruder through two gravimetric hoppers at the noted 
barrel temperature profile which is appropriate for the 
CE reaction [41]. To keep the same thermal history, 
r-PET samples were also processed under similar con-
ditions. Codifications and compounding ratios of the 
noted CE loadings within r-PET flakes are summarized 
as: r-PET processed, r-PET + 0.05CE, r-PET + 0.25CE, 
r-PET + 0.40CE, and r-PET + 0.80CE, respectively.

(b) The r-PET samples were then melt blended with PBT 
via TSE. The r-PET ratios were fixed at 25, 50 and 
75 wt%. Codifications of the neat PBT/r-PET blends 
are also summarized as: 75PBT/25r-PET, 50PBT/50r-
PET, and 25PBT/75r-PET. CE was also separately melt 
mixed with similar PBT/r-PET blend ratios with fix CE 
content of 0.2 wt%. The compounding ratios and the 
codifications of these blends are also referred to as: 
75PBT/25r-PET/0.2CE, 50PBT/50r-PET/0.2CE, and 
25PBT/75r-PET/0.2CE. In blend of 50PBT/50r-PET, 
the CE content of 0.4 wt% was also explored separately 
to further understand the CE content effect.

(c) After drying the pelletized extrudate in a vacuum oven 
at 70 °C overnight, injection molding machine Arburg 
Allrounder with 25 mm screw diameter and 24 L/D 
ratio was used to prepare the standard DMA, tensile 
and impact test samples. The barrel temperature was 
set to 260–265–265–270–275 °C from the hopper to the 
nozzle. The mold was controlled at room temperature 
and injection pressure was set to 1500 bar. The r-PET 

and its chain extended samples prepared in section (a) 
could not be processed through the injection molding 
due to its poor melt features and hence the DMA and 
mechanical properties of these samples could not be 
measured.

Melt Flow Index (MFI)

Melt flow rate (MFR) values of the samples were obtained 
from MFI test according to ISO 1133 standard. The tempera-
ture and the stable weight were set to 260 °C and 2.16 kg, 
respectively. For each formulation, the weight of three speci-
mens was measured and recorded. The average value of the 
three results was then reported with g/10 min unit.

Differential Scanning Calorimetry (DSC)

The melting and cooling related thermal studies of the sam-
ples were performed using TA-Instrument DSC Q 200 under 
50 ml/min flow rate of inert nitrogen gas. Thermal analysis 
of samples was performed by heating the samples from 30 
to 300 °C followed by cooling to 30 °C and reheating to 
300 °C during a second scan. Further studies on crystalliza-
tion behavior of the samples were examined through DSC at 
different cooling rates of 2, 5, 10 and 20 °C/min followed by 
reheating to 300 °C with constant heating rate of 5 °C/min.

Dynamic Mechanical Analysis (DMA)

Temperature sweep experiments were applied to speci-
mens through dynamic mechanical analysis (DMA) by 
using TA Instrument DMA Q 800 under dry air in dual 
cantilever mode. According to ASTM D7028-7, the rectan-
gular standard test specimens’ dimensions were thickness 
of 3.18 ± 0.2 mm, width of 12.80 ± 0.2 mm and length of 
59.75 ± 0.2 mm. Heating rate was set to 2 °C/min from 30 
to 130 °C at a constant frequency of 1 Hz, 0.03% strain and 
15 µm amplitude.

Mechanical Properties

Tensile properties of dog bone shaped specimens were meas-
ured at room temperature by using a tensile testing machine, 
Zwick Z 020, according to ASTM D638 M-91a test stand-
ard. The cross-head speed was set to 50 mm/min and gauge 
length (Lo) was set to 70 mm. The average value of the five 
specimens is reported in this study.

The Izod impact strength of the standard samples was 
measured using a standard pendulum type hammer mounted 
on a machine (Zwick Roell HIT 5.5P), according to ISO 
180 standard. The dimensions of rectangular test specimens 
were 4 ± 0.2 mm, 10 ± 0.2 mm, and 80 ± 0.2 mm. Standard 
2 mm V notch was also generated in the impact samples by 
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using a manual notch cutter machine. The notched surfaced 
of the specimens faced to the pendulum in the test machine. 
The average value of ten results is reported in this study.

Results and Discussion

Melt Flow Behavior

MFR values of the samples were measured to estimate 
their melt behavior. Enhanced melt strength could result in 
decrease in MFR values. It should also be noted that the 
processing could separately reduce the melt strength via 
shear thinning and/or mechanical and thermal degradation 
of the samples and hence these could further reduce the pro-
cessability. MFR values of PBT and r-PET before and after 
processing are given in Fig. 1a. PBT showed higher melt 
strength than r-PET with lower MFR value. MFR of PBT 
increased around 14% after processing however, the MFR of 
r-PET increased over 60% after processing. Higher increase 
in MFR of r-PET after processing shows its sensitivity to 

processing due to its high potential for thermal degradation 
and hydrolysis.

Branching r-PET with various concentrations of CE 
enhanced the melt strength and decreased the MFR values 
as shown in Fig. 1b. The addition of 0.25 wt% of CE almost 
compensated the melt strength loss of r-PET after process-
ing. The lowest MFR value of 27 g/10 min was achieved by 
addition of 0.8 wt% CE into r-PET. Increase in melt strength 
of branched r-PET could associate with molecular weight 
increase due to branching during extrusion, as MFR strongly 
depends on molecular weight.

In blends of PBT/r-PET, increasing the amount of r-PET 
resulted in higher MFR values, due to the higher MFR value 
of r-PET itself (Fig. 1c). However, blending r-PET with 
PBT could still compensate the melt strength loss of r-PET 
after processing to some extent. The lowest MFR value of 
22 g/10 min was achieved in 75PBT/25r-PET blend. Com-
paring the MFR of the neat blend samples with the blends 
containing CE (Fig. 1d), it is shown that the addition of 
0.2 wt% CE decreased the MFR values of the blends in all 
blending ratios, however, this decrease was more significant 
in 50PBT/50r-PET blend. It was further observed that in 
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50PBT/50r-PET blend the increase in CE content to 0.4 wt% 
further decreased the MFR value from 22 to 14 g/10 min 
(not shown here).

Thermal and Crystallization Behavior

Branching r‑PET with CE

First heating, cooling and second heating curves of pro-
cessed PBT and processed r-PET samples are shown in 
Fig. 2. While Tg of PBT is around 58 °C, that of r-PET is 
~ 79 °C. During the first heating cycle, a cold crystalliza-
tion peak of r-PET was observed around 121 °C. The total 
crystallinity of the processed samples were calculated using 
the enthalpy required to melt 100% crystalline structure 
of PET and PBT which are 140 and 145 J/g, respectively 
[42–44]. After fast cooling subsequent to processing, the 
processed r-PET and PBT showed 11 and 35% crystallinity, 
respectively. Due to the incomplete crystallization of r-PET, 
cold crystallization was also observed at 121 °C. The crys-
tal melting temperatures of processed r-PET and PBT were 
revealed as 249 and 224 °C, respectively. During the cooling 
cycles at the slow rate of 5 °C/min, PBT revealed earlier and 
faster crystallization with total crystallinity of 39% whereas 
r-PET showed slower crystallization but as the consequence 
of slow cooling 30% crystallinity could be formed. Dur-
ing the second heating cycle, both polymers showed double 
melting peak which could be attributed to presence of crys-
tals with different perfections when slowly cooled.

In order to investigate how the cooling rate could influ-
ence the degree of perfection of the crystals and hence 
the structure of the crystal melting peaks, the samples 
were cooled at different rates and their second heating 

thermograms were compared. Figure 3 shows the crystal-
lization (initiation and peak) temperatures of processed PBT 
and r-PET during cooling cycles at different cooling rates. 
Figure 4 also illustrated how various cooling rates could 
affect the second heating thermograms of the processed 
PBT and r-PET. The first heating of the processed samples 
is also included in the graphs which passed through a very 
fast cooling, where is referred to as quenched samples.

As shown in Fig. 3, under different cooling rates, the 
difference between the crystallization initiation and peak 
temperatures is almost constant in PBT. This means that 
the cooling rate could not hinder the fast crystallization of 
PBT. However, in r-PET, as the cooling rate increases, this 
temperature difference increases due to the reduced crystal-
lization rate. In Fig. 4, it is clear that for r-PET when the 
cooling rate increases too much, the crystallization becomes 
very slow and the crystallinity decreases whereas the crys-
tallinity in PBT, even after the processing, is still very high 
(~ 35%). On the other hand, after cooling at slow rates, crys-
tallization occurred at higher temperatures which should 
have caused the formation of more closed-packed crystals. 
However, during the second heating (Fig. 4), the melting 
behavior of the slowly cooled samples appeared with a more 
obvious peak/shoulder at lower temperatures. As the cool-
ing rate increased, the low melting peak/shoulder became 
smaller and eventually rapidly cooled samples revealed sin-
gle peaks at higher temperatures. This could be due to the 
higher chance of transesterification during the slow cooling 
rates where it could cause formation of less closed-packed 
crystals although the crystallization has occured at higher 
temperatures with high molecular mobility. This phenom-
enon seems to be valid for both PBT and r-PET which could 
encounter transesterification at high temperatures.
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The crystallization behavior of the processed r-PET 
samples melt blended with CE was also explored during 
the first heating thermograms and along various cool-
ing cycles to explore the effect of branching on PET’s 
crystallization behavior. Figure 5a reveals the first heat-
ing thermograms of the r-PET samples with different CE 
contents and Fig. 5b shows the crystallization rate during 
the cold crystallization. As shown, the addition of CE up 
to 0.25 wt% expedites the crystallization of r-PET, most 
probably due to the role of branched sites as nucleation 
regions [22, 23], however beyond this value specially at 
0.8 wt% CE content the crystallization could be suppressed 

due to the reduced molecular mobility. The cooling graphs 
of the r-PET branched samples are also shown in Fig. 6. 
The addition of CE up to 0.4 wt% could expedite the crys-
tallization rate and and degree of crystallinity of r-PET. 
This, again, could have been caused by the action of 
branched molecular structures as nucleating points which 
promoted the crystallization [22, 23]. On the other hand, 
with the addition of 0.8 wt% CE (highly branched r-PET), 
both the crystallization rate and degree of crystallinity of 
PET were hindered due to the lower mobility of branched 
molecules. Moreover, the addition of CE did not affect the 
glass transition and melting temperatures at the first and 
second heating graphs.
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Binary Blends of PBT/r‑PET: Phase Miscibility

Figure 7 shows the heat/cool/heat thermal behavior of PBT/
r-PET blends under heating and cooling rates of 5 °C/min. 
During the first heat, which reflects the thermal behavior of 
the rapidly cooled processed samples, two separate melt-
ing peaks of PBT and r-PET crystals are clearly appeared 
whereas single Tg values exist. This reveals the full miscibil-
ity of both polymers in amorphous phases and immiscibility 
within the crystalline phases. During the fast cooling, PBT 
crystallizes very rapidly at higher temperatures whereas the 
crystallization of PET occurs at lower temperatures. Thereby 
two different crystallization sequences occur at different 
occasions. It is interesting to see that in the blend systems, 
the r-PET samples showed much slower cold crystalliza-
tion. This is probably because the PBT crystallites could 
enhance the PET’s crystallization rate and causes hetero-
geneous nucleation of PET crystals at lower temperatures. 
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Therefore, blending PET with PBT could improve the 
crystallization kinetics of PET where PBT crystals could 
behave as crystal nucleating agents. When the samples were 
cooled very slowly (Fig. 7b), the crystallization of the whole 
blend occurred more slowly and at lower temperatures. In 
50PBT/50r-PET samples the crystallization temperature 
reduced to almost around 160 °C. Figure 7c also reveals 
the heating thermograms of the slowly cooled samples. It is 
clear that the melting peaks are not only appeared at much 
lower temperatures but also the separate melting peaks that 
appeared in the first heating are merged and almost unified in 
a single wider peak. As Fig. 3 showed, during the slow cool-
ing rates, the crystallization of PBT and r-PET almost occur 
simultaneously. Therefore, during slow cooling rates, the 
chance of co-crystallization and maybe transesterification 
increase and hence low perfected crystals containing both 
PBT and r-PET molecules could form. Figure 8 also reveals 

the heating thermograms of the blend samples subsequent to 
various cooling rates. This could clearly be seen that when 
the cooling rate decreases the chance of co-crystallization 
with smaller and/or less perfect crystals increases. With the 
decrease in cooling rate, the melting peaks with more unified 
peak structure appeared at lower temperatures. Therefore, 
when the blends are slowly cooled the full miscibility of 
both amorphous and crystalline phases could be observed. 
Whereas fast cooling results in immiscibility of crystalline 
phases and the earlier crystallization of PBT enhances the 
crystal nucleation power of PET and hence the PET’s crys-
tallization could also be improved. As shown, the amount 
of crystallinity of the blends does not change dramatically 
with the cooling rate.

The DSC thermal behavior of PBT/r-PET blends were 
also compared with and without the presence of 0.2 wt% 
of CE. The results revealed that the thermal behavior of 
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75PBT/25r-PET and 25PBT/75r-r-PET blends does not 
change dramatically when also melt mixed with 0.2 wt% CE 
(not shown here), however in the 50PBT/50r-PET blends, 
the differences could be more evident. In order to understand 
the CE effect in the noted blend, 0.4 wt% of CE was also 
melt blended separately. Figure 9 shows the crystallization 
initiation and peak temperatures of 50PBT/50r-PET blends 
with 0, 0.2, and 0.4 wt% of CE as a function of cooling rate. 
Figure 10 also reveals how the heating thermograms sub-
sequent to various cooling cycles could look like. As also 
observed in Fig. 3, generally with the increase of cooling 
rate the crystallization tends to appear at lower tempera-
tures due to the reduced diffusion time and crystallization 
kinetics. In Fig. 9, in all blends specially in the case with-
out CE, the crystallization temperature decreased when the 
cooling rate increased from 2 to 5 °C/min. It seems that the 
co-crystallization occurs at both 2 and 5 °C/min, but due 
to the increased cooling rate the crystallization occurred 
at lower temperature when cooled at 5 °C/min. However, 
beyond 5 °C/min the crystallization tends to occur earlier 
as the co-crystallization might not tend to occur and even 
the increased cooling rate doesn’t cause crystallization at 
lower temperatures. Thereby, this increase in crystalliza-
tion temperature with increased cooling rate could be due 
to the increased chance of separate crystallization of PBT 
and r-PET at earlier temperatures with more closed packed 
structure. In other words, similar to what was shown earlier, 
the chance of crystal phase immiscibility could increase with 
cooling rate. This separate crystallization of PBT and r-PET 
was more obvious in blends with no CE. It should also be 
noted that the rate of crystallization may be considered con-
stant during all cooling rates by considering the constant 

temperature differences between crystal initiation and peak 
points. In blends with CE, these behaviors were less evident. 
In presence of CE, during slow cooling, more sever co-crys-
tallization could occur with more merged structure as the 
CE could bring the molecules of both PBT and r-PET more 
along each other to form ordered structure. During cooling 
at the rate of 2 °C/min, almost one melting peak could be 
observed with less ordered structure. This becomes more 
obvious when the CE content increased. During fast cooling, 
it seems that the separate crystallization could occur and this 
become again more evident with increased amount of CE.

Solid Viscoelastic Behavior

Storage modulus and tan delta values versus temperature 
were recorded for various blend samples and are shown in 
Fig. 11. Figure 12a also reveals the storage modulus values 
of blend samples at 30 and 80 °C. The Tg values recorded 
from the tan delta graphs are also reported in Fig. 12b. Addi-
tion of r-PET into PBT slightly decreased storage modulus at 
room temperature. This decrease was slightly more evident 
in blends with CE most probably due the existence of less 
closed packed co-crystals and miscible crystalline phase. 
All blends showed lower storage modulus at rubbery state 
and the addition of r-PET and CE into PBT decreased the 
storage modulus more significantly within this region. This 
is because beyond the Tg, the rigidity of the samples derives 
from mainly the crystalline phase. Therefore, existence of 
less close packed co-crystals could more dominantly show 
its negative effect on reduction of storage modulus. The 
increase in modulus in the rubbery region caused by the cold 
crystallization is more evident in the 20PBT/75r-PET blends 
due to existence of more PET content. The single Tg of the 
blends also increased with the increase in r-PET and further 
decreased in presence of CE which might be due to the more 
active transesterification in presence of CE. Processed PBT 
possessed the lowest tan delta with lower energy dissipation, 
while 20PBT/75r-PET blend had the highest which reflects 
the lower impact behavior with the increase in PET content.

Mechanical Properties

Young’s modulus (E) and tensile strength values of the 
blends were recorded from tensile test. Figure 13 reveals 
the mechanical properties of the blends during tensile and 
impact testing. The results showed that when r-PET is 
blended with PBT, the modulus and strength do not dif-
fer much from the processed PBT. The addition of CE also 
did not show significant effect on changing the properties 
although it significantly influenced the processing of the 
blends due to the increased melt strength. The increase in 
PET content also increased the ductility of PBT and this 
becomes more evident when CE was also melt blended 
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with PBT/r-PET. From the impact test, it is shown that the 
impact strength of the blends reduced from that of processed 
PBT and the addition of r-PET decreased impact strength of 
PBT. This could also be predicted from the tan delta values 
reported in Fig. 11b and d.

Conclusion

In this study, PBT/r-PET binary blends were developed 
at different ratios. CE with a trade name of Joncryl ADR 
4468 was also used to be melt mixed with the noted blends 
at a fix content. For this purpose, the r-PET was also melt 
blended with CE and its melt and thermal behavior were 
explored. The CE decreased the r-PET’s MFR consistently. 
The use of CE up to 0.4 wt% also increased the crystallin-
ity and crystallization rate of r-PET. At low contents, CE 

could act as nucleating agent and promote crystallization. 
On the other hand, 0.8 wt% CE hindered the crystallization 
of r-PET due to reduced chain mobility.

In the case of PBT/r-PET blends, increased amount 
of r-PET could decrease the amount of crystallinity. 
All blends either with or without CE showed single Tg. 
PBT/r-PET blends showed miscibility at amorphous state 
and immiscibility in crystalline phases. After slow cool-
ing rates, however, individual crystal melting peaks of 
PBT and r-PET in the first heating cycle turned into sin-
gle peak with some shoulders. When the samples were 
cooled slowly the chance of co-crystallization increased 
and hence PBT/r-PET blends also showed miscibility at 
crystal melting state. In other words, as the process cool-
ing increases the crystallization could occur separately 
with immiscible crystalline phase structure and when the 
cooling rate decreases co-crystals with less closed packed 
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structure and lower melting peaks could be formed as a 
miscible phase.

Addition of r-PET decreased storage modulus and impact 
behavior during the temperature sweep test. Addition of CE 
also decreased the storage modulus due to the existence of 
less perfected co-crystals within the rubbery region. CE, 
on the other hand, increased the melt strength and hence 
processability in extrusion process by branching molecules 
of r-PET and PBT/r-PET blends. The modulus and strength 
during tensile testing of the blends were pretty much similar 
to that of PBT, whereas the ductility increased with PET. On 
the other hand, the impact strength of blends was lower than 
processed PBT.
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