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A R T I C L E  I N F O   

Keywords: 
Mechanical properties 
Prediction model 
poly(ethylene terephthalate) 
Melting curve 
Cold crystallization 

A B S T R A C T   

This work aims to adopt a simple modulus prediction method for the crystalline poly(ethylene- 
terephthalate) (PET), which has strong cold-crystallization ability. Based on a single melting 
curve generated by calorimetry, crystallinity and average melting temperature can easily be 
evaluated and consequently, tensile modulus can be predicted. Nonetheless, in the case of 
polymers with cold crystallization behavior, such as PET, the melting process is affected by cold 
crystallization, impeding the simple calculation of the aforementioned important parameters. In 
this paper, the techniques to eradicate cold crystallization during calorimetry are presented. 
Accordingly, the results of a tensile modulus prediction model are presented and discussed. The 
crystallization and melting characteristics of PET were measured by differential scanning calo
rimetry (DSC). The mechanical properties of the specimens were estimated by standardized 
tensile tests. The specimens, which were used for mechanical tests were fabricated using con
ventional injection molding. The samples were annealed at different temperatures in order to 
obtain different crystalline structures. The results clearly indicate that the prediction technique is 
capable to describe the tensile modulus of PET accurately in the case of very diverse crystalline 
structures.   

1. Introduction 

The improvement of mechanical properties of semicrystalline polymeric materials has been of crucial importance in the past de
cades, since the targeted modifications of the crystalline structure is accompanied by proportional changes in properties [1]. Over the 
last couple of decades, various studies have been conducted on the correlation between crystalline structure and mechanical properties 
of semicrystalline polymers [2–7]. Several micromechanical models have been developed to demonstrate and predict the mechanical 
behavior of semicrystalline polymers [6,8–10]. These micromechanics modeling methods were used to estimate the overall elastic, 
viscoelastic, and plastic mechanical properties of polymer materials [11–15]. Based on the results of such models, it has been observed 
that the presence of the crystalline lamellae enhances the mechanical properties. Besides, it is important to mention that Pukánszky 
et al. have shown that two key structural parameters that predominantly influence the modulus are crystallinity and lamellae thickness 
Pukánszky et al. [16]. Yet, the interplay between the crystalline phase and the amorphous phase and its influence on the overall 
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mechanical behavior of the polymers is still mechanically unquantified [17]. Up till now, there is no single model that is generally valid 
for polymers that describes the intricate relationship between the microstructure parameters and mechanical properties, due to factors 
like chemistry, crystallization kinetics, and type of crystallization [18]. Different models treat the molecular architecture distinctively, 
with specific assumptions. Among the notable prediction models, there is the modified Halpin-Tsai Model [19], which includes the 
volume fractions and modulus of both the crystallites and amorphous phase. The modified Guth-Gold model employs an empirical 
equation and handles the crystalline regions as reinforcing particles embedded within the amorphous matrix [20]. There are ap
proaches that derives benefit of Voigt and Reuss models which are two complementary models where upper and lower limits of the 
composite modulus can be calculated [21,22]. The Rule of Mixtures is a simpler and more intuitive model that presumes a linear 
connection between a composite’s modulus and the volume percentages of its component phases [23]. Mori-Tanaka model is an 
expansion of the Voigt model, which considers the impact of microstructural heterogeneity [24]. Even though the aforementioned 
models and techniques have been employed during several studies, their inaccuracies and limitations hinder their widespread 
application. Some of them are effective only for specific types of semicrystalline polymers or in the case of particular microstructural 
configurations. Although these models satisfy the theoretical predictions, their accuracy lacks experimental validation. Most of the 
models require complex and time-consuming calculations and constants which are not known for most of the polymers. 

In this study, an empirical model is employed that is built on a logistic function correlating the tensile modulus with crystallinity 
and average melting temperature. To give more context, it should be mentioned that in the former versions of the model, lamella 
thickness was present in the equation [25], however since evaluation of lamella thickness is considerably challenging and 
time-consuming, it has been replaced by average melting temperature which is much easier to calculate. The average melting tem
perature, which is the weight average temperature of the melting peak is considered as a characterization of lamella thickness based on 
earlier findings where a directly proportional relationship between the two had been shown [26]. Our empirical approach itself is 
based on an earlier study as well, where Pukánszky et al. demonstrated the link between the stiffness of polypropylene with crys
tallization characteristics and showed that the key structural parameters of modulus are crystallinity and lamellar thickness [16,27]. 
The most significant advantages of our model are that all the necessary information for the prediction of modulus can be gathered from 
a simple calorimetric measurement and the equation is valid in the entire crystallinity range. Even though in our preceding works an 
exponential function had been used [25,26], later in the most recent study, it was concluded that a logistic function not only gives 
better estimations but also makes the prediction of moduli in higher crystallinity ranges more realistic and describes always the ex
pected sigmoid type correlation [28]. 
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where, Ea and Ec are the tensile moduli for completely amorphous and perfectly crystalline polymer, respectively. X is the crystallinity, 
Tav is the average melting temperature, T0

m is the equilibrium melting temperature, and α, β, γ are iterative empirical constants. The 
iterative constants have been generated during previous studies for iPP, PA6 and PLA [26,29]. 

PET has excellent physical and chemical properties, specifically, favorable mechanical performance and thermal resistance as well. 
These qualities make it to be one of the most demanded and broadly used semi-crystalline thermoplastic polyesters with applications in 
the fields of beverage bottles, packaging, textiles. There have been wide investigations on crystallization kinetics and the effect of 
crystallization on tensile properties of PET [30–33]. Yet, not many studies have been reported that examine the kinetics and mech
anisms of cold crystallization and scarcely any study has been seen by the present authors that investigates the effect of cold crys
tallization kinetics on the prediction of mechanical properties. Therefore, considering all these, selecting PET as material for our 
modulus prediction study is not a coincidence. PET is one of the polymers which can undergo cold crystallization. Due to cold crys
tallization process, an exothermic peak appears often through the heating scan of a calorimetric measurement of PET. When the 
heating rate is slow, e.g. 10 K min− 1, there is sufficient time for the rearrangement of amorphous regions into a crystalline phase, which 
appears as a cold crystallization peak. According to the literature, crystallinity and molecular orientation influence the modulus of PET 
[18]. Due to the fact that it has a comparably slow crystallization rate and strain-sensitive characteristics, PET can be engineered to 
have a distinctive microstructure, which in turn leads to distinctive properties. Consequently, linking the mechanical behavior of PET 
with microstructure would be beneficial in the efficient designing of the manufacturing processes. Based on a study by Lyons, the 
theoretical modulus of PET was predicted at 146 GPa along the molecular axis, predicated on bond stretching [34]. However, the 
maximum value of modulus claimed for PET was an order of magnitude lower than the reported theoretical value, being 15.5 GPa for 
crystalline-oriented fibers [35]. 

The present study expands the application of our modulus prediction model to another semicrystalline polymer – poly(ethylene 
terephthalate) (PET). The main goal is to eliminate cold crystallization of PET at high heating rates to be able to successfully evaluate 
the average melting temperature and crystallinity based on the calorimetric curves and subsequently estimate the tensile modulus. 

2. Materials and sample preparation 

Two different commercial grades of PET were used during the modulus prediction study. One of them was NEOPET 80 copolyester 
grade supplied by Neo Group (intrinsic viscosity = 0.80 ± 0.02 dl/g, 100% PET composition), which was used for the development of 
the model, and the other was Arnite D00 301 PET granules by DSM Engineering Materials (intrinsic viscosity = 0.62 ± 0.01 dl/g), used 
for the verification. 
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Standard dumbbell shaped test specimens (ISO 527–1:2019) were produced by using DEMAG IntElect 560/330-100 type electronic 
injection molding machine. ISO 527 bars are preferred to repress the influence of the oriented skin, as within this type of specimens, 
mechanical characteristics are governed mostly by the core structure [28]. The temperature profile of injection molding process was 
265–270–275– 280 ◦C and mold temperature was 80 ◦C. Injection pressure was set to 1800 bar with holding pressure of 400 bar. 
Holding and cooling times were both 25 s. Important to mention that the compounded materials were dried at 433 K for 4 h in an oven 
to eliminate the moisture content before injection molding. Once the specimens were fabricated they were set aside for a week in order 
to carefully eliminate post-crystallization effects since physical aging can alter the modulus during the first days following the pro
cessing [29]. Both types of the dumbbell shaped specimens were annealed at several temperatures to get different crystalline structures 
in a wide crystallinity range. The annealing temperatures were 353 K, 383 K, 443 K, 483 K, 503 K and 523 K. For the calorimetric tests, 
small samples were taken by cutting from the core part of the dumbbell specimens. Hermetically sealed aluminum crucibles were 
utilized as sample holder and the mass of the cut pieces were 3–5 mg. Nevertheless, in case of the fast scan DSC measurements the 
sample mass was kept between 0.5 and 1 mg. 

3. Characterization and measurements 

Tensile modulus evaluations were performed by employing Instron 5566 type tensile testing machine (Instron, Germany) based on 
ISO 527–1:2019 standards. Gauge length was 115 mm and crosshead speed 0.5 mm/min. Modulus values were measured below 0.3% 
deformation range. 

Melting and crystallization characteristics were investigated by a PerkinElmer Diamond DSC apparatus. As purge gas, high-purity 
N2 atmosphere (20 mL min-1) was applied. The calorimeter was calibrated by high purity gallium, indium, and lead standard reference 
materials. DSC measurements were performed at different heating rates, starting from 10 K min− 1 up to 500 K min− 1. In case of slow 
heating rate measurements, a single heating run from 303 to 583 K was carried out whereas in case of fast scanning rates, the samples 
were heated up to 673 K, considering the shift in melting peak. 

There are two important values to be calculated in Eq. (1) for the prediction of modulus. These quantities can be evaluated solely 
based on a single calorimetric measurement. One of these parameters is crystallinity. Once the melting curve is generated, the cor
responding crystallinity value can be obtained by the ratio of experimentally obtained enthalpy of fusion based on the melting curve to 
equilibrium enthalpy of fusion. In this work, the value for equilibrium enthalpy of fusion (ΔH0

m) of PET was taken from literature, which 
was 140 J g− 1 [36]. The other parameter to be evaluated from the melting curve is average melting temperature. The average melting 
temperature was obtained by following the same protocol as in earlier papers [26,28,29]. 

Tav =

∫
Q̇ TdT
∫

Q̇ dT
(2) 

Based on Eq. (2), the recorded heat flow curve was multiplied by temperature and the area under the resulting curve was calculated. 
Then the obtained value was divided by the area under the simple heat flow curve. 

The stiffness of perfectly crystalline polymer was evaluated theoretically by measuring the propagation velocity of longitudinal 
sound waves in the specimens. The group velocity of longitudinal sound waves was measured in the annealed polymer samples using a 
VN Instrument SIA-7 NCA 1000-2E type ultrasonic equipment with air coupling transducers of 3.8 cm diameter and in 0.9 MHz–0.4 
MHz broadband in transmission mode. 

4. Results and discussion 

As in earlier works, for the theoretical estimation of the modulus of perfect crystalline phase (Ec), the group velocity of longitudinal 
sound waves was calculated by applying a theoretical approach developed by van Krevelen [37]. For that, first, the velocity of the 
sound waves was computed based on the time of flight between first transmission and first reflection based on Eq. (3). 

uL =
2d

TOF
(3)  

Where u L is the group velocity of the longitudinal sound wave, d is the thickness of the specimen and TOF is the time of flight between 
transmission and reflection. 

The propagation rate of the waves depends on the crystallinity and experimental data was extrapolated to a 100% crystalline 
polymer as illustrated in the Fig. 1. To estimate Ec, the square of extrapolated velocity value was multiplied by the crystallite unit-cell 
density of PET (which is 1.455 g cm− 3) as given Eq. (4). The obtained Ec was 11.57 GPa. The tensile modulus of the amorphous PET was 
measured by a simple mechanical test on completely amorphous specimens, which was Ea = 2.45 GPa. 

Ec = u2
Lρcr (4)  

Where u L is the group velocity of the longitudinal sound wave, ρcr is the density of crystalline phase. 
Throughout DSC experiments, we needed to evaluate only the first heating run, since the crystalline structure in that run is close to 

that of in the mechanical tests. During the heating scan of PET in calorimetric analysis a cold crystallization peak emerges, originating 
from the crystallization of the amorphous regions. The cold crystallization process hinders the precise assessment of the calorimetric 
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curves, as it is not possible to evaluate crystallinity from the enthalpy of fusion. If enthalpy of cold crystallization is subtracted from 
enthalpy of melting, crystallinity prior to cold crystallization can be obtained, as described in Eq. (5). However, this method is not safe 
since in this case average melting temperature value cannot be evaluated due to the fact that cold crystallization alters the crystalline 
structure of the specimen and consequently its melting characteristics too. Thus, in order to evade this issue, melting curves were 
generated by applying higher heating rates which lead to elimination of cold crystallization. Also, influence of increasing the heating 
rate on cold crystallization behavior was examined. 

X =
ΔHm − ΔHcc

ΔH0
m

(5)  

Where ΔHm and ΔHcc corresponds to enthalpy of fusion and cold crystallization, respectively, and ΔH0
m is equilibrium enthalpy of 

fusion, value of which is taken from literature [36]. (ΔH0
m = 140 J g− 1). 

Based on the demonstrated relationship between the heat of cold crystallization and different heating rates, it is obvious that 
enthalpy of cold crystallization follows a downward trend as the heating rate increases. Fig. 2 suggests that decrease in ΔHcc continues 
till certain rate, which is 350 K min− 1, and above this value ΔHcc remains constant at values close to zero. Basically, it can be deduced 
that at heating rates starting from 350 K min− 1, the cold crystallization seems to be eliminated. 

As a solution to the previously mentioned issue, crystallinity and average melting temperature were calculated based on melting 
curves recorded at heating rate of 350 K min− 1, as there was no pronounced cold crystallization. Also, even though in this heating 
range, enthalpy of fusion values showed no considerable variation for the heating rate, it is still recommended to consider the possible 
effect of heating rate in case of using a new instrument. Because this value can be dependent on the implemented instrument [28]. 

Additionally, the influence of heating rate on average melting temperature was also analyzed. First, we eliminated the cold 
crystallization which impedes the evaluation of the curves, by annealing the specimens to study the effect of heating rate without cold 
crystallization process reliably. Needless to mention that throughout the annealing process samples undergo crystallization. In other 
words, later during the fast heating rate scans of DSC, no cold crystallization appears. Thus we annealed the samples at high tem
peratures like 503 K and 523 K and examined the impact of heating rate in a wide heating range. The dependence of average melting 
temperature on the selected heating rate is demonstrated in Fig. 3. According to the results, it is visible that there is a linear depen
dence; with an increment in heating rate, the average melting temperature increases as well. 

It is also worth mentioning that in the case of samples that were heat treated at a higher temperature (at 523 K for example), the 
corresponding average melting temperature values were also higher at any heating rates respectively. The almost identical slopes 
indicate the fact that the correlation between the average melting temperature and the heating rate is affected only by the selected DSC 
instrument. Therefore, we have to highlight that this prediction method for samples with cold crystallization ability is reproducible for 
others only if they check once the dependency of Tav on the heating rate, by using their instrument. 

If there is no heat treatment, meaning that the samples undergo cold crystallization during the first heating run, then evaluated 
average melting temperatures will not be fitted on a simple straight line like in the case of annealed samples shown in Fig. 3. The 
explanation is that at lower heating rates samples cold crystallize and the corresponding average melting temperatures appear to be 
higher than the ones with no pronounced cold crystallization (Fig. 4). The crystalline phase formed during the cold crystallization has 
larger structural stability than the crystalline phase formed during the dynamic cooling before the investigation of the sample. 
Therefore, the melting peak shifts to the higher temperature range. 

Obviously, in this scenario, average melting temperatures are influenced by the selected heating rate in a linear fashion. Due to the 
fact that as we approach higher heating rates the cold crystallization ability is suppressed and this has effect on the average melting 
temperature. Therefore, the slopes of lines are not the same, unlike in the case of Fig. 3. Once we reach very high heating rates (in our 

Fig. 1. Group velocity of longitudinal sound waves as a function of crystallinity.  
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Fig. 2. ΔHcc as a function of heating rate.  

Fig. 3. Heating rate dependency of Tav for samples annealed at high temperatures.  

Fig. 4. Heating rate dependency of Tav for samples without heat treatment.  
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case 350 K min− 1 and above), the cold crystallization disappears. The slope of the fitted lines is always around 0.061, thus we can 
clearly state that the shift of melting point as a function of heating rate depends only on the heating rate and on the instrument. It 
should be mentioned that the slope of the lines fitted to samples with cold crystallization is exactly the same compared to the high 
heating rate range and to the Tav values of the annealed samples. 

In order to obtain the average melting temperature values for samples with pronounced cold crystallization ability, first it was 
needed to carry out the DSC measurements at 350 K min− 1 and calculate the corresponding Tav values, and subsequently interpolate 
those Tav values to the standard 10 K min− 1 of heating rate by using slope value of 0.061, which was evaluated in Figs. 3 and 4. 
Moreover, it should be emphasized that the slope is instrument dependent value and for different equipment it is required to determine 
it experimentally before the prediction procedure. 

The average melting temperature values, which were obtained by interpolation to 10 K min− 1 heating rate should be plotted as a 
function of crystallinity. The results are presented in Fig. 5. It is well discernible that the crystallinity is proportional to lamellar 
thickness and the strong correlation makes it possible to describe the Tav values by crystallinity. We have to point out that this cor
relation does not exist always. It exists here since all the points are recorded using the same PET polymer, in which only the annealing 
conditions were different. Earlier experiences clearly demonstrated that Tav (lamellar thickness) and crystallinity are two independent 
variables and they have to be determined always experimentally during the application of the prediction model. An exponential 
equation was applied for description of the Tav – X correlation: 

Tav= Tav,0 + Ae
(x− x0)

t (6) 

The variables of A, x0, and t are iterative parameters which have no physical meaning. It should be mentioned that Tav equals to the 
equilibrium melting temperature which is 568K according to literature [38] in a perfect crystal (at X = 1). After fitting the exponential 
function to the Tav – X data, the iterative parameters were found to be: A = 0.0922, x0 = 0.59, t = 0.24. Fitting accuracy (coefficient of 
determination) is 0.99, which suggests a good correlation. 

As demonstrated in Fig. 5, average melting temperature of annealed samples (no cold crystallization behavior) recorded at standard 
heating rate (10 K min− 1) were also added to the figure for comparison. These points are reasonably consistent with ones that were 
recorded at 350 K min− 1and interpolated to 10 K min− 1. It can be deduced that if the samples don’t cold crystallize then it is possible to 
test them at 10 K min− 1. Otherwise it is necessary to run the DSC at high heating rates to eliminate the cold crystallization and allow the 
Tav evaluations. 

The generated equation was plugged into the logistic model equation (Eq. 1) and thus Tav values were replaced, leaving the 
crystallinity as the only independent variable in the function. By doing so, it is possible to build a figure where tensile modulus is 
expressed as a function of crystallinity. Additionally, the iterative constants were estimated by fitting the model equation to tensile 
modulus – crystallinity data in the entire crystallinity range. 

Observing the fitting results and considering the R2 value in Fig. 6, it can be stated that the model equation demonstrates the 
modulus–crystallinity relationship effectively. Reading the figure, it is obvious that higher crystallinity leads to higher modulus. Even 
though the fitting precision is very good, there is an ambiguity regarding the high crystallinity region since there are no experimental 
points obtained. However, at the same time, from a practical point of view, the issue was inevitable, as reaching high crystallinity 
above 60 percent wasn’t a possibility. Thus, using the correlation between the modulus of perfectly crystalline polymer, Ec and velocity 
of sound waves, uL (see Eq. (4)), the modulus values at very high crystallinity region (97–100%) were theoretically obtained by 
extrapolating the experimental data. 

After reaching a good fit of Eq. (1) on the experimental data, the iterative parameters (α, β, and γ) were estimated. In Table 1, the 
iterative constants and thermodynamic parameters are summarized including the present study of PET and a previous study where the 

Fig. 5. Average melting temperature as a function of crystallinity.  
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prediction model was applied to iPP [28]. We have to note that PP and PA6 do not have an affinity for cold crystallization, thus, fast 
scanning method is not necessary in their case and modulus prediction can be performed using the standard heating curve registered at 
10 K min− 1 of heating rate. 

Samples were prepared and tested from another grade of PET (Arnite D00 301 PET granules by DSM Engineering Materials) to 
check the reliability of the evaluations and results. For the verification material too, the same procedure was followed: specimens were 
tested by calorimetry at heating rate of 350 K min− 1 to eliminate the cold crystallization effect and average melting temperature and 
crystallinity were calculated from the curves, then Tav values were interpolated to 10 K min− 1. In the case of annealed samples where 
cold crystallization was no longer present, the melting curves were measured at 10 K min− 1 of heating rate to test the reliability of our 
prediction method. Tav and crystallinity values were evaluated as it was described earlier and the modulus values were calculated using 
the model equation (Eq. 1). Also the modulus values were experimentally determined by tensile testing machine for further com
parison with the predicted values. The correlation between the predicted and calculated values is presented in Fig. 7, including data 
from earlier studies on different polymers [26,28,29]. 

Based on the results shown in Fig. 7, it can be confidently stated that the results of the prediction model are reasonably good. The 
deviations are below 10 % which is in the acceptable region. The good agreement between experimentally determined and model- 
based evaluations proves the reliability of the technique. The model was already extended to polymers which tend to cold crystal
lize (the case of PLA) [29]. 

5. Conclusions 

Estimation of the tensile modulus from a simple DSC run of PET with cold crystallization behavior was successfully achieved by 
applying the model equation. High heating rates (350 K min− 1) were applied and cold crystallization was eliminated. Average melting 
temperature and crystallinity values were obtained from the calorimetric curves. Subsequently, the evaluated average melting tem
peratures were interpolated to slow standard heating rate before calculating the moduli by model equation. Moreover, the modulus of 
completely crystalline PET was theoretically evaluated by using velocity of longitudinal sound waves in the material. The iterative 
constants required for model equation were estimated and then verified by using another grade of PET. Samples were annealed at 
several temperatures to attain different crystalline structures in a wide crystallinity range. Also, it was proved that the prediction 
method works well on PET samples which do not have cold crystallization (annealed or previously crystallized) without application of 
instrument dependent fast heating rates. Reasonably good agreement was found between experimental and predicted modulus values. 
The results prove that the model can possibly be applied to polymers that undergo cold crystallization. 
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