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Abstract. Radiation heat transfer is the most common method used in thermoforming processes of thermoplastic 
polymers due to their poor thermal conductivity. Considering the fact that the thermo-optical characteristics of polymers 
play a major role in the efficiency of radiative heat transfer in bulk polymers, microstructure of semi-crystalline 
thermoplastics is one of the key factors to understand this heat transfer phenomenon in depth. In this study, a relation 
between the microcrystalline structure of polyolefin (PO) and its effect on the thermo-optical properties was 
experimentally analyzed. Information on the microcrystalline structure of the samples was obtained by determining the 
degree of crystallinity (Xc) thanks to Differential Scanning Calorimetry (DSC). Using Fourier Transform Infrared (FT-
IR) spectroscopy and integrating sphere, optical characteristics of the PO samples were analyzed considering two 
spectrums that are in near-infrared (NIR) and middle-infrared (MIR) spectral regions respectively. The analyses showed 
that the degree of crystallinity has a great effect on the thermo-optical characteristics of the PO – particularly considering 
transmission – in NIR range. Such a coupled effect can be functionalized and adopted to develop an advanced radiative 
heat transfer model that may be used for addressing various problems on infrared (IR) heating of heterogeneous 
materials, particularly semi-crystalline thermoplastics. In the last part of the paper, a theoretical approach for 
consideration of the heterogeneity of semi-crystalline thermoplastics in a radiative heat transfer model was highlighted. 

1 INTRODUCTION 

The major advantage of IR radiation heating is that a portion of the radiative energy penetrates directly into the 
bulk of thermoplastic polymer where high heat flux densities can be used to decrease the heating time without 
causing thermal damage to the polymer surface [1]. Polymer structures used in thermoforming processes are heated 
prior to forming stage. The temperature profile at the end of the heating stage has therefore a great effect on 
viscoelastic properties and thus on the mechanical behavior of polymers during forming. As a consequence, it is 
crucially important to have an extensive knowledge of the temperature distribution throughout the bulk volume of 
polymer. A numerical radiative heat transfer model may be helpful either to predict the temperature distribution 
accurately or to optimize the heating conditions such as reducing the heating time and the input of energy. However, 
physical background of the radiation heat transfer into the bulk polymer needs to be understood in detail in order to 
develop an advanced thermal model that can address various problems in the radiation heating of thermoplastics. 

 
In the last decade, several authors developed such a radiative thermal model and applied it successfully to 

various thermoplastic polymers for which the temperature distribution of the preforms heated by infrared heating 
was predicted closely [2]–[6]. Most of the radiative heat transfer models used in those studies adopted the Beer-
Lambert law, assuming a homogenous and non-scattering medium for bulk material so that the radiation attenuation 
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through a medium was only the function of absorption. Neglecting the scattering behavior may be valid for 
amorphous or semi-crystalline thermoplastics with a low degree of crystallinity. However, it may be an ill-defined 
assumption for the radiation heating of bulk materials with heterogeneous medium. In recent years, several efforts 
have been made in relation to radiation heat transfer considering the heterogeneity of heated medium. In some 
studies, the heterogeneous medium of thermoplastic composites has been taken into account for laser transmission 
welding (LTW) and automated tape placement (ATP) processes [7]–[9]. A similar approach can also be adopted for 
the infrared heating of bulk semi-crystalline thermoplastic polymers where both absorption and scattering factors are 
considered for the calculation of radiative source term inside of the bulk volume. 

 
In our study, the effect of the microcrystalline structure on thermo-optical properties of PO was studied. As a 

first step, the degrees of crystallinity of the PO samples were determined using DSC under different cooling rates. 
Plate-like thin PO samples were prepared and cooled down under two different cooling conditions so that two 
groups of samples with different degrees of crystallinity were introduced. The effect of microcrystalline structure on 
the thermo-optical characteristics of PO was analyzed by comparing the optical properties of the samples obtained 
via FT-IR and integrating sphere. The analyses revealed a strong coupling between crystallinity and the thermo-
optical properties of PO, especially in the range of NIR. Thanks to these analyses, a relation between the 
microcrystalline structure and the thermo-optical properties was highlighted. By extending the analyses, a relation 
can be functionalized and adopted for developing an advanced radiative heat transfer model that can take into 
account both absorption and scattering behaviors. This point is briefly discussed in the last section of the paper. 

2 EXPERIMENTAL 

2.1 Degree of Crystallization Measurements 

The determination of the degree of crystallinity – Xc (%) – was performed utilizing a DSC device (Perkin Elmer 
DSC 850). For the DSC analyses, aluminum DSC pans were prepared with the polymer pellets. 5 mg was the 
average mass chosen for the analyses. At the very beginning of each test, the samples were heated up to a 
temperature well above the melting temperature and held 5 min at this temperature in order to delete the previous 
thermal history of the material (e.g. processing conditions, degree of crystallinity, service temperature, etc.). 
Afterwards, the samples were cooled down at different cooling rates (1 to 100°C/min) and the Xc (%) values 
corresponding to each adopted cooling rate were calculated on the melting curves performed systematically at 
10°C/min. Apart from obtaining information on degree of crystallinity at different cooling rates, the crystallization 
(Tc) and  melting temperature (Tm) of the polymer were also determined thanks to the DSC analyses. 
 

For the determination of the degree of crystallinity, the enthalpy of crystallization was calculated by integrating 
the melting peak (ΔHc) on DSC curves. The degree of crystallinity for each cooling rate was then determined thanks 
to Equation 1: 
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Enthalpy of the polymer that has 100% degree of crystallization (ΔH

o
c) was chosen from literature. 

  2.2 Optical characterization 

In order to analyze the effect of the degree of crystallinity on the thermo-optical properties of the polymer, a 
method different from using pellets – as utilized in the DSC analyses – was followed. This step was employed since 
it was necessary to obtain void-free specimens for an accurate optical characterization. For the purpose of 
fabricating void-free samples, 2.2 mm thick plate-like thin samples were prepared using injection molding. Then, 
these samples that will be used in optical characterization tests were squeezed under the adopted temperature well 
above the Tm to reduce their thickness. Under the same compression level and temperature, samples with the same 
thickness (0.5 mm) were prepared and grouped based on two different cooling rates for the purpose of introducing 
different degrees of crystallinity amongst the samples. The samples in two different groups were cooled down under 
quenching in water and still air conditions respectively. Therefore, two groups of samples with quite different 
degrees of crystallinity, but geometrically identical, were prepared. Thanks to this step, the difference in the 
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measurement of transmission, reflection and absorption factors of both samples group could be related to the degree 
of crystallinity, but not to the sample thickness. 

 
The optical characteristics of the samples were determined over the range of NIR (0.8-2 ) and MIR (2-2 . 

Transmission factor (T ) of the PO samples with different degrees of crystallinity was determined employing FT-IR 
spectrometer (Bruker Vertex 70) where also their reflection factor (R ) was determined via mounting the integrating 
sphere as an external device on the spectrometer. The physical meanings of T  and R  are the ratio of the total 
amount of transmitted (Φ t) and reflected (Φ r) radiative flux over incident flux (Φ i) respectively [10] as also stated 
in Equation 2. The incident flux (Φ t) is the initial excited photon flux sent by the spectrometer.  

i

t

T     and     
i

r

R                                                                        (2) 

3 RESULTS AND DISCUSSION  

The DSC analyses were done performing consecutive heating and cooling scans. Except from the initial heating 
run that was done to delete the thermal history of the each sample, all the heating and cooling runs were recorded 
throughout the analyses. Figure 1 illustrates one of the heating/cooling scan of the DSC analyses that can represent 
all the other scans during the analyses. In the figure, the two curves with upward and downward peaks represent the 
heating and cooling runs respectively. As it is seen in the figure, the upward peak – which is an endothermic 
reaction – provides information on the melting point of the sample. The melting temperature (Tm) of the sample was 
determined around 130°C. In addition, the melting enthalpy of each scan was calculated based on the integrated area 
of this peak, and the degree of crystallinity of each scan that is function of the corresponding cooling rate was 
determined. As a different cooling rate was applied during each scan, the heating run of each subsequent scan 
showed a slight difference compared to the previous one, as a consequence of the different degree of crystallinity. 
Similarly, the downward peak – an exothermic reaction – provides information on the crystallization temperature 
(Tc) during each cooling run and (Tc) was estimated around 115°C. 

  
FIGURE 1. Typical heating /cooling scan obtained during the DSC analyses of polyolefin samples at cooling rate of 20°C/min 

 
The DSC analyses confirmed that the polyolefin-based thermoplastic used in this study shows a degree of 

crystallinity higher than 60% considering the cooling rate between 1 and 100°C/min and these results are in good 
agreement with literature [11]. Figure 2 shows the relation between the adopted cooling rate and the determined 
degree of crystallinity of the pellets in the DSC analyses. 
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FIGURE 2. Relation between the adopted cooling rate and the determined degree of crystallinity of the PO samples. 

 
As aforementioned, two groups of plate-like samples were prepared using two different cooling methods for the 

analyses of the optical characteristics. Utilizing DSC, the degree of crystallinity was obtained for the plate-like thin 
samples. The samples quenched in water and cooled down in still air showed a crystallinity of 58% and 63% 
respectively. 
 

Transmission behavior of the samples from both groups was measured using FT-IR spectrometer. Figure 3 (a) 
and (b) illustrate the transmission factor of different samples over the spectral ranges of 0.8-  and 2-25μm, 
which are in the NIR and MIR regions respectively [12], [13]. The peak wavelength of emission ( max) of a typical 
IR heater is in the spectral range around 1-1.2μm, that varies regarding to IR set temperature at which 96% of the 
emission occurs between 0.5 max and 5 max. As it is seen in Figure 3 (a), even an increase of 5% of the degree of 
crystallinity causes a decrease of nearly 50% of the transmission factor in the infrared spectral range around 1μm 
that is close to the maximum emission wavelength of a typical IR heater. Conversely, the same trend was not seen in 
the MIR range, where only a slight difference of 3-5% was observed between the samples in the spectral range of 7-
15μm (Figure 3(b)). It is clearly evident that a slight variation in the degree of crystallinity of the samples has great 
effect on its thermo-optical characteristics in a specific spectrum in the NIR range. This may be explained by the 
relation between wavelength of transmitted light and scatterer in the medium represented by spherulite or lamellae 
size in the microcrystalline structure of the PO samples. Therefore it can not be neglected in case of building a 
thermal model for IR heating assisted thermoforming processes of the used polyolefin-based material.  

 
(a) (b) 

FIGURE 3. Transmission factor of the samples with different degrees of crystallinity in the range of NIR (a) and MIR (b). 
 
The measurements on the reflection factor using integrating sphere showed that an inverse trend regarding the 

transmission behavior. As illustrated in Figure 4, the higher the degree of crystallinity, the higher the reflection 
factor in NIR range (a) whereas no effect was observed in the MIR range (b). The reflection factors of both the 
samples show a decreasing trend with an increase in wavelength over the NIR range. The difference between the 
reflection factors of the two samples is around 3% in the NIR range.  
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(a) (b) 

FIGURE 4. Reflection factor of the samples with different degrees of crystallinity in the range of NIR (a) and MIR (b). 
 

The measurement of the reflection factor may only be related to the reflected flux of the sample surface but not 
to the opacity of the samples. As illustrated in Figure 3, the transmission factor of the sample with high degree of 
crystallinity (cooled down slowly) has a much lower transmission factor. The absorption characteristics combined 
with the transmission and reflection may provide an extended insight into opacity of the samples. Under the law of 
energy conservation, it can be formulated that the incident radiative flux (Φ i) equals to the sum of transmitted (Φ t), 
reflected (Φ r) and absorbed (Φ a) radiative flux. It should be noted that the attenuated radiation intensity in the 
medium was calculated based on Beer-Lambert law under an assumption of homogenous non-scattering cold 
medium. Under these assumptions, the relation between the attenuation of the radiative flux at a depth of ‘z’ through 

the thickness of the samples can be formulated as spectral intensity of radiative flux (IΔ  (z)) stated in Equation 3: 
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Δ  (T) is the absorption coefficient integrated over the spectral range (Δ ) for a given temperature (T). In the 
current study, the incident emitted flux was calculated for an emitter at a temperature of 2400K in the range [0.64-
6μm] at which max was determined as 1.2μm. At the adopted temperature, two different integrated absorption 
coefficients were calculated for the two different transmission behaviors obtained through the optical tests. The 
cumulative absorbed flux through the thickness of two groups of samples was illustrated in Figure 5. As seen in the 
figure, due to the two different absorptions, the higher degree of crystallinity causes to attenuate all the incident flux 
in a depth around 0.25mm whereas the full attenuation is around 3mm for the samples with lower crystallinity. This 
can be explained by the prolonged optical path of the radiation passing through the medium due to scattering [14] 
and cause to increase absorption in an equivalent depth, as also reported in [15].  

 
FIGURE 5. Cumulative absorbed flux through the thickness of the samples with a different degree of crystallinity. 
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Therefore, Equation 3 with the assumption of a homogenous medium may not be sufficient to model the 

radiative heating of semi-crystalline thermoplastics with a high degree of crystallinity, as the scattering behavior is 
neglected. In order to model accurately the radiative heating stage of such a polymer, both the scattering and 
absorption effects have to be taken into account. Radiative Transfer Equation (RTE), as being a theoretical backbone 
of radiative heat transfer problems, may solve such a coupled effect. By adopting the integrated form of radiative 
transfer equation (RTE) [16]: 
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Advanced factors in radiative transfer along the direction of S and solid angle (Ω) that are integrated over the 

optical thickness from 0
*  to τλ =τλ (S) can be taken into account for a numerical model. The term *  is a 

dummy optical variable of integration along the S direction. In Equation 4, the first term is similar to the Beer-
Lambert law as expressed in Equation 3 that represents an attenuated initial intensity that reaches at optical depth τ . 
The second term is the intensity at τ  caused by emission and incoming scattering in medium. The sum of absorption 
( ) and scattering coefficient (D ) is defined as an extinction coefficient (β ) at which the optical depth is function 
of both scattering and absorption effects. In addition, the source function ( I (τ ,Ω)) represents the part of an 
increase in intensity by absorption and in-scattering that is also function of single scattering albedo (w ) and optical 
thickness. The single scattering albedo is assumed if the photon is scattered only once along its original incident 
direction. The single scattering albedo, as being a ratio of scattering to extinction coefficient, and its relation to the 
source function can be stated with the formula at below [16]: 
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where 

bI  and are blackbody intensity and phase function respectively. Considering the optically 
heterogeneous nature of semi-crystalline thermoplastics, the micro-crystalline structure of a studied material and its 
effect on thermo-optical properties may be functionalized and W  can have a value between 0 and 1 regarding the 
scattering and absorption characteristics of a heated medium. 

4 CONCLUSIONS  

In the current study, the effect of the microcrystalline structure on the thermo-optical properties of polyolefin 
was experimentally analyzed. The analyses demonstrated that the effect of degree of crystallinity on the 
transmission was significant considering the range of NIR, whereas a slight effect was observed in the MIR range. 
Even an increase of 5% of the degree of crystallinity caused a decrease of nearly 50% of the transmission factor in 
the infrared spectral range around 1μm. Considering IR heating assisted thermoforming processes, it is crucial to 
take into account this coupled effect as the maximum emission wavelength of a typical IR heater is close to this 
spectral range. In addition, the crystallinity does not only affect the transmission through the material but also causes 
a change in the reflection as it was also determined that a slight change in crystallinity is somewhat effective on the 
reflection factor in NIR range. As the change in the crystallinity degree has much greater impact in the NIR range 
than the MIR range, the relation between the wavelength of the transmitted light and the spherulite or lamellae size 
in the micro-crystalline structure may have a key role to change the scattering behavior and therefore the thermo-
optical parameters. It may therefore be concluded that the change in the thermo-optical characteristics of the PO 
samples may not be only addressed by the crystallinity itself but also its micro-crystalline morphology characterized 
by spherulite and lamellae structures.  

 
These findings clearly show that the microstructure and thermo-optical properties of highly crystalline 

thermoplastics are needed to be coupled in order to develop an advanced IR heating numerical model. In this study, 
the strong coupling between the crystallinity and thermo-optical properties of the examined polyolefin, and a 
preliminary approach for developing a numerical model assuming a heterogeneous medium was highlighted. In our 
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future work, this coupled relation will be studied further and a constitutive model will be established based on the 
physical background of the scattering and absorption behaviors that are strongly related to the microcrystalline 
morphology of semi-crystalline thermoplastics. In addition, as microcrystalline morphology of thermoplastics may 
change under heating process, temperature dependent morphology and its effect on the thermo-optical properties 
will be considered. Therefore, in the next work, heterogeneous and scattering medium conditions that may be a 
function of both the microcrystalline morphology and temperature will be taken into account for developing an 
advanced radiation heat transfer model.  
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