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Abstract

Using terahertz time-domain spectroscopy (THz-TDS), we monitor the isothermal
crystallization kinetics of amorphous polyethylene terephthalate (PET-A). PET-A
was tempered at different temperatures and for a varied amount of time to induce a
isothermal crystallization. Afterwards the THz spectra were recorded and analyzed.
An adapted Avrami equation was used to analyze the spectral data to monitor the
isothermal crystallization. It was found that the adapted Avrami theory is a good
approach to describe the kinetics of isothermal crystallization and allows to deter-
mine kinetic parameters as with classical technologies. Therefore, we conclude that
THz-TDS offers a non-destructive method to characterize the kinetics of isothermal
crystallization in polymers.
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1 Introduction

Terahertz technology has found a wide variety of different applications in recent
years. The availability of reliable sources and detectors opened the frequency range
for applications in the field of telecommunication and data transfer [1-3]. Due to its
non-ionizing character it also proofed useful for the bio-chemical analysis of amino-
acids [4] and DNA [5]. Since many materials show characteristic fingerprints in this
frequency region, the technology is very well suited for the detection and identifica-
tion of dangerous substances like explosives, drugs, or counterfeit pharmaceuticals
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[6-8]. The technology offers a great potential for applications in the industrial sec-
tor ranging from the quality control in oils [9, 10] and paper [11] to the detection
of contaminations in the food industry [12]. Plastics and in particular polymers are
a material class very well suited for the characterization by THz technologies due
to their dielectric properties [13]. Different aspects in the characterization and non-
destructive testing of polymers by THz spectroscopy have already been presented
in the literature. It was shown that the content of additives in thermoplasts [14]
and elastomers [15] can be studied, the fiber orientation in compounds analyzed
[16, 17] and the quality of glued or welded plastic joints controlled [18-20]. The
morphology of polymers is also accesible by THz spectroscopy, allowing to draw
conclusion about the crystallization [21, 22], the crystalline structure [23, 24] and
phase transitions [25].

In this paper, THz time-domain spectroscopy (THz-TDS) is used to determine
the kinetic parameters of the crystallization of amorphous polyethylene terephtha-
late (PET-A). PET, a polymer of the polyester family, exists in amorphous and
semi-crystalline form. By temperature, it is possible to induce a crystallization in
the amorphous PET. Furthermore, PET shows absorption features in the low THz
range, originating by its molecular structure [22, 26]. These peaks are linked to the
crystalline state of the polymer, so it is a suitable candidate to study the isother-
mal crystallization. In comparison with conventionally used techniques, like thermal
analysis by differential scanning calorimetry (DSC), THz-TDS allows to obtain
the kinetic parameters non-destructively. The general theory to describe the crystal
growth in polymers is given by the Avrami equation [27]. The adaption of this equa-
tion to an optical Avrami equation allows to extract the critical parameters from the
THz-TDS data.

2 Experimental Details

The spectroscopic measurements were carried out using a commercially available
TOPTICA Teraflash system, based on a 1550-nm laser [28]. In this system, the THz
radiation is generated and detected using antennas based on InGaAs photoconduc-
tive switches. A system of four off-axis parabolic mirrors was used to focus the
THz beam onto the sample and the detector, respectively [29]. This systems offers
a usable bandwidth of at least 4 THz with a dynamic range of 90 dB. All measure-
ments were done under nitrogen atmosphere to prevent additional absorption caused
by water vapor. The extraction of the optical parameters was done using the TERA-
LYZER software based on a quasi-space approach introduced by M. Scheller [30].
This procedure allows the simultaneous extraction of the complex refractive index
and thickness of a studied sample with high precision.

For the static analysis of the isothermal crystallization, samples of PET-A with a
size of 25x25 mm? and a thickness of 500 um were used. They were placed in a fur-
nace at temperatures of 95 °C, 105 °C, 115 °C, 125 °C, 135 °C, 145 °C and 155 °C.
For each temperature, 19 different samples were prepared. The tempering time var-
ied from O up to 120 min. The samples were quenched in ice water directly after they
were removed of the furnace to prevent any further crystallization and directly put
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in the spectrometer to record the THz spectra. For the samples tempered at 125 °C,
also, differential scanning calorimetry (DSC) measurements were carried out to sup-
port the findings of the THz-TDS measurments. The DSC measurements were just
performed for one temperature set, since the isothermal crystallization is already well
studied in the literature [31-33]. The DSC measurements were conducted using a TA
Instrument DSC Q1000 with an heating rate of 10 K/min.

3 Results and Discussion

Figure 1 shows the results of the DSC measurements for the samples tempered at
125 °C for varying durations. Three distinct features can be observed. At 75 °C,
the glass transition (T,) is visible. Around 140 °C, an exothermic peak can be seen
which is associated with the crystallization of the amorphous part of the sample.
At this temperature, the crystall growth velocity and the probability of nucleation is
well balanced, leading to the optimal conditions for a crystallization [34]. As can
be seen in Fig. 1, increasing time of tempering leads to a decrease in the overall
amplitude of the exothermic peak around 140 °C which corresponds to an overall
higher crystallinity since less amorphous material is available for a crystallization
during the heating process of the DSC. Correspondingly, also, the signature of the
glass transition becomes weaker for longer tempering times. At temperatures larger
than 235 °C, all studied samples start the melting process. The observed values of
PET found during this study agree very well to the ones found in the literature [35].
Figure 2 shows the (a) refractive index and (b) absorption coefficient of PET at
THz frequencies in its amorphous form, as well as in its semi-crystalline form. The
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Fig.1 DSC measurements of PET-A tempered at 125 °C after 0 min, 0.5 min, 5 min and 90 min
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Fig. 2 Frequency dependence of a refractive index and b absorption coefficient of PET-A in semi-
crystalline and amorphous form

semi-crystalline form was obtained by tempering the amorphous sample for 6 h at
150 °C. The crystallinity of the semi-crystalline sample in Fig. 2 was around 40% as
determined by DSC measurements. Here, it has to be noted that the obtained value
for the partial crystallinity strongly depends on the used temperature for the temper-
ing process. For the amorphous sample, no crystallinity could be observed. As can be
seen in Fig. 2, the untreated sample just has a single feature, a broad absorption peak
centered around 2.7 THz. From previous studies in the far infrared, this feature could
be attributed to the torsional vibration of the benzene ring in the PET molecule [36].
The tempering process induces the formation of crystalline structures in the sample,
changing the THz response. Here, two absorption peaks, at 2.5 THz and 3.1 THz,
can be identified. These absorption bands are already described in the literature and
were first associated with phonon-like vibrational modes of the crystalline areas in
the polymer [36]. Today, a model is used describing the absorption bands as cou-
pled oscillations of single molecular groups, which propagate similar to phonons in
classical solid-state physics [37].
A general theory to describe the crystal growth in polymers is given by the Avrami
equation [27]:
X =€ =1 —exp[—-Kt"], (1
mo
where x is a measure of the partial crystallinity, m¢ the mass of the crystallites
and mg the overall mass of the sample. K and n give the crystallization rate and
Avrami coefficient, respectively. While K is just accessible by experiments, n can
be linked by theoretical considerations to the geometrical shape of the built crystal-
lites [38]. Equation 1 is derived by the assumption of a homogeneous distribution of
the crystal nuclei and a constant density and shape of the crystallites. Moreover, nei-
ther a heterogeneous distribution in the beginning of the crystallization process nor
non-crystallizable parts in the melt (like additives or contaminations) are considered.
Despite the rather strict constraints in the derivation of Eq. 1, the theory nevertheless
turned out to be a useful tool for the experimental characterisation of crystalliza-
tion processes in polymers [38—41]. In thermal analysis, like DSC, Eq. 1 can be
used to determine the partial crystallinity by integrating the area of the endothermic
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crystallisation peak A; and referencing it to the maximal value for a perfect
crystallization Ay:

X =" @

However, due to the absence of 100% crystalline samples, often, a theoretically
determined value for A is used [42].

As it was shown in Fig. 2, the absorption bands in PET are directly related to the
semi-crystalline properties of the polymer and the occurring absorption bands can be
used as a measure for the crystallinity of a given sample. Due to the qualitative similar
behavior of THz and the DSC data, the empirical definition of an optical partial
crystallinity suggests itself. Since the overall absorption is increasing with increasing
frequency, the absorption band at 2.5 THz is used for further considerations. In order
to see whether the THz data can be used to further analyze the crystallization process,
an optical partial crystallinity is defined as

a2 5THz(t) — o2.5THz (0 min)
o2 57Hz (120 min) — &2 57HZ(0 min)

Xopt (1) = 3)

Here, o 5T, (¢) is the absolute value of the absorption coefficient at 2.5 THz in
dependence of the tempering time 7. As previously discussed, a crucial point in the
definition of the partial crystallinity is the value of a perfect crystalline sample. Due to
the absence of perfectly crystalline samples, the optical partial crystallinity is defined
here as a relative value to the endpoint of the isothermal crystallization. Following the
consent in the literature, the final point of the crystallization is reached after maximal
120 min [31, 32, 38, 40]. This definition therefore does not allow to obtain absolute
values for the partial crystallinity; however, it gives access to the kinetic parameters of
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Fig.3 Avrami plots of PET for four different temperatures
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Table 1 Kinetic parameters of oo
the optical Avrami equation Tc (°C) Nopt Kopt (1/5) l172 (s)
extracted by linear regression

95 33 2.2E-10 771
105 13 6.0E—4 273
115 1.2 4.5E—4 132
125 0.9 14.1E—4 79
135 0.9 21.5E—4 45
145 0.9 323E—-4 28
155 0.9 42.1E—4 20

the crystallization process. The combination of Eq. 1 with Eq. 3 allows the definition
of an “optical” Avrami equation. After linearizing Eq. 1, this yields

log [—In[1 = xopt(1)]] = log [Kopt] + nope - log [1]. “)

Following Eq. 4, a double-logarithmic plot of the optical crystallinity (3) will
directly yield the optical crystallization rate Kqp, as well as the optical Avrami
coefficient nop. Figure 3 shows the Avrami plots for the PET foils tempered at dif-
ferent temperatures ranging from 95 up to 155 °C. Solid lines in Fig. 3 show linear
regression fits for the different temperatures. Both start and end points of the lin-
ear regression (and therefore the crystallization) were defined by changes of below
5% in adjacent data points. As can be seen here, the experimental observed behavior
indeed can be nicely described by Eq. 4. Moreover, it was found that for temperatures
below 120 °C, the crystallization occurs in a two-step process. All these findings
agree very well with already published data based on thermal analysis [38, 40].
Equation 4 allows also to define the half-life tf% after which the crystallization pro-
cess is finished for 50%. Table 1 summarizes the obtained values for Kopt, nopt and
tf%. The crystallization rate Kqpe and the lifetime t;)% are additionally shown in
Fig. 4. Tt can be seen that the lifetime decreases for higher temperatures, while the
crystallization rate increases, as can be expected. Since the Avrami parameters are
determined by changes in the optical parameters, they cannot easily be compared
with the ones obtained by thermal methods. Nevertheless, the obtained values for the
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Fig. 4 Specific parameters of the crystallization kinetics extracted from the THz-TDS data of PET-A. a
Life-time and b crystallization rate at different temperatures
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Avrami coefficients show the same qualitative behavior and are of the same order of
magnitude as the ones obtained by DSC measurements [38, 40]. The direct correla-
tion between the optically and thermally determined Avrami parameters is still under
investigation.

4 Conclusion

Terahertz time-domain spectroscopy was used to monitor the iso-thermal crystalliza-
tion in amorphous polyethylene terephthalate. An optical Avrami equation was used
to describe the experimental findings. The analysis of the experimental data allowed
to obtain the kinetic parameters, like crystallization rate, life time and Avrami coef-
ficient. A good agreement between the THz-TDS values and previously published
values from thermal analysis was found. It can be concluded that THz-TDS is a useful
tool for the non-destructive analysis of crystallization processes in polymers.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.
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