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A terahertz time-domain spectroscopy (THz-TDS) system was used to monitor the crystallinity and moisture
content of polyethylene terephthalate (PET) specimens. The crystallinity and moisture content were varied by
controlling cooling rate and immersion time. Crystallinity, crystallite size, and moisture content of the PET
specimens were measured through differential scanning calorimetry (DSC), x-ray diffraction (XRD), and gravi-
metric methods, respectively. The THz signal with regard to crystallinity and moisture content was subsequently

analyzed within the time and frequency-domain. In addition, optical properties of refractive index and ab-
sorption coefficient were derived. Consequently, the crystallinity and moisture content could be simultaneously
measured by analyzing the THz signals.

1. Introduction

Polyethylene terephthalate (PET), a thermoplastic with high
strength, chemical resistance, and formability, has been used in a variety
of industries including electronics, construction, and packaging [1-4].
The mechanical properties of PET are affected by crystallinity and
moisture content as the polymer chains are changed during
manufacturing [5,6]. As the degree of PET crystallinity increases, the
polymer chain and density are increased, resulting in an enhancement of
toughness and strength but a reduction in impact strength due to brit-
tleness [5]. Furthermore, moisture absorption can lead to hydrolysis
reactions that break polymer chains, resulting in reduction in elastic
modulus and strength [7,8]. Therefore, to ensure the reliability of PET
components, a proper degree of crystallinity and moisture content must
be controlled during manufacturing processes and should be monitored
during its service duration.

Generally, the crystallinity of a polymer product is analyzed via
differential scanning calorimeter (DSC) and X-ray diffraction (XRD)
techniques [9,10]. However, these techniques each have their own
limitations. DSC can calculate crystallinity by measuring enthalpy dur-
ing heating or cooling. However, it is not an in situ technique as a small
piece of the specimen should be melted or burned during the test. XRD
measures the crystal structure of a specimen by measuring the diffrac-
tion generated after X-ray irradiation. XRD uses high energy X-rays,

which are hazardous to the human body. XRD also is not a real-time
inspection because the sample should be placed on a table to precisely
control the X-ray incident angle. In addition, this method requires a long
measurement time as X-rays are scanned at various angles and the re-
flected X-rays are analyzed.

To monitor the moisture content absorbed in the materials, electrical
conductivity and gravimetric methods have been used widely [11,12].
However, the former can only measure the moisture content on the
surface of the specimen. In addition, it measures the moisture content
with a low resolution at the beginning of moisture absorption. This is
because the polymer material takes a long time to change conductivity
after absorbing moisture [12]. The gravimetric method periodically
measures the weight of a specimen with absorbed moisture and can
measure the moisture content more precisely than the former method.
Nevertheless, it is also not an in-situ measurement technique.

There are various types of in-situ measurement techniques, such as
thermography, optical spectroscopy, and terahertz spectroscopy. Ther-
mography is effective in detecting hot objects or objects with strong heat
emissions, and it can be relatively simple and cost-effective to set up
with less sophisticated equipment [13]. However, this technique has a
thermal deformation issue of the specimen because it requires applying
heat to the measurement specimen [14]. Optical spectroscopy provides
high spatial resolution and real-time detection by detecting changes in
the optical properties of materials, and it is sensitive to material
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characteristics [15]. Nevertheless, it has limitations in detecting inside
materials due to the low penetration [16].

In comparison, terahertz spectroscopy offers higher resolution
analysis than thermography and higher penetration depth than optical
spectroscopy [17]. Therefore, terahertz spectroscopy has gained signif-
icant attention in recent years due to its unique capabilities for material
analysis in fields such as material science, biomedical imaging, and se-
curity screening [17]. However, terahertz spectroscopy has limitations
in penetrating materials that contain metals [18].

Several studies have been conducted to investigate the crystallinity
of polymer materials using THz spectroscopy. Stefan Sommer conducted
research on the evaluation of crystallinity in high-density polyethylene
(PE-HD) using THz spectroscopy with complex permittivity and refrac-
tive index [19]. Han Wang examined the crystallinity of cellulose using
THz mass absorption coefficients [20]. In addition, Francisco Senna
Vieira investigated cellulose crystallinity using the THz-TDS system and
the standard normal variate algorithm (SNV) to standardize the data
[21]. Crystallinity analysis was performed on food items such as corn
and potatoes using THz spectral absorbance by Shusaku Nakajima [22].
Previous studies primarily focused on the analysis of material crystal-
linity. However, it is important to consider that polymer materials are
influenced not only by crystallinity but also by moisture content.
Therefore, the simultaneous assessment of both the crystallinity and
moisture content of polymer materials is essential for real-world
products.

In this work, a pulsed THz inspection technique was used to detect
and analyze the characteristics (crystallinity and moisture content) of a
PET product in real-time. THz waves are electromagnetic with a fre-
quency range between 0.1 THz and 10 THz. THz waves can be used to
inspect products without deterioration due to their low energy [23,24],
and they are safe for the human body. In addition, THz waves can
inspect materials in real-time without any additional medium due to
their linearity in air [23]. THz waves are especially sensitive to the
crystal structure and moisture content in a polymer due to scattering and
absorption by water molecules [25].

Therefore, in this study, the degree of crystallinity and moisture
content of PET specimens were analyzed using a THz-TDS system
(Fig. 1). The crystallinity and moisture content of PET specimens were
varied by controlling the cooling rate and immersion time in water,
respectively. The THz signals with respect to crystallinity and moisture
content were measured in transmission and transformed into a fre-
quency spectrum via fast Fourier transformation (FFT). Then, the re-
lationships between the PET properties and THz signal were analyzed by
extracting several THz parameters such as peak amplitude and index
over the time and frequency-domain. These results also were compared
to those measured by DSC, XRD, and gravimetric techniques. Optical
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properties of refractive index and absorption coefficient of the PET
specimen were also investigated.

2. Experiment
2.1. Sample preparation

The PET specimens were fabricated according to ASTM D 570 [11]. A
total of 22 films of PET (SKC Co., South Korea) each with a thickness of
50 pm was stacked and molded at 0.2 MPa and 300 °C for 3 min using a
hot-press, as shown in Fig. 2-(a). The thickness of the specimen was
controlled at 1.0 mm. The degree of PET crystallinity of the specimens
was controlled by the cooling rate. The specimens were cooled at three
rates: fast-cooling (quenching) (100 °C/min), normal-cooling (normal-
izing) (13 °C/min), and slow-cooling (annealing) (2 °C/min) as shown in
Fig. 2-(b), (c), and (d), respectively. Fast-cooling was performed by
ice-water quenching (Fig. 2-(b)), normal-cooling was performed using a
water-chilled mold (Fig. 2-(c)), and slow-cooling was performed by air
convection (Fig. 2-(d)). To evaluate the reproducibility of the experi-
ments, three PET specimens were prepared for each cooling rate, and
three measurements were taken per specimen using THz waves.

After 24 h of desiccation, PET specimens with different moisture
contents were prepared via water immersion as shown in Fig. 3. The
specimens were immersed in distilled water at room temperature, and
their weight was periodically measured using an electronic scale based
on ASTM D 570 [11] (20 min, 40 min, 60 min, 2 h, 24 h, 2 days, and 13
days).

2.2. THz inspection system

A THz-TDS system, FiCOTM (Zomega Corporation, NY, USA) was
used to analyze the degree of crystallinity and moisture content of the
PET specimens as shown in Fig. 4. The system was composed of a
femtosecond laser, a pair of THz modules, and optical instruments
(Fig. 4-(a)). The system exhibited a frequency range between 0.1 and
3.0 THz, a frequency resolution of 11 GHz, a time resolution of 20 fs, and
a signal-to-noise ratio (SNR) of 60 dB. The THz system was set up in
transmission mode (Fig. 4-(b)), in which the THz modules were coaxially
aligned with the specimen. To avoid THz wave absorption by moisture,
the relative humidity was kept below 5% using dry air [25]. The tem-
perature was maintained at room temperature.

2.3. Characterization of the PET specimens

DSC (SDT Q600, Auto-DSCQ20 System, TA Instruments, USA) was
used to measure the crystallinity of the PET specimens. The heating rate
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Fig. 1. Schematic representation of the in-situ non-contact monitoring algorithm for the crystallinity and moisture content of the PET using the THz-TDS system.



S.-I Kim et al.

(@)

| 300°C, 0.2 Mpa, 3min |

Bottom tray

, Stacked
PET film

Polymer Testing 124 (2023) 108085

(c)

Coolant

Coolant

A Normalizing

(d)

A Annealing

Fig. 2. Schematic representation of the manufacturing process of the PET specimens: (a) hot press molding process, (b) fast-cooling (quenching), (c) normal-cooling

(normalizing), and (d) slow-cooling (annealing).
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Fig. 3. Schematic representation of the moisture absorption test of the PET specimens.

was set to 10 °C/min from 25 °C to 297 °C. The degree of crystallinity
(Kpsc) was calculated as follows:

AH,(Ty) — AH,(T)) = /AcpdT €}
AH,, — AH,

Koo = 2tm — Be 2

DSC AHlit ( )

where AH,,, AH., and AHj; are the melting enthalpy, crystallization
enthalpy, and enthalpy of melting for 100% crystallinity (140 J/g),
respectively [10].

Furthermore, the degree of crystallinity (Kxgp) and crystallite size
(D.) were measured using XRD (XRD, D8 ADVANCE, Bruker, USA) with
Cu-K (=1.5418). The analysis angle was varied from 10° to 45° and the
scan speed was set to 1 s. The degree of crystallinity was calculated using

Eq. (3) [10]:
Acry
Kyrp =—2— 3
XRD Am . 3)

where A, and Agy, are the intensity area of the crystalline phase and
amorphous phase, respectively. In addition, the crystallite size (D.) of
the PET specimen was calculated using Eq. (4):

ceo ]
‘" Becos (0) “)
where e, 4, f, and 0 are the shape factor, X-ray wavelength, peak half
value, and Bragg angle, respectively.
With regard to moisture content, a gravimetric method was used
with an electronic scale. The moisture content of the PET specimen was
calculated using Eq. (5):
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Fig. 4. Schematic representation of the THz-time domain spectroscopy (THz-TDS): (a) overall system, and (b) transmission mode diagram.

Myyer — Mypy

)

water content (%) =
Mary

where my,; is the weight of the PET specimen during moisture absorp-
tion, and mgy, is the weight when fully dried.

3. Results and discussion

3.1. Degree of crystallinity and moisture content inspection using
conventional methods

DSC and XRD experiments were conducted to measure the degree of
crystallinity of the PET specimens. Fig. 5-(a) shows the heat flow history
of the PET specimens from the DSC. The polymer chain structure of the
fast-cooled (quenched) specimen recrystallized during heating from an
amorphous state. Therefore, glass transition and cold crystallization
peaks were detected near 75 °C and 123.7 °C, respectively, in the fast-
cooled specimen. Glass transition and cold crystallization peaks were
not found in the heat flow histories of the normal (normalized) and slow-
cooled (annealed) specimens. All endothermic peaks due to PET spec-
imen melting were detected between 254 and 258 °C, which confirmed

~
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Fast-cooling
Normal-cooling
Slow-cooling

123.7 °C

Heat Flow (W/g)

255.4 °C

0 50 100 150 200 250 300
Temperature (°C)

complete melting during manufacturing at 300 °C.

Table 1 shows the degree of crystallinity with regard to the cooling
rate calculated from the heat flow history based on Eq. (2). As the
cooling rate increased, crystallinity decreased since the higher cooling
rate prevented the formation of polymer crystal structures [10,26].

XRD was performed to confirm the degree of crystallinity and the
crystallite sizes of the PET specimens according to the cooling rate.
Fig. 5-(b) shows the diffraction intensity of the x-ray-irradiated speci-
mens as a function of incident angle. The XRD peaks were not detected in
the quenched specimen due to their amorphous nature, resulting in the
absence of distinct crystalline planes during the fast-cooling process.

Table 1
PET specimen crystallinity analyzed by DSC and XRD.
Specimens DSC XRD
Cooling rate [°C/ Crystallinity Crystallinity Crystallite size
min] [%] [%] [nm]
100 14.3 - -
13 34.2 38.7 95
2 41.4 45.8 200
(b)
- S Fast-cooling
S E Normal-cooling|
i ~ Slow-cooling

Intensity

10 15 20 25 30 35 40
Scattering angle (20)

Fig. 5. PET characteristic inspection according to the cooling rate in the manufacturing process: (a) DSC, and (b) XRD.
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However, as the crystallinity increased due to the use of normal-cooling
and slow-cooling rates, distinct XRD intensity peaks were observed at
specific scattering angles (20), including 16.1°, 17.4°, 21.6°, 22.7°, and
26.0°, which correspond to (0-11),(010),(-101),(1-10),and (100)
crystal planes, respectively. The crystalline peak intensity in the XRD of
PET specimens was observed to increase as the cooling rate decreased.
The observed phenomenon can be attributed to an increase in the
crystalline region of the PET specimen resulting from a lower cooling
rate. This lower rate of cooling promotes greater alignment of crystals in
the amorphous region, thereby increasing the reflection of X-rays by
larger crystal planes. Moreover, the reduction in amorphous regions
results in decreased absorption of X-rays by the specimen.

The scattering angles (20) of the crystalline peaks of the normal and
slow-cooled specimens were used to calculate the degree of crystallinity
and crystallite sizes using Egs. (3) and (4); the results are summarized in
Table 1. The crystallinity and crystallite sizes of the specimens measured
via XRD decreased as the cooling rate increased, and the level of crys-
tallinity was similar to that from the DSC experiments. However, in the
fast-cooled specimen, the crystallinity and crystallite sizes could not be
calculated due to the smooth curve of the amorphous state of the
specimen.

The moisture content of the PET specimens during moisture ab-
sorption was periodically monitored via gravimetric measurement at 20,
40, 60 min, 2, 24 h, and 2, 13 days (Fig. 3). Fig. 6 shows the moisture
content of the specimens with different levels of crystallinity with regard
to immersion time. The moisture content was saturated after 2 days of
immersion, and the saturation moisture weight increased as the degree
of crystallinity decreased. This was because the specimen permeability
increased as the PET became amorphous. Also, water permeability
through the polymer decreased as the density of the polymer specimen
increased (more crystallized) [27].

3.2. Degree of crystallinity and moisture content inspection using THz
waves

3.2.1. THz wave parameters

Fig. 7-(a) and (b) show the time-domain and frequency-domain THz
signals, which were periodically measured during immersion of the
specimens. The amplitude of the signal in the time-domain and
frequency-domain of the THz waves decreased according to immersion
time. This was because moisture could absorb THz electromagnetic
waves over the entire THz frequency range [28]. To compare the THz
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Fig. 6. Moisture content of the PET specimen during moisture absorption with
different crystallinity.
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absorption rate according to immersion time, the THz amplitude ratio
(Eamp raio) Was defined using Eq. (6):

Eum e =3 ©
where E and EO are the THz amplitudes at a frequency of 0.86 THz
during immersion time t and prior to immersion (dry state), respectively.
From Fig. 7-(b), a signal with a high signal-to-noise ratio (SNR) greater
than 50 dB was found in the 0.43 to 0.86 THz range. In particular, the
THz amplitude at a frequency of 0.86 THz was sensitively reduced due to
moisture absorption after water molecule rotation [29]. Therefore, an
amplitude of 0.86 THz was chosen to inspect the degree of PET moisture
absorption with high resolution. The THz amplitude ratio (Eamp ratio)
decreased rapidly until 2 days after immersion, when the film was
saturated (Fig. 9-(a)).

The crystallinity of the PET specimens was difficult to distinguish as
the water molecules influenced the signal across the entire THz band-
width. On the other hand, scattering due to crystallinity differed by THz
frequency range as shown in Fig. 7-(b). Amorphous PET with a lower
crystallinity better absorbed high frequency THz waves than low fre-
quencies regardless of moisture absorption, showing an inclined
frequency-domain signal (see left side of Fig. 7-(b)). Meanwhile, as the
crystallinity of the PET specimen increased, the frequency-domain THz
wave flattened (see middle and right in Fig. 7-(b)). This tendency
became more obvious in Fig. 8-(a), where the frequency-domain THz
wave amplitude of the dry PET specimens with different degrees of
crystallinity were plotted together. The amplitude ratios of the low and
high frequencies differed by crystallinity of the PET specimens. This
coincided with the report of Hong et al. that electromagnetic waves were
shifted from low to high frequencies by scattering as crystallite size
decreased [30]. In the amorphous PET specimen with low crystallinity
and small crystallite size, the high frequency region of the THz wave was
scattered, while low frequency THz waves penetrated the PET specimen.
On the other hand, in the PET specimens with high crystallinity and
large crystallite sizes, the low frequency region of the THz wave was
scattered, while the waves in the high frequency region penetrated the
PET specimen (Fig. 8-(b)).

To distinguish the degree of crystallinity along with the moisture
absorption of the PET specimen, the ratio Eiow 10 high) of THz amplitude
at high and low frequencies was utilized and defined by Eq. (7):

= Eipy
Elow to high — = (7)
Eign

where Ej,, and Ehigh are the amplitudes of the signal at low and high
frequencies, respectively. To select low and high frequencies, the dif-
ference in THz amplitude according to the crystallinity was analyzed in
the frequency domain using Eq. (8):

Dijference = |E]4.3% —E4149

)

where Ei14.35 and E41 40 are the THz amplitudes of the PET specimens
with the crystallinities of 14.3% and 41.4%, respectively. The difference
in the THz amplitude according to the crystallinity of the PET specimen
was increased from 0.43 THz and maximized at 0.86 THz (Fig. 8-(c)).
Therefore, low and high frequencies were selected for 0.43 THz and
0.86 THz, respectively. When measuring different types of specimens, it
is necessary to calibrate the frequency range using Eq. (8) because the
frequency range for the low/high amplitude ratios varies depending on
the thickness and type of the sample.

The THz amplitude ratios between the high and low frequency re-
gions Eiow 10 nigh) were plotted in Fig. 9-(b) with respect to PET specimen
crystallinity during moisture absorption.
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Fig. 7. Schematic representation of the THz signal according to the immersion time with different crystallinity: (a) THz time-domain signal of the PET specimen with
14.3, 34.2, and 41.4% crystallinity, and (b) THz frequency-domain signal of the PET specimen with 14.3, 34.2, and 41.4% crystallinity.
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Fig. 8. Schematic representation of the THz wave according to the different crystallinity: (a) frequency-domain THz signal of dry PET specimens, (b) scattering
mechanism of the PET specimen, and (c¢) THz amplitude differences according to the PET crystallinity.

3.2.2. Optical properties

For an in-depth study, the optical properties (refractive index and
absorption coefficient) were analyzed to explain the behavior of the THz
wave according to the crystallinity and moisture content of the PET
specimens. The complex refractive index (n;) was calculated with the
refractive index (1) and extinction coefficient (k;) of the specimen using

Eq. (9):
fiy (@) = ny(w) — iky(®) 9

The refractive index (n;) and extinction coefficient (k,) are described
by the angular frequency (w), phase difference (@(w)) between the
reference signal (transmitted air) and the sample signal (transmitted
specimen), speed of light (c), thickness of the specimen (d), refractive

index of air (ng), and the magnitude ratio of the reference signal to the
sample signal in the frequency-domain (p(w)) as shown in Eq. (10) and
Eq. (11):

(@) = @() x ﬁ + Ny (10)
_ 4ns(w) .
blor=in (p(w) . (@) + 1)2) “wed b

The phase difference (@(w)) and magnitude ratio (p(w)) were ob-
tained from the frequency-domain waveform with phase unwrapping
[31]. In addition, the absorption coefficient (a,) was calculated by the
extinction coefficient (k;) as shown in Eq. (12):
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Fig. 9. Schematic representation of the THz wave parameters according to the crystallinity and immersion time: (a) THz amplitude ratio at 0.86 THz, and (b) low/

high amplitude ratio.
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c

The optical properties of the PET specimens were analyzed at a fre-
quency of 0.86 THz, which was sensitive to moisture along with crys-
tallinity, as shown in Figs. 10 and 11. Using Eq. (10), the refractive index
of the PET specimens was calculated (Fig. 10). The refractive index of
the THz wave at the 0.86 THz frequency increased rapidly during the
initial immersion period because the dielectric relaxation of water in the
THz wave increased. Saturation was achieved after 2 h of immersion
(Fig. 10-(a)). The refractive index increased more rapidly than the
moisture content of the PET specimens because the refraction of the THz
waves by water was dominant from the initial state of immersion
(Fig. 10-(b)). In addition, the refractive index of the THz waves
increased as the PET specimen crystallinity increased due to an increase
in density [32].

The absorption coefficient of the PET specimens was derived using
Eq. (11). The absorption coefficient increased with a decrease in crys-
tallinity of the PET specimens (Fig. 11-(a)) because THz electromagnetic
wave scattering increased due to the irregular polymer structure in the
amorphous region [26]. The absorption coefficient also increased with
immersion time as the THz waves were absorbed by water molecules in
the specimens (Fig. 11-(a)). During the initial state of moisture absorp-
tion, the moisture content rate increased faster than that of the ab-
sorption coefficient. This may have been due to uneven moisture
distribution across the entire specimen. After two days of immersion, the
absorption coefficient gradually increased due to hydrolytic degradation
of the PET polymer chains. It also has been previously reported that
chemi-crystallization proceeded during immersion and the mobility of
the macromolecules increased due to hydrolysis (Fig. 11-(b)) [33].
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3.3. In-situ monitoring of PET crystallinity and moisture content using
THz wave parameters

To simultaneously inspect the crystallinity and moisture content of
the PET specimens, THz wave parameters (THz amplitude ratio and
low/high amplitude ratio) were plotted with respect to absorbed mois-
ture within the PET specimens (Fig. 12). The inverse THz amplitude
ratio increased until the immersion duration reached 2 days and showed
a similar tendency to that of the moisture content with different degrees
of crystallinity. However, crystallinity was difficult to distinguish from
moisture absorption by the THz amplitude ratio due to the influence of
water molecules in the PET specimens. Fig. 12-(b) shows a plot of low/
high amplitude ratio in a different region according to crystallinity. The
low/high amplitude ratio showed a clear difference according to crys-
tallinity of the PET specimens over all immersion periods; however, with
the inverse THz amplitude ratio, the graph overlapped at 41.4% and
34.2% crystallinity over the entire immersion period (see Fig. 12-(a)).

The THz parameters were plotted again according to the moisture
content and crystallinity of the PET specimens (Fig. 13). As shown in
Fig. 13-(a), the inverse THz amplitude ratio was sensitive to moisture
absorption rather than specimen crystallinity. Especially at the onset of
moisture absorption, the plots of the inverse THz ratio overlapped,
hindering classification of PET specimen crystallinity. Meanwhile, the
low/high amplitude ratio changed linearly due to the crystallinity of the
PET specimens over the entire moisture absorption range but did not
change as much as the inverse THz ratio due to the moisture content of
the PET specimens (Fig. 13-(b)). Therefore, in this work, we proposed a
new THz inspection algorithm to simultaneously monitor and distin-
guish the crystallinity and moisture content of PET specimens using
low/high amplitude and inverse THz amplitude ratios as shown in
Fig. 14. To simultaneously examine the crystallinity and moisture con-
tent of the PET specimens, the low/high amplitude and inverse THz

(b)
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Fig. 10. Refractive index of the PET specimen during the moisture absorption according to the different crystallinity: (a) at 0.86 THz, and (b) comparison with

moisture content.
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Fig. 13. The comparison of the THz wave parameters and PET specimen properties: (a) invers THz amplitude ratio at 0.86 THz, and (b) low/high amplitude ratio.

amplitude ratios of the PET specimens with different moisture and
crystallinity levels were co-plotted as shown in Fig. 14. Both THz wave
parameters increased with increase in moisture absorption, though they
increased at different slopes. No curve overlapped according to crys-
tallinity or moisture content. Based on the study, the co-plot graph was
extended to the THz wave parameter map (Fig. 15) generated by
extrapolating the curves of Fig. 14 using linear regression analysis with
respect to crystallinity and moisture content (using Eq. (13)). The
regression parameters of slope (m) and intercept (b) were determined
using the least squares method (LSM) and were defined by Egs. (14) and
(15), respectively:

y=mx+b (13)

>0~ D~ 3)
m==t_ (14)

b=y —mx (15)
where x;, X, yi, y,and n are the crystallinity, average crystallinity, THz
wave parameters, average of the THz wave parameters, and number of
specimens, respectively. The correlation between the THz wave pa-
rameters in the regression model (Table 2) can be expressed as Eq. (16)
using the THz map coefficient (z). Therefore, the crystallinity and
moisture content of PET can be measured through the THz wave
parameter position of the specimen in Fig. 15, which can be expressed as
Egs. (17) and (18).
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Table 2
The regression parameters of the invers THz amplitude ratio and low/high
amplitude ratio models.

Moisture content [%] 1/THz amplitude ratio Low/high amplitude ratio

Slop Bias Slop Bias
0.1 0.0018 0.9414 —0.0056 1.2925
0.3 0.0073 0.9420 —0.0054 1.3590
0.5 0.0129 0.9427 —0.0053 1.4254
0.7 0.0184 0.9434 —0.0051 1.4919
1 0.0267 0.9444 —0.0049 1.5916
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The THz wave parameters of the test specimens were used to eval-
uate the accuracy of the proposed THz wave parameter map (Fig. 15). By
comparing the predicted PET properties with the actual properties
measured via DSC and gravimetric measurement methods, it was
confirmed that the THz wave parameter map predicted the properties of
the PET specimens within a 10% error margin (Table 3). Consequently,
the crystallinity and moisture content of the PET specimens were suc-
cessfully monitored simultaneously by the THz wave parameters
measured during one-time THz monitoring. However, the limited
number of gradients (three) in the current LSM approach may not pro-
vide a standardized measurement of crystallinity in PET specimens.
Nonetheless, these findings demonstrate the potential for simultaneous
inspection of polymer crystallinity and moisture content using THz
technology, indicating its promising applicability to polymer products.

4. Conclusions

The degree of crystallinity and moisture content of the PET speci-
mens were simultaneously inspected using a THz-TDS system. By
analyzing the THz signal with crystallinity and moisture content, re-
lationships between THz wave properties (THz amplitude ratio, low/
high amplitude ratio, refractive index, and absorption coefficient) and
PET properties (degree of crystallinity and moisture content) were
discovered. In addition, the THz wave properties were compared with
conventional methods for verification. DSC and XRD confirmed that the
crystallite size of the PET specimens was affected by the degree of
crystallinity. The THz scattering frequency region shifted depending on
crystallite size, and the degree of crystallinity influenced the THz wave
properties. Furthermore, since water molecules influenced the signal
over the entire THz bandwidth, the THz properties correlated with the
crystallinity and moisture content of the PET specimens. Consequently,
using the THz wave parameters, the degree of crystallinity and moisture
content of the PET specimens could be monitored simultaneously.

The technique developed in this research can be used as a multi-
purpose inspection method to universally examine properties such as
crystallinity and moisture content of non-metallic materials. In partic-
ular, it can be applied for real-time inspection of polymer products used
in electronic components susceptible to crystallinity and external
moisture, such as EMC (Epoxy molding compound), semiconductor
packaging materials, and solar panel substrates. However, this method
has limitations when inspecting materials containing metals or thick
products that cannot be transmitted by terahertz waves. Overall, this
terahertz wave-based system has the potential to be widely used as an
inline process monitoring technology for non-destructively inspecting
the crystallinity and moisture content of polymer products. Conse-
quently, this research technique can contribute to the development of a
new approach to non-destructive testing of polymer materials using

Table 3
Comparison between the predicted PET properties by the THz wave parameter
map and the measured PET properties by the conventional methods.

Test Crystallinity [%] Moisture content [%]

specimen Actual  Predicted  Error Actual  Predicted  Error
[%] [%]

1 16.9 15.8 6.7 0.69 0.74 7.44

2 48.4 53.2 9.9 0.19 0.21 9.27
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