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Abstract. An evaluation of the vulcanization depth of thick rubber products was performed using
terahertz (THz) time-domain spectroscopy. The sample herein was a styrene -butadiene rubber
(SBR)-based cylindrical products with a 35 mm diameter and 20 mm thickness, vulcanized under 10
MPa of pressure and a temperature of 150 °C. To clarify the vulcanization effect, no carbon black (CB)
was included in the sample, because its apparent THz absorbance is extremely large compared with
that of polymers and other additives. To perform the THz absorbance imaging, the thick sample was
sliced parallel to the upper and lower heating plates of the cure mold into six thin specimens a few
millimeters thick. Herein, the samples cured for two different cure times (790 and T100) were
investigated and compared. It was found that the coefficient of variation (CV) of the THz absorbance
in the sliced specimens was suitable for evaluating the cure condition in the thick sample. The THz
imaging results were used to compare the crosslinking densities of the sliced specimens using the
Flory-Rehner equation.

1. Introduction

THz radiation has both light-like and radio wave-like characteristics, because it lies between the
microwave and infrared regions of the electromagnetic band, as shown in Fig. 1. It can penetrate
most materials except metal and can be manipulated by mirrors and lenses [1]. There has been
an attempt to use THz light for various industrial inspections such as paint films [2] and tablet
coatings [3]. Further, THz radiation is suitable for nondestructive evaluation/inspection of
materials including industrial products such as polymers and elastomers. Our research group has
developed a novel technique using THz technology to evaluatie rubbers, and various applications
have been reported [4-7], and the THz imaging of a carbon black dispersion over an area several
millimeters square and the possibility of visualizing the cure process have been described.
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Fig. 1. THz region in the electromagnetic band

In this article, we report the estimation of the vulcanization depth of thick rubber products.
The sample used was cylindrical with a thickness of 20 mm. This thick sample was sliced into
several thin specimens each with a thickness of a few millimeters, and each specimen was
evaluated by THz time-domain spectroscopy (THz-TDS) to obtain the THz absorbance images. It
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Table 1. Compound formulation. The materials include styrene-butadiene rubber (SBR),
tetramethylthiuram disulfide (TMTD), dibenzothiazole disulfide (MBTS) and n-cyclohexyl -2-
benzothiazole sulfenamide (CBS).

Ingredient Material Quantitydphr]
Polymer SBR 100
Zincxide 5
Accelerator@ctivators
Stearic@cid 1
Vulcanizing@gent Sulfer 1
lcanizati
Vulcanization TMTD,BMBTS,LBS 1®@ach
accelerators

was found that the coefficient of variation (CV) of the THz absorbance dispersion is suitable for
evaluating the degree of vulcanization at each depth position. The correlation between the THz
absorbance values and the crosslinking density calculated using the Flory-Rehner equation [8]
was confirmed using the same samples after soaked in toluene and swollen, indicating the validity
of the THz evaluation proposed herein.

2. Experiment
2.1 Samples

The used samples used herein were vulcanized rubber based on styrene-butadiene rubber (SBR,
the commercial grade: JSR 1502, ]SR Co.), whose compounding formulation is given in Table 1. All
the reagents used were commercial grade and supplied by Sanshin Chemical Industry Co., Ltd. To
clarify the cure effect, no carbon black (CB) was included in the sample, because the apparent THz
absorbance of CB is extremely large compared with polymers and other additives [4]. The samples
were cured under 10 MPa of pressure and a temperature of 150 °C using a special mold for thick
rubber production. The cure time 790 (T100) is defined as the time required for the torque to
reach 90% (100%) of difference between the minimum and the maximum vulcanization curve
torque. T90 is so-called optimum cure time. Herein, T90 and T100 for the thick samples were
estimated using the results obtained by a thin (¢ = 2 mm) sample having the same composition
using a curemeter (JSR Trading Co., Ltd., Curelastometer W). The cured thick sample was
cylindrical with a 35 mm diameter and a thickness of 20 mm, which was sliced parallel to the
upper and lower heating plates of the cure mold into six thin specimens with the thickness of about
3 mm thick, as shown in Fig. 2.

2.2 Experimental setup and method
To evaluate the rubber samples in this study, the spectroscopic technique of THz-TDS [9,10] was
used, which is a unique and representative technique using THz radiation that characterizes
material information such as transmission, absorption, reflection, and complex physical quantities
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THz imaging area

Fig. 2. Schematic of the thick sample used in this study (left), the six thin slices obtained from
the thick samples (center), and the areas on each sample scanned by THz time-domain

by data processing. Figure 3 shows a schematic drawing of the THz-TDS system (Otsuka
Electronics Co., Ltd., TR-100KS) used herein, in which a femtosecond fiber laser (IMRA America,
Inc., Femtolite HX-150, 1620 nm, 100 fs) is used as the fundamental laser light source. In this study,
the THz transmission was measured to obtain the THz absorbance. Herein, the THz radiation
generated by the 4'-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST) crystal was focused
into the sample by the off-axis paraboloidal mirrors. The THz light that passed through the sample
was detected by the photoconductive (PC) switch made of low-temperature-grown GaAs to record
a real-time wave form E(t) in the computer. By converting the waveform by Fourier
transformation, the frequency spectrum E(w) was derived as

E(w) =f E(t)el®tdt = |E(w)|e® ),

where w and ¢ are the anglular frequency and the phase of the THz radiation, respectively. The
frequency spectra for the reference (i.e., blank) and the sample were then calculated to obtain the
absorbance A(w), such that

Esample(w)
Eref(w)
where the subscripts sample and ref indicate the sample and the reference spectra,
repectively.

A(w) = —log

)

Because the absorbance is a function of the sample thickness, the THz absorbance obtained
herein was converted into the value per unit thickness (1 cm). During the two-dimensional THz
absorbance imaging measurement, the sample was raster scanned in the x — and y — axes on the
sample stage in the THz-TDS system. The scanned area was 5 mm X 5 mm with an interval of 1
mm (25 sampling points) at the central part of each specimen, as depicted in Fig.2. The THz
absorbance image was then constructed by calculating the representative THz absorption
Aimage(X,y) at each measured point (x,y), which was calculated by integrating the THz
absorbance spectrum as
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Fig. 3. Schematic of the THz time-domain spectroscopy system used in this study.

where w; and w, are the low- and high-end frequencies of the THz absorbance spectrum,
respectively. The values for w; and w, were determined by the spectral region exhibiting a
superior signal-to-noise ratio. In this study, the values of w; and w, were 0.21 and 2.7 THz,
respectively.

To obtain the crosslinking densities, the used silenced samples were swelled in toluene at room
temperature for 72 hours. After that, the samples were dried for 24 hours at 80 °C to vaporaize
toluene inside the samples. The crosslinking density of the sliced specimens were calculated by
the Flory-Rehner equation,

Ve +In(1 —VR) + uVg?
= T
—V Vg3 —-&

2

where Vy is the volume fraction of the polymer (i.e.,, SBR) in the swollen gel, V is the molar
volume of the solvent (i.e., toluene), and u is the Flory solvent-polymer interaction term. The
obtained densities were compared with the THz results to confirm the validity of the THz
evaluations.

3. Results and discussion

According to our previous experimental results [7] after the optimum cure time 790, the THz
transmission becomes smaller as the vulcanization reaction progressed; namely, the THz
absorbance of the rubbers increased with the cure process. However, the dispersion of the THz
absorbance tends to gradually decrease with the cure time. Prior to imaging the slice specimens,
this trend of the THz absorbance was confirmed using a thin (about 2 mm) SBR sample with the
same compounding formulation shown in Table 1. In these experiments, a total of 3 X 3 = 9 points
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Fig. 4. Integrated THz absorbance (solid circles) and CV (open circles) of the THz absorbance
dispersion of nine measured points in the thin sample. The line labeled T90 indicates the
optimum cure time for the thin sample.

were evaluated by the THz-TDS system with a resolution of 1 mm. The result is summarized in
Fig. 4, where the averaged THz absorbance and the coefficient of variation (CV) of the THz
absorbance at the nine measured points are plotted against the cure time. The CV is a parameter
indicating the rubber homogeneity. The optimum cure time of this thin sample was found to be
12 min, as indicated by the vertical line labeled T90 in Fig. 4. We found a prevailing tendency of
the THz absorbance to gradually increases and of the CV to decrease with the cure time. These
same parameter tendencies have been previously reported in Ref 7. This result suggests that, as
the reaction proceeds, the THz radiation encounters increased disturbance in the sample such as
absorption, scattering, and interference owing to unidentified chemical products or chemical
structures (i.e., crosslinking) induced by the vulcanization, and the disturbances ultimately
become homogeneous. Interestingly, we can observe the CV parameter to suddenly increase at 20
min (i.e., T100), which likely caused by polymers being cut or crosslinked by overcuring,
indicating chaotic condition in the thin sample. It is well known that the crosslink density in rubber
is formed by the vulcanization reaction [11], but the chemical condition of the crosslinking has not
been fully revealed yet [12]. In a previous study we confirmed that the crosslink density in
samples increased with the cure time and we have also found that the density curve of these
samples exhibited a profile identical to the torque-cure curve obtained by a cure meter [7]. Based
on these facts, it is reasonable to conclude that the observed increase of THz absorbance with the
cure time can be correlated to the crosslink density in the sample, though an accurate accounting
of the factors inducing the THz absorbance increase is still unclear. The possible candidates
mentioned above can be considered as factors, but further detailed investigations are necessary
to reveal this point.

The results of Fig. 4 confirm that the THz absorbance has a correlation with the crosslink
density induced by the vulcanization reaction. As a next step, we conducted the THz imaging of
the thick samples (i.e., sliced specimens shown in Fig. 2). The THz absorbance images of the thick
samples at 790 and T100 are given in Fig. 5, where the dark and light contrast in the images show
high and low THz absorbance, respectively. Comparing the images of the T90 and T100 samples,
we can see that the latter sample exhibits darker image contrast than that of the former. This result
shows that the vulcanization reaction in the sample at T100 may proceed farther than at T90,
according to the result of Fig. 4. To recognize the difference between two samples clearly, the
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Fig. 5. Images mapping the THz absorbance for the (a) T90 sample (b) T100 sample.

average of the THz absorbance and the CV of the THz absorbance dispersion in one slice specimens
were 2.27 and 2.29 cm! for T90 and T100 sample, respectively, and the mean CVs of T90 and
T100 samples were 2.59 and 2.54 %, respectively. These results suggest that the vulcanization
process in the T100 thick sample progressed farther and the reaction became more homogeneous
than that of the T90 sample. We also note the behavior of the CV values as a function of slice
position in each sample, shown in Fig. 5, where the slice specimens are placed in sequence of
height in the sample from the left to the right (the slice number is omitted). It can be seen that the
CV values maximum at the center of the sample (slice #3 or #4), which indicates that the cure
reaction is still active at the center slice specimen of each sample. It is reasonable to believe that
an increased CV values reflects a random vulcanization condition (i.e., active condition), while a
lower CV value is owing to a uniform reaction (i.e., calm condition). For example, at one point in
the central specimen of the thick sample the reaction just started, and at other point in the same
slice the reaction has almost finished. In the sliced specimens nearer the heating plates of the cure
mold (especially #1 and #6 slices), the reactions have almost finished and the condition became
rather homogeneous. Comparing the maximum CV value in each thick sample, the T90 sample
presents a larger CV peak than the 7100 sample, which is likely owing to the same theory posited
above wherein the vulcanization reaction in the T90 sample was more active than that of the T100
sample. From these experimental results and our theory, we conclude that the CV of the THz
absorbance dispersion is a suitable parameter for evaluating the degree of vulcanization at each
depth position.

To confirm the validation of the cure condition as estimated by the THz absorbance and its
dispersion, the conventional crosslink density of the samples was calculated based on the Flory-
Rehner equation using the weights and volumes of the exact samples used in the THz evaluation
(Fig. 5) and the solvent used in the equilibrium swelling experiment. In this study, toluene was
selected as solvent. The obtained the crosslink densities for the T90 and T100 samples are plotted
in Fig. 7, where the crosslink density in each sample slice (#1—#6) of the T90 and T100 samples
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Fig. 6. Averages of the THz absorbance (circles) and CV (squares) of the absorbance dispersion
in each slice.

are compared. The average densities were 0.192 and 0.221 mol/L for the T90 and T100 samples,
respectively. As can be seen, the T100 sample had more crosslink density, indicating that more
revolution of the vulcanization reaction occurred. We also note that the clear trend of increased
crosslink in the samples is confirmed by both the equilibrium swelling experiment and the THz
absorbance imaging, as shown in Fig. 5 and Fig. 7.
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Fig. 7. Crosslink densities for the T90 (open circles) and T100 (solid circles) samples, as
calculated by the Flory-Rehner equation.

Although the results obtained by the conventional swelling method is more obvious than that
obtained by the THz experiment, the CV values of the THz absorbance also provide us information
regarding the cure condition. Moreover, the THz absorbance measurements were obtained after
only several hours via a nondestructive evaluation. The conventional equilibrium swelling
method, however, required at least one week to obtain the final results and the samples were
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completely destroyed. This comparison between these two-different evaluation methods
indicates that our novel method using the THz absorbance for the vulcanization reaction is
sufficiently effective. Further, the experimental results in this study suggest that the THz
spectroscopic method has the potential to rapidly evaluate cure reactions in thick samples with
no damage. We expect that the THz technique will successfully reveal unknown aspects of various
elastomer products in the near future.

4. Conclusion

An estimation of vulcanization depth of thick rubber products was performed using the THz-TDS
technique. The thick sample (20 mm) was sliced parallel to the upper and lower heating plates of
the cure mold into six thin specimens with a thickness of a few millimeters. Each specimen was
evaluated at 25 different points to obtain the THz absorbance for the THz absorbance imaging. It
was found that the THz absorbance values for each slice were almost constant, while the CV of the
THz absorbance, which corresponds to the THz dispersion, had maximum value at the central slice
of the thick sample. This behavior of the CV value suggests an active condition of the cure process
at the center of the thick sample. We concluded that the CV parameter is suitable for evaluating
the degree of vulcanization at each depth position in the sample. This study proved the
effectiveness of non-destructive rapid THz estimation of the vulcanization as a function of depth
in thick rubber products.
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