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Abstract: Industrial applications of terahertz (THz) technology are becoming more widespread.
In particular, novel evaluation methods for essential rubber products are being developed. THz absorbance
spectra of various rubber polymers and reagents enable visualization of filler dispersions and vulcanization
reactions. Here, improved visualization of the vulcanization reaction in thick rubber samples is discussed.
Silica macro-dispersion is also analyzed because it is a general filler in automobile tires and has been
difficult to evaluate with conventional techniques.
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1. Introduction

Terahertz (THz) waves are located in the electromagnetic band between the far-infrared and the
microwave regions corresponding to the fingerprint region of some materials and can exhibit penetration
of materials except for metals [1]. Many applications using THz light have been attempted in various fields
such as semiconductors, biological materials, and polymers [2-6]. Among them, industrial applications are
limited so far, and a few, such as characterization of paint films [7] and tablet coatings [8], were reported.

Rubber products, such as automobile tires, rubber bands, rubber balls, insulators, and O-rings, are
essential to modern society. Manufacturers of these products use sophisticated chemical reagents and
control systems; however, the manufacturing processes depend considerably on empirical procedures
and craftsmanship. This situation suggests that the production is not very efficient and could be
improved. Hence, to obtain better quality of rubber products, it is crucial to realize uniform dispersions
of filler materials and to visualize vulcanization.

Our research group has been developing novel evaluation methods using THz radiation. THz
absorbance spectra of various chemical materials used in rubber products has been reported [9,10],
and visualization of the dispersion of carbon black (CB), a major filler material, has been experimentally
demonstrated [10]. It has also been reported that THz light could nondestructively detect the mesh
network structure in the vulcanization reaction and the depth of the cure condition in rubber products
having thicknesses greater than 10 mm [10]. These techniques are based on the transmission capability
of THz radiation.

In this article, improved imaging of vulcanization depths in thick rubber samples and, for the first
time, visualization of silica filler dispersion are demonstrated. The latter has been difficult to perform
with conventional techniques.
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2. Experimental

THz time-domain spectroscopy (THz-TDS) was performed with a custom instrument (Otsuka
Electronics Co., Ltd., TR-100KS) that included a femtosecond (fs) fiber laser (IMRA AMERICA, INC.,
Femtolite, 100 fs, 1620 nm) and a 4’-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST) crystal
for THz generation. Due to the THz detector of a photoconductive switch, the bandwidth of the
applicable THz radiation was limited to 3 THz for a better signal-noise ratio. The THz-TDS system
was described in detail previously [10]; the transmission mode was used in this study.

The rubber samples were based on the synthetic polymer styrene-butadiene rubber (SBR, commercial-
grade), which is widely used in automobile tires, and isoprene rubber (IR, commercial-grade). Table 1
lists the compounds in the samples used for the vulcanization imaging in thick rubber; all the reagents
related to vulcanization except for filler materials used for high-sensitivity detection of mesh structure
growth. The unit of “phr” in Table 1 is the preferred unit used in the rubber industry, indicating “parts
per hundred rubber”, which is the relative weight when the rubber polymer is 100. Samples for silica
dispersion visualization had a different formulation, as shown in Table 2. The main difference from
Table 1 was silica filler material, and a silane coupling reagent, which improves filler dispersion.

Table 1. Compounding formulation of the thick sample for vulcanization evaluation.

Ingredient Material Quantity [phr]
Polymer SBR 100

Accelerator activators Stearic Acid 1
Zinc Oxide 5
Vulcanization accelerators TMTD 1
MBTS 1
CBS 1
Vulcanizing agent Sulfur 1

Materials included styrene-butadiene rubber (SBR), tetramethlthiuram disulfide (TMTD), dibenzothiathiazole
disulfide (MBTS), and n-cyclohexyl-2-benzothiazole sulfenamide (CBS).

Table 2. Compounding formulation of silica sample.

Ingredient Material Quantity [phr]
Polymer IR or SBR 100
Filler Silica 30-130
Coupling agent TESPT Weight ratio of 8% of Silica

Accelerator activators Stearic Acid 2

Zinc Oxide 2.5

Vulcanization accelerators DPG 1.5

MBTS 2.5

TBBS 0.7

Vulcanizing agent Sulfur 1.6
Others Wax 2
Antioxidant 1

Materials included isoprene rubber (IR), styrene-butadiene rubber (SBR), diphenylguanidine (DPG), triethoxylpropyl
tetrasulfide (TESPT), dibenzothiathiazole disulfide (MBTS), and N-(tert-butyl)-2-benzothiazole sulfenamide (TBBS).

The samples in Table 1; Table 2 were vulcanized via different methods. The sample for visualizing
thick rubber curing was made with a mold, illustrated in Figure 1, that cured samples 35 mm in diameter
and 20 mm thick. The vulcanization conditions were a pressure of 10 MPa and a temperature of 150 °C.
For THz-TDS analysis, the cured thick rubber sample was sliced into six 2 — 4-mm-thick pieces, as shown
in Figure 2. For THz absorbance spectra, 25 points in the central part of each sliced piece were evaluated.
In the case of silica dispersion, masterbatch mixing, final mixing samples, and cured samples were used
and imaged with a scanning electron microscope (SEM, CARL ZEISS AG, Ultra55), in addition to the
THz-TDS characterization. The cure conditions were 10 MPa pressure at 160 °C. Here, we describe the
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experimental results of visualization of vulcanization and filler dispersion. These two conditions affect
the quality of the rubber products considerably, and they are the main subject of concern of rubber
manufactures; however, it was difficult to obtain their information rapidly and destructively using
conventional techniques.

Filler dispersion was divided into two categories, micro-dispersion and macro-dispersion. Micro-
dispersions were sub-um-sized aggregates that could be observed by an electron microscope. Here,
the emphasis was on macro-dispersions of mm-pm-sized aggregates that could be evaluated visually
or with an optical microscope. However, an established method has not been developed for objective
numerical evaluations. As previously reported [10], the THz-TDS technique has the potential to
observe the macro-dispersions of CB filler. In this study, the silica macro-dispersion was visualized.
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Figure 1. Mold for thick rubber production.
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Figure 2. Sample preparation and measured areas for THz-TDS evaluation of thick rubber.

3. Data Processing

The THz-TDS data were evaluated as the absorbance A per unit thickness (cm) using

b(v)
log 7
. (v) -1
A(v) = —F [cm ] 1)
where Iy and I are the reference and transmitted THz light intensities through the sample, respectively,

and T is the sample thickness. After the THz absorbance spectrum was obtained at position (x, ) on
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the sample, the representative value Ay (x, y) of the THz absorbance for the imaging process was

calculated b
y ) ( ) fvz Axy(v)dv (2)
X, 1Y) = _
rep y Vl Vz - Vl

where v; and v, were the low- and high-end frequencies of the THz absorbance spectrum, respectively.
The statistical values, such as mean, standard deviation (SD), and coefficient of variation (CV), were
derived by Ayp(x,y) s for one sample. CV defined by SD/mean was useful for measuring the degree
of uniformity of the Ae,(x, y) values over the sample. The penetration depth of the rubber samples
used in this study was estimated to be about 1 um. The transmission loss due to Fresnel reflections
from rubber-air interfaces was estimated to 4~5% per interface; however, all the results processed in
this study were calculated without considering this loss. This is because it was difficult to obtain an
accurate loss for each rubber sample, and it was expected that the magnitude of the loss was not so
critical when the THz transmission was evaluated as absorbance having a logarithm scale.

To estimate the dispersion of the silica filler, a new parameter evaluating fluctuations in the
THz absorbance spectral profiles was introduced. Usually, the coefficient of correlation is used for
this purpose; however, differences of the coefficient were small when applied to fluctuations of the
absorbance spectra. Therefore, spectral profile dissimilarity (SPD) was used instead. Specifically, nine
or 25 points in each sample were measured to evaluate the filler dispersion, and the SPD numerically
calculated differences in the spectra by

Ap(vi)=4;(vi)

m
i=1

" +/ |rqu

j=1

(j#k)
SPD = — ®)

where Ai(v) and Aj(v) are the absorbances of the standard and compared spectra, respectively,
as shown in Figure 3a. The r; is Pearson’s coefficient of correlation, which is usually 0.9 for THz
absorbance spectra. Once the SPD value for one particular standard spectrum was obtained, the next
standard spectrum was selected to calculate the next SPD. If n points were sampled in one sample,
the SPD s were averaged like,

n

SPDy
SPDsample = Z n 4
k=1

Figure 3b shows an example of n = 4. Here, the SPD values were indicated as 100 times SPD,
100SPD. For complete overlaps between all spectra, 100SPD takes the null value.

S . . Standard Compared
Zllefrence Ratio| Standard Spectrum  Spectrum  SPD,
i Spectrum k j
/Compared 2,3,4 SPD,
= _ Spectrum #1 13,4 SPD,
< e e T T Compared
|- Spectrum #2 S 124 SPDs
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h 0 v
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Figure 3. Definition of spectral profile dissimilarity (SPD). (a) SPD calculation, and (b) averaged SPD
in one sample.
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To confirm the filler dispersion evaluation via THz absorbance, the silica dispersions were estimated
with SEM. In the rubber industries, the macro-dispersion of filler in SEM images is usually evaluated
with number or weight averaging of aggregates, which is correctly cross-section weight aggregate
cross-section. This cross-section is calculated by using processed SEM images where the aggregate
cross-section thresholds were 1 um? and 10 um?, for example. The filler dispersion was evaluated using
a statistical parameter for an accurate estimation. The discrepancy D in the k— dimensional unit cube is
defined as [11,12]

# t);
D](\l;): sup M—tlx-"xtk,t:(tlr"'!tk)l (5)

tef0,1]F

where # is the counting function, N is the number of random nodes, and # is the point set. This value
varies from 0 to 1, where smaller values indicate better dispersion. Because calculating this discrepancy
is cumbersome even on a computer [12], a “simplified discrepancy” was used based on the concept
of the discrepancy in this study. The idea of the new parameter is shown in Figure 4. The evaluated
sample was equally divided into 16 areas to count the particle (filler) after image binarization. The ratio
of filler number to the total filler number N in the sample was calculated, it was then subtracted
by the normalized area section in each divided area, and its absolute value was calculated. Finally,
the “simplified discrepancy” was obtained as the mean value over the 16 divided areas. The equation
is as follows:

n|#(area;)
Y =N = Snorm

D simple = n ’ (6)

where n and Sj,o,1,; are the divided area number in one SEM image and the normalized area cross-section,
respectively. Here, the arithmetic mean was used instead of the operator “sup” in Equation (5),
because the considered regions in one sample were only 16. This “simplified discrepancy” had values
within a range of 0 to (1 — 1) /n?, where 0 indicates complete uniformity.

Normalized Sample Size y

Normalized Sample Size x

Figure 4. The concept of the simplified discrepancy calculation. This figure shows an example of n = 16.

4. Results and Discussion

4.1. Visualization of Vulcanization in Thick Samples

A simple analysis of vulcanization conditions in thick samples has been reported previously [10].
Prior to the analysis of vulcanization depth by the THz light, the dependence of THz absorbance on
the cure time was investigated. This procedure yielded two cure times, T90 and T100, for visualizing
vulcanization determined by a curemeter (JSR Trading Co., Ltd. (JSR Corporation), CURELASTOMER
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W). T90 is generally called the “optimum vulcanization time,” while T100 is the vulcanization finishing
time. This simple analysis indicated that the central part of the sample had a low cure speed, while
the THz absorbance in the center of the T100 sample was higher than that for T90. The analysis only
considered heat sources for vulcanization located in the pressed direction, and the analysis target was
six sliced pieces; however, the actual thick sample was surrounded by the aluminum mold shown
in Figure 1. This means that the sample was heated from all directions, and the sliced pieces each
had a distribution of vulcanization. To solve this problem, the analyzed areas were set as shown in
Figure 5. The previously analyzed sliced areas were depicted as #1#6 in Figure 5a. The averaged
THz absorbance values in each sliced piece had been evaluated previously [10]. Here, a total of 150
measured points was classified into the three sections “around the center”, the “central part”, and the
surroundings of each (“edge”), as shown in Figure 5b,c. Figure 6 compares the THz absorbance and the
CV values of the THz absorbance in each section. The comparison results for “around the center” and
the “edge” are shown in Figure 6a,b, while Figure 6¢,d indicates the results for the central and the edge
parts. For the T90 sample, the THz absorbance differences between the edge and “around the center”
in Figure 6¢ are more significant than those in Figure 6a. The same tendency was observed in the CV
comparisons in Figure 6b,d. Previous results showed that the THz absorbance was proportional to the
cure progress [10]. Therefore, considering the distance from the heat source, the results here suggest
that the vulcanization reaction in the edge part of the T90 sample was active and inhomogeneous, while
in the “around the center”/central parts, the reaction progress was slower [10]. For the T100 sample,
there was an almost equal THz absorbance for the edge and the “around the center”/central parts.
This was understood by assuming that the cure reaction was nearly finished, and as a result, the CV
values of the edge became small. Furthermore, the edge part in T100 samples indicated considerably
larger CV values than that of the “around the center”/central parts. This result probably reflected
that over-cure [10], which causes mesh structure destruction, occurred in T100 samples. Thus, it was
confirmed that these detailed analyses revealed more information about vulcanization inside the thick
rubber product.

H1 #2 #3 H4 #5 #6

X

(a)

Figure 5. Thick rubber sample for detailed analysis in this study. (a) Coordinate axes and sliced areas
(#1~#6) in the sample, (b) the “around the center” (36 points) and its surroundings (“edge,” 114 points),
and (c) the center (10 points) and its surroundings (“edge,” 140 points).
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Figure 6. Comparison of the THz absorbance and the CV values of the THz absorbance in each section
of T90 and T100 samples. (a) and (c) averaged THz absorbance in “around the center” and central part,
and (b) and (d) CV of THz absorbance in “around the center” and central part, respectively.

4.2. Silica Dispersion in Rubber Samples

Previously the dispersion visualization of CB, the most general filler in rubber, was reported [10].
Here, silica was visualized because it is a significant filler in ecological automobile tires. Because several
unmeasured additives were used in the samples, THz absorbance spectra were evaluated for each of the
new additives, as shown in Figure 7. The identification of observed peaks was not performed in this study.
By considering the amount of each reagent used in Table 2, it was found that the diphenylguanidine
(DPG), antioxidant, and wax were negligible in the THz absorbance of the rubber sample as much as
other vulcanization accelerators and vulcanizing agent. Silane is an essential chemical material when
silica is used as a filler in rubber products because silica cannot be uniformly distributed due to silanol
groups on the silica surface. The silane bis(3-Triethoxylpropyl) tetrasulfide (TESPT in Table 2) reacted
with silica at temperatures less than 140 °C, shown in Figure 8 [13,14]. The THz absorbance change due
to this reaction was monitored in a preliminary experiment that used powdered samples. Because the
bulk density of the powdered silica was approximately one-half that of the tablet silica, in addition to a
scattering of THz light by powdered silica, the measured absorbance was smaller than that in Figure 7.
When liquid silane was mixed with the silica, the silica tended to clump, and the absorbance spectrum
was obtained by averaging three points. In contrast, the absorbance of the pure silica powder sample
was stable. After heating at 130 °C for 2 h, the spectra of the mixed powder were as stable as those
of the pure silica; however, the THz data were measured at the different three points in the sample
and averaged. From Figure 9, it was found that the absorbance increased with silane addition and,
after heating (silica-silane reaction), the absorbance decreased. Although the cause of this decrease was
unclear (it may be an intermediate product, shown in Figure 8), the results indicated the detection of the
silica inside rubber samples.
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Figure 9. Change of the THz absorbance spectrum by silica-silane chemical reaction. Gray-colored
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A calibration curve of the silica THz absorbance was used to visualize the dispersion of silica filler
inside the rubber samples. Samples made from two different polymers were prepared because SBR
polymer, which is the main target and widely used in automobile tires, has a lower viscosity and affects
filler dispersion. Isoprene rubber (IR) was selected for comparison because it has a simple structure,
a higher Mooney viscosity (stiffer), and an almost equal THz absorbance relative to SBR. When the
calibration curves were calculated for silica filler, the same procedure was chosen as that for CB filler
dispersion [10]. The THz-TDS system evaluated 25 points in each sample and processed the data to
produce absorbance images. The results are shown in Figure 10. Both the IR and SBR samples had
excellent correlations between the THz absorbances and the amount of silica. The squared Pearson’s
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coefficient of correlation, 2, was 0.994 and 0.990 for IR and SBR, respectively. Comparing the previous
results using CB filler, no saturation was observable at higher silica amounts. This suggests that internal
scattering or multiple scattering inside the rubber samples was not dominant even in samples having
higher filler concentration. This assumption was supported by the fact that remarkable temporal THz
waveform degradation [15] was not observed in samples containing silica filler (the waveform is not
shown). The parameters of CV and SPD were plotted together in Figure 10. The CV was obtained
from the integrated absorbance values, which eliminated the THz absorbance spectral fluctuations.
In contrast, the SPD reflected the difference in spectral profiles. Increased filler concentration induced
more uniform dispersion; thus, the CV and SPD trends in Figure 10 were acceptable. Furthermore,
the variations were comparable. Both samples indicated minimum values at 70 phr silica; however,
the cause was not understood. The 70-phr silica possibly matched the quantities of other additives
and polymer weights. Figure 10 verified that THz absorbance was suitable for evaluating the silica
dispersion, and that the parameter SPD was a potential indicator of spectral uniformity.

12 O THz Absorbance 15 16 12 O THz Absorbance 5 -6
® CV
B 100SPD
= - 9 14
— ol ) L
©
o =) &) 413 =)
c o < o
© ® >
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Figure 10. Calibration lines for the THz absorbance (solid line) against silica concentration with CV of
the THz absorbance and 100SPD of the THz absorbance spectra. (a) IR- and (b) SBR-based sample.

The visualization of silica dispersion was performed using the same imaging procedure as that used
for CB filler [10]. The grayscale images for the silica dispersion were inferior to the CB dispersion images
in recognition of the dispersion. Meanwhile, the fluctuation of the absorbance spectrum was suitable
to evaluate silica dispersion in the samples. This was because there was much less silica or silica-silane
compound absorption relative to that of CB, although the linearity of the silica absorbance was confirmed
in Figure 10. The 25 spectra were overlapped in one plot in Figure 11 to identify fluctuations more easily.
The THz absorbance image is shown in the inset of each spectrum for reference. The spectra were for
(a) silica masterbatch mixing (unvulcanized), (b) final mixing (unvulcanized), and (c) vulcanized rubber.
These production processes of rubber products, such as masterbatch mixing and final mixing, were
explained previously [10]. The first process was the masterbatch mixing, and the last condition of the
product was a vulcanized rubber, which follows the final mixing. As shown in Figure 11, the fluctuations
settled as the procedure progressed. The SPD in Equations (3) and (4) was used to evaluate the spectral
fluctuations. Table 3 summarizes the averaged absorbance, CV, and 100SPD for these three conditions
over the range 1.2-2.6 THz. The mean value of the absorbance was almost constant, while the fluctuations
gradually decreased with the process. To confirm the validity of the fluctuation evaluation with the SPD
parameter, SEM images were acquired for samples of masterbatch mixing and cured rubber. The SEM
images and the analysis of dispersion by the simplified discrepancy are shown in Figure 12. The brightness
of the images was slightly adjusted by software to emphasize the surface conditions for the (a) masterbatch
mixing and (b) cured rubber. In Figure 12b, the vulcanized rubber had a clean surface. The evaluation
by the simplified discrepancy is shown in Figure 12¢, which has two bars for the masterbatch mixing
sample (from two SEM images) and one bar for the cured rubber. The data confirmed that the value of the
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simplified discrepancy for the cured sample was smaller with fewer errors than that of the masterbatch
sample, and that the dispersion evaluation of silica filler by THz absorbance was valid. This result proved
that the novel parameter of the simplified discrepancy can function for the SEM image analysis.

20

151
10
5+
1 2 3

Frequency [THz] Frequency [THz] Frequency [THz]
(a) (b) (c)

Figure 11. THz absorbance spectra at 25 measured point in various sample condition. (a) Silica masterbatch
mixing (unvulcanized), (b) final mixing (unvulcanized), and (c) vulcanized rubber. Inset shows each

20 20 -

THz Absorbance [cm™]
3>
THz Absorbance [cm™"]

THz Absorbance [cm™]

THz absorbance image.

Table 3. The averaged THz absorbance, CV, and 100SPD for masterbatch mixing, final mixing, and
vulcanized rubber.

Sample Masterbatch Mixing  Final Mixing Cured Rubber

Mean 8.20 8.32 8.22
CV [%] 3.04 2.84 0.242
100SPD 6.32 5.68 2.38
0.10
g 0.08 -
;';' 0.06 |
%
B 0.04 +
E' 0.02 | %
7]
0.00
Masterbatch Mixing Cured Rubber
(a) (b) ()

Figure 12. SEM image evaluation of SBR-based sample. (a) Silica masterbatch mixing, (b) vulcanized
rubber, and (c) silica dispersion in SEM images derived by simplified discrepancy.

5. Conclusions

The vulcanization condition inside thick rubber samples was visualized by THz absorbance
images in detail. They revealed that the surrounding aluminum mold acted as a heat source, and that
the central and the “around the center” regions had a lower rate of vulcanization relative to the edges.
The THz absorbance characterized the dispersion of the silica filler in the rubber samples, which is
difficult to evaluate nondestructively and rapidly with other methods. The profile fluctuation of the
absorbance spectrum was an effective indicator of the homogeneity of the silica filler. The validity of
this method was confirmed with SEM imaging, where a new parameter was used to evaluate the filler
uniformity. Overall, the THz technique could be used for detecting or assessing the distribution of
silica, which will have more importance in future rubber products.
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