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Abstract: Rubber is one of the most used materials in the world; however, raw rubber shows a rel-
atively very low mechanical strength. Therefore, it needs to be cured before its ultimate applicatios.
Curing process specifications, such as the curing time and temperature, influence the material prop-
erties of the final cured product. The transient radar method (TRM) is introduced as an alternative
for vulcanization monitoring in this study. Three polyurethane-rubber samples with different cur-
ing times of 2, 4, and 5.5 min were studied by TRM to investigate the feasibility and robustness of
the TRM in curing time monitoring. Additionally, the mechanical stiffness of the samples was in-
vestigated by using a unidirectional tensile test to investigate the potential correlations between
curing time, dielectric permittivity, and stiffness. According to the results, the complex permittivity
and stiffness of the samples with 2, 4, and 5.5 min of curing time was 17.33 + 0.07 - (2.41 + 0.04)j;
17.09 + 0.05 - (4.90 = 0.03)j; 23.60 + 0.05 — (14.06 + 0.06)j; and 0.29, 0.35, and 0.38 kPa, respectively.
Further statistical analyses showed a correlation coefficient of 0.99 (p = 0.06), 0.80 (p = 0.40), and 0.92
(p = 0.25) between curing time-stiffness, curing time—permittivity (real part), and curing time-per-
mittivity (imaginary part), respectively. The correlation coefficient between curing time and permit-
tivity can show the potential of the TRM system in contact-free vulcanization monitoring, as the
impact of vulcanization can be tracked by means of TRM.

Keywords: vulcanization monitoring; curing time; TRM; non-destructive; complex permittivity

1. Introduction

Rubber is one of the most used materials in the world. In contrast to other engineer-
ing materials, it can provide strong attributes and highly deformable characteristics at the
same time [1-3]. Its unique features make it an important product to be used in diverse
fields ranging from flexible tubing or absorbing system manufacturing for automobile,
construction, agricultural, and aerospace industries to sealing and packaging applications
in healthcare, petroleum, food, and beverage industries [4-6]. However, raw rubber is a
relatively soft material that shows very poor mechanical strength. Consequently, it needs
to be cured before it becomes suitable to roll it out in various applications. This process is
known as vulcanization, a range of processes for hardening rubbers that plays an im-
portant role in the final characteristics of rubber [7]. It works by forming cross-links be-
tween different sections of the polymer chain, leading to a strong three-dimensional mo-
lecular network [7,8]. Ultimately, it increases the stiffness and durability of the rubber in
addition to other changes in its mechanical and electromagnetic characteristics [7,8]. There
are different reported curing systems to be used for rubber vulcanization, including a sul-
fur, dicumyl peroxide/coagent, and radiation/coagent vulcanization system [9]. Among
the mentioned methods, sulfur curing systems are the most widely used vulcanization
systems for rubber compounds, forming sulfuric cross-links between the rubber chains
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rubber (a)

Crude (unvulcanized)

(see Figure 1) [10]. It is obvious that the curing process specifications, such as the curing
time and temperature, influence the mechanical as well as electromagnetic properties of
the final cured product [8]. Therefore, the optimum curing time determination at a certain
curing temperature is of great importance to ensure the high performance of the final
product.

® Sulfuric cross-links

%Rubber chains

Vulcanization

)

Vulcanized rubber

(b)

Figure 1. Schematic of the sulfur vulcanization process. (a) Crude (unvulcanized) rubber. (b) Vul-
canized rubber. By forming cross-links between different sections of the polymer chain, a strong
three-dimensional molecular network will be formed to increase the strength of rubber.

Different techniques for measuring the impact of the curing time have been reported
in literature [10-14]. For instance, differential scanning calorimetry (DSC), mass swelling
analysis, tensile test, terahertz waves spectroscopy, porosity investigation, ultrasound im-
aging, attenuated total reflection (ATR), and Fourier-transform infrared (FTIR) spectros-
copy are the frequently used assessment techniques of the vulcanization process. How-
ever, most of the reported evaluation techniques are destructive. Additionally, some eval-
uation techniques, including DSC, porosity, and shear stress determination, are not accu-
rate, and the final error value might be too high (around 20%) [11]. Evaluation time is
another important parameter to be considered for the vulcanization assessment tech-
niques. For instance, mass swelling analysis needs approximately 72 h for its measure-
ment procedure, which is relatively longer compared to other measurement methods. Alt-
hough some analysis techniques like terahertz wave and ATR-FTIR spectroscopy are
promising to be used for vulcanization monitoring, they are not able to deal with thick
samples, as their penetration depth is limited (a few um of penetration depth) [14,15]. In
other words, rubber characterization on the basis of terahertz wave and ATR-FTIR spec-
troscopy might have high error, since the tests are done according to the surface and sub-
surface characteristics, and no information from deeper regions can be obtained. An over-
view of the conventional vulcanization monitoring techniques is presented in Table 1.

Table 1. Conventional curing monitoring techniques adapted from [11].

Specific
Method Destructive Geometry Error Duration
Needs
leferentle}l Scanning Yes None Hgh <lh
Calorimetry

Mass swelling ‘ Yes None Low =72 h

Tensile test Yes Yes Low <lh
Compression set test ‘ Yes None Low ~72h
Relaxation Yes Yes Low =1 day

Hardness ‘ Yes None Low <lh
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Shear stress Yes None High <lh
Porosity ‘ Yes None High <lh

THz spectroscopy No None Medium <lh
ATR-FTIR spectroscopy ‘ No Yes Medium <lh

Moreover, most of the conventional vulcanization monitoring techniques deal with
mechanical characterization of the rubber and do not consider its electromagnetic charac-
teristics; however, for several industries (e.g., radar absorbing materials and stealth tech-
nology), it is important to have an accurate estimation of the electromagnetic properties
as well. Although there are some techniques for the electromagnetic characterization of
the rubber (as a function of curing time) [10,13], their complex measurement set-up limits
their usability. Therefore, the development of a novel evaluation technique that is also
capable of determining the electromagnetic properties of rubber as a function of curing
time could be necessary.

In the first part of this article, a new evaluation method for the curing degree of rub-
ber on the basis of the complex permittivity calculation is presented. The geometric and
electromagnetic characteristics of three polyurethane-rubber samples with different cur-
ing times were investigated by means of a fully blind, contact-free technique, known as
the transient radar method (TRM) [16]. In the second part of this study, however, stiffness
of the samples has been investigated by means of a unidirectional tensile test. Subse-
quently, statistical analyses have been performed between curing time, permittivity (real
and imaginary part), and stiffness of the samples to investigate the potential correlation
between them. The aim of this research was to investigate the robustness of the TRM sys-
tem in finding the optimum curing time based on the electromagnetic characteristics of
rubber samples. This investigation would also promote research in this field, as it is a
completely novel approach to vulcanization monitoring.

2. Materials and Methods
2.1. TRM System

The TRM measurement set-up is in fact a dual-channel bi-static radar system, which
includes an emitter and receiver antenna at each channel. As shown in Figure 2, channel
1is for calibration and sample measurement, while channel two radiates towards a fixed
perfect smooth metallic reflector (PSMR) to modify drift during measurements.

Channel 1 Channel 2 ___Channel 1_ff A Channel 2

Calibration and measurement| Fixed PSMR

e

Figure 2. Dual channel bi-static radar system of the transient radar method (TRM). (a) The emitter
and receiver antenna in channel 1 and 2. (b) Channel 1 is used for calibration and sample measure-
ment, while channel 2 radiates towards a fixed perfect smooth metallic reflector (PSMR) for drift
compensation.

In addition to the illumination channels, there are several other components that run
the TRM system (see Figure 3). The first module is the single frequency generator, which
is a voltage-controlled oscillator (VCO) that generates a continuous electromagnetic wave
in single note. The power divider has been used as the next module in order to split the
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output of the single frequency generator into two similar (power) amplitudes and phases
for each channel of the differential set-up. The reflective single-pole-single-throw (SPST,
switches with one input and only one output terminal) switch is the next module that has
two main functions. Rise time generation by means of a single harmonic and rise time
modulation by a frequency carrier shift from the baseband to intermediate band is its first
task, while the second task is to reflect the signal at the toggling moment from the con-
ductive to non-conductive condition in order to trigger the single shot sampler. To in-
crease the signal-to-noise ratio (SNR) for further signal processing, an amplifier has been
used in the system to increase the amplitude of the signal radiated towards the testing
sample. The single shot sampler is the next module that records the amplitude of the re-
flected signal in an infinitesimal time interval (femtosecond). To help the operator to rec-
ord the reflected waves at a certain timeframe, a delay creator was used in the system as
well. The trigger is the last module that sends the commands to the SPST switch for tog-
gling from the non-conductive to conductive condition or vice versa [16]. In this investi-
gation, an excitation signal with an input power of 100 mW (1 ns rise time and 4 ns of total
exposure) has been used for the TRM system; however, higher input powers might be
deployed to have an increased penetration depth for certain materials (e.g., construction
structures). Temperature, humidity, and distance are the other important parameters to
be considered for TRM measurements. This investigation was done at the lab environment
with a temperature of 24 °C. To minimize the impact of environmental factors, the tem-
perature and humidity were kept constant during the measurements. Concerning the dis-
tance, all the measurements were done at the radiating near field (Fresnel region). Accord-
ing to the frequency (10 GHz) and the antenna aperture (10 cm), the measurements were
performed at 20 cm from the front side of the rubber samples.

- — @)
caton Power
frequency Bed 41 — - Transmitter antenna
generator divider

‘ . ))))
— f
pelay Single .
B creator [ . :f’;\g}er —————— Receiver antenna |
1 e e [((

o O
[ —— - @

Figure 3. Transient radar system in detail. (a) A block diagram showing different TRM modules. (b)
Different components of the TRM system.

¥ (b)

Three polyurethane-rubber samples (30 cm x 30 cm) with different curing times of 2,
4, and 5.5 min were provided by a third party for further investigations by means of TRM
(see Figure 4). Subsequently, each rubber sample was attached to a rigid frame to ensure
their vertical position with respect to the emitter and receiver antennas. Strong absorber
sheets were also placed behind the samples to mitigate the environmental interference.
After the TRM measurements and before the tensile test, the thickness of each sample was
measured by a thickness gauge with an accuracy of 0.03 mm (each measurement was re-
peated 5 times at different locations of the sample).
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sample #1
420892
2 min

sampla #2
420892
4 min

sampls £3
420882
5.5min

Figure 4. Rubber samples with different curing times of 2, 4, and 5.5 min.

2.2. Electromagnetic and Geometric Properties Extraction

The two-step calibration of the TRM set-up was the first step to be done before the
main measurements (see Figure 5). At first, the crosstalk between the antennas was meas-
ured when no object was in channel 1. This signal is known as the “AIR” signal, as air is
the only dielectric in front of the antennas. In the second step, reflection signal was meas-
ured when a PSMR was in front of the transmitter antenna in channel 1. This signal is
known as the “REF” signal, since the reflection is from a reflector. Subsequently, TRM
calibration [17] was done by knowing the upper and lower reflection extremities.

Transmitter Sampling Transmitter
antenna oscilloscope antenna

Sampling Reflector

oscilloscope

Receiver

Receiver
antenna

antenna

Figure 5. Two-step calibration process. (a) AIR trace when there is no object in front of the antennas.
Consequently, the crosstalk between the antennas can be recorded. (b) REF trace when there is a
PSMR in front of channel 1.

After the calibration procedure, the measurement of each rubber sample was started;
the 10-GHz transient-radar signal was radiated towards the rubber samples (see Figure
6), and its time-dependent reflection was recorded. This signal was named “SAM”, as the
reflection was from the sample under investigation.

Transmitter Rubber
antenna sample

Sampling
oscilloscope

Receiver
antenna

Figure 6. Sample measurement by TRM. (a) The rubber sample in front of the transmitter and re-
ceiver antennas. (b) A representation of the SAM trace obtained from the sample under investiga-
tion.
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Using the histogram technique, the recorded (raw) signal was converted to the
smooth one [16]. In this technique, the areas with the highest density of sample points in
amplitude-time plane were determined by a density-weighted averaging method. To min-
imize the impact of noise, jitter, and drift, the averaging process was restricted to 10 meas-
urements in order to have the least difference between the repeated measurements. Sub-
sequently, drift was calculated in channel 2 and mitigated from the signals obtained from
channel 1. As the next step, the “AIR” signal was subtracted from the “SAM” and “REF”
signals to remove the crosstalk between the antennas. The antennas used in this experi-
ence had a normal gain; thus, diffraction from the output apertures was relatively large.
Therefore, there was a large crosstalk between antennas once the angle of antenna’s ori-
entations was less than 5 degrees. However, in this condition, we could use the assump-
tion of perpendicular illumination for the signal processing in later stages. After removing
the crosstalk, the “nose” of the signal, defined as the shortest round-trip-time (RTT) be-
tween the antenna and the front side of the rubber sample, was determined by reconciling
the “AIR” and “REF” signals and finding their earliest intersection (for better understand-
ing.

To extract the electromagnetic and geometric properties of the rubber samples, we
had to decompose the reflection signal (when the crosstalk was removed, “SAM-AIR”)
into different propagation paths (pp). In fact, each pp represents a possibility for the elec-
tromagnetic waves to propagate through the sample under test (SUT). Considering this
definition, the first pp includes the shortest RTT between the transmitter antenna and the
front side of the sample. The second pp, however, represents the wave radiation from the
transmitter antenna towards the sample under test, transmission through the first inter-
face, penetration inside the sample, reflection from the backside of the sample, and trans-
mission through the first interface and towards the receiver antenna (see Figure 7). Since
the rubber samples used in this investigation had only one layer, detecting the first and
second pp would be enough.

Transmitter
antenna

Transmitter Sampling

Samplin ;
Py oscilloscope

antenna

oscilloscope

Receﬁer'
antenna

(a) . (b)
1st propagation path 2nd propagation path

Receiver
antenna

Figure 7. A schematic of the propagation paths in a single-layer structure. (a) First propagation path
between the antennas and the front side of the sample. (b) Second propagation path that also pene-
trates through the sample under test.

Propagation paths can be obtained by trial and error to rebuild the initial part of each
“SAM-AIR” signal based on the “REF-AIR” signal. Therefore, the amplitude and phase
changes applied to the “REF-AIR” signal, to find the initial part of the “SAM-AIR” signal,
could be obtained. Taking all the explanations into account, the first propagation path can
mathematically be represented as:

PP, = ATy e 72U (t—1,),t > 1, (1)

where A, Toi, fo, do, wo, t, to, U(t), and PPuo refer to the amplitude, reflection coefficient
from the front side, propagation constant in free space, the distance between antennas and
SUT, angular frequency, time, round trip time between the antennas and SUT, Heaviside
function, and first propagation path, respectively. In a similar way, the second propaga-
tion path can be written as:
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where Toi, T, f1, di, t1, and au refer to the transmission coefficient through the first inter-
face, transmission coefficient through the second interface, propagation constant in the
material, thickness of SUT, RTT, and attenuation coefficient in sample, respectively.

Having the propagation paths, one can calculate the time delay between the first and
second propagation paths. This time delay can be converted to the sample thickness, as
the time delay is a function of the distance and material-dependent speed of light. In gen-
eral, using the TRM system, we can monitor the curing time based on the reflection re-
sponse of each sample within a couple of minutes. However, to extract all the geometric
and electromagnetic properties of the samples, 2-3 h might be needed, depending on the
processing power of the hardware, type of the sample, thickness, etc.

2.3. Unidirectional Tensile Test

Following the electromagnetic characterization of the rubber samples, a unidirec-
tional tensile test was used to investigate the stiffness of the samples versus curing time
(see Figure 8). Taking the ASTM D412 guidelines into account, each rubber sample with
the curing time of 2, 4, and 5.5 min was cut into 2.5 cm x 30 cm pieces (straight geometry
for each sample). The tensile tests were done using an Instron universal testing system
(Instron Inc., corporation, MA, USA) at 23 °C. Because of the very high elasticity of the
samples and measurement limitations, the elongation applied to each sample was re-
stricted to 30 cm. Subsequently, an elongation of 30 cm with the stretch rate of 20 mm/min
was applied to the samples. Each rubber sample was tested three times. Subsequently, the
force—displacement graphs of each sample were obtained. Having the initial length and
the cross-sectional area of each sample, the force-displacement graphs were converted
into the stress—strain graphs.

Figure 8. Unidirectional tensile test performed on rubber samples with different curing times.

2.4. Statistical Analyses

After obtaining the electromagnetic and mechanical characteristics of the rubber sam-
ples, a Pearson’s correlation analysis was done by MATLAB (MathWorks, Inc., Natick,
MA, USA). A dataset including real and imaginary values of permittivity, speed of light,
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curing time, and stiffness was generated. Subsequently, the correlation study was done
between each pair of variables to determine the correlation coefficient. Since the number
of samples (with different curing time) was limited, no threshold for the p-value was de-
fined. However, the obtained p-value is reported to provide a thorough overview of this
investigation.

3. Results
3.1. Geometric and Electromagnetic Properties

After the calibration process, the SAM trace was recorded using the single shot sam-
pler. The raw data of each rubber sample are presented in Figure 9. Subsequently, the raw
data were converted into the smooth signals by means of the histogram technique.

-3
x10
Raw signal B : Raw signal |
1 Smooth signal P 0.02 Smooth signal
> 05 = 0.01
> 0 o
! g 0
(=] = 5
>05 =.0.01 wLdi
-1 -0.02 : i%% ‘%
L - ) ' a) K A
183.5 184 184.5 185 185.5 183.5 184 184.5 185 1855
Time [ns] Time [ns]
0.02|Raw signal m
Smooth signal
0.01
=
% 0
Gl
>
-0.01
-0.02 . . "- ey
183.5 184 1845 185 185.5
Time [ns]

Figure 9. Raw and smooth signals of rubber samples. (a) Sample after 2 min of vulcanization. (b)
Sample after 4 min of vulcanization. (c) Sample after 5.5 min of vulcanization.

After obtaining the smooth signals, further signal processing was done to remove the
drift, switch leakage, offset, etc. Finally, the “REF-AIR” signal was used to re-generate the
“SAM-AIR” signal based on the accumulation of the propagation paths (see Figure 10).
Having the propagation paths, the geometric and electromagnetic properties of each rub-
ber sample were obtained (see Table 2).
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Figure 10. Last step of TRM signal processing to obtain the propagation paths (PPs). (a) REF, AIR,
and SAM trace. By reconciling the REF/SAM and AIR traces, a certain moment could be found that
the REF/SAM trace started to deviate from the AIR trace. This is the nose of the signal, the certain
moment that the reflections from the first interface (frontside of the SUT) will be detected. (b) Ac-
cumulation of PPs to re-generate the “SAM-AIR” signal. Error is illustrated as well.
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Table 2. The geometric and electromagnetic characteristics of the rubber samples obtained via TRM.

Curing time

. 2.0 4.0 5.5
(min)
Thickness
[mm] 241 +0.11 2.21 +£0.07 218 £0.15
(caliper)
Thickness
[mm] 247 +0.11 227 +0.17 2.36 +0.21
(TRM)
Complex 17.33 +0.07 - 17.09 £ 0.05 — 23.60 +0.05 -
permittivity  (2.41 £ 0.04);j (4.90 £ 0.03)j (14.06 £ 0.06);
Relative
thickness 2.48 2.71 3.49

error [%]
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As shown in Table 2, the thickness (measured with a thickness gauge) of the rubber
samples with 2, 4, and 5.5 min of curing time was 2.41 + 0.11, 2.21 + 0.07, and 2.18 = 0.15
mm, respectively. Using the TRM system, the thickness of each sample was 2.47 + 0.11,
2.27 + 0.17, and 2.36 + 0.21 mm, determined with a relative error of 2.48%, 2.71%, and
3.49%, respectively.

The complex permittivity of the samples was obtained as 17.33 + 0.07 — (2.41 = 0.04)j,
17.09 + 0.05 - (4.90 + 0.03)j, and 23.60 = 0.05 - (14.06 + 0.06)j. Although the imaginary part
of the permittivity increased by increasing the curing time from 2 to 4 min, the real part
did not change significantly in this interval. However, when the curing time increased
from 4 to 5.5 min, a significant elevation in the real and imaginary parts of permittivity
could be observed.

Having the complex permittivity of each sample, we calculated the speed of light
through each rubber sample. The speed of light in every medium (once the illumination
is perpendicular) can be calculated using the following equation [15]. Although the calcu-
lation of speed of light once the illumination is oblique is more complex, using Equation
(3) is a good approximation in determining the speed of light in the rubber samples.

J2c

V=

©)

2 2

+(Ue-ue)

HE —UE + \/(,U'é" ~H[E)

Since the samples used in this study were non-magnetic, we can re-write the speed
of light equation as:

V2
)
Ve +ie? +¢€?

According to Equations (3) and (4), the speed of light in rubber samples with 2, 4, and
5.5 min of vulcanization was 7.1842 x 107, 7.1799 x 107, and 5.9327 x 10" ms™!, respectively.

V =

3.2. Mechanical Properties

Following the electromagnetic properties extraction of the rubber samples, the uni-
directional tensile test was done on the samples. The stiffness of the rubbers versus strain
is provided in Figure 11. In this study, the stiffness of each rubber sample is reported
based on the stress—strain curves at 25%, 50%, 75%, 100%, 125%, and 150% strain. Young's
modulus of each rubber sample at different strain percentages are shown in Table 3.

80 T T T T T

32 min curing

N -%-4 min curing ||
75 é 5.5 min curing|
70F [~ .
R
x 651 N \\\ i
» AN \P
S N ~
=60 ~ Se o _
g s
Essl . ko .
» RN Tsa
=] o ~<
2, - S -
> R ‘\4;\_

451 ‘Q)\\‘ \““b -
401 T~ b

35 1 1 1 1 1 1

20 40 60 80 100 120 140 160

Strain %

Figure 11. Young’s modulus of each rubber sample. The Young’s modulus of each sample was
measured at 25%, 50%, 75%, 100%, 125%, and 150% strain values.
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Table 3. Young’s modulus of rubber samples at different strain levels.

Curing Young’s Young's Young's Young's Young's Young's
Time  Modulus Modulus Modulus Modulus Modulus Modulus
[min]  25% [kPa] 50% [kPa]l 75% [kPa] 100% [kPa]l 125% [kPa] 150% [kPal]

2 68+2.3 56 +1.6 49+1.2 45 +0.9 40+1.2 38+1.1
4 72+14 62+1.8 56+1.5 51+1.3 47 +1.6 44 +1.2
5.5 76 +1.7 66 +1.2 58 +1.3 54 +1.1 50+1.4 47 +1.4

3.3. Statistical Analyses

To measure the strength of the linear relationship between curing time, permittivity,
and stiffness, Pearson’s correlation test was done between the obtained results in previous
sections. A dataset consisting of curing time, stiffness, speed of light, real part of permit-
tivity, and imaginary part of permittivity was defined in MATLAB. Subsequently, the cor-
relation test was done between each pair of the variables. The correlation coefficient and
p-value were calculated as well (Figure 12).

«10”
R =-082 p-valug =0.38

50|R=0.99,p-value =0.06

K3

Stiffness
(kPa]
&
Speed of light

5.
2 25 3 35 4 45 5 55 2 25 3 35 4 45 5 55
Curing time [min] Curing time [min]

R = 0.80, p-value = 0.40 IR =0.92, p-value = 0.25

(real)

(imaginary)

Permittivity
Permittivity

-

4

-

2 25 3 3.5 4 4.5 5 55 25 3 35 4 4.5 5 5.5
Curing time [min] Curing time [min]

S

R =0.73, pvalue = 047 ®R=0.87, p-value = 0.32 B

/

40 42 44 46 48 50 0 42 44 46 48 50
Stiffness [kPa] Stiffness [kPa]

Permittivity

(real)
= 8 R
\
Permittivity
(imaginary)
-

P

Figure 12. Correlation matrix obtained by means of Pearson’s correlation analysis between curing
time, stiffness, real, and imaginary parts of permittivity.

The strongest correlation was observed between curing time-stiffness (R = 0.99, p =
0.06). A relatively high correlation was also observed between curing time and the real
and imaginary parts of the permittivity (R = 0.80, p = 0.40 and R = 0.92, p = 0.25, respec-
tively). Since only three samples (with different curing time) were available in this study,
the obtained p-value was not significant.

4. Summary and Discussion

The TRM system, as a contact-free method to extract the electromagnetic and geo-
metric properties of the samples under investigation, has been introduced as a non-de-
structive alternative for vulcanization monitoring in this study. Three rubber samples
with different curing times (2, 4, and 5.5 min) were studied by TRM to investigate the
feasibility and robustness of the TRM in curing time monitoring. Additionally, the me-
chanical stiffness of the samples was investigated by using a unidirectional tensile test.
Statistical investigations were done between curing time and electromagnetic and me-
chanical properties of the samples in order to investigate the potential correlations be-
tween curing time, permittivity, and stiffness.

The thicknessed of the samples with 2, 4, and 5.5 min of curing time obtained by a
thickness gauge were 2.41 = 0.11, 2.21 + 0.07, and 2.18 + 0.15, respectively. The same
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parameters obtained by TRM were 2.47 + 0.11, 2.27 + 0.17, and 2.36 + 0.21, which resulted
in the relative error of 2.48%, 2.71%, and 3.49%, respectively. Since TRM averages over the
full area of each sample, a relatively high precision was observed by this technique. More-
over, we observed that the thickness obtained by TRM yielded larger systematic values
compared with the mechanically measured ones. These larger values are most likely re-
lated to a small beam displacement when the electromagnetic beam propagates back and
forth inside the sample. This should be considered as a systematic error [18].

The complex permittivity of the samples with 2, 4, and 5.5 min of curing time was
17.33 + 0.07 - (2.41 + 0.04)j, 17.09 + 0.05 — (4.90 + 0.03)j, and 23.60 + 0.05 — (14.06 + 0.06)j,
respectively. Based on the principles of the TRM method, we may state that the errors we
obtained are an order of magnitude smaller than for the thickness measurements, approx-
imately. The stiffness of each sample was calculated for different levels of strain, which is
reported in Table 3. A further statistical analysis showed a correlation coefficient of 0.99,
0.80, and 0.92 between curing time-stiffness, curing time—permittivity (real part), and cur-
ing time—permittivity (imaginary part), respectively. The correlation coefficient between
curing time and permittivity can show the potential of the TRM system in vulcanization
monitoring.

5. Conclusions

Compared with the conventional rubber vulcanization monitoring techniques, in-
cluding DSC, mass swelling analysis, compression set test, relaxation method, and shear
stress evaluation, TRM has a significantly smaller measurement duration (a few minutes).
Moreover, because of the used frequency (10 GHz) in this system, there would be no issue
regarding the penetration depth, and relatively thick samples can be studied as well. The
small error level is another advantage of this method in comparison with the conventional
techniques, which have high error in the results. Lastly, the measurement duration of this
technique is relatively short compared with other techniques. In order to check the degree
of curing qualitatively, the measurement takes a few minutes, approximately. However,
it may take longer, up to a couple of hours, to have the numerical values, which is longer
than some of the conventional techniques but is still short enough to be used for online
quality monitoring. According to this investigation with a limited number of samples,
TRM can be considered as a potential non-destructive testing technique to cope with the
fully blind, real-time, and contact-free vulcanization monitoring of different samples.
However, we should notice that the number of samples with different curing times was
limited in this investigation. Therefore, further investigation with a wider range of the
curing time and higher number of samples should be performed in the future.
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