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Abstract. The paper reports the use of visible 532 nm wavelength of 7 nS pulse obtained from Q-switched Nd:YAG
laser at 10 Hz repetition-based time-domain photoacoustic spectroscopy for measuring the effect of carbon and
inorganic fillers blending in natural rubber (NR)/chlorobutyl rubber (CIIR). All the measurements were carried out
in the indigenously designed solid photoacoustic (PA) cell of 5 × 5 × 6 cm3 made of aluminum. A pre-polarised
microphone of 50 mV/Pa responsivity coupled with a pre-amplifier was used as the sensor. The time-domain PA
signal was recorded using a 200 MHz oscilloscope. The time-domain signal was converted into frequency-domain
signal using indigenously designed data acquisition software developed using lab view software. The experimental
data were also used to measure the absorption coefficients in the 1.672–4.48 cm−1 range. The absorption
coefficient value varies with respect to the variation of clay percentage in the rubber matrix. We also calculated
the thermal diffusivity, thermal diffusion coefficient and penetration depth as 1.0405–1.0698 × 10−5 cm2 s−1 ,
8.165–8.602 cm−1 , 1162–1224.6 μm, respectively. Finally, we have ascertained the effect of fillers on the viscosity
of natural and chlorobutyl rubber samples using Einstein–Guth–Gold equation and determined the size of the filler
particles.
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1. Introduction
Rubber and elastomeric materials obtained either from
nature or grown chemically, find diverse applications
in local industries and defense sectors such as making
tires, tubes, biometric devices, memory storage devices,
paints etc. Rubber is a natural polymeric material and
possesses elasticity which is only possible when the
materials have molecules with long polymeric chains or
chains that have high degree of flexibility and mobility
and are joined into a network structure. These properties
can further be modified by the incorporation of reinforcing fillers such as carbon black or clay. It can improve
the tear strength, tensile strength, abrasive resistance,
etc. Such polymers are better than metals because they
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do not rust with time. Still, they have other limitations,
such as their degradation when exposed to environmental conditions like moisture, hazardous solvents, etc.
Hence, there is a need to reinforce such polymers using
appropriate fillers [1–3].
In this paper, carbon black was used along with organically modified montmorillonite clay because the combination of the high aspect ratio of nanoclay (2D) and
high surface area of spherical-shaped carbon black
(3D) could help to get a synergistic effect. This synergistic effect can support property enhancement. The
possibility of agglomeration among the fillers can be
reduced to a reasonable extent by the interaction of carbon black with nanoclay. It could help in forming a
reinforced intercalated structure with polymer chains in
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the interlayer space and carbon black (CB) adsorbed on
the clay surface [4,5]. It can also support the formation
of two distinct filler networks. It is an organically modified montmorillonite with dimethyl, benzyl and one
alkyl tail, i.e., hydrogenated Tallow HT (65 m% 18 C, 30
m% 16 C, 5 m% 14 C) modification with cation exchange
capacity (CEC) equal to 125 meq/100 g and average dry
particle size in the 10–60 nm range but due to agglomeration in rubber matrix it converts into 2–13 μm range.
It is known that the reinforcing efficiency of these fillers
depends on the type of rubber matrix, characteristics of
the filler such as size, structure and surface functionality,
as well as mixing conditions [4–6]. In CB, its form significantly promotes the hydrodynamic effects and the
mechanical properties by governing the formation of
bound rubber layers around the outer surface of the CB
particles. There are two types of fillers; active and inert.
Inert fillers like calcium carbonate, clay, etc., have little
effect on the mechanical and dynamical properties. Still,
they can be added to increase the mechanical properties
and the volume and mass of the products. Nevertheless,
active fillers like CB control the mechanical, thermal and
viscosity properties of the rubber products and increase
the modulus at 100–200%. The strong binding force
between the CB and the rubber molecule constrains the
movement of the polymer chain and reduces the chain
slipping. Still, the surface area of the clay filler is minimal. Consequently, the binding between rubber and CB
is minimal [7–11]. It is attributed to the effect of bound
rubber where some part of rubber is attached to the filler
during milling, which cannot be extended with the conventional rubber solvents. This insoluble rubber is called
the bound rubber. Fine filler binds a higher percentage
of rubber molecules, whereas coarse filler binds none
[12] practically.
Pulsed photoacoustic spectroscopy is a well-known,
non-destructive and susceptible analytical technique
widely used in the low-level detection of atmospheric
pollutants, explosives and impurities in materials as
well as in biomedical imaging, along with various other
applications [13–16]. Carter and Peck have reported the
IR photoacoustic spectroscopy of CB-filled natural rubber [17]. Natural rubber is a polymer and has weak
absorption in the visible region. Still, the addition of
CB as the filler enhances the strength of natural rubber and helps assess rubber’s absorption and thermal
properties [14,15]. In the present paper, Nd:YAG laser
having 532 nm wavelength and 10 Hz repetition rate was
used, and the time-domain spectra of all the rubber samples with different types of fillers were recorded. To the
best of the authors’ knowledge, this is the first report of
time-domain PA spectroscopy of rubber samples with
different types of fillers. The study also provides the
optical and thermal interactions in terms of absorption
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coefficients, thermal diffusion length, penetration depth
and the decay lifetime of the samples.
Alexandre and Dubois [18] and Yue et al [19] have
reported using silicate nanocomposites and carbon nanotubes for improving the rubber quality. Also, Bhowmik
et al and other researchers have reported the effect carbon fillers and shown that the reduction in particle size of
CB leads to the enhancement of the mechanical properties of the rubber products [20–26]. These studies have
motivated us to determine the role of nanoparticles in
an insoluble form that affect the transport properties of
natural rubber (NR). Photoacoustic process and photothermal effect are conjugate processes used to measure
thermal diffusivity properties of thin films and twolayered polymers [27]. Therefore, an attempt has been
made to measure the thermal diffusivity and penetration depth of the solid-state rubber samples. However,
the present system is based on RG theory [13,28], provided for thermally thick and optically opaque materials.
As per the available reports, this theory is applicable in
the 6–12 Hz frequency range using CW sources. However, 532 nm wavelength obtained from the Q-switched
nanosecond pulsed laser system at a 10 Hz repetition
rate was employed in the present case. The RG diffusion
model is also based on the measurement of amplitude
and phase lag,  of CW, optical/IR sources. We have
designed the data acquisition program, which has been
used for fast data collection from the oscilloscope and
provides an in-built facility of time/frequency domain
signal processing. As a result, the pulsed laser offers an
accurate measurement of the diffusion parameter without using any lock-in amplifier. Since nanosecond pulses
generate thermal signals during diffusion from one end
to another, the pulse to pulse duration is of the order of
100 ms, which is much higher than the diffusion lifetime
of the samples. Consequently, the present experimental
set-up confirms the suitability of 10 Hz nanosecond laser
pulses to record thermal diffusivity parameters from rubber polymers [29–31].
2. Experimental set-up
The samples were prepared by adding CB and clay
fillers in different proportions to a 70/30 composition
of CIIR/NR blend. Before subjecting the test samples
as mentioned in table 1, the solid photoacoustic (PA)
cell response, which is cubic shaped (5 × 5 × 6 cm3 )
and made of aluminium, was calibrated using graphite
powder. Graphite is chosen for calibration because of
its excellent absorption properties in the entire optical
wavelength range. From the data obtained, the quality
factor of the PA cell is determined. After that, small
pieces of rubber samples of 2–2.2 mm diameter were
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Figure 1. Schematic diagram of the experimental set-up.

placed in the cell and adjusted in a circular disk of
uniform thickness. The distance between the centres
of the sample to the microphone head was 2.2 cm. An
aluminium plate with a diameter of one inch and a neoprene washer were used to cover the cavity. A quartz
window of the same width was used to cover the cell
cavity before irradiating the sample with a 532 nm visible laser beam obtained from a Q-switched Nd:YAG
laser at 10 Hz repetition rate. The generated PA signals
were recorded using a pre-polarised microphone (BSW,
China) housed in a teflon jacket and placed at a distance
of 2.2 cm from the sample cavity. The pre-amplified
PA signal was fed to the digital storage oscilloscope
(Tektronix, 200 MHz) to record the time domain signal.
The oscilloscope works as a data acquisition card. The
oscilloscope’s output was fed to a personal computer
for recording the fast Fourier transform (FFT) spectra
using an indigenously developed data acquisition program using Lab View software. The schematic of the
experimental set-up is shown in figure 1.
3. Results and discussion
3.1 Time/frequency domain PA spectra of the rubber
samples

the PA signal of the natural rubber by an order of
∼3 times.
We have observed that amplitude of sample 2 (CIIR/
NR/CB) is more than that of sample 1 (CB+NR). So, it
can be inferred that the PA amplitude increases with the
concentration of CB, added to natural rubber. However,
for samples 3–5, clay was added in different proportions (table 1). Sample 3, which has the least amount of
clay, shows a decrease in amplitude, whereas it increases
for S4 and then again decreases for S5. From the data,
it is well established that the rubber matrix is firmly
attached to the CB by physical and chemical interactions. In addition to this, the surface characteristics of
CBs enable the formation of bound rubber in various
rubber-filled systems. This acts as a rigid body, and
the reinforcements lead to a higher effective volume
of the compound’s amplitude. Therefore, the interaction parameter is greatly dominated by the promotion of
bound rubber in CB-filled elastomers. This also shows
that the rubber macromolecules are attached to the CB
surface mainly through physical adsorption. When clay
is added to the samples, the exact nature is not observed.
This can be due to the non-interaction of clay particles
with the rubber matrix.
3.2 Data acquisition time

Figure 2 (S1–S5) shows the fast Fourier transfer (FFT)
of the time domain PA spectra of sample Nos S1–S5,
as shown in the insets and comprised in table 1. The
spectra of these rubber samples were recorded at 0.5 ms
data acquisition time, at 1.0 mJ incident laser energy.
The acoustic spectra obtained for all the five samples
at 1.0 mJ energy have standard frequency modes at and
around 1.64.4, 7.2, 10.8 and 13.2 kHz, but the amplitude
of the PA signal differs in all the samples. The magnitude
of the prominent peaks is provided in table 2. It is very
much clear from the low strength of the PA signal of
sample S1 to the natural rubber has weak absorption in
the visible region. Still, a small addition of CB enhances

It shows the growth and decay behaviour of PA signals
in different mediums.
Figure 3 clearly shows that all samples show an
exponential decay behaviour of the PA amplitude with
respect to time. This fitting of the curve is represented
by the following equation:
y = y0 + A1 e−x/t1 ,

(1)

where y0 , A1 , t1 (exponential decay time of the acoustic
mode with respect to data acquisition time) are the fitting
constants given in table 3. The error bar is also provided
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Figure 2. FFT of the time domain spectra showing the frequency vs. PA signal for samples S1–S5.

in the figure. It was ±0.06 for the collection of data used
to plot figure 3.
3.3 Calculation of absorption coefficients
Measurements of absorption coefficients of solid samples also represent the amount of optical energy absorbed

by the sample. Especially in the case of rubber composites, it varies from different types of additive fillers.
However, in a solid PA cell, it is a real challenge that
needs special efforts, such as modification in the PA
cell design by changing the distance between the sample and the detector. But the change of concentration
of the liquid sample is easier than the solid samples. It
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Table 1. Composition of rubber sample.

Table 4. Important fitting parameters.

Samples

Constituents

Samples

S1

70 g (CIIR)+30 g (NR)+20 g (CB)
+0 g (nanoclay)
70 g (CIIR)+30 g (NR)+20 g (CB)
+2.0 g (nanoclay)
70 g (CIIR)+30 g (R) +20 g (CB)
+2.5 g (nanoclay)
70 g (CIIR)+30 g (NR)+20 g (B)
+5.0g (nanoclay)
70 g (CIIR)+30 g (NR)+20 g (CB)
+7.5 g (nanoclay)

S2
S3
S4
S5

S1
S2
S3
S4
S5
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Error %

Standard
deviation in
the data

Median of the
data

±0.02
±0.06
±0.05
±0.06
±0.05

0.167
0.521
0.816
0.481
0.480

−1.499
0.655
1.135
1.243
1.210

Table 2. Comparison of photoacoustic peaks at different
frequency modes for 1.0 mJ of incident energy.

can either be ascertained by (i) measuring the acoustic
velocity in a particular sample by varying the excitation
detector separation and the corresponding change in the
first temporal amplitude of the photoacoustic signal or
rising edge of the pulse or (ii) using Beer’s law [32].

Samples

ρ1 = vε,

Excited acoustic modes (kHz)

S1
S2
S3
S4
S5

1.6, 4.4, 7.2, 8.8, 10.8, 13.2
1.6, 4.4, 7.2, 10.8
1.6, 4.4, 7.2, 9.6, 10.8
1.6, 4.4, 7.2, 9.2, 10.8
1.6, 4.4, 7.2, 9.2, 10.8, 13.2, 22.8

Figure 3. Data acquisition time of the samples vs. PA signal
decay behaviour.

where ρ1 is the slope of the log PA plot (first temporal
amplitude) vs. rise time, v is the velocity of sound in the
medium and ε is the absorption coefficient.
However, we have measured the values of ρ1 for different samples using the time domain spectra. Since
rubber samples were available in the form of sheets,
they have a weak transmission in the visible range, i.e.,
at 532 nm wavelength. We have used 532 nm wavelength from the Nd:YAG laser for the transmission study.
Therefore, using Beer’s law, we can easily ascertain the
values of absorption coefficients of these samples, which
are given in table 5.
In addition, we have measured the values of ρ1 for
all the samples using PA data. It may further help to
ascertain the velocity of sound in the sample. The value
of ρ1 of sample S1, which is the natural rubber, has
the highest value of 100 × 103 /s. Similarly, values of
ρ1 for S2–S5 samples are 9.5 × 103 /s, 1.54 × 103 /s,
0.5 × 103 /s and 0.83 × 103 /s, respectively.These values
are calculated from the slope of figures 4i–4v.
Table 4 provides the values of the error bar in the data
of the plots of figure 4, along with the values of standard
deviation and the median of the data.
In order to calculate the slope from figure 4, the data
was fitted linearly using eq. (3):
y = mx + c,

Table 3. Decay time constants of samples S1–S5.
Samples
S1
S2
S3
S4
S5

y0
3.25
16.87
9.34
20.64
61.22

A1
83.88
1571.7
316.09
1010.11
11500.1

t1 (ms)
0.22
0.19
0.34
0.198
0.069

(2)

(3)

where m is the gradient/slope of the straight line and
(0, c) is the coordinate of the y-intercept.
3.4 Estimation of thermal diffusivity and penetration
depth
The photoacoustic effect’s application to measure thermal diffusivities of thin films was made by Adams and
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Figure 4. (i)–(v) represent the measurement of ρ1 values of samples S1–S5.

Kirkbright [29] and Balderas-Lopez and Mandelis [31].
When the rear surface of the sample gets illuminated
with a chopped light beam, the generated temperature
oscillations propagate across the sample. Temperature
oscillations induce pressure oscillations that arise due
to the PA phenomenon of the same frequency in the gas

chamber, where they are detected by a microphone. The
PA signal obtained by this procedure has a specific phase
shift relative to the incident chopped light because of the
considerable time-lag between the heat transfer process
and the propagation of light. The problem of time-lag
between the heat transfer process and the propagation of
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light can be removed by the proper selection of chopper
frequency in the case of CW PA systems. In the present
report, pulsed laser energy has been used to illuminate
the sample. Thus, in this case, it is controlled by two
means; repetition rate of the laser system and proper
selection of data acquisition time of the samples.
Thermal diffusivity (α) is measured through frequency analysis of the amplitude or phase of the PA
signal by determining the characteristic frequency, f c .
It is given by the expression
α = f c ∗ls2 .

(5)

as is the thermal diffusion coefficient and is given by
the formula


π f 1/2
.
(6)
as =
α
The penetration depth is defined as the length up to
which the incident beam can penetrate the sample. It
is given by the following equation:
 1/2
2α
,
(7)
Dt =
ω
where ω is the central frequency. In the present case, the
thickness of the sample is of the order of ∼ 2 mm which
is equal to 0.002 m. So, the unit of thermal diffusivity
is considered as m2 s−1 . All the calculated results are
summarised in tables 5 and 6.
3. Calculation of viscosity (η) using the Einstein,
Guth and Gold (EGG) equations
The EEG equations are used to calculate the effect of
reinforcing fillers on the viscosity of rubber samples.
The equations are as follows:
M = M0 (1 + 2.5C − 14.1C)2 ,


η f = ηu ∗ 1 + 2.5 ∗ C + 14.1C 2 ,
ηs /C = 2.5,

Table 5. Values of absorption coefficients of samples S1–
S5.
Samples

Thickness
(cm)

S1
S2
S3
S4
S5

0.214
0.211
0.206
0.210
0.217

Log(I0 /I )

Absorption
coefficient
= ε(cm−1 )

0.3578
0.635
0.6808
0.850
0.972

1.672
3.009
3.305
4.047
4.48

(4)

Here, ls is the thickness of the sample and f c is the characteristic frequency (4.4 kHz). The slope of the graphs
obtained is less than 1. The straight line obtained for the
reference sample has a slope (−1), which is in agreement
with RG theory for an optically opaque and thermally
thick sample. Then, the thermal diffusivity of the sample is calculated using the above formula. Since it is a
derived quantity and it controls the rate of heat transfer
through a medium, the unit of thermal diffusivity is basically (length2 /s) whereas some of the literatures report
it as (m2 s−1 ), (cm2 s−1 ) or as (mm2 s−1 ). One important
condition which must be satisfied for optically opaque
and thermally thick sample is
as ∗ ls < 1.
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(8)
(9)
(10)

Table 6. Thermal diffusivity, diffusion coefficient and
penetration depth of samples S1–S5.
Samples Thermal
diffusivity (α)
(cm2 s−1 ) ×
10−5
S1
S2
S3
S4
S5

1.0405
1.0115
0.9641
1.0020
1.0698

Thermal
diffusion
coefficient
as = cm−1
8.2803
8.3981
8.6024
8.4380
8.1658

Penetration
depth (Dt )
(μm)
1207.0
1190.0
1162.0
1185.1
1224.6

where η f and ηu are the viscosities of the rubber filled
with reinforcing material and unfilled rubber, which
is the natural rubber, C is the filler’s volume fraction. Bound rubber produced after adding the fillers is
added to the filler fraction so that the viscosity of the
filled rubber increases accordingly. The effect of CB is
not properly assessed in bound rubber sample [11,33].
Using eqs (8)–(10), the value of η was calculated. For
sample 1, which contained CR+NR, the value was 0.85,
while for sample 2, consisting of CR+NR+CB, the
value was 0.54. The rest of the samples, which had varied proportions of natural clay, had imaginary values
for η. The calculations show that these equations have
limitations for natural clay as a constituent. The tensile
strength of samples S1, S2, S3, S4 and S5 were of 0.42,
0.7, 1.1, 1.1 and 1.1 MPa, respectively. It is clear from the
tensile strength data that samples S3–S5 show saturation
behaviour. Similarly, absorption coefficient data also are
related to the concentration of different types of fillers,
which also becomes similar for higher concentration of
clay in rubber matrix and provides an alternative nondestructive approach to judge the saturation behaviour
in rubber sample strength.
4. Conclusions
The paper successfully demonstrated the use of timedomain PA spectroscopy technique in the optical region
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of λ = 532 nm wavelength to record several new parameters such as absorption coefficients, thermal diffusion
coefficients and penetration depth of purely natural
rubber and rubber reinforced with carbon and clay
fillers. The absorption coefficient values were in the
range of 1.672–4.48 cm−1 whereas thermal diffusivity, thermal diffusion coefficient and penetration depth
lie in the range of 1.0405–1.0698 × 10−5 cm2 s−1 ,
8.165–8.602 cm−1 and 1162–1224.6 μm, respectively.
Also, the penetration depth and thermal diffusivity are
matched with the necessary condition of as ls < 1 for
thermally thick rubber samples. The materials become
optically opaque with the addition of fillers which is also
reflected in the absorption coefficients data. Finally, the
effect of filler on the viscosity property of natural rubber
is determined using the EGG equation.
Acknowledgements
The authors gratefully acknowledge the financial support provided by the DRDO, Ministry of Defense,
and Govt. of India under ACRHEM Phase–III No.
ERIP/ER/1501138/M/01/319/D (R&D). They also
express their sincere thanks to Prof. K K Mahato, School
of Life Science, Manipal University for valuable discussion on acoustic velocity measurements.
References
[1] A Das, K W Stockelhuber, Polymer 49, 5276 (2008)
[2] Charles E Carraher Jr, Introduction to polymer chemistry, 2nd Edn (CRC Press, 2010) chapters 1–2, pp. 1–21
and 23–48
[3] Wolfram Schnabel, Polymers and light; Fundamentals
and technical applications,1st Edn (Wiley-VCH, 2007),
Part 1, Chap. 1, pp. 5–41
[4] P K Chattopadhyay, N C Das and S Chattopadhyay,
Composites Part A. 1049 (2011)
[5] S Rao, R K Mishra, S Thomas, N Kalarikkal and H
J Maria, Carbon-Based nanofillers and their rubber
nanocomposites: Fundamentals and applications (Elsevier, 2019), ISBN: 978-0-12-817342-8
[6] A Varamesh and M Abdollahi, Polymer Sci. 55, 115
(2013)

Pramana – J. Phys.

(2021) 95:160

[7] J Besson and S Schilt, Spectrochim. Acta Part A 60,
3449 (2004)
[8] M Ahmadi and A Shojaei, Thermochim. Acta 566, 238
(2013)
[9] J Karger-Kocsis and S Felho, J. Appl. Polym. Sci. 108,
724 (2008)
[10] S Choi and C Nah, Polym. Int. 52, 23 (2003)
[11] J Bergstrom and M C Boyce, Rubber Chem. Tech. 72,
633 (1999)
[12] M A Lo pez-Manchado and J Biagiotti, Appl. Polym.
Sci. 92, 3394 (2004)
[13] A Rosencwaig, Opt. Commun. 7, 305 (1973)
[14] K S Rao and A K Chaudhary, Sensors Actuators B 231,
830 (2016)
[15] K S Rao and A K Chaudhary, Opt. Laser Technol. 109,
149 (2019)
[16] A F El-Sherif and H S Ayoub, Opt. Laser Technol. 98,
385 (2018)
[17] R O Carter and M C Paputa Peck, Appl. Spectrosc. 43,
1350 (1989)
[18] M Alexandre and P Dubois, Mater. Sci. Eng. R
Report 28, 1 (2000)
[19] D Yue, Y Liu and S Zengmin, J. Mater. Sci. 41, 2541
(2006)
[20] A K Bhowmick, Rubber Chem. Technol. 53, 960 (1980)
[21] Y-P Sung and K Fu, Acc. Chem. Res. 35, 1069 (2002)
[22] J Karger Kocsis and C M Wu, Polym. Eng. Sci. 4, 1083
(2004)
[23] A KBhowmick, Current topics in elastomers research,
1st Edn (Taylor & Francis Group, New York, 2008)
[24] S Bhattacharyya and C Sinturel, Mater. Carbon 46, 1037
(2008)
[25] M Abdollahi, Iran. Polym. J. 7, 519 (2008)
[26] S Thomas and R Stephen, Rubber nanocomposites,
preparation, properties and applications, 1st Edn
(Wiley, Singapore, 2010)
[27] N F Leite and N Cella, J. Appl. Phys. 61, 3025 (1987)
[28] A Rosencwaig and A Gersho, J. Appl. Phys. 47, 64
(1976)
[29] M J Adams and G F Kirkbright, Anal. Opt. Spec. 102,
678 (1977)
[30] N Takabatake, T Kobayashi, Y Yaki and T Izumi, Elect.
Comm. 86, 1100 (2003)
[31] J A Balderas-Lopez and A Mandelis, J. Appl. Phys. 90,
3296 (2001)
[32] M Priya, B S Satish Rao, S Roy and K K Mahato, Spectrochim. Acta A 127, 85 (2014)
[33] Alias Bin Othman, J. Nat. Rubb. Res. 3, 7 (1988)

