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Mechanical tests, for example, tensile and hardness tests, are usually used to evaluate the properties of rubber materials. In this
work, mechanical properties of selected rubber materials, that is, natural rubber (NR), styrene butadiene rubber (SBR), nitrile
butadiene rubber (NBR), and ethylene propylene dienemonomer (EPDM),were evaluated using a near infrared (NIR) spectroscopy
technique. Here, NR/NBR and NR/EPDM blends were first prepared. All of the samples were then scanned using a FT-NIR
spectrometer and fitted with an integration sphere working in a diffused reflectance mode. The spectra were correlated with
hardness and tensile properties. Partial least square (PLS) calibrationmodels were built from the spectra datasets with preprocessing
techniques, that is, smoothing and second derivative. This indicated that reasonably accurate models, that is, with a coefficient of
determination [𝑅2] of the validation greater than 0.9, could be achieved for the hardness and tensile properties of rubber materials.
This study demonstrated that FT-NIR analysis can be applied to determine hardness and tensile values in rubbers and rubber blends
effectively.

1. Introduction

Polymers are one of the most important organic materials.
Due to their excellent properties, polymers are applied in
various fields ranging from everyday life products, for exam-
ple, containers, coating, shoes, tires, rubber bands, and tubes,
to industrial products, for example, construction parts and
automotive materials [1, 2]. The demand of polymers around
the world was as high as 17 million tons in 2000, and this
number increased to 28.7 million tons in 2014 [3]. In order
to support such high demands, the production of polymers
must be efficient; thus, the speed and the reliability should
be considered carefully during production. Furthermore, the
measuring and monitoring methods for quality control must
be implemented to aid production.

Comparing natural and synthetic polyisoprene polymers,
the utilization of the latter, which are obtained from fossil
fuels, has been reduced due to fuel depletion. Furthermore,
natural polyisoprenes have high performance properties that

cannot easily be obtained with synthetic polymers. These
properties include resilience, elasticity, abrasion resistance,
efficient heat dispersion, and impact resistance [4, 5]. Thus,
natural polyisoprenes have been extensively used as raw
materials for household, medical, and industrial products,
such as gloves, tubes, and tires.

To utilize natural polyisoprenes, detailed information
regarding the polyisoprene content is required for the selec-
tion of high-polyisoprene-containing lines and for deter-
mination of growth conditions. Established quantification
methods of natural polyisoprenes in polyisoprene-producing
plants include (i) gravimetric analysis of dried latex [6],
(ii) extracted polyisoprene [7], and (iii) Fourier transform
infrared spectroscopy (FT-IR) and pyrolysis-gas chromatog-
raphy/mass spectrometry (PyGC/MS) analysis of extracted
polyisoprene [8]. The first method is the simplest. It can be
carried out with a high throughput analysis; however, the
accuracy of this method is not reliable because of contam-
ination in the latex. Meanwhile, the second and the third
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methods are much more reliable, although they require more
time for the purification and extraction processes.

Near infrared (NIR) spectroscopy is a nondestructive
technique which can provide detailed analysis in terms of
the quantity and the quality of agricultural products [9,
10]. Specifically, NIR light can cover the region from 4,000
to 12,500 cm−1. The C-H, O-H, C-O, and N-H bands can
be observed due to stimulations of such vibrations in this
spectral range [9]. The NIR spectroscopy technique has
several attractive features including short analytical time, ease
of operation, and having a diffused reflectance mode. Thus,
NIR has been used widely in both laboratory scaled work
and in industrial sectors for the qualitative and quantitative
measurements of chemical components in several areas, for
example, foods [11–13], agricultural products [14], materials
[15], pharmaceuticals [16, 17], and even the oil industry
[18]. Generally, multivariate calibration analysis, such as a
partial least square (PLS) regression model, is built to extract
information from the rather featureless NIR spectra [19].
Specifically, the model is developed from the relationship
between the spectral data and their interested constituents.

For rubbers, the resin and the rubber concentration in
guayule were effectively evaluated by NIR [20]. In addition,
NIR has been used to study the composition of synthetic
polymers and rubbers in [21–23]. Takeno et al. [8] described a
Fourier transformnear infrared (FT-NIR) spectroscopy tech-
nique coupled with a PLS regression model to quantify natu-
ral polyisoprene inEucommia ulmoides leaves. It was reported
that the optimal model was obtained with second derivative
NIR spectra in the region between 400 and 6000 cm−1 (𝑅2,
0.95). Marinho and Monteiro [23] studied the application
of NIR spectroscopy for analyzing the natural trans- and
cis-polyisoprenes from Ficus elastica (cis-1,4-polyisoprene),
gutta-percha (trans-1,4-polyisoprene), and mixtures of these
polymers. Sirisomboon et al. [24] used FT-NIR spectroscopy
in the wavelength of 1100–2500 nm to evaluate the dry rubber
content of rubber latex. Sirisomboon et al. [25] also used
short wave NIR spectroscopy in the wavelength of 700–
950 nm to evaluate the dry rubber content and the total solids
content. Their work can be applied in a concentrated latex
factory.

To the best of our knowledge, applying NIR spectroscopy
to evaluate the mechanical strength of vulcanized and rein-
forced rubber, proposed in this research, has yet to be carried
out. In the process known as curing or vulcanization, sulfur
is usually combinedwith rubbermaterials to accelerate cross-
linkage, which increases the hardness and abrasion resistance
of the rubber materials [4, 26]. However, vulcanized rubbers
may not exhibit satisfactory results in tensile strength stiff-
ness, abrasion resistance, and tear resistance [27, 28]. These
properties can be enhanced by filler constituents, such as
carbon black, which act as reinforcing agents for the physical
properties of rubber materials. The reinforcement by such
filler usually has to be carried out before the vulcanization
step. Arroyo et al. [29] reported that a reinforcing filler affects
physical properties. Manufacturers usually fill polymers with
carbon black particles to improve the stiffness and the
toughness of the material, to enhance their resistance to fire
and ignition, or simply to reduce the cost.

Polymer blends can lead to new materials, which may
have better properties than each individual polymer in the
blend.Apolymer blend iswidely accepted in industries due to
the economy of scale [30]. Although a large number of com-
binations of polymers are available, there are a few systems
which are totally miscible. Among the miscible blends, the
combinations of natural rubber (NR)with ethylene propylene
diene monomer (EPDM) and NR with nitrile butadiene
rubber (NBR) are widely accepted and applied [31–33]. The
blending between NR and EPDM can combine the excellent
physical properties of NR with the ozone-resistant properties
of EPDM. A principal target application of this type of blend
is pneumatic tire sidewalls [34], where ozone cracking is a
main factor limiting the lifetime of pneumatic tires. As a
consequence, many usages which were dominated by NR,
such as domestic appliances and weather seal profiles for
vehicles, are almost entirely replaced by polymer blends.

In this paper, selected rubber materials, for example,
natural rubber (NR) and some synthetic rubbers, such as
styrene butadiene rubber (SBR), nitrile butadiene rubber
(NBR), and ethylene propylene diene monomer (EPDM) are
characterized. Their mechanical strength, that is, hardness
and tensile, was analyzed by FT-NIR spectroscopy, and a
PLS regression model was built as the calibration model.
Subsequently, the performance of this model was tested using
the standard error of prediction (SEP) and the root mean
square error of prediction (RMSEP).

2. Materials and Methods

The compositions used in the present study were obtained
by using roll mill equipment, according to the formulations
presented in Table 1. The preparation techniques have been
described elsewhere [35]. The composites were vulcanized
for 20 minutes at 150 ± 2∘C under pressure of approximately
40 kg/cm2. The reinforced materials can be obtained by mix-
ing 50 parts filler (carbon black) to the vulcanized materials.
The samples were in the form of slabs with a thickness of
approximately 20.5mm. The rubber master batch was com-
pounded with ingredients, for example, homogenizing agent,
activators, fillers, and accelerators, using the internal mixer.
The temperature of mixing was 90–120∘C.The curatives were
added onto the two-roll mill to protect from scorching of the
compound.

Materials. NR, SBR, NBR, and EPDM used in this study were
supplied by Lucky Four Company (Nonthaburi, Thailand).
All other rubber ingredients used were of commercial grade
supplied by the same company. The compounding formula-
tions are given in Table 1.

Preparation of Rubber Compound. The rubber was first
mixed with a filler (carbon black: N330) in a dispersion
kneader (Yong Fong Machinery Co. Ltd., Thailand) with
a mixing chamber of 3 L at 80∘C for 15 minutes. ZnO,
stearic acid, MBTS, and TMTD were sequentially added.
The obtained mixture was then introduced to a laboratory
two-roll mill (Yong Fong Machinery Co. Ltd., Thailand), and
sulfur was added and mixed with the mixture on the mill for
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Table 1: Percentage of constituents in the reinforced sample materials.

NR SBR NBR EPDM NR+NBR NR+EPDM
Constituents phr Constituents phr Constituents phr Constituents phr Constituents phr Constituents phr

NR (raw) 100 SBR (raw) 100 NBR (raw) 100 EPDM (raw) 100 NR (raw) 80 NR (raw) 80
NBR (raw) 20 EPDM (raw) 20

ZnO 5 ZnO 5 ZnO 5 ZnO 5 ZnO 5 ZnO 5
Stearic acid 2 Stearic acid 2 Stearic acid 2 Stearic acid 2 Stearic acid 2 Stearic acid 2
MBTS 1.5 MBTS 2 MBTS 1.5 MBTS 1.5 Sulfur 0.5 Sulfur 0.5
TMTD 0.5 TMTD 0.5 TMTD 0.5 TMTD 0.5 MBTS 1.5 MBTS 1.5
Sulfur 2.5 Sulfur 2.5 Sulfur 2.5 Sulfur 2.5 TMTD 0.5 TMTD 0.5
Carbon black 50 Carbon black 50 Carbon black 50 Carbon black 50 Carbon black 50 Carbon black 50
phr: part per hundred in rubber; MBTS: 2,2-dibenzothiazyl disulfide; TMTD: tetramethylthiuram disulfide; ZnO: zinc oxide.

approximately 15 minutes. The compound was then sheeted
out and left at room temperature for at least 16 hours before
fabricating and testing.

Cure Characteristics. The cure characteristics of the com-
pounds were examined according to ASTMD 5289 at testing
temperatures of 150∘C, using a moving die rheometer (MDR)
(UR-2010, U-CAN Dynatex Inc., Taiwan). The minimum
torque (𝑀

𝐿
), maximum torque (𝑀

𝐻
), torque difference

(𝑀
𝐻
−𝑀
𝐿
), scorch time, cure time, and cure rate index (CRI)

were determined using NIR spectroscopy.
NIR diffuse-reflectance spectra were collected using an

FT-NIR spectrophotometer (Bruker MPA) and processed
with BrukerOptics’ OPUS 7.0.TheNIR spectra were acquired
by an integrating sphere scanning an area with 1 cm in
diameter. Sixty-four scanswere averaged per scan at a spectral
resolution of 16 cm−1 between 12,500 and 3,600 cm−1. The
measurements were carried out at room temperature (25∘C)
and Bruker Optics’ OPUS software was used for spectral
acquisition and instrumental control.

2.1. Mechanical Strength Measurements. To study the stress-
strain behavior of rubber materials, an Instron universal
tensile tester is used. For this purpose, the sample materials
were cut from sheets in a dumb-bell shape, with tabbed ends
for gripping in the test machine and tapering to a central
constricted section of uniformwidth.The dumb-bell shape of
the rubber material with the proper dimensions is shown in
Figure 1. The sample material is placed in the sample holder,
and its length, width, and thickness are measured. For every
change of value of the load, the displacement is recorded
by the computer. In a tensile testing machine, the stress is
increased slowly, and the elongation of the sample at each
stress level is measured; the process is repeated until the
sample breaks down.

Tensile Properties. Dumbbell-shaped test samples were
punched out from molded sheets. These were measured
using a tensile testing machine (Model GT-AI-7000S, UTM
Equipment, GOTECH) according to ASTM D412 at a
crosshead speed of 500mm/min.

Hardness is a property of considerable importance, usu-
ally included in the listed specifications of a rubber along

4 cm

6mm 2.5 cm

2.5 cm

Figure 1: The dumb-bell shape of rubber samples.

with its tensile properties.Thehardness valuesweremeasured
with a stress of 2.65N on the IRHD (International Rubber
Hardness Degrees) according to ASTM D1415-88.

2.2. Data Processing. Initially, 12 datasets of the FT-NIR and
reference data, that is, the hardness and tensile strength,
were created for each type of polymer. As a preprocessing
technique, all spectrum data were transformed via mean-
center smoothing by the Savitzky-Golay method and the
second derivative. Afterwards, partial least square (PLS) was
applied to create a prediction model. PLS is able to find
a relationship between two sets of variables, that is, the
observations set and the spectrum dataset.

Partial least square (PLS) calibration models were devel-
oped inMATLAB (MathWorks Inc., USA) using the routines
of the PLS-Toolbox from Eigenvector (Eigenvector Research
Inc., USA) to predict the hardness and the tensile strength.
The optimum number of latent variables was selected on the
basis ofminimizing the SECVby selecting the firstminimum,
which was calculated with the software’s internal leave-one-
out method.

Calibration statistics include the root mean square error
of cross-validation (RMSECV), standard error of prediction
(SEP), the root mean square error of prediction (RMSEP),
and the coefficient of multidetermination in cross-validation
(𝑅2).

3. Results

Our work applies Fourier transform near infrared (FT-NIR)
spectroscopy to evaluate the mechanical strength of the
vulcanized rubbers. The samples include NR, SBR, NBR,
EPDM, and the polyblends of NR with NBR and EPDM, and
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Table 2: Cure characteristics of the rubber compounds.

𝑀
𝐿
𝑀
𝐻

Delta torque 𝑡
𝑠
𝑡
𝑐90

CRI
(dNm) (dNm) (dNm) (min) (min) (min−1)

NR+ 2.64 21.97 19.33 1.08 5.36 22.44
SBR+ 2.18 24.95 22.77 2.48 15.00 8.19
NBR+ 1.43 27.97 26.54 1.04 5.40 21.73
EPDM+ 2.53 18.03 15.50 3.19 30.00 3.75
NR+NBR+ 3.6 19.14 15.54 1.43 7.3 17.3
NR+EPDM+ 2.86 15.42 12.56 1.55 10.23 11.81
NR 0.67 8.61 7.94 5.00 12.30 13.35
SBR 0.74 11.55 10.81 8.25 25.18 5.93
NBR 0.46 12.56 12.10 2.40 7.17 21.69
EPDM 0.92 6.90 5.98 17.24 41.57 4.07
NR+NBR 0.67 5.96 5.29 3.18 8.37 18.79
NR+EPDM 0.69 6.03 5.34 5.22 15.18 10.07

all of the samples were reinforced by carbon black. Note here
that the blending ratio of NR with NBR and NR with EPDM
is (70/30) as suggested by [36]. From the 600 samples, 90%
were assigned as the calibration set and 10% as the validation
set. The rubber materials were cured in their conditions.

Table 2 shows the cure characteristics of the compounds
containing different rubber types with unfilled and filled
carbon black.The scorch time (𝑡

𝑠
) generally defines the onset

set of vulcanization at a particular temperature and thus
represents the time limit available for processing. Cure time
(𝑡
𝑐90

) is the time required during the vulcanization step for
a required amount of cross-linking to occur, yielding the
desired properties. Minimum torque (𝑀

𝐿
) is related with

the viscosity or plasticity of the unvulcanized stock, while
maximum torque (𝑀

𝐻
) and torque difference (Delta torque)

may give an idea of the maximum extent of curing (i.e., the
cross-link density).

The incorporation of carbon black increased the viscosity
of rubber. Scorch time and cure time are also shorter when
carbon black loading is employed.The carbon black generates
heat buildup in the compounds under shear conditions in the
kneader. When the filler is used, heat is also generated in the
system because the compound tends to be more viscous. As a
consequence, vulcanization reactions can occur more readily
so that the viscosity increases while the scorch time and the
cure time are shortened.

The minimum and maximum torques, 𝑀
𝐿
and 𝑀

𝐻
,

and the Delta torque increase with increasing carbon black
content. The increase in Delta torque is in line with the well-
known behavior of a viscosity increase with the addition of
carbon black. Delta torque is generally related to the degree
of cross-linking, and hence its increase can be attributed to
the increase of the cross-link density. The decrease in the
scorch time is due to the restriction of the mobility and
the deformability of the matrix with the introduction of
mechanical restraints. The increase of the cure rate index
results from the basicity of carbon black, which accelerates
the vulcanization reaction.The effects of carbon black loading
on rheological properties are shown in Table 3.

Table 3:The values of themechanical strength in rubber compound
samples.

Sample Reinforced Hardness Tensile (MPa)
NR + 77.15 17.59
SBR + 75.36 15.4
NBR + 79.74 15.29
EPDM + 64.86 10.79
NR+NBR + 70.22 21.19
NR+EPDM + 70.4 20.99
NR − 43.24 3.04
SBR − 48.15 1.53
NBR − 51.75 2.02
EPDM − 32.7 0.58
NR+NBR − 35.29 15.95
NR+EPDM − 35.11 13.21

From Chough and Chang [37], the number of allylic
hydrogen atoms influences the cure rate of a rubber com-
pound. A higher allylic hydrogen content uses a lower overall
apparent activation energy of curing, thereby increasing the
speed of the cure rate. Therefore, longer scorch and cure
times are attributed to lower allylic hydrogen contents of the
blended rubber compounds. Generally, statistical repeated
units of NR and SBR have 7 and 3.3 allylic hydrogen atoms,
respectively [37].

The mechanical properties of polymer-based materials,
such as the deformation of the sample in terms of tension
and the depth of penetration, determine their potential
applications through tensile and hardness tests. Table 3 shows
the results of the average of the mechanical strength of
each sample. This table shows that the carbon black affected
the mechanical strength in all sample types. In addition,
polyblend samples show higher mechanical strengths than
those of unfilled vulcanized rubbers. This finding might
be attributed to good rubber-filler interactions. While the
uncured rubber blended well with carbon black for a period
of time, rubber chains have a certain probability to be in
contact with carbon black, causing the chains to be entangled
or trapped in the voids of carbon black aggregates. The
surfaces of carbon black particles were covered by entangled
rubber chains and can be considered as physical cross-links.
The physical cross-linking hinders the mobility of rubber
chains and restrains the deformation of rubber; thus, 𝑀

𝐿

of filled rubber enhances even though it is in the uncured
state. The entanglement of polymer chains with carbon black
increases the torque; thereby, carbon black serves as physical
cross-links in rubbers. 𝑀

𝐿
, the torque of melting uncured

rubbers at 150∘C, is an indicator of the degree of physical
cross-linking.

The hardness of vulcanized rubber materials is between
32 and 51 in which NBR shows the highest hardness due to
the acrylonitrile component in its molecular structure, while
the tensile strength is between 0.5 and 15MPa, with the poly-
blend of NR/NBR showing the highest tensile property. In
general, reinforced rubber materials show higher mechanical
strengths than unfilled vulcanized rubbers.
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Figure 2: The calibration performance of the PLS regression for
hardness.

Hardness is one of the most widely measured properties
in rubber materials, as it is a practical way of determining
the degree of vulcanization. The hardness represents the
elasticity of the material. In Figure 2, the results showed
the performance of the PLS model for each dataset from
their prediction model. Overall, the models are very good,
achieving high 𝑅2s between 0.88 and 0.99 and also bias well.
From this figure, the dataset of the polyblend ofNRwithNBR
shows high RMSECV, SEP, and RMSEP values with good 𝑅2.

The tensile strength is themaximum tensile stress reached
in stretching a test piece to its breaking point. Hence, this
value is used to correlate with the NIR spectrum. The
calibration models were built by the spectrum data and were
used to predict the tensile strength. Figure 3 shows the results
of the performance of the prediction model, indicating good
bias with 𝑅2 values from 0.8 to 0.9. Although the RMSEP
and SEP values of the predicted tensile model are higher than
those of the predicted hardness model, the values are in the
acceptable range.

The various rubber materials used in this study are NR,
NBR, SBR, EPDM, and polyblends of NR with NBR and
EPDM, in the raw state and in the reinforced state. From
the mechanical strength measurements shown in Table 3, the
reinforced rubbers have higher hardness values than the raw
rubbers with the highest hardness observed in reinforced
NBR, NR, and NBR at 79, 77, and 75, respectively. The
polyblends of NR with NBR and EPDM show hardness of 35.
The results of the tensile strength are the same as the hardness
results, in that reinforced rubbers exhibited higher tensile
strengths than raw rubbers. The highest tensile strengths are
found in reinforced polyblends of NR/NBR and NR/EPDM
at 21 and 20MPa, respectively.

FT-NIR is used to evaluate the mechanical strengths of
raw and reinforced rubber elastomers, for example, NR, SBR,
NBR, EPDM, and polyblends of NR with NBR and EPDM.
From Figures 2 and 3, good performance was observed
in the prediction models created by PLS regression. The
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Figure 3:The calibration performance of the PLS regression for the
tensile strength.

models were built by correlating the whole NIR spectra
with the mechanical strengths. Hence, FT-NIR spectroscopy
was efficient in estimating the hardness and tensile strength
of vulcanized rubbers, and this approach was successfully
applied to raw, reinforced, and blended rubber materials.

4. Conclusion

This study shows that FT-NIR is a potential method for
evaluating themechanical strength of compound rubber.The
PLS regression model was developed from the dataset and
indicates an acceptable prediction performance for the hard-
ness and tensile strength of rubber materials. However, the
calibrationmodels fromFT-NIR and themechanical strength
are limited to specific components of the rubber materials.
Although it is not difficult to operate the calibration software,
extensive training and experience and accurate chemical
analysis of the calibration samples are required to develop
a comprehensive and accurate analytical equation for each
constituent. Further research efforts will focus on variable
selection andothermathematicmodels as calibrationmodels.
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[16] C. Bodson,W.Dewé, P.Hubert, and L.Delattre, “Comparison of
FT-NIR transmission and UV-vis spectrophotometry to follow
the mixing kinetics and to assay low-dose tablets containing
riboflavin,” Journal of Pharmaceutical and Biomedical Analysis,
vol. 41, no. 3, pp. 783–790, 2006.

[17] M. J. Barajas, A. R. Cassiani, W. Vargas et al., “Near-infrared
spectroscopic method for real-time monitoring of pharmaceu-
tical powders during voiding,” Applied Spectroscopy, vol. 61, no.
5, pp. 490–496, 2007.

[18] M. Blanco, S. Maspoch, I. Villarroya, X. Peralta, J. M. González,
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