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ABSTRACT: Different spectrum can be used in characterization and upsetting the performance of our daily
application. Fourier transform infrared (FTIR) spectroscopy is used to make structural analysis for materials.
The need to have low cost, portable, and suitable size FTIR to be used onsite application is in need. A novel
microelectromechanical system (MEMS)-based FTIR spectrometer device is made to solve this problem.
Epoxy coating is used frequently to protect steel pipelines from environmental conditions against corrosion.
Its drawback is that it performs with low resistance for crack initiation and propagation. In addition, the
absorption of ultraviolet radiation (UV) deteriorates its properties. Which reduces the lifetime of the coating.
Having direct and indirect economic losses. The usage of alumina nanoparticles with a small amount of
weight percentage of 0.25 wt. % can enhance mechanical properties. The key factor is having a good
distribution of nanoparticles inside the epoxy-resin matrix. The investigation of the mechanical properties,
bulk properties as in flexural strength, and surface properties as in erosion resistance and hardness are studied.
Furthermore, the effect of 48 h UVA absorption on the performance of these properties with different
alumina nanoparticles wt. % is investigated. For the bulk properties, the addition of alumina nanoparticles
having an insignificant effect, while in surface properties, the effect of UV reduces with the increase in
particle wt. %. The MEMS-FTIR has good agreement with mechanical properties. Indicating the distribution
of particles inside the system. Supported by environmental scanning electron microscope (ESEM) images.
This shows that MEMS-FTIR is a useful instrument used in non-destructive, low cost, onsite material
analysis.
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1. INTRODUCTION widely used, because of a good electrical insulator,
adhesion, chemical, and mechanical properties
Spectroscopy is an important characterization [20-26]. A drawback for epoxy coating is that it
technique that analyzes the interaction between has a poor resistance for crack initiation and
matter and electromagnetic spectrum [1]. There are propagation, and surface damage through abrasion
different types of spectroscopy, with a wide range ware [27]. Furthermore, epoxy degrades when it is
of electromagnetic wavelengths, ranging from exposed to sunlight for a long time, due to the
Gamma rays to radio waves [2-8]. Fourier absorption of ultraviolet radiation (UV) [28]. This
transform infrared (FTIR) spectroscopic analysis is degradation deteriorates the mechanical and
one way to analyze the structure of different physical properties [29-31], eventually causing
materials [9-12]. The use of portable, low cost, direct and indirect economic losses [32].
average size near-infrared spectroscopy (NIRS) as Incorporation of nanoparticles in epoxy
a non-destructive testing technique is a major systems can enhance the properties at the
challenge. One way to solve this problem is by nanoscale. The factors that affect the properties are
using a microelectromechanical system (MEMS)- matrix-to-particle interaction and particle-to-
based FTIR spectrometer [13]. This device can be particle interaction [33]. Nanoparticles with a high
used for practical applications, onsite material surface to volume ratio tend to reduce its surface
analysis, which can save cost and time. energy by interacting with each other to form
Steel pipeline manufacturing has been agglomerates, which deteriorate the properties [34].
developed in the last decades [14]. Continuously This interaction can be controlled through particle
increasing the strength of pipeline, reducing its disruption, loading, and shape. The interface
thickness that decreases the overall cost has been between matrix and particles, its quality enhances
of major concern. A challenge remains corrosion load transfer to nanoparticles, which enhances the
of steel that depends on environmental and mechanical properties [35].
operational factors [15]. Many ways are used for In this study, two different spectra are used to
protection including surface coating, which acts as investigate a system composed of epoxy resin with
a barrier between the steel and the environment alumina nanoparticles with different weight
[16-19]. Liquid epoxy coating is one type that is percentages (wt. %). The effect of ultraviolet
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radiation A (UVA), which is the main cause of
epoxy degradation, on the mechanical and physical
properties, and MEMS-based FTIR spectroscopy
used for material characterization.

2. EXPERIMENTAL

Alumina nanoparticles are used due to high
phase and dimensional stability, commercial
availability, and hardness. The particles wt. % used
are (0-0.25-0.5-0.75-1). The UVA exposure
is for 48 hours for each sample. The detection of
alumina nanoparticles distributed in the epoxy-
resin matrix in the near-infrared (NIR) range using
an on-chip silicon micro-electro-mechanical for
the application of coating steel pipelines is also
studied.

2.1 Materials

KEMAPOXY epoxy-resin, mixing ratio 2:1
(resin: hardener), bought from CMB. o alumina
nanoparticles, coated with aluminic ester, with 60
nm particle size, superhydrophobic, bought from
US research nanomaterial, Inc.

2.2 Mold preparation

Silicon rubber mold is prepared according to
ASTM D790. Using steel samples, with the same
dimensions as the standard sample, as a positive
pattern, then pouring silicon rubber mixture to cure
on theses samples, providing the mold used for
epoxy-resinfalumina  nanoparticles  composite
samples. The ratio between resin and hardener for
silicon rubber is 950:32. A vacuum pump is used
to remove any air bubbles inside for 10 min. then
poured over the steel samples.

2.3 Sample preparation

The epoxy resin is weighed, heated to 50°C for
10 min to decrease the viscosity, and evacuated
from any air bubbles through a vacuum pump for
30 min. Then alumina nanoaparticles with
different wt. % are weighed, using sensitive scale,
and added to the epoxy resin. The mixture is then
stirred, using a magnetic stirrer, for 1 h.
Subsequently evacuated for 30 min using a
vacuum pump. Then the hardener is added to the
mixture, stirred for 15 min, evacuated for 5 min,
and finally poured into the silicon rubber mold.
The nanocomposite is left to cure at room
temperature for 24 h, then post-curing at 80°C for
16 h. The samples are then exposed to an
ultraviolet lamp, in a sealed chamber, for 48 h at
room temperature.

2.3 Characterization
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2.3.1 MEMS-FTIR

The spectrum reflected by the samples is measured
using the MEMS FTIR spectrometer. Spectralon
(diffuse reflectance standard) is used as a
background, and samples reflectance are measured
with respect to it. All measurements are taken with
10 sec averaging time and a resolution of 16 nm.
Samples with different concentrations are
measured. For each concentration, different
positions are tested to identify variation in
nanoparticles distribution in the sample. The
sample was placed on the source with free-space
above to ensure no reflection from objects. The
sample was coupled in the spectrometer’s fiber.

2.3.2 ESEM

ESEM (Quanta FEG250) is used to take images
for the cross-section of  alumina/epoxy
nanocomposite. Sample size 1 cm * 1 cm * 0.4 cm
is used. Samples are gold plated first to enhance
the conductivity.

2.3.2 Mechanical properties

Bending test: A 3-point bending test is used to
test epoxy-resin and alumina/epoxy
nanocomposites. The load is applied to the middle
of specimens, supported by 2 spans. ASTM D790
(2004) specimens’ specification. The machine used
isa 10 Ton LLYOD testing machine.

Erosion test: Sand erosion testing is performed
on the samples. After projecting the samples to a
stream of abrasive sand particles for 9 minutes, the
weight of each sample is measured 9 times, each
after 1 min, by sensitive scale, then the slope of the
line is calculated as the erosion rate, which is
converted to erosion resistance.

Hardness test: The same samples used for the
bending test is used to measure the hardness of the
composite. Each sample is tested 3 times, at 3
different locations. The test is performed using a
ZWICK/ROELL testing instrument, to determine
the hardness behavior at room temperature.

The prepared samples are subjected to
Ultraviolet radiation, before being tested,
investigating the effect of UV radiation on the
composites. Using a self-assembled sealed
chamber, consisting of 3 partitions, UVA, UVB,
and UVC is used to expose the specimens to
ultraviolet radiation UVA. The exposure duration
to UVA is 48 h at room temperature.
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3. RESULTS AND DISCUSSION

Nanoparticles distribution is analyzed using
MEMS-FTIR spectroscopy. The spectrum of
different concentrations and positions is shown in
Fig. 1. The spectrum shows that for the 0.25 wt. %
sample, the alumina nanoparticle distribution is
well dispersed inside the matrix, no difference with
different positions. As we increase the particle wt.
%, the spectrum varies from one position to the
other. The variation gradually increases as we
increase the particle wt. % with the highest
variation in 1 wt. %. These results indicate that
agglomeration starts to occur as we increase the
amount of alumina nanoparticles inside the epoxy-
resin matrix as well as the uneven distribution of
the nanoparticles inside the system.
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Fig. 1 MEMS-FTIR reflectance spectrum for a)
0.25 wt. % b) 0.5 wt. % ¢) 0.75 wt. % and d) 1 wt,
% of alumina nanoparticles inside epoxy-resin
matrix at different positions

The effect of increasing the amount of alumina
nanoparticles wt. % on the spectrum is shown in
Fig. 2. As we increase the amount of nanoparticles,
the reflectance increases, from the wavelength of
1300 nm to 1700 nm, then at higher wavelength,
there are insignificant changes. These results
indicate that the more nanoparticles we add to the
system, the more interaction bonds occur between
the chains and these nanoparticles. These bonds
hinder the movement of the polymer chains during
the light exposure and hence increase the
reflectance peak for the same wavelength.

The effect of UV on the reflectance spectrum
varies from one concentration to another. For pure
sample, without alumina nanoparticles, the
spectrum shifts upwards, which indicate that the
UV exposure increases the amount of crosslinking
inside the system, and hinders the movement of
chains. While for the samples with different
alumina nanoparticles a different behavior is
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observed due to the inhomogeneous distribution of
particles inside the matrix, as proven in Fig. 1.

ESEM micrographs of the cross-section of the
samples are shown in Fig. 3. Those images support
the results from MEMS-FTIR showing the
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Fig. 2 Effect of particle wt. % on the MEMS-FTIR
reflectance spectrum a) before UV exposure b)
after UV exposure

Refleetance (%)
B 5 5 3 B o
"y

L L L L
1600 100 a0 20 W
Wavelength (nm)

L
1600 un M‘ﬂﬂ

agglomerations that occur in different particle wt.
%, in the indicated white circles. The more the
particles wt. %, the more agglomeration occurs.
From Fig. 1 and Fig. 3, we can conclude that as the
amount of nanoparticles increases in the system,
more particle-to-particle interaction increases, and
more agglomeration occurs.

o PR |
Fig. 3 ESEM microscopy of cross section surface
at 20 pm of epoxy alumina nanoparticles
composite with a) 0.25 wt. % b) 0.5 wt. % c) 0.75
wt. % and d) 1 wt. %

In order to investigate the effect of UVA
exposure on the samples, different tests are
performed: Three-point bending test, Hardness
Test, and sand erosion test. All samples are
subjected to these tests before and after UVA
exposure. The effect of UVA for test results,
comparing before and after UVA exposure, are
summarized in table 1.

Table 1 Mechanical properties of epoxy resin
reinforced with alumina nanoparticles, the
difference between before and after exposure to
UVA
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Effect of
pumie Uvon SOy St
Nanoparticles Flexural -
Resistance Hardness
wt.% Strength %) %)
(%)

0.00% -1.11% -23.0% -20.4%
0.25% 1.11% -19.8% -16.9%
0.50% -0.61% -2.5% -13.0%
0.75% 2.04% -6.5% -12.3%
1.00% -5.06% 10.4% 0.8%

Flexural strength of epoxy-resin samples with
different alumina nanoparticles, before and after
exposure to UVA, is shown in Fig 4. The flexural
strength increases in case of 0.25 wt. % with
respect to pure sample with 7% from 77.1 MPa to
83.06 MPa. Then the strength gradually decreases
with increasing wt. % till it reaches 62.45 MPa at 1
wt. %, which is 19% decrease compared to the
pure sample. The reason for increasing the strength
is due to the good dispersion of alumina
nanoparticles inside the matrix. More particle to
matrix interface occurs, which transfers more load
from the matrix to the nanoparticles, carrying more
load, and enhancing the strength of the system.
However, a further increase in alumina wt. %,
increases particle agglomeration, so more particle-
to-particle interaction occurs. These agglomeration
works as stress concentration parts, which initiate
cracks inside the system, lowering its performance.
MEMS-FTIR and ESEM in Fig 1 and 3 can be
used as a support for this statement.

The difference between the flexural strength,
before and after exposure to UVA, is shown in Fig.
4. From these data, there is an insignificant
difference between the flexural strength before and
after 48 h. UV exposure, as shown in table 1.
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Fig. 4 Flexural strength of epoxy resin reinforced
with alumina nanoparticles, before and after
exposure to UVA
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Erosion resistance of epoxy-resin samples with
different alumina nanoparticles, before and after
exposure to UVA, is shown in Fig. 5. Similar to
flexural strength. The erosion resistance increases
in case of 0.25 wt. % with respect to pure sample
with 67% from 0.824 min/mg to 2.477 min/mg.
Then the resistance gradually decreases with
increasing wt. % till it reaches 1.23 min/mg at 1
wt. %, which is 49% increase compared to the pure
sample. The crosslinking density increases with
the increase in particle wt. %, with good dispersion
then gradually decreases in case of agglomeration.

From table 1, the increase in alumina
nanoparticles reduces the UV effect gradually as
we increase the wt. %. Starting from 23%
reduction in the pure sample to 10.4%
improvement in 1 wt. %. These results show that
the addition of alumina nanoparticles improves the
surface properties of the coating against UV
exposure.
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Fig. 5 Erosion resistance of epoxy resin reinforced
with alumina nanoparticles, before and after
exposure to UVA

The hardness of epoxy-resin samples with
different alumina nanoparticles, before and after
exposure to UVA, is shown in Fig. 6. In this case,
The hardness slightly increases with the increase in
particle addition. Starting with 75.6 Shore D for
the pure sample. Until it reaches 79.3 Shore D for
0.75 wt. %, with 4.9% increase. For 1 wt. %, a
reduction in  Hardness occurs, due to
inhomogeneous distribution of the nanoparticles,
and the Hardness test is a localized test.

The effect of UV on the Hardness test is the
same as in erosion resistance. As both are surface
properties. The increase in alumina nanoparticles
wt. % reduces the effect of UV gradually with the
increase in wt. %. Staring from 20.4% reduction in
pure sample to 0.8% improvement in 1 wt. %.

4. CONCLUSION
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As a conclusion for this work, a novel MEMS-
FTIR method is used to identify the alumina
nanoparticles  distributions, using  different
positions, for the same material, in an epoxy-resin
matrix. These results are supported by ESEM
micrographs. The mechanical properties of
different alumina nanoparticles wt. % is
investigated before and after UV exposure. For
flexural strength, the properties improved with the
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Fig. 6 Hardness Shore D of epoxy resin reinforced
with alumina nanoparticles, before and after
exposure to UVA

addition of 0.25 wt. % and reduced with increasing
more of wt. which reduces crosslinking density
and acts as stress concentration points. The erosion
resistance properties follow the same trend as
flexural strength, while hardness improves slightly
with increasing particle wt. %. The effect of 48 h
UV exposure is insignificant in flexural strength,
indicating that the UV does not affect the bulk
properties. On the other hand, in case of erosion
resistance and hardness, as surface properties, the
addition of alumina nanoparticles reduces the
effect of UV with increasing the wt. %.
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