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Abstract

The transportation sector plays a significant role in air pollution
and the greenhouse gas effect. Therefore, the innovation of
exhaust system component needs to be conducted to reduce those
issues. The most effective technology is by using a catalytic
converter have main function is to convert the exhaust emission.
The main problemfaced by the previous study is the high
degradation of FeCrAl material up to 19.58 mg at 1000°C.
Therefore, the objective of this study is to develop a catalytic
converter that has high thermal stability. This research was
conducted by various coating processes which is Ultrasonic Bath
(UB) and ultrasonic bath combined with electroplating (UB+EL)
with parameters of UB consisting of frequency of 35 kHz, various
holding times of 1, 1.5, 2, 2.5 and 3 hours while parameters in
electroplating process are current density of 8 A/dm? and holding
time of 15, 30, 45, 60 and 75 minutes. That process was followed
by a drying process at 60°C for 12 hours. The materials used in
this research are FeCrAl as substrate, Ni as catalyst, y-Al,O3 and
Cr as wash-coat material. The results show that coating process
coating process of y-AlbOs; and NiCr on FeCrAl substrate
succeeded in analysis proved by microstructure and composition
analysis. The appropriate coating is shown by UB+EL 30 minute
with the highest thermal stability of 2.85mg and reaction point is
0.07 mg/minute. Several compounds developed during the coating
process such as in UB process develop FeCrAl, FeO, y-Al,O3 and
FeCr,03; compounds and in the UB+EL process FeCrAl, FeO, y-
AlyO3, FeCr,03, NiO, NaO2, NiAlO4 and NiCr,O4 compounds.
Therefore, UB+EL 30 minutes is the most parameters that are
recommended to be applied due to the lowest mass degradation
and more compounds.
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1 Introduction

According to Central Bureau of Statistics, there were
133,617,012 million motor vehicles in 2019 with an increasing
rate of 7,108,236 in 2018 [1]. Therefore, it effects air quality
reduction due to exhaust emission gases issued by motor vehicles
and it can affect human, animal and plant health [2]. Air pollution
can affect to human health such as 44% toxic emission, 50%
cancer risk and 74% non-cancer risk problems [3].

The composition of exhaust emission in normal operation
condition consists of 0.5% CO, 350ppm of HC, 900ppm of NOx,
0.17% of Hy, 10% of H,0, 10% of CO; and 0.5% of O, [4]. The
most effective technology is by using a catalytic converter which
has the main function is to converting exhaust emissions to green

gases such as H20 and CO; [5]. The catalytic converter has three
components such as substrate, catalyst and cover. It is located at
between the engine manifold and the muffler (Fig. 1) where the
process is exhaust gas flow through the catalytic converter and
during that flow, the converting process happens between the
catalytic converter material and exhaust gas [6].

Catalytic converter

Fig. 1. Catalytic converter location.

There are 2 types of catalytic converter materials which are
metallic and ceramic material where ceramic has more thickness
of 0.178mm and metallic of 0.050 mm [7]. According to
Masakuni and Kenichi [8], an appropriate material is FeCrAl alloy
which has a chemical composition of 73% Fe, 20% Cr, 5% Al and
a little Ni and Si which can operate up to 1500°C. Metallic
substrates such as FeCrAl are very interesting compared to
ceramic materials [9-11] due to their higher thermal conductivity,
lower heat capacity, better thermal and mechanical shock
resistance and smaller pressure drops [12], higher coefficient
thermal and surface area as shown in Fig. 2 [13, 14].
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Fig. 2. Specific surface area of ceramic and metallic material [13].

Common catalyst materials are precious metals such as
platinum (Pt), palladium (Pd) and rhodium (Rd), but these
materials are very expensive and limited and easily break at 500-
900°C [5]. Therefore, need alternative catalysts that are more
affordable such as NiO and Cr.,0s; [5]. Apart from that, the
working temperature of the catalytic converter on the intake
manifold is at fairly high 300°C-850°C. Therefore, materials for
the catalytic converter required can withstand these temperatures
and above.

Various coating techniques have been used to improve the
properties of catalytic converter materials such as dip coating by
adding alumina to the metal [15, 16]. In addition, there are co-
precipitation, sol-gel and spray-pyrolysis methods which are also
applied for coating FeCrAl alloys [17, 18]. Other methods include
electrophoretic  deposition [19, 20], Solution Combustion
Synthesis (SCS) [21, 22], aluminization techniques [23], and
hydrothermal [24, 25]. However, still there are problems with the
above methods when applied to coating material in powder form.
Therefore, the most potential technique is the electroplating
method combined with ultrasonics for coating FeCrAl substrate
with powder material. Besides that, the problem that arises in
previous methods is it have limitations in Ni do not diffuse
directly into the substrate.
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According to Putrasari et al., [13] and Feriyanto et al., [14],
conduct the coating process using Al,Os material on FeCrAl by
ultrasonic method. They found problems with the alumina layer
peeling off due to adhesion and unstable oxidation growth which
led to transformation from Al.O; to a-AlO3. Moreover, handling
pollutants from vehicle exhaust emissions is still not effective
enough, this was stated by Alahmer and Aladayleh [3], Masakuni
and Kenichi [8] and Shoffan et al., [26].

The novelty of this research lies in the combination of
substrate, catalyst and coating materials which has not been
carried out in previous research, where FeCrAl as the substrate, Ni
as the catalyst, y-Al,O3 and Cr as the coating. Moreover, the
parameters of this research are also different from previous
research in terms of holding time, current density and frequency.

The main objective of this research is to analyze the effects of
ultrasonic and electroplating of y-Al,O; and NiCr on FeCrAl
catalytic converters on their thermal resistance, microstructure and
composition.

2 Research Method

The materials used in this research areFeCrAl with dimensions
of 40 mm x20 mm made in the United Kingdom with a chemical
composition (% mass) of 53.11% Fe, 14.83% Cr, 5.29% Al and
26.77% O, y-Al,03 with the MERCK brand from Germany with
101.96 g/mol, Ni and Cr with the EMORY brand made in USA
with purity of 99.96%. There are several coating methods used in
this research such as ultrasonic called by UB and a combination of
electroplating and ultrasonic called by UB+EL.

The electroplating process is carried out by several
components such as electrolyte, anode and cathode. The
electrolyte solution is called by sulphamate-type solution which
consists of nickel (ii) sulphate 6-hydrate (NiSO4.6H.0), nickel (ii)
chloride (NiClz-6H20), boric acid (H3BOs3), and sodium dodecyl
sulfate (C12H250S03.Na) under the HmbG chemicals brand. The
electrolyte solution was prepared using distilled water at a
constant temperature of 40+5°C, and a pH of 5 which adjusted
using HCI and NaOH and stirred using a magnetic stirrer. Nickel
(Ni) and Chrom (Cr) as the anode material are cut to 50 mm x10
mm, while FeCrAl as a cathode is cut to 40 mm x 20 mm. The
distance between the anode and cathode is 25 mm.

The electroplating process was carried out with various
holding times of 15, 30, 45, 60 and 75 minutes, and a current
density of 8 A/dm?, 3g y-Al,O3; was inserted into the container.
Then the drying process was carried out at a temperature of 60°C
for 12 hours. The electroplating process is combined with an
ultrasonic method where the sample (FeCrAl, 3g y-Al,O3 powder)
is soaked in ethanol (20g/l) for 5 minutes, then the ultrasonic
process is carried out by frequency of 35 kHz and various holding
times of 1, 1.5, 2, 2.5 and 3 hours. That process was followed by a
drying process that carried out at a temperature of 60°C for 12
hours. A schematic diagram of the ultrasonic process is shown in
Fig. 3.
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Fig. 3. Schematic diagram of ultrasonic. (1) Ethanol, (2) FeCrAl,
(3) beaker, (4) water, (5) ultrasonic machine, (6) transducer.

The characterization process is conducted by several tools such
as Scanning Electron Microscopy (SEM) with the SEM HITACHI

brand to analyze the microstructure and chemical composition
with the magnification of 1000 times on the raw material and 300
times on coated material, X-ray diffraction with the Bruker D8-
Advance brand for analyzing alloys and phases that operated at
diffraction angle of 20°-90°, while Thermo-gravimetric Analysis
(TGA) with the LINSEIS brand, Model: L81/1550 from Germany
to analyze thermal stability at 1000°C.

3 Results and Discussion

3.1 Microstructure Analysis of UB Samples

Microstructure analysis is carried out on all samples, both raw
material/substrate and coated samples using ultrasonics and a
combination of ultrasonics and electroplating. Fig. 4(a) — Fig. 4(f)
shows the results of the microstructure analysis of FeCrAl and
coated FeCrAl by y-Al.Os powder using ultrasonics.

RawFeCrAl can be seen in Fig. 4(a) which shows a fairly even
microstructure with no layers and this material has a composition
of Al, Cr and Fe where the dominant composition is Fe of 74.13
wt%. The composition of the raw material shows that the material
has quite high ductility with the presence of Al and Fe in the
material [14]. This result is also supported by Yesuand Adhidesh
[27] that when the material has a lower Cr content, it has the
potential to have lower hardness and higher ductility. Samples that
are coated by Ultrasonic methods is called UB sample and it is
shown in Fig. 4(b) — Fig. 4(f). The figure shows that the UB
samples have a more uneven surface compared to the raw material
due to the y-Al,O3 layer that is embedded during the coating
process. This is because ultrasonics through water media produce
speed bubbles that pass through the y-Al,Os and FeCrAl powder
[13]. This ultrasonic process led to the changes in chemical
composition where the elements C and O are present in each
sample. The C and O elements have quite large values reaching
13.45 and 4.6 wt% which are shown in the UB 1 hour sample.
This element has the potential effect on the protective layer
forming on the base material to become FeO and FeCr,03 [20].
The protective layer has the potential to improve the
characteristics of the catalytic converter material by increasing the
thermal stability up to 1000°C and accelerating the conversion
reaction from exhaust emissions in the form of COy, NOy, HC to
H,0 and CO- [26, 27].

3.2 Microstructure Analysis of UB+EL Samples

The results of the microstructure analysis of UB+EL samples
can be seen in Fig. 5(a) — Fig. 5(e) with different holding times of
15, 30, 45, 60 and 75 minutes. This combination coating process is
carried out simultaneously by electroplating NiCr first and
followed by ultrasonic coating.

Fig. 5(a) — Fig. 5(e) shows a more uneven surface structure
compared to the UB sample, accompanied by large lumps formed
during the electroplating or ultrasonic coating process. These
agglomerations occur due to the bonding of the y-Al,O3 material
that is initiated by voltage, current and frequency [14, 28]. The
agglomeration that occurs in each sample is very clearly visible
but there are small and large agglomerations, where the most
agglomeration is shown in UB+EL 45-minute sample (Fig. 5(c))
and the most even surface structure is shown by UB+EL 30-
minute sample (Fig. 5(b)).

The composition of the UB+EL sample has transformed when
compared to the raw material and UB sample where there are
additional elements of Na and Ni, although at low values.
However, this element has the potential to produce protective
layers such as NiO, NaO; NiAl,Os and NiCr,O4 which
significantly contribute to improving its initial characteristics. This
result is supported by previous research [22] where the reaction
between Ni, Cr and y-Al,Oz with O and C creates a protective
layer that functions as an addition to improve high thermal
stability.
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Fig. 5. Microstructure. (a) UB+EL 15min, (b) UB+EL 30 min, (c) UB+EL 45 min, (d) UB+EL 60 minand (¢) UB+EL 75 min.
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3.3 Thermal Stability Analysis

Thermal stability analysis has been carried out on all samples,
both raw material and coated material. There are several
parameters obtained such as mass changes and point of reaction as
listed in Table 1. Large changes in mass indicate that the material
has low thermal stability as shown by UB samples where there is a
significant mass change of 20.33 mg even though the largest mass
change was shown by the raw material up to 23.39 mg from the
initial weight with a point of reaction reach 0.5 mg/min. The
smallest mass change was shown by the UB+EL 30minute sample

of 2.85mg.

Table 1. Thermal stability analysis

Sampledesignation Temperature (°C)

Mass change

Point of reaction

(mg) (mg/min)
Raw 1000 23.39 0.50
UB 1 hour 1000 20.33 0.37
UB 1.5 hour 1000 17.46 0.21
UB 2 hour 1000 17.96 0.44
UB 2.5 hour 1000 18.43 0.28
UB 3 hour 1000 18.75 0.24
UB+EL 15 min 1000 4.38 0.08
UB+EL 30 min 1000 2.85 0.07
UB+EL 45 min 1000 3.44 0.10
UB+EL 60 min 1000 3.67 0.09
UB+EL 75 min 1000 5.39 0.10

The smallest mass change of UB+EL samples during the
thermal stability analysis process using TGA was caused by the
protective layer that was formed. Therefore, the heat was retained
by the protective layer before it hit the base material. This is very
promising when applied to materials that operate at high
temperatures [26, 29]. This protective layer has an alloy
composition which can be seen in Fig. 6 and Fig. 7.
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Fig. 6. Compound spectrum of FeCrAl material (UB samples).
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Fig. 7. Compound spectrum of FeCrAl material (UB+EL
samples).

3.4 Compound Analysis

Compound analysis was carried out on the coated sample
where the result of UB samples are shown in Fig. 6 while UB+EL
samples is shown in Fig. 7. The XRD analysis process was carried
out at a diffraction angle of 20°-90°.

The compound analysis of UB samples shows that there are
several compounds detected in each peak such as FeCrAl, FeO, y-
Al>,O3 and FeCr;0s. There are differences in the peak width of
each sample, where the UB 1.5hour sample shows a very sharp
peak when compared to other sample peaks. It indicated that the
crystallite size is smaller compared to other UB samples [22].

The compounds detected in UB samples wereobtained from
the influence of frequencies that produce high-speed bubbles that
hit and coat the FeCrAl. When it correlated to the microstructure
results, the UB sample has an uneven surface, it supports that the
v-Al,O; material succeed embedded to FeCrAl using the
ultrasonic method and this is also supported by the thermal
stability analysis that the protective oxide layer was able to reduce
the mass change of the FeCrAl material that applied to catalytic
converters.

XRD results of UB+EL samples are shown in Fig. 7 and the
results show that many compounds have the potential to improve
the characteristics of the raw material such as FeCrAl, FeO, y-
Al;03, FeCr,03, NiO, NaOz, NiAl>04 and NiCr,04. The spectrum
shows that there is a sharp and wide spectrum, this indicates that
the sharp spectrum has a smaller crystal size than the wide
spectrum.

There are more compounds present in the the UB+EL sample
compared to UB sample. This is possible because there are more
materials involved in the process such as y-Al,O3, Ni and Cr. The
presence of Ni and Cr is intended to increase the mechanical
properties of the material [16, 22] which led to the increment of
thermal stability supported by data in TGA analysis where the
30minutes UB+EL sample has the smallest mass change.

4 Conclusion

The coating process of FeCrAl for catalytic converters using
ultrasonic and electroplating processes has been successfully
carried out and analyzed. In the microstructure, it was found that
there was a change in the surface structure from initially flat to
slightly less dense in the UB samples and very uneven as well as
with many agglomerations in the UB+EL sample. The
transformation of composition also occurred when the raw
material only consists of 3 elements of Fe, Cr and Al, after the
ultrasonic coating process the elements O and C are added. Apart
from that, changes in elements also occur in the UB+EL samples
where there are additional elements of Na and Ni in each sample.
After carrying out a thermal stability analysis, it was found that
the UB samples had a lower mash change of 4.64 mg compared to
raw material and the smallest mass change of 2.85 mg or largest
thermal stability was shown by the UB+EL 30minutes sample.
Higher thermal stability is contributed by the protective oxide
layer that formed during the coating process, where the protective
layer on the UB sample is FeCrAl, FeO, y-Al;O3; and FeCr;03
while the UB+EL sample forms a higher alloy, namely FeCrAl,
FeO, Y- A|203, FeCrzog, NIO, NaOz, NiA|204 and NiCr204.
Therefore, this coating process was very recommended to be
applied in order to increase the performance of catalytic
converters regarding their thermal stability which has implications
for increasing the lifetime of catalytic converter products.
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