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THE EFFECT OF PRODUCTION PARAMETERS ON DC THERMAL
PLASMA NANOMATERIAL SYNTHESIS

Salahuddin Junus, Fabrobi Ridha, Robertoes Koekoeh K. W. and Agung Budi Cahyono
Department of Mechanical Engineering, University of Jember, East Java, Indonesia
E-Mail: salahuddin.teknik@unej.ac.id

ABSTRACT

The practical use of Alumina in various fields of engineering has become more in demand due to its properties to
withstand high temperature, resist corrosion, and possess good hardness and strength. The synthesis of alumina
nanoparticles is done by DC Thermal Plasma method where aluminum powder is flowed through oxygen gas to pass
through arc in plasma torch so that primary particles are combusted and cause evaporation and crystallization to form
alumina nanoparticles in particular phases. The XRD (X-Ray Diffraction) observation results showed variations in
aluminum powder flow rate of 4.72, 5.90, 7.08 and 8.26 I/min with a processing time of 10, 20, 30, 40s. The alumina
nanoparticles formed different dominant phases of y-alumina and 3-alumina phases with intensities above >75%. SEM
(Scanning Electron Microscope) observations of the alumina nanoparticles was used to characterize the resulting particle
diameter, morphology and structure. The powder flow rate variation of specific process times produced different

agglomeration, mean size and structure of the resulting alumina nanomaterial.

Keywords: alumina nanomaterials, dc thermal plasma, nanomaterial synthesis.

1. INTRODUCTION

Aluminum oxide is one of the most cost-effective
structural engineering materials and is widely used as a
choice for ceramic material. The raw materials for high
performance ceramic materials can be produced easily and
at affordable prices, resulting in good aluminium oxide
(alumina) grades. In the industrial sector, more than 45
million tonnes of Al,O3 are produced and marketed around
the world and around 1.5 million tonnes of Al,Os are used
as raw powder worldwide [1]. It is used in coating,
synthesis, and sacrificial anodes. This alumina application
is used because alumina is resistant to acids, alkalis and
corrosion. It also has high hardness and high temperature
resistance [2].

There are various methods in synthesizing
alumina nanoparticles but one of the most effective ways
in synthesizing the nanoparticles into different phases are
by using the DC thermal plasma method. By this method,
a variety of crystal structure can be produced which
includes several crystal forms such as (a, 6, 9, and y)
alumina. The crystal growth process of the alumina occurs
due to very high process temperatures which allows the
formation of phase transitions due to the high cooling
process in the reactor [3].

The growth of alumina crystals obtained in the
DC thermal plasma method can be controlled by adjusting
the oxygen flow rate, powder flow rate, processing time
and current on a DC thermal plasma [4, 5]. Previous
research resulted in a 21 nm 6-alumina phase obtained
with an oxygen gas flow rate of 16.5 | / min and a powder
flow rate of 7.08 1 / min, a 32.15 nm size 9-alumina phase
obtained with an oxygen gas flow rate of 16.5 | / min and
an oxygen gas flow rate of 16.5 | / min. powder flow was
4.72 1 / min, while y-alumina size of 20.52 nm was
obtained with an oxygen flow rate of 25.9 | / min and a
carrier flow rate of 4.72 1 / min [5]. Controlling the process
parameters such as oxygen flow rate, carrier flow rate and

processing time parameters could be carried out to obtain
the desired phases of alumina crystallization.

2. EXPERIMENTAL METHOD
A schematic diagram of the experimental setup is
shown in Figure-1 below.
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Figure-1. Schematic of DC thermal plasma synthesis
device [6].

Alumina nanoparticles are formed in the reactor
of the DC thermal plasma device due to the flow of
oxygen gas with aluminum powder. A DC plasma torch is
mounted on the head of the reactor where the precursor
material and gas flow pass through the plasma flame. The
plasma arc is achieved due to a short circuit between the
anode and cathode which acts as the inner electrode and
the outer electrode which is energized by plasma gas.
Through the plasma, aluminum material changes from the
solid phase to the liquid phase in this process due to high
temperatures [4]. The particles will split and undergo
evaporation and crystallization. The liquid phase will
return to a solid phase and experience the formation of an
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alumina nanoparticle phase [7]. The process of the
alumina nanoparticle formation phase occurs during the
crystallization process in the presence of temperature
transformation.

During the experiment, precursor gas flow is set
to a variation of (4.72, 5.90, 7.08 and 8.26) I/min. The
precursor gas and plasma gas are O, with the plasma gas
flow of 25.96 I/min. Processing time of (10, 20, 30, 40)
seconds is conducted during the nanoparticle synthesis.
The processing time considered is the time when the DC
thermal plasma machine (DC Rillon Cutting 40) with
current of 20A is activated and the precursor gas and
material are fed into the reactor. Samples are collected
through nanoparticle filters which is helped by a vacuum
machine. All of the experiments are conducted in 1 atm.

Characterisation of materials are done using
scanning electron microscope and XRD in Materials and
Metallurgy Laboratory, Faculty of Industrial Engineering,
Sepuluh November Institute of Technology, Surabaya.
The Sem microscopy observation would be used for
understanding the morphology of the resulting samples.
These observations were made at variations in the flow
rate of carrier gas 4.72 | / min and 8.26 | / min as well as
variations in the processing time of 10 seconds and 40
seconds at 20,000x and 30,000x magnification using SEM
device INSPECT S550. The XRD were carried out using
the X'Pert Pro to understand the phase of the alumina
samples. The result of XRD data on alumina nanoparticles
with copper electrodes is then processed using MDI Jade 6
and Origin software.

3. RESULT AND DISCUSSIONS

The particle carrier flow rate plays an important
role in the ignition of the plasma arc and plays a role in the
length of time aluminum particle stays in the plasma flame
[5]. Plasma flame is very influential in the process of
alumina nanoparticles production because the plasma
flame at a certain temperature is where carrier particles are
formed to become alumina particles, resulting in the size
of the alumina nanoparticle diameter [7]. This carrier flow
rate acts as a driving force for aluminum to move towards
the plasma flame torch. The more increasing of the carrier
flow rate, the more aluminum powder carried on the
plasma flame torch. This affects the aluminum powder
feedrate and the production rate of alumina nanoparticles.
The variation of processing time has a role in the duration
of ignition of the plasma flame. The duration of the plasma
flame during the manufacturing process greatly affects the
rate of agglomeration in the alumina nanoparticles [8].
This can be seen from the following observations

SEM OBSERVATIONS

DC thermal plasma method alumina diameter
SEM results from processing time of 40 seconds are
shown in the table below. At carrier flow rate of 4.72 and
8.26 | / min show that alumina nanoparticles have a
nanometer scale size of 14.57-43.71 nm and 14.57-56.64
nm respectively. The size of the alumina nanoparticle
diameter is influenced by oxygen flow rate and the
processing time used where the faster it leaves the plasma

flame, the smaller the particle diameter size. In this
variation the alumina nanoparticles also experience a
slight dominant agglomeration [7]. The size of the alumina
nanoparticle diameter is influenced by the carrier oxygen
flow rate and the processing time where the longer it
leaves the plasma flame, the larger the particle diameter
size will be [8]. This can result in the large amount of
powder carried by oxygen into the plasma flame due to the
high flow. So, when the aluminum powder enters the
liquid phase to the solid phase, irregular agglomeration
occurs.

Table-1. Comparison of diameters of different carrier
gas flow rate.

Gas Flow Rate | Carrier Gas Current (A) Process Time Average
(Ifmin) Flow Rate (s) Diameter
(I/min) (nm)
25.96 4,12 20 40 14.57-43.71
25.96 8,26 20 40 14.57-56.64

The results of Table-4.1 SEM testing above show
that the higher the flow rate of carrier rate and processing
time can result in an enlargement of the diameter size of
the alumina nanoparticles where the average diameter of
the alumina. This occurs as particles experiences
agglomeration at the increase in the variation of flow rate
of carrier gas and processing time. This is due to the high
temperature of the plasma flame during the process so that
the precursor material leaves the plasma flame for too long
and causes the materials to undergo an evaporation
process for a longer time which causes the alumina
nanoparticles to experience agglomeration [9]. The
agglomeration formation at the variation of the flow rate
of carrier gas 4.72 | / min at a processing time of 10
seconds and flow rate of 8.26 | / min at 40 seconds can be
seen in the Figure-2 below.
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Figure-2. Comparison of SEM observations of alumina
nanoparticles (a) 4.72 1/ min (b) 8.26 | / min.

It can be seen that the main occurrence of
agglomeration is at the variation of carrier rate of 8.26 | /
min and processing time of 40 seconds. Whereas at the
variation of the rate of 4.72 | / min and a processing time
of 10 seconds, the alumina particle size was evenly
distributed and there were less alumina particles that
experienced agglomeration. This is due to the
accumulation of primary particles with other primary
particles which results in increasing the size of the alumina
nanoparticles.

XRD ANALYSIS

The highest intensity peak of alumina
nanoparticles is located to determine the formation of
phases and crystal structures formed from alumina
nanoparticles. From Figure-3 (a) carrier rate of 4.72 I/min
and 40s process time shows that the dominant alumina
compound belongs to the Fd3m space group category with
a peak intensity of 97% and has a cubic crystal structure.
According to [10] the Fd3m space group is an alumina
with a vy-alumina phase. This phase is formed at a
temperature of 400-700°C [10]. The formation of the
alumina phase is due to the reaction of liquid vapor when
the aluminum particles undergo evaporation so that

oxidation occurs to form aluminum oxide and a fast
quenching process occurs [11].

XRD results for carrier rate of 5.90 I/min and 40s
process time is shown in Figure-3 (b). It shows that the
dominant alumina compound belongs to the Fd3m space
group category with a peak intensity of 86% and a cubic
crystal structure at the variation of the flow rate of
aluminum powder 5.90 | / min. According to research [10]
the Fd3m space group is an alumina with a y-alumina
phase. This phase is formed at a temperature of 400-700°C
[10]. The formation of the y-alumina phase is due to the
high flow rate of oxygen so that aluminum particles pass
through the plasma flame quickly and quickly get a
guencing treatment which results in a significant decrease
in temperature [12].

Carrier rate of 7.08 | / min and processing time 40
seconds XRD results are shown in Figure-3 (c). that the
dominant alumina compound falls into the P222 space
group category with a peak intensity of 95% and an
orthorombic crystal structure at a variation of the
aluminum powder flow rate of 7.08 | / min with a
processing time of 40 seconds. In this case, according to
research by [10] space group P222 is an alumina with a 6-
alumina phase which is formed at temperatures of 800-
900°C [13]. The formation of &-alumina is due to
temperature transformation in the formation of y-alumina
crystals into d-alumina phases where these two phases are
metastable phases so that crystal growth occurs rapidly
[11].

The XRD results of the carrier rate of 8.26 | / min
and a processing time of 40 seconds is explained in
Figure-3 (d)., it shows that the dominant alumina
compound belongs to the F-4m2 space group with a peak
intensity of 75% and a tetragonal crystal structure at a
variation of the flow rate of aluminum powder 8.26 | / min
with a processing time of 40 seconds. In this case,
according to research by [10] space group P222 is an
alumina with a d-alumina phase which is formed at a
temperature of 800-900°C [13]. The formation of &-
alumina is due to temperature transformation when the
particles occur in a cooling process, resulting in a direct
nucleation process with very high crystal growth [14].
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Figure-3. XRD observation results of alumina nanoparticles synthesized in 40s processing time
with carrier of (a) 4.72 1 / min, (b) 5.90 I/min, (c) 7.08 I/min and (d) 8.26 | / min.

The observational data can be compiled into a
table below.

Table-2. Comparison of space group, phase and intensity
of the resulting synthesis of different carrier gas

flow rates.
Carrier Gas Process | Space Group Phase Intensity (%)
Flow Rate Time
(I/min)
(s)

4.72 40 Fd3m v-Alumina 97

5.90 40 Fd3m v-Alumina 86

7.08 40 P222 o6-Alumina 95

8.26 40 P-4m2 0-Alumina 75

The table shows that there is a decrease in peak
intensity at each increasing variation. In this case it can be
seen that the effect of the increasing carrier flow rate and
the longer processing time results in a decrease in the peak
intensity of crystal phase formation in alumina
nanoparticles and also experiences differences in space
groups with the same phase at variations in carrier flow
rate of 7.08 |1 / min and 8.26 | / min with a processing time
of 40 seconds.

3. CONCLUSIONS

Based on the test results regarding the synthesis
and characterization of alumina nanoparticles with
variations in powder flow rate and processing time in the
DC thermal plasma method, it can be concluded that there
is a high level of agglomeration with the highest at the
carrier flow rate of 8.26 | / min with a processing time of
40 seconds. It also has a larger diameter average diameter
range of 14.57-56.64 nm. While at 4.72 | / min with a
processing time of 10 seconds, it has the lowest
agglomeration level. The average size of alumina particles
produced also differs in the range of 14.57-43.71nm.

XRD observations on the flow rates of carrier rate
of 472 1 / min and 5.90 1/ min produce y-alumina phase
while at the flow rates of carrier rates 7.08 | / min and 8.26
1 / min produce &-alumina phase. The observations also
show that on the carrier rate of 8.26 | / min produce a peak
intensity of >75% while at a flow rate of 4.72 1 / min it
produces a high intensity peak with a percentage of >80%.
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