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Surface cleaning is one of the critical preliminary process in wire manufacturing surface 
treatment for the purpose of improved surface wettability and adhesion. However, 
concern in terms of environmental impacts arises due to common practices of wet-
chemicals which led to severe human health. Surface cleaning using cold plasma 
treatment might become an alternative, but it seems that the issue of gas temperature 
measurement and monitoring have not been dealt with in depth, since the gas 
temperature can indicate the type of plasma formed inside the designed reactor. Fiber 
Bragg grating (FBG) might became an option for gas temperature measurement and 
monitoring. In this research, air temperature in cold plasma treatment reactor was 
measured and monitored using FBG, with effects of graphene electrode. Surface 
roughness of metal wire surface was measured and qualitative observation through 
optical microscope was carried out, before and after plasma treatment for the purpose 
of performance evaluation. From the results, it is found that type of plasma discharge 
formation has been successfully identified through air temperature profiling and 
monitoring using FBG. Highest surface roughness reduction is performed by 
filamentary type of discharge of 9 kV applied voltage based on generated air 
temperature profile by FBG. 

Keywords:  
Air temperature; measurement; wire 
surface cleaning; fiber Bragg grating Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved 

 
1. Introduction 
 

Surface cleaning is regarded as critical preliminary process in almost every surface treatment 
especially surface coating for the sake of improved surface wettability and adhesion [1]. In wire 
manufacturing industry, wire surface cleaning is generating considerable concern in terms of 
environmental impacts due to excessive use of wet-chemicals such as oil and grease [2]. It is 
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becoming increasingly difficult to ignore the effects of common practice of wet-chemicals in wire 
surface cleaning industry, for example, the use of tri-chloroethane (1,1,1-TCE) cleaning solvent, which 
has been restricted by international agreement due to its harmful effects towards central nervous 
system, eventually led to confusion as well as dizziness [3]. The past two decades have witnessed a 
significant interest in wire surface cleaning using plasma treatment [2-6]. Initial work by Choi et al., 
[3] proved that plasma exposure on aluminium wire surface showed better surface cleaning 
compared to tri-chloroethane (1,1,1-TCE) cleaning solvent treatment. Other works by Korzec et al., 
[4], Kettler et al., [5] and Nakamura et al., [6] also reported the effectiveness of plasma treatment on 
metal wire surface cleaning with improvement in terms of surface wettability as well as surface 
morphology [4-6]. 

Technically, surface cleaning using plasma treatment can be categorized by physical plasma 
cleaning method and chemical plasma cleaning method. Physical plasma cleaning is described as the 
exposure of high energy ions bombardment of ionized carrier gases towards targeted surface. High 
power supply and low pressure are required to obtain maximum energy level of ions before it hits 
metal wire surface. On the other hand, chemical plasma cleaning involved the active species 
generation such as electrons, radicals, ions as well as byproducts, eventually followed by diffusion on 
targeted surface through baffle assembly [7]. Interest of plasma treatment for wire surface cleaning 
application has been well-recognized due to its high potential in terms of environmental 
sustainability. However, despite this interest, it seems that the issue of gas temperature 
measurement and monitoring have not been dealt with in depth. Temperature is among most 
important measurement in physical process because it affects the atomic or molecular kinetic energy 
in plasma cleaning process [8]. Thus, the main focus towards air temperature measurement and 
monitoring is to ensure that plasma surface cleaning is carried out in low temperature environment 
using electrical energy rather than heat energy. In fact, surface cleaning by thermal plasma (hot 
plasma) heating with temperature of 600 °C and above led to undesirable exothermic formation of 
metal carbides as well as the polymerization of organic contaminants [1]. 

Conventionally, gas temperature measurement and monitoring has been carried out by using 
thermocouple [9-11]. However, few researchers have addressed the issue of technical errors such as 
radiative exchange between the probe junction with the surrounding, thermal inertia, heat 
conduction along the wires as well as catalytic effects [12-13]. Alternatively, for the past five years, 
Fiber Bragg grating (FBG) might became an option for gas temperature sensor [14-15]. Ability of FBG 
to being located and embedded inside the plasma reactor might provide accurate gas temperature 
measurement and monitoring for the sake of deep understanding on physical process in plasma 
cleaning process [15]. Another interesting part in this study is the involvement of graphene as an 
electrode. In addition, the thermal behavior of graphene has not been dealt with in depth as most of 
the researchers assumed that graphene electrode exhibited same thermal properties with graphite 
[16-17]. Despite its uncertainty in terms of thermal behavior, graphene is set to become an important 
component in electrical and optical devices especially as electrodes due to its mechanical strength, 
transparency, high charge mobility and flexibility [18-21]. 

Several performance evaluation techniques such as surface roughness profile [22-23] and 
scanning electron microscopy (SEM) analysis [2-3, 6] can be carried out in order to determine the 
influence of gas temperature measurement and monitoring on plasma treatment towards the metal 
wire surface cleaning effectiveness. Surface roughness profile was determined by detecting the 
uneven metal surface with peaks of various heights. Reduction of surface roughness indicated the 
ability of plasma treatment to clean and remove the contaminants (such as oxides growing on metal 
wire surface as well as surface exposure to ambient atmosphere) from metal wire surface [1]. 
Qualitatively, the removal of contaminants should lead to improved morphology of metal wire in 
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terms of producing shinier surface, as a result of oxide removal [24]. Based on the current situation, 
air temperature measurement and monitoring are required in cold plasma treatment for metal wire 
surface cleaning for the sake of deep understanding of physical process in plasma cleaning process. 
Therefore, in this study, air temperature in cold plasma treatment reactor was measured and 
monitored using FBG, with effects of graphene electrode. Surface roughness of metal wire surface 
was measured and qualitative observation through optical microscope was carried out, before and 
after plasma treatment for the purpose of performance evaluation. 

 
2. Methodology  
2.1 Plasma Reactor Design 
 

Development and designing of plasma reactor system prototype as well as instrumentation set 
up is required before gas temperature could be measured and eventually monitored. Figure 1 shows 
the schematic and actual design of plasma reactor system. With the presence of high voltage power 
supply, electrodes (anode and cathode), dielectric materials and working gas, this system can 
function properly. In this study, graphene sheet was used as anode electrode while untreated steel 
wire was used as cathode electrode. Air was used as the carrier gas for plasma to generate, whereas 
glass tube acts as dielectric barrier in our plasma reactor. 

 

 

 
Fig. 1. Schematic (left hand side) and actual (right hand side) design of plasma discharge system 

 

Figure 2 illustrates the air temperature and monitoring setup. The plasma reactor was fabricated 
using a 150 mm borosilicate glass tube with inner and outer diameters of 5 mm and 6 mm, 
respectively. Air compressor (FD 1006 A, 1 HP) was used to supply air through the plasma reactor. 
The air flowrate was controlled using flow meter (MKS Multi Gas Controller 647C) and was kept 
constant at flowrate and pressure of 5 sccm and 0.15 mbar respectively. In this experiment, power 
supply (PVM500 Plasma Resonant and Dielectric Barrier Corona Driver) becomes the primary high 
voltage source, thus enabled the electrical discharge between two electrodes, graphene sheet 
(anode) and untreated steel wire (cathode). With ability to supply voltage from 0.5 kV to 40 kV and 
frequency ranged between 20 kHz to 70 kHz, the corresponding power supply is selected in order to 
supply three different applied voltages which are 7 kV, 8 kV and 9 kV with maximum frequency of 70 
kHz. The fiber Bragg grating (FBG) was placed on top of untreated steel wire surface, so that air 
temperature can be detected through fiber optic interrogator, as gas temperature data were 
displayed on PC monitor. Detailed operational parameters of plasma reactor are summarized in Table 
1 while description of FBG is further discussed in section 2.2. 
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Fig. 2. Air temperature measurement and monitoring setup 

 
   Table 1 
   Operational parameters of plasma discharge model 

Set Up/Materials Operational Parameters 

Tested applied voltages Applied voltages: 7 kV, 8 kV, 9 kV 
Frequency: 70 kHz 

Plasma treatment duration 5 sec, 10 sec, 15 sec, 20 sec, 25 sec, 30 sec 

Graphene sheet (anode electrode) Length: 10 mm 
Thickness: 0.025 mm 

Glass tube (dielectric) Length: 150 mm 
Inner diameter: 5 mm 
Outer diameter: 6 mm 
Thickness: 1 mm 

Air (carrier gas) Air flowrate: 5 sccm 
Air pressure: 0.15 mbar 

Untreated steel wire (treated 
specimen/cathode electrode) 

Length: 150 mm 

 
2.2 Air Temperature Measurement and Monitoring 
 

Fiber Bragg grating (FBG) formation is a result of intense ultraviolet (UV) light source introduced 
into single-mode fiber core in order to create periodic perturbation, eventually leads to permanent 
increment of fiber core refractive index and produces a fixed modulation index known as Bragg 
grating. Light source corresponded to Bragg grating will be reflected at certain wavelength, as others 
will be transmitted, according to Fresnel reflection. The reflected light is given by the equation [25-
26]: 

 
𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ              (1) 
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where 𝑛𝑒𝑓𝑓 is fiber effective refractive index while Λ is period of Bragg grating. There will be a 

sinificant change in both of 𝜆𝐵 and 𝑛𝑒𝑓𝑓 when gas temperature is detected on fiber core. Shifting of 

Bragg wavelength and change in refractive index happened when there is thermal as well as heat 
expansion caused by applied temperature. Operationally, temperature sensing for FBG can be 
formulated as [26]: 
 
Δ𝜆𝐵

𝜆𝐵
= (𝛼 + 𝜉)Δ𝑇             (2) 

 
where 𝛼 and  𝜉 represent thermal expansion and thermo-optic coefficient.  

In our air temperature measurement and monitoring, the FBG is embedded in plasma reactor, on 
top of untreated steel wire and located in the middle of reactor as illustrated in Figure 3. The FBG 
inscribed is a uniform grating single mode fiber with operating grating length, bandwith, wavelength 
and reflectivity of 5 cm, 0.5 nm, 1550 nm and 90%, respectively. Meanwhile, FBG temperature 
sensitivity calculated at 10.8 pm/°C, obtained from calibration curve. 

 

 
Fig. 3. Illustration of Fiber Bragg grating (FBG) setup inside plasma reactor 

 
2.3 Performance Evaluation 
 

The performance of plasma treatment was evaluated using the percentage of surface roughness 
reduction by comparing the surface roughness of untreated steel wire with treated steel wire. The 
surface roughness analysis is carried out in the middle spot within plasma discharge region using 
Mitutoyo SJ-310 portable surface roughness test machine. For surface roughness measurement, 
arithmetical mean surface roughness value profile, 𝑅𝐴 is considered. In our case, percentage of 
surface roughness reduction is defined by: 

 

𝑅𝐴 = |
(𝑅𝐴)𝑡𝑟𝑒𝑎𝑡𝑒𝑑−(𝑅𝐴)𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑

(𝑅𝐴)𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
| × 100%          (3) 

 
where (𝑅𝐴)𝑡𝑟𝑒𝑎𝑡𝑒𝑑 is the surface roughness of plasma treated steel wire and  (𝑅𝐴)𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 is the 
surface roughness of untreated steel wire. Only selected treatment time ranges of 5 sec, 10 sec, 15 
sec, 20 sec, 25 sec and 30 sec were selected for performance evaluation for all mentioned applied 
voltages. For qualitative analysis, the surface morphology of every treated and untreated steel wire 
samples was observed and eventually compared by using optical microscope. 
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3. Results  
3.1 Air Temperature Measurement and Monitoring 
 

Air temperature measurement and monitoring profiles were illustrated in Figure 4, Figure 5 and 
Figure 6 7 kV, 8 kV as well as 9 kV applied voltage correspondingly. The graph in Figure 4 for 7 kV 
shows that there has been a gradual increase in air temperature measurement from 20 to 25 °C 
within 30 sec treatment time. Meanwhile, the graph in Figure 5 for 8 kV shows that there has been a 
gradual increase in air temperature measurement from 20 to 29 °C within 30 sec treatment time. For 
both corresponding 7 kV and 8 kV applied voltages, highest air temperature profiles were recorded 
by FBG 2, followed by FBG 1 and FBG 3. 

Linear air temperature increment was presented in both 7 kV and 8 kV applied voltages. Linear 
temperature rises in all plasma temperature profiles reflected to Townsend discharge, which initiated 
by the impact ionization acceleration due to surface charge accumulation from high voltage induction 
[15]. Interestingly, the air temperature trends recorded by FBG 1, FBG 2 and FBG 3 for 7 kV and 8 kV 
has shown almost similar profiles with only slight difference in air temperature measurement and 
monitoring. We believe that this is the proof of existence of homogenous or uniform cold plasma 
discharge. During the discharge development, the homogeneity is mainly controlled by the electrical 
current or voltage imposed as well as the air ability to be slowly ionized. Lower voltage during the 
discharge development is the main contributor to enhance homogenous cold plasma discharge [27-
28]. 
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Fig. 4. Air temperature profile for 7 kV applied voltage 
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Fig. 5. Air temperature profile for 8 kV applied voltage 

 
Figure 6 shows the air temperature profile for 9 kV applied voltage. The graph in Figure 6 for 9 kV 

applied voltage shows that there has been a significant increase with fluctuation at certain points in 
air temperature measurement and monitoring, lies between 29 to 31 °C within 30 sec treatment 
time. Highest air temperature profile was recorded by FBG 2, followed by FBG 1 and FBG 3. 
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Fig. 6. Air temperature profile for 9 kV applied voltage 

 
Thermal behaviour shown by 9 kV was an instantaneous air temperature rise due to further 

increment of applied voltage which spread the microdischarge filaments into surface discharge, 
eventually led to intensified discharge interactions and collisions. Intensified discharge interactions 
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and collisions contributed to non-uniformity of charge distribution and electron instability which 
caused temperature fluctuation [29-30]. This is the cause of the air temperature instability in FBG 1, 
FBG 2 and FBG 3 especially for 9 kV case. Air temperature increment was expected as it was greatly 
influenced by the electron emission in order to form plasma. When applied voltage increased, 
electron gained more energy, which caused the electron to move and vibrate vigorously. Vigorous 
vibration and movement of electron became excess energy (in heat form), eventually contributed to 
air temperature rise. The excess energy then initiated more frequent electron collision, which later 
on produce plasma [14]. Acceleration of electrons was induced by the electrical current produced by 
higher applied voltage. According to Ohm’s Law and Joule’s First Law, higher induced current 
contributed more heat due to greater dissipated power. Hence, excessive heat in plasma stream 
produced, eventually led to substantial air temperature rise [15]. 

Based on our electrode geometry design, positive current pulse is formed in plasma reactor. 
Positive current pulse is caused by electrons movement towards the glass tube (dielectric) from the 
steel wire (cathode) and ion streamer mobility from the glass tube (dielectric) to the steel wire 
(cathode). For this case, secondary emission effect is influenced by the steel wire, as the steel wire 
acts as cathode and the glass tube (dielectric) as anode. The electrons eventually experienced photo 
desorption from steel wire and move towards glass tube. The previous free electrons are not trapped 
by the steel wire surface and hence the secondary electron emission is from the steel wire surface. 
Higher energy is required to initiate secondary electron emission to reduce collective effect, thus led 
to high intensity of filamentary discharge [31]. 

In general, it proves that the ability of FBG is not just limited only to measure and monitor the air 
temperature inside plasma reactor, but it can also detect the type of discharge formation (either 
homogenous or filamentary discharge) based on air temperature data recorded. Unquestionably, 
different type of discharge might give different steel wire surface cleaning result.  

 
3.2 Steel Wire Surface Roughness and Surface Morphology 
 

Steel wire cleaning performance was further evaluated using the percentage of surface roughness 
reduction, with comparison of surface roughness of untreated steel wire with plasma treated steel 
wire using selected treatment time, which were 5 sec, 10 sec, 15 sec, 20 sec, 25 sec and 30 sec. 
Limitation of treatment time up to 30 sec is based on the evidence that plasma exposure of more 
than 30 sec led to increment of root mean square (RMS) surface roughness, due to etching which led 
to metallographic surface modifications [32]. Since the main purpose in this research was to just clean 
the rusted steel wire, not up to metallographic surface modifications, we believe that treatment time 
up to 30 sec is sufficient enough.  

Table 2 shows the percentage of surface roughness reduction performed using 7 kV, 8 kV and 9 
kV with treatment time of 5 sec, 10 sec, 15 sec, 20 sec, 25 sec as well as 30 sec. The range of surface 
roughness reduction percentage was between 15% to 51%, 18% to 59% and 24% to 60% for 7 kV, 8 
kV and 9 kV applied voltages respectively. It is observed that higher applied voltage contributed to 
greater percentage of surface roughness reduction, as treatment time increased. In general, more 
than 25 sec was required in order to achieve the percentage of surface roughness reduction more 
than 50%. 

Figure 7 shows the steel wire surface morphology in untreated and treated condition through 
optical microscope, for selected samples which recorded surface roughness reduction of more than 
50%. Observation through optical microscope proved that plasma treatment was clearly effective to 
remove and clean the rust formed in untreated steel wire. It is definitely the clear evidence of the 
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ability of plasma treatment to decrease the root mean square (RMS) surface roughness and enhance 
the surface quality of treated samples [22-24]. 
 

Table 2 
Mean absolute percentage error (MAPE) 
Applied 

Voltage 

(kV) 

Treatment 

Time 

(sec) 

Surface Roughness of 

Untreated Steel 

Wire, Ra 

(µm) 

Surface Roughness of 

Treated Steel Wire, 

Ra 

(µm) 

Percentage of 

Surface Roughness 

Reduction 

(%) 

7 5 1.972 1.673 15.16 

10 1.311 1.104 15.79 

15 1.247 0.957 23.26 

20 1.572 0.905 42.43 

25 2.020 1.028 49.11 

30 1.944 0.961 50.57 

8 5 0.914 0.747 18.27 

10 1.321 0.879 33.46 

15 1.231 0.721 41.43 

20 1.667 0.967 42.00 

25 1.811 0.892 50.75 

30 1.879 0.785 58.22 

9 5 1.398 1.059 24.25 

10 2.910 2.161 25.74 

15 1.320 0.866 34.39 

20 1.703 1.101 35.35 

25 2.401 1.108 53.85 

30 2.288 0.919 59.83 

 
Qualitative results from optical microscope indicated that higher applied voltage contributed to 

greater percentage of surface roughness reduction. This result reflected to the massive amount of 
ionization and ion bombardment performed by the higher magnitude of applied voltage. Frequent 
collision of electron and ion bombardment produced by higher applied voltage eventually eliminated 
rust formed in steel wire surface [15]. In this situation, the obtained results of steel wire surface 
roughness reduction as well as surface morphology from optical microscope can be related with 
corresponding air temperature profiles presented in previous section. Based on air temperature 
measurement and monitoring carried out, it has been highlighted the ability of FBG to identify the 
type of discharge formed based on generated air temperature profiles. Referring to previous air 
temperature profiles, it is clearly showed that 7 kV and 8 kV applied voltages formed homogenous 
type of plasma discharge while 9 kV applied voltage generated filamentary type of plasma discharge. 
Meanwhile, based on steel wire surface roughness reduction, it is indicated that highest utilized 
applied voltage, 9 kV recorded highest surface roughness reduction, followed by 8 kV and 7 kV. 

Therefore, it is concluded that the filamentary type of plasma discharge is clearly more effective 
in steel wire cleaning compared to homogenous type of plasma discharge. Subsequently, the main 
reason of filamentary type of plasma discharge effectiveness in steel wire cleaning is due to its 
intensified discharge interactions and collisions as well as vigorous vibration and movement of 
electron which bombarded to steel wire surface, thus significantly removed a large area of rusted 
and oxidized surface. 
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9 kV, 30 sec, 59.83% 
reduction 
 

(a) Before plasma treatment (b) After plasma treatment  

  

8 kV, 30 sec, 58.22% 
reduction 
 

(c) Before plasma treatment (d) After plasma treatment  

  

9 kV, 25 sec, 53.85% 
reduction 
 

(e) Before plasma treatment (f) After plasma treatment  

  

8 kV, 25 sec, 50.75% 
reduction 
 

(g) Before plasma treatment (h) After plasma treatment  

  

7 kV, 30 sec, 50.57% 
reduction 

(i) Before plasma treatment (j) After plasma treatment  
Fig. 7. Selected steel wire surface morphology in untreated condition (a, c, e, g, i) and treated condition (b, 
d, f, h, j) with magnification ×40 

 
4. Conclusions 
 

In this study, we have successfully revealed the ability of FBG to carry out air temperature 
measurement and monitoring inside the plasma reactor. Besides, the effect of type of plasma 
discharge (based on air temperature profile monitoring) towards the cleaning effectiveness of rusted 
steel wire were also successfully proved. In general, the findings of this study indicate that: 

i. FBG is successfully measured as well as monitored the air temperature profiles and eventually 
identified the type of plasma discharge formed by 7 kV, 8 kV and 9 kV applied voltages. Based 
on air temperature profiles recorded, it has been identified that 7 kV and 8 kV applied voltages 
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formed homogenous plasma discharge while 9 kV applied voltage generated filamentary 
plasma discharge. 

ii. Highest surface roughness reduction is shown by 9 kV, followed by 8 kV and 7 kV. Therefore, 
it is a clear result that filamentary plasma discharge formed by 9 kV will give higher cleaning 
effectiveness in comparison with homogenous plasma discharge formed by both 8 kV and 7 
kV. 

iii. More than 25 sec treatment time is required for all applied voltages to achieve surface 
roughness reduction of more than 50%. 

The present findings have important implications in order to identify the type of plasma discharge 
formed inside the reactor, without depends on naked eye observation. The importance of discharge 
identification might help scientists in plasma or thermal field to match the plasma discharge intensity 
with suitable surface treatment or modification applications. 
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