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ABSTRACT

DBD plasma treatment for surface modification has been gradually finding attention in
industrial application. Modifying surface property such as hydrophilicity on the stainless steel is
growing popularity. For the fuel cell stack, stainless steel sheets are used, which were treated
by an atmospheric pressure DBD plasma treatment source. The experimental set up was
designed and developed in order to modify the surface properties of thin sheets to get optimum
hydrophilic condition and higher surface energy with ageing effect. Five different surfaces
were treated for different durations of time. DBD plasma discharge, parallel plate configuration
was used with an air gap of four mm. A high voltage of 10kV was supplied for plasma
discharge on to the surface of the sheets. Surface characteristics of the substrate were analyzed
by using water contact angle and wetting energy analyzer; a goniometer, 3D nano surface
profiler, field emission Scanning Electron microscopy (FE-SEM) and XRD.

After plasma treatment, the surface’s average water contact angle and surface wetting energy
were found to be improved. This was investigated for 14 days by using a goniometer and ageing
in an air. Different substrates treated in different times, showed different results. The shorter the
discharge time, the longer the hydrophobic recovering of the surface. The plasma surface
treatments for five second shows the optimum condition for surface treatment of stainless steel

at atmospheric pressure DBD plasma.

Key words: Dielectric barrier discharge, Atmospheric pressure plasma, Stainless steel, Ageing

effect.

Vi



CHAPTER |

INTRODUCTION

1.1 BRIEF INTRODUCTION

Atmospheric pressure plasma is the current popular method of treating various kinds of
substrates that widely focuses on industrial application such as food materials preservation to
several aspects of biomedical and semiconductor technologies (1). In addition, the plasma
processing is very flexible; usually it is possible to use certain experimental device for surface
modifications of different kinds of material. Using atmospheric pressure plasma source is

economical, convenient and safer than conventional vacuum technologies.

Atmospheric pressure plasma sources and configuration can include AC, DC, blown ion,
microwave and DBD (dielectric barrier discharge) (2) The most successful commercial surface
modification system like coating, sputtering, etching and cleaning of materials are DBD plasma
discharge system. Source for the atmospheric pressure DBD plasma is typically AC in the
range of kilovolt (kV) and low to medium frequencies (Hz) which operate around 125°C to 150°
C (3). DBD devices usually are designed with two parallel electrodes, either one or both
covered with a dielectric barrier which can be organic or inorganic. DBD plasma at
atmospheric pressure treatment only modifies the very thin layer near the surface up to some
um. The rest part of the material remains unchanged. It retaining bulk mechanical, physical,

chemical and electro physical properties of the original material (4).



In this study, the application of DBD plasma on surface modification of the stainless steel sheet
is to obtain the lower water contact angle or higher surface adhesion, which is used for the fuel
cell stack as bipolar plate material. In the fuel cell, material subjects to continuous chemical
reaction while generating electricity. Chemical corrosion, electrical resistance and weight are
the foremost concern problems in the fuel cell (5). Researcher have found that stainless steel
with thin film coating serve the best result to solve the existing problems, which has higher
corrosive resistance, higher chemical stability and higher electrical conductivity. Prior to the
surface coating, pre- treatment process is necessary to check the optimum hydrophilic and

surface energy conditions of the material (6)



1.2 DIELECTRIC BARRIER DISCHARGE (DBD) AT ATMOSPHERIC PRESSURE

DBD is an effective and one of the most popular methods for generating low temperature
plasma discharge at atmospheric pressure. DBD is highly non-equilibrium plasma that
produces high-density active species including radicals, electrons and ions but still has moderate

gas temperature around the substrate and attracted numerous attentions on the industrial uses.

The main features of the DBD plasma discharge is that non-equilibrium, non-thermal, silent
plasma discharge in atmospheric- pressure and can be establish in very economical and reliable

way compare to the low-pressure vacuum plasma discharge. (7)

Most of the DBD plasma discharges are filamentary and homogeneous discharge, which
depends upon the experimental conditions such as gas type, pressure, electrodes gap, dielectric
properties and applied voltage. Breakdown electron energy of 1leV to 10eV and AC voltage
ranges up to several kV with varying frequencies in order of Hz to hundreds of kHz (8). Usually
DBD configuration consist of two electrodes, at least one of them covered with a dielectric
material such as Glass, Quartz Aluminum oxide, Titanium oxide and Ceramic but other
insulating materials like thin polymer films, also can be used according to their application and
operations as shown in figure 1. Recently, plasma metal pre-treated metal products have new
applications in the field of food preservation, automobile industries, microelectronics,
semiconductors and electromagnetic interference shielding materials (9) now it has wide

application on the biological and medical fields too.
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Figure 1. Common Dielectric- Barrier Discharge electrode configurations



1.3 SURFACE MODIFICATIONS WITH ATMOSPHERIC PLASMA

Commercial DBD system is mainly employed in industry for the modification of flat surfaces
to attain wettability, printability and adhesion properties due to its convenience, effectiveness,
and low cost (10). DBDs plasma treatment is used to produce hydrophobic or hydrophilic
surfaces on the metals, plastics, glasses or polymers. For the typical hydrophobic surface
modification NF3, C4F8, CF4 and hexamethyldisiloxane (HMDSO) and for the hydrophilic
surface modification mainly inert gases or air is supplied to activate ions and electrons on the
surface of substrates in atmospheric pressure plasma discharging zone (11).

Owing to the large number density of active radicals, it drastically raises the surface energy and
enhances the wettability for water or other general chemicals. The surface energy and

wettability changes can be evaluate by contact angle measurements by using goniometer.

Generally water at 20° C has surface tension 72.8mN/m (12) but its value changes according to
the nature of the substrate’s surface. Based on the surface energies of water and a substrate, the
contact angle between them would change. With increased in the water angle, surface energy
will decrease and the decreased of contact angle shows the increased of wetting energy and has
greater. Figure 7 and 8 showed the water contact angles before and after the DBD plasma

treatment at atmospheric pressure on the surface of stainless steel.



1.4 BENEFITS AND APPLICATION OF SURFACE MODIFICATION (ADHESION

AND WETTABILITY)

Atmospheric pressure Plasma discharge is a relatively young technology and has many

applications and benefits.

It is much more economical and reliable technology as compare to the vacuum
technology.

Remove residual organic impurities and weakly bound organic contamination

Improve surface coverage and spreading of coatings and enhance adhesion between two
surfaces

Modify wettability to render a surface hydrophilic or hydrophobic (figure 7 and 8) with
appropriate processed gases

Affects only few monolayers of the surface of substrate and does not change the bulk
properties of the material

Can be treated wide variety of materials as well as complex surface geometries like;
semiconductor, glass slides oxides materials, mica polymers metal surfaces.

Prepare surface for subsequent processing (such as thin film deposition or absorption of
molecules, or prior to bonding or taking measurements)

Used for dental implant and cleaning

Treatment of biomedical devices and biomaterial prior to functionalizing surface

However, surface of substrate should be used as soon as possible after the plasma treatment;

treated surfaces may recover their untreated surface characteristics with prolonged exposure to

air (13).



1.5 FUEL CELL STACK AND STAINLESS STEEL

A fuel cell is an electrochemical device that converts hydrogen fuel directly into electricity and
heat without combustion. To deliver the desired amount of electrical energy, numbers of fuel
cells are combined to form a fuel cell stack. The greater the number of fuel cells greater the
energy deliver. Flow field plates or bipolar plates are one of the major components in the fuel
cell stock as shown in figure 2. They have to provide electrical connections between the
individual cells, remove the water produced at the cathode effectively. They must be relatively
impermeable to gases, sufficiently strong to withstand stack assembly and easily mass-
produced, for transportation applications, low weight and low volume are essential. In
operating conditions of the stack, high chemical stability and corrosion resistance are required.
Oxides formed during corrosion can not only migrate and poison the catalyst but also increase

the electrical resistivity of the plates, and therefore result in reduced fuel cell performance. (14).

Membrane Electrode

/ Assembly

Gas Flow channels

Endplate
= 0,

Bipokar Plawe
Repeit I'nilk]

Figure 2 Exploded view of Fuel cell stack



The majority of PEM fuel cell stack producers utilize bipolar plates based on graphite. Now
more attention has been paid to composites or metals. With many research shows, stainless
steel over comes all the disadvantages and fulfill the requirement for the modern fuel cell

stack.(15)

Steel represents a name of numerous alloys that consist of iron, carbon and other additives. The
alloying process give the possibility of tune the properties of the final material and obtain
superior mechanical, electrical and thermal characteristics, like high hardness, corrosion
resistance, compression-tension stresses, thermal conductivity. Application of steel material is
not only for good bulk mechanical properties but also use for surface properties. These might
be wettability, high adhesion for coatings, biocompatibility and others.

Additional, Stainless steel is a low-cost material, it can be easily to manufacture sheets as thin
as 0.1-1 mm, thus yielding a low volume stack. The material density is compensated by the

possibility of using thin sheets.

Normally, stainless steel sheet needs to be coated in order to prevent corrosion, improve thermal
and electrical conductivity. Hence, pre-treatment is needed to increase adhesion and high
surface energy. Here, DBD plasma is applied to treat the surface of thin stainless steel to make

more hydrophilic.



1.6 OBJECTIVES

Primary objective of the study was to find out optimum hydrophilic condition on
surface of the stainless steel sheet by treatment of DBD plasma at atmospheric pressure.
Secondary objectives of the study were

e To observe optimum treatment time.

e To check surface roughness after treatment



1.7 MOTIVATION FOR THE STUDIES

During the last decade, the atmospheric pressure plasma systems have successfully made
presence in the market especially for surface modification and cleaning applications. Making a
transition from conventional vacuum plasma to atmospheric pressure plasma process, many
researchers have achieved remarkable progress in DBD plasma surface modification, there is
remain unsettled issues (16).

Being economical, safety, reliable; effectiveness of atmospheric pressure DBD plasma surface
modification depends on various parameters like, AC power supply, flow rate of gas or air, gap
between substrate and electrode, thickness of dielectric barrier, substrate material and physical

structure.

Main motivating factor of this study is how we can treatment of thin sheet stainless steel of
0.1mm thickness and what is the surface morphology after the treatment of substrates. Stainless
steel was treated on 10kV AC power supply for five different treatment time and check the
hydrophilic condition of the surface during the different stages of time (ageing) to find out
suitable, reliable, quick and long lasting DBD plasma treatment for the surface modification. In
fact, that atmospheric plasma treatment in ambient air for the treatment of different surfaces of

stainless steel is leading to aging of wettability was one of the motivated factors of this study.

10



CHAPTER II

MATERIALS AND METHODS

2.1 EXPERIMENTAL SET-UP

2.1.1 DIELECTRIC BARRIER DISCHARGE (DBD)
This concept of DBD plasma treatment on surface modification of thin stainless steel sheets,
experimental setup was designed and fabricated for the horizontal movement as in figure 3, at

the atmospheric pressure.

The system has a parallel-plate type of electrode configurations as shown in Figure 1. Plasma
discharge is achieved between the ceramic dielectric barrier and ground electrode by applying a
high voltage. DBD system used for this experiment. Upper plate has high voltage power supply
line connection and below as ground connection. The area of discharge region is 100x80 mm?,
and two parallel electrodes were in four mm air gap as in figure 4. The AC power has been
supplied through the AP plasma power supply, Dawonsys, Korea. The experimental test is set
up at 10kV and 10 kHz, approximately 2 kW. There is no any gas is supplied externally
throughout the operation. DBD plasma discharge was produced at the atmospheric air in the

surrounding room temperature of 23°.

11



Figure 3.Designed & fabricated set-up for DBD plasma surface modification at atmospheric

pressure

Figure 4. Typical plasma discharge on stainless steel in the gap of four mm

12



While in operation time, electrodes get heat up and might cause adverse effect on the surface
treatment and plasma characteristics. De-ionized water has been used to transfer the heat from
electrode and that de-ionized water again cool down to normal water temperature before
pumping back to the electrode-cooling chamber again (figure 5). Normal tap water has less
electric resistivity and D.l. water was use to avoid the risk of power leakage via the circulating
tap water from the electrodes. It was important to keep the temperature of substrate constant to

the treating large area of surface.

DBD plasma setup has a movable lower part made of Teflon block where stainless steel sheet
has fixed and move through the air gap provided between two electrodes. Sheet was treated
while passing through the discharge zone of plasma. Movement of Teflon block was provided
by roller and belt attached to the gears and the speed controllable motor. Stainless steel sheet
used for the surface modification was clean without any visible scratches 316L type of sheet.
Directly took out from the package supplied from the manufacturing company. After treatment
of five different stainless steel substrates in different time durations and kept in a vinyl case to

protect from direct contact of air dust. Analyses were done by various instruments

13



Figure 5. water-cooling system

This comprises of copper helical coil, pumping motor, flow rate measuring device, thermometer
to check temperature of circulating de- ionized water and different lengths and size of water

circulating pipes.

14



2.1.2 DIAGNOSTIC APPARATUS (INSTRUMENTS)
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Figure 6. Image of oscilloscope of I-V characteristic at 10kV supply

Typical current-voltage characteristics was measured by connecting current probe to the ground
line and voltage probe to high voltage line (Tecktronix P6021) as shown in figure 8. The
shapes of the applied voltage and the discharge current were similar to sine waveform and a
number of sharp peak forms respectively. The current shape was due to micro-discharges (17).
the discharge currents in the upper and lower directions had different rates and also resulted
from the dielectric material covers the upper electrode, whereas the other lower electrode was a
bare condition. Thus, the source form can make the residual charges, i.e., the difference of
barrier charges. Consequentially, the signal form of discharge current was induced as shown in

figure 8.

Goniometer (Phoenix 300, SOE) was used to measure the average water contact angle by sessile

drop technique. The water was dropped automatically by syringe approximately 6uL of water

15



per drop. The goniometer method was relatively straight forward and allows for the user to
measure the contact angle with camera of a goniometer system. The droplet was deposited by a
syringe pointed vertically down onto the sample surface and a high resolution camera captures
the image, which image was analyzed by using image analysis software. The size of the droplet
can be increased gradually so that it grows proportionally, and the contact angle remains

congruent.

Surface morphology and conformity were observed before and after the treatment by using a
JEOL, JSM-6700, field-emission scanning electron microscopy (FE- SEM) and Nano view high
accuracy 3D nano no-contact surface profiler. XRD characterization was perform on an X-ray

Diffraction system (D/MAX 2200H, Bede 200, Rigagu instruments)

Real metal surfaces usually may have rather high surface roughness due to manufacturing and
post manufacturing processing, like rolling, polishing etc. The surface defects known as
contaminants, scratches and micro cracks will accelerate localized corrosion. The value of RMS
(R.) roughness may varies from 1um to 100 pm peak-peak in same area. The surface roughness
influences the spreading of droplets on the surface as well. The roughness measurement of real
metal surface in not as easy as it may appear, because of numerous scratches present on the
surfaces (16). In chosen stainless steel substrates, series of measurements were done to estimate
the value of roughness by using 3D nano profiling system. Images were taken from five
different points that don’t have any visible scratches. The RMS roughness was calculated as
average value from the images that we got for each samples. Fig .. are the six different
substrates 2D and 3D images showing average RMS values. We can easily see the changes in

surface roughness as shown in table 3.
16
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CHAPTER Il

RESULTS AND DISCUSSION

3.1 EFFECT OF AGEING TIME IN AIR OF PLASMA TREATED STAINLESS STEEL.

The ageing effects on the surface of stainless steel have observed from one hour to 14 days at 24
hours interval of time. Five sets of substrate were treated in 5 second, 10 second, 20 second, 30
second and 40 second time duration. Untreated SUS sheet shows the average-water contact
angle of 72.76° and average-wetting energy 19.8 mN/m at room temperature of 23°C (Table 1

and 2).

Almost all substrates have similar contact angles between 10°to 12° and wetting energy around
70 to 71 mN/m after one hour of plasma treatment which is clearly seen in figure (7,8). This
result has changed rapidly in 40 second treated substrate and reached contact angle 21.5° but the

wetting energy has reduced to 67.69 mN/m in two days of aging time (Table 1 and 2).

Goniometer image normal camera image

Figure 7, showing higher contact angle on untreated surface.

17



Goniometer image normal camera image

Figure 8 showing lower water contact angle on DBD plasma treated surface.

After the 6" day of ageing time, 10 second treated substrate has shown higher average contact
angle and lesser wetting energy than other substrates except 40 second treated (figure 10).
However, contact angles raised suddenly in 7" day on 20s, 30s and 40s treated substrates. This
trend has remained continuously till end of the experiment. In 9" day five second treated
substrate has lowest contact angle and 40 second treated has highest contact angle (table 1) and

corresponding wetting energy were 61.14 and 36.83 mN/m respectively.

At 10™ day of aging time, water contact angle has increased drastically in five second treated
substrate and reached 44.76° but at the same time 10 second treated substrate has minimum
water contact angle (table 1). Wetting energy of these substrate were 51.46 and 59.66 mN/m

respectively and 40 second treated substrate has lowest energy (32.85 mN/m).

18



Table 1 shows average water contact angle of substrate with respect to aging time

(hydrophobic recovery)

SL. | Treatment Ageing Time after Treatment ( Average water contact angle, degree)
no.| time |1 1 [2d [3d [ah 5 [eE |78 [gh  [ob 108 [11% [12% [13% [ 14%

hour |day |day |day |day |day |day |day |day |day |day |day |day |day |day
1 0 sec 7276 | 72716 | 7276 | 7276 | 72.76 | 72.76 | 72.776 | 72.76 | 72.76 | 72.76 | 72.76 | 72.76 | 72.76 | 72.76 | 72.76
2 | 5sec 112 | 126 | 13.6 | 1567|1644 |17.32|21.27|24.39|29.55| 32.8 | 44.76 | 45.36 | 46.52 | 48.39 | 69.88
3 10 sec 115 | 1321 | 13.81 | 16.52| 18.81 | 26.87 | 2891 | 31.55| 32.51 | 32.99| 3496 | 36.61 | 43.67 | 45.43 | 49.60
4 | 20sec 11.84 | 14421 16.81 | 17.97 | 18.14|19.44| 2276 | 41.27 | 41.79 | 43.7 | 50.55| 52.33 | 54.24 | 54.63 | 58.07
5 | 30sec 10.6 | 14.55|16.14 | 17.49 | 19.66 | 22.46 | 26.56 | 37.28 | 40.31 | 40.63 | 41.72 | 44.38 | 51.73 | 55.32 | 62.31
6 | 40sec 11.93 | 15.68 | 21.5 | 23.55|25.53|27.23 | 31.42 | 38.82| 45.96 | 59.55 | 62.97 | 65.09 | 65.69 | 65.77 | 66.01

At 14™ day of aging time, five second treated and 40 second treated surfaces have nearly similar
value of wetting energy and contact angle with untreated surface (table 1 and 2). Comparatively
lowest contact angle around 50° and highest wetting energy of 47.18 mN/m were recorded in 10

second treated surface.

Table 2, showing average wetting energy of substrate with respect to aging time

(hydrophobic recovery)

Sl. | Treatment Ageing Time after Treatment ( Average wetting energy, mN/m)

no. time 1 1st 2nd 3rd 4th §th Gth Jth gth gth 10t 11tk 12th 13t 14t
hour |day |day |day |day |day |day |day |day |day |day |day |day |day |day

1 | 0sec 198 | 198 | 198 | 198 [ 198 |[198 | 198 |19.8 |19.8 |19.8 |19.8 | 198 |19.8 | 198 | 1938

2 | Ssec 71.41 | 71.03 | 70.76 | 70.09 | 69.82 | 69.39 | 67.84 | 66.32 | 63.21 | 61.14 | 51.46 | 51.14 | 49.93 | 48.03 | 25.03

3 | 10sec 71.31 | 70.87| 70.68 | 69.79 | 68.91 | 64.53 | 63.54 | 63.21 | 61.42 | 61.05 | 59.66 | 58.44 | 52.57 | 51.08 | 47.18

4 | 20sec 71.24 | 70.51 | 69.62 | 69.24 | 69.18 | 68.53 | 67.13 | 54.62 | 54.27 | 52.61 | 46.11 | 44.42 | 42.54 | 42.06 | 38.49

5 | 30sec 71.58 | 70.46 | 69.92 | 69.43 | 68.55 | 67.23 | 65.11 | 57.75| 55.51 | 55.25 | 54.23 | 52.03 | 46.89 | 41.21 | 33.83

6 | 40 sec 71.21]70.19 | 67.69 | 66.73 | 65.68 | 64.71 | 62.13 | 56.69 | 50.61 | 36.83 | 32.85 | 30.64 | 29.95 | 29.87 | 29.61

19
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Figure 9. Effect of DBD plasma treatment on ageing time

a) average water contact angle (degree) vs ageing time (hours)

b) average wetting Energy mN/m vs ageing time (hours)
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Figure 10. Effect of DBD plasma treatment on different time durations
a) Average water contact angle (degree) vs various treatment time durations
b) Average wetting energy (mN/m) vs various treatment time durations
During this study DBD plasma treated surfaces have lowest average water contact angle and
highest wetting energy within one hour of treatment but longer time exposer in atmospheric air
these values were found in gradual reverse order which were completely different than

untreated substrates. My result was similar with Vadym Prysiazhnyi (16) in 5 second and 40-

second treatment till 4™ day of experiment.

The reason behind the decrease in contact angle during plasma DVD treatment co

effect of surface chemistry. The amount of oxides, nitrides and radicals on the

stainless steel increased with extending the plasma treatment time, so the contact angles kept on

decreasing (16), (18), (19). When the plasma treatment time as extended above certai
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oxides and nitrides on the surface would not increase further in spite they may transformed into
non-active particles due to longer time exposure to the plasma (20). These non-active particles
were thought to have adverse influences on the contact angle and further surface wetting energy
did not increase any more. It is also considered that many oxides and nitrides could be
generated during the process of exposure in air after plasma treatment, they could react with N,
and O, in air and generate more oxides and nitride on the surface, which was beneficial for the

surface wettability and WCA (21).

Ageing property is an important factor for maintaining high surface energy of treated materials.
It is taken as important factor in industrial manufacturing and storage. Here, we discussed the
ageing property of stainless steel surfaces, after plasma treated for different time interval. So far
the observation of the effect of ageing time in air of plasma treated stainless steel surfaces for
different interval of treatment time were not found in detail. Generally, stainless steels were
found treated on the supplement of various gases based on DC source but this experiment has

done using AC source of high voltage and high frequency in ambient air.

This study was focused on, how DBD plasma surface treatment at atmospheric pressure
behaves, to check the hydrophilic condition of surfaces for some duration of time and find out
the optimum condition for the DBD plasma treatment on the surface of the stainless steel. The
recovery ratio of hydrophobic was different in different substrates treated for different time. It
could be adsorption of air-born hydrocarbons and surface morphology of the substrate. But

there were no valid support for these hypothesis (16).
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In this experiment, at the beginning of the ageing process, the surface after the treatment was so
activated that surface radicals could react rapidly increased in this period. With further
extending the exposure time in air, the activated surface was more and more stable due to the
reaction with stable components in air. Finally, the oxides and nitrides on the surface
approached to the saturation state. At this saturated state, the water contact angle remained
lower and  wetting energy became higher, but further exposure time extended, the
contaminations and stable components in the air would form undesired impurities on the
saturated surfaces of the material and undesired compounds can make the surface more passive,
which gives the adverse effect on the surface, causing increased in the WCA and decreased in
the wetting energy gradually (22). The surface passivation caused by the long-term exposure to

air would bring back to characteristic as the of untreated surface.

This study has suggested that 10 second time could be the best result for DBD plasma treatment
on the surface of the stainless steel kept inside the container for 14 days. If the ageing of
substrate observed for 9 days, five second could be the optimum and economic selection for

treatment.
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3.2 EXAMINATION OF SURFACE ROUGHNESS AFTER DBD PLASMA

TREATMENT

The study of surface roughness on the stainless steel substrates were confirmed by images taken
from 3D nano surface profiler system and a table shown below. These all images were taken

one hour after the DBD plasma treatment at atmospheric pressure.

Table 3.Surface roughness and peak to peak values of six substrates treated on different

durations of time(3D nano profiler)

Sl .no. | Treatment Time (second) | RMS (Rynm | Peak (Ry) um
1 0 sec 169.61 2.79
2 5 sec 163.92 2.75
3 10 sec 152.93 2.72
4 20 sec 139.67 2.70
5 30 sec 138.06 2.60
6 40 sec 130.81 2.67
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Figure 11, 3D nano surface profiler image of untreated surface.

0
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Figure 12, 3D nano surface profiler image of five second DBD plasma treated surface.
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Figure 13, 3D nano surface profiler image of ten second DBD plasma treated surface.
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Figure 14, 3D nano surface profiler image of 20 second DBD plasma treated surface.
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Figure 15, 3D nano surface profiler image of 30 second DBD plasma treated surface.
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Figure 16, 3D nano surface profiler image of 40 second DBD plasma treated surface.
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Metal is considered to be a good material for bipolar plates for fuel cell stack due to its good
electrical and thermal conductivity, excellent mechanical properties, low cost and flexibility.
Typical metal such as stainless steel can easily meet requirement for the fuel cell stack material.
It is hard and roughed material which has different physical characteristic than polymers and
other non-metals, so it is not easy to change its physical characteristic easily. But with thermal
and chemical reaction on the surface, properties of surface can be changed as our requirement

(14)

The longer the Dielectric barrier discharge plasma treatment on surface, lesser the RMS value
but Peak to peak value rises and become more rougher. This effect cam be due to more
cleaning effects and can be due to etching effect on the thin sheet of stainless steel. Longer
discharge time, surface of thin sheet starts warping due to thermal expansion and surface can be
etched easily with the bombardment of electrons, ions and radicals. 40second treated substrate
had higher peak but lower RMS value than other substrates. Untreated substrate has highest
peak and RMS value of all. In other substrate both values gradually decreases till the 40

second treatment of surface.

We can see on the images, hills and vallies are in parallel patterns. These are because of
stainless steel physical structure. It is difficult to change the physical properties of steel within
this short time of treatment. Surface properties can be changed by etching or cleaning or by
chemical processes. It also found that surface roughness help to stick firmly into the surface
while coating(23). Hence, it can be concluded that not all the surfaces roughness are

disadvantages for the stronger and good coating effect.
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Figure 17. XRD result of six different substrates treated on various time intervals

We have already mention earlier, DBD plasma treatment on the surface of the stainless steel can
only effect the some monolayers of few microns. In this study, no other gases has been
supplied to enhance the DBD plasma characteristic for the modification of the surface
properties and found no significant changes in crystallization structure or grain size of the thin

sheet of stainless steel, investigating from the XRD (figure 17)
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X-ray Diffraction image shows no significant changes in crystal grains. As we have previously
discussed that stainless steel has tough surface can it is not easy to change its surface structure
by DBD plasma treatment on the surface. Discharge can only changes it very thin layer of

surface properties but bulk properties remain unchanged.

T S g B e

Figure 18. SEM images of treated and untreated stainless steel surfaces

FE-SEM (50000x magnification at Acceleration voltage 5kV) images for various treatment time
of plasma on the surfaces of the stainless steel; a) 40 second treated substrate, b) 30 second, c)

20 second, d) 10 second, €) 5 second and f) is untreated substrate.
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FE-SEM measurements revealed that no visible changes on the surface of the thin sheet of
stainless steel after short time of DBD plasma treatment. As we have previously discussed that
stainless steel has tough surface can it is not easy to change its surface structure by DBD plasma
treatment on the surface. All the six images as shown in figure.. that were analyzed by the FE-
SEM at 50000x magnification at Acceleration voltage 5kV. We could see only some patterns
were became bigger and it could be due to cleaning and some etching effects on the surface of
the substrate. Untreated substrate has some dots like visible white spots. It could be some dirt or

impurities intact while in manufacturing processes (figure 18).
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CHAPTER IV

CONCLUSION

A detailed study on application of DBD plasma treatment on surface modification of stainless
steel at atmospheric pressure and ageing effects for several days on different substrates that
were treated for different durations of time were successfully done. The goal of the study was to
prove that the surface modification by application of dielectric barrier discharge plasma can be
utilized for the stainless steel optimum treatment time and best storage time as well as other

related surface behaviors.

Surface roughness, analyzed by the 3D nano profiler was changes with the treatment time. We
have seen from the SEM and XRD images, there were no significant changes can be noticed,
but little bit of patterns and peaks differences in the images can be seen. It could be due to
cleaning and some opening of mechanical interlocking between the grain sizes. stainless steel
microstructure is very compact and from the dielectric barrier discharge plasma treatment have

less impact on the physical properties.

The analysis proved that plasma treated surfaces for short time have best water contact angle
and wetting energy for the modification of surface properties, which were exposed to several
days in an ambient air at room temperature. Five second treated stainless steel substrate at the
supply of high voltage 10kv and the air gap of four mm between the electrodes, shows the lesser

water contact angle and higher wetting energy than any other substrates during the ageing time.
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Hence, it can be concluded, that five-second DBD plasma treated surface at atmospheric
pressure and exposed to the ambient air until 9" day after the treatment is better to use as fuel

cell stack material.
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