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Abstract: Smooth surfaces are becoming increasingly important in many industries, such as medical,
chemical or food. In some industrial areas, the mechanical treatment of surfaces (grinding and
polishing) does not fulfil desired specifications. Non-abrasive methods (chemical and electrochemical)
have the advantage that even complex geometries and free-form shapes can be polished. In the
context of this paper, electrochemical surface treatment is considered in more detail. Both electro
polishing, which is state of the art, and the novel electrolytic plasma polishing (EPP) process are
presented. This paper focusses on the electrolytic plasma polishing because it has many advantages
compared to the process of electro polishing. The theoretical operation of the electrolytic plasma
polishing is shown. A prototype system for plasma polishing of internal surfaces of pipes was
installed and a polishing head was developed. Several parameters are investigated, such as the width
of the adjustable polishing head gap and different velocities v or different applied potential differences
U, and first results of the average surface roughness Sa as function of the various parameters were
evaluated. It can be seen that a stable polishing process can be achieved at the highest potential
difference of 320 V and that the average surface roughness Sa reaches a range from 0.065 to 0.090 pm.
At the same time, it has been shown that with increasing potential difference, the average surface
roughness becomes independent of the width of the adjustable polishing head gap.

Keywords: plasma polishing; surface roughness; high gloss; cleaning; metal treatment

1. Introduction

There is a wide range of requirements regarding the surfaces of metallic parts as an interface
between the material and its environment. Therefore, the need for techniques that improve the surface
quality of metal workpieces such as copper [1,2], stainless steel [3-5], titanium [6] and metalized
carbon fibers [7] is becoming increasingly important in many industrial (chemical and food industry)
and medical applications [8,9]. A change in the surface quality can be obtained by various machining
methods, including polishing, coating and cutting processes. With regards to polishing, a fundamental
distinction is made between mechanical, optical (laser polishing) and electro-chemical polishing
(electric and electrolytic plasma polishing). Mechanical polishing processes include grinding and
honing where surface roughness in the pm range is achieved. Willenborg [10,11], Gora [12] and
Bordatchev [13] described the laser polishing process in detail. In this process, a thin surface layer
is melted. This results in a material flow from the peaks into the valleys and no material removal.
Depending on the selected material, roughness Ra of up to 5nm can be achieved with laser polishing.

Electrochemical polishing is the state of the art for polishing inner pipe surfaces. Therefore,
only these process are explained in more detail. In contrast to the electro polishing, the electrolytic
plasma polishing represents a new method for polishing, cleaning and deburring of metal surfaces [14].
Approaches to process understanding were presented by Landolt [15], Kissling [16], Parfenov [17,18],
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Yerokhin [19] and Podhorsky [5]. Depending on the selected material, roughness Ra of 15nm can
be achieved with the electrolytic plasma polishing [14]. Concerning plasma polishing the anodically
polarized workpiece to be polished is placed in an electrolytic bath. In contrast to the acids used in the
electrochemical polishing process, the electrolyte used here is harmless due to the use of an aqueous
salt solution. By applying a high electrical potential, a gas is generated which completely encloses the
workpiece that is being polished. Finally, a process-related plasma is developed. During the process,
there is a reduction in the surface roughness, a removal of organic and inorganic contaminants and
a minimal weight loss. Areas with a high potential of application of this technology are the already
established plasma polishing of metal outer surfaces [20] and the novel plasma polishing of internal
surfaces (e.g. pipes), as well as the surface quality improvement of components and products for the
food industry and medical technology. This paper presents the process of plasma polishing as a method
for polishing fluid-carrying pipe inner surfaces by means of a plasma and the first experimental results
are presented.

2. Theoretical Fundamentals: Surface Finishing Processes

Currently there are a number of manufacturing processes for the production of workpieces
with appropriate surface quality. The demands on the surface quality of the workpiece are widely
varied. Especially in the medical and food industry, a high surface quality is required by the
standard DIN 10528 [21]. In addition to mechanical finishing methods such as milling, lapping
or polishing grinding, electrolytic processing methods (electrically abrasive processes) have proven to
be advantageous when it comes to objects with complex geometrical shape. The processing of inner
pipe surfaces with mechanical or optical finishing methods is either not possible or only possible
with a high expenditure of time and costs. The choice of the particular processing method has a
significant impact on the expected surface quality. Average roughness values Ra corresponding to
various technical surface processing methods have been summarized in the standards ISO 4287 [22]
and ISO 12085 [23].

2.1. Electrolytic Polishing Process

Unlike mechanical finishing methods, electrolytic polishing methods are suitable for leveling the
microroughness and processing complex free forms. In addition to electro-polishing, plasma polishing
is becoming more and more important. The basic schematic layout of electrolytic polishing methods is
shown in Figure 1.

1 2 3 4 5

Figure 1. Schematic design for electrolytic polishing method ((1) DC voltage source, (2) aqueous
electrolyte, (3) workpiece (anode), (4) active medium, (5) basin (cathode)) [24].

The metallic workpiece surface (3) that has to be processed is inserted in an aqueous electrolyte (2),
which is electroconductive due to freely moving ions. The metal part is charged to be positive (anodic)
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and connected via a DC voltage source (1) to the chemical basin (5). The electrolyte acts as a conductor
so that metal ions can be removed from the metal part. Part of the ions move to the cathode while
the other part remains in the electrolyte. The amount of metal removal is proportional to the current
intensity. Depending on the chemical composition of the aqueous electrolyte, different electro-chemical
and physical mechanisms take place, leading to a reduction in roughness [24]. In the following,
the process of electrical and electrolytic plasma polishing is described in greater detail and their
differences are highlighted.

2.2. Electro Polishing

In the case of electro polishing [15], various acidic electrolytes are used, depending on the
machined metal workpiece surfaces. For example, for stainless steel surfaces, electrolyte baths of
phosphoric and sulphuric acids are used with an applied voltage range of 8 V to 20 V. During electro
polishing, an anodic film forms above the entire workpiece. This active layer form only controlled
voltages and has a lower conductivity than the surrounding acidic electrolyte. The process is running
along the entire surface profile (Figure 2: peak (2), valley (1)), with different removal velocities from
(v2 > v1). The anodic dissolution process works more intensively at the peaks of the surfaces where
the anodic film is thinner, so the velocity of anodic dissolving (v, ) is faster than on the valley (v7).

Within the anodic film, an anodic metal dissolution takes place through electron emission of metal
ions in the electrolyte. Figure 2 shows the general process of the anodic metal dissolution at a height
profile with an idealized anodic electrolytic film [25].

Anodic Film

U1 (%)
Specimen (+)

Figure 2. Schematic illustration of the profile of the surface to be processed during electro polishing.
(Idealized electrolyte and anodic film) [25].

2.3. Electrolytic Plasma Polishing (EPP)

In the case of plasma polishing, ecologically harmless aqueous salt solutions are used as the
electrolyte, with significantly higher voltages range of 180V to 320V [7]. The anodically polarized
workpiece to be processed has a much smaller surface area than the cathodically polarized basin,
and thus represents the active electrode. As a result of the applied DC voltage, a current flows through
the electrically conductive electrolyte. According to Joule’s law the resulting heat energy W is a product
of the current I (squared), the electrical resistance R and the time ¢.

W = I’Rt (1)

Due to the different area ratios, the current density at the active electrode is higher, therefore a
higher heat generation takes place, according to Joule’s law. Due to this heat energy, an insulating gas
layer is created between the workpiece surface and the electrolyte (Figure 1 (4) active medium). The gas
layer causes an interruption of the current flow between the anode and the cathode. By means of the
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applied DC voltage it results in an ionization of the gas layer. Various physical mechanisms, which
are described more detailed in Section 2.4, lead to the material removal of the anodically polarized
workpiece caused by plasma discharges in the gas in the form of thin current streams (streamers).

As shown in Figure 3, the first plasma discharges are heat and remove the profile peaks of
the metal workpiece surface. Each plasma discharge during the polishing process results in the
same energy being released, which leads to the same quantity of ablated material from the surface.
The removed volumes S; = Sy, so as the peak is gradually reduced, the cross-section A increases,
which means the removal height / automatically decreases [5,25,26]. It is generally known that the
material removal is a very complex process and many factors such as oxide layers or paint residues
have an influence on the achievable roughness. For example, an oxide layer on the metal surface is
electrically non-conductive and the plasma polishing process takes more time to remove this oxide
layer from the surface. The process of the plasma discharge is explained in more detail according to
streamer theory [27].

Ionized Water Steam Film

Plasma Discharge

Specimen (+)

Figure 3. Schematic representation of the profile of the surface to be processed during the electrolytic
plasma polishing (idealized electrolytes and ionized water gas film) [25].

2.4. Material Removal During the EPP According to the Streamer Theory

By means of the streamer theory it is possible to describe the theoretical process of material
removal by a plasma discharge during the electrolytic plasma polishing process. The process chain of
plasma discharge is shown in Figure 4.

In Figure 4a the small electrons are much faster than the comparatively large ions due to their
lower mass [27]. Therefore, the electrons form an avalanche head while the ions remain in the back
nearly stationary as an avalanche tail. The charge distribution in this area causes a distortion of
the electric field. As shown in Figure 4b, secondary electrons are formed from the photoionization.
Those electrons are accelerated and form secondary avalanches (Figure 4c). Due to the field distortion,
secondary avalanches are attracted by the head of the primary avalanche as seen in Figure 4d. As a
result of the sum of the avalanches, the formation of an initially weak conductive channel (streamer)
begins. This streamer heats up increasingly as the high carrier density in the channel leads to an
increased particle movement and to numerous collisions. The streamer generates a plasma channel
(Figure 4e). The current, flowing through the plasma, induces a magnetic field. This in turn squeezes
the channel together into a thin thread. This process is called pinch effect [5]. Under the influence of
the pinch effect the plasma channel becomes denser and hotter. The result of the opposing processes
of gas expansion and compression is an explosion, as shown in Figure 4f. After the gas explosion
the plasma channel collapses. A characteristic property of the plasma polishing process is a current
density Jgpp of approximately 0.2 A cm~2 [8]. After the EPP a cleaning process is recommended to
remove electrolyte residues.
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(a) (b) ©

(d) (e) 6

Figure 4. Schematic of the formation of a plasma discharge according to streamer theory [27].
(a) Electrolytic reaction between the electrolyte (1) and the metal part (5). Electrons (4) and ions (3)
forming a continuous layer and moving to the specimen. The electrons are much faster than the ions.
(b) The electrons form an avalanche head (7) while the ions remain in the back nearly stationary as an
avalanche tail. Secondary electrons (6) are formed resulting from the photoionization (2). (c¢) Those
electrons are accelerated and form secondary avalanches. (d) Due to the field distortion, secondary
avalanches are attracted by the head of the primary avalanche. As a result of the sum of the avalanches,
the formation of an initially weak conductive channel (streamer (8)) begins. (e) The streamer generates
a plasma channel. (f) Under the influence of the pinch effect the plasma channel (9) becomes denser
and hotter. The result of the opposing processes of gas expansion (10) and compression is an explosion.

3. Materials and Methods

The following section describes the prototype system for electrolytic plasma polishing of internal
surfaces of pipes, the necessary electrolyte, the developed polishing head, analytical methods for
determining the surface roughness and the used sample materials.

3.1. Electrolytic Plasma Polishing of Inner Surfaces

Regarding the schematic design of the electrolytic polishing, described in Figure 1, exterior
surfaces can be processed both with electro polishing and with electrolytic plasma polishing. If this
design is to be used to process, for example, inner surfaces of fluid-carrying tubes, there will be no
removal of material inside the tube, since the electric field only encloses the outer surface. In order to
use the process of electrolytic plasma polishing and its associated benefits for internal pipe surfaces,
a prototype apparatus for inner surface polishing by means of plasma was designed, developed
and tested.

As seen in Figure 5, the tube to be polished (4) is not inserted into the electrolyte basin (7). Rather,
a polishing head (2) has been developed, which makes it possible that the inner surface of the tube is
submerged by the electrolyte.
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Figure 5. Schematic design of a plasma polishing system for internal pipe surfaces: (1) DC power
supply, (2) polishing head (cathode), (3) tube clamping, (4) tube (anode), (5) spindle drive with vertical
axis, (6) basin, (7) electrolyte.

Furthermore, the basin (6) no longer represents the cathode but the polishing head is the cathode.
Between the anodically polarized tube and the cathode, a regulated DC voltage (1) is applied. With the
aid of a spindle drive (5), the tube can be processed with the operating principle of electrolytic
plasma polishing described in Section 2.3. Figure 6 shows a schematic representation of the polishing
head assembly.

(C)]

Figure 6. Schematic design of the polishing head (Figure 5 (2)): (a) fluid (b) metal core (cathode) (c)
isolator (d) adjustable polishing head gap.

3.2. Sample Material

These investigations used stainless steel pipes (1.4404) from the company Dockweiler GmbH,
Germany. Those have an outer diameter of 42.3 mm, a wall thickness of 2 mm and a length of 500 mm.
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The initial roughness was specified by Dockweiler GmbH as Ra = 0.58-0.70 um. These roughness
values were validated again before each experiment. Before the surface characterization was carried
out, all samples were cleaned with alcohol.

3.3. Parameters of Electrolytic Plasma Polishing

During the plasma polishing process, a number of parameters effect the surface quality and thus
the roughness of the pipe. In addition to the velocity v (0.3-20.0 mm s~!) with which the polishing
head moved, the number of the polishing lines (i.e., how many times the tube is moved up and
down by the spindle drive during the polishing process), can also be varied. Furthermore, the flow
rate (0.4-5.0 L/min), the applied potential difference U (180 V, 260V, 280V, 300V and 320 V) and the
temperature T of the electrolyte (65-90 °C) can be changed. The electrolytic parameters, such as the
electrical conductivity o (80-120mS cm~ 1) and the pH-value (around 3) are also important for the
surface quality.

3.4. Measurement Methods to Characterize the Surface Roughness

The polished tubes are cut in vertical strips with a cut-off machine. The characterization of
the polished metal surfaces is carried out with the aid of a confocal laser scanning microscope
(CLSM) (LEXT OLS 4000, Olympus (Tokyo, Japan). The essential surface roughness parameter of
all measurement methods is the average area surface roughness Sa. For statistical analysis six area
surface roughness Sa are randomly taken of each polished and unpolished area. For all measurements,
the scan area is 258 pm x 250 um at a cut-off wavelength Ac of 25 um. The cut-off wavelength Ac is
the wavelength that separates the roughness from the waviness. Longer wavelengths appear in the
waviness profile and shorter wavelengths fall into the roughness. Changing Ac can have a major
influence on the measurement of surface roughness and waviness. The Ac is adapted to the expected
surface roughness Sa. The norm does not specify any wavelength settings. Since there is already an
initial roughness of approximately 1 pm, the limit wavelength was set to 25 um.

The CLSM is a contactless measurement method which uses a laser beam instead of a tactile
scanning tip. The sample surface is composed by confocal image sections. In this process only the light
emitted and reflected by a significant focal plane of the sample is let through a pinhole into the detector.
This process is performed for different focus planes and combined into a three-dimensional image.

The width of the adjustable polishing head gap was changed from 2 mm to 10 mm in 2 mm steps,
the applied polishing potential difference U from 260V to 320V in 20V steps and the velocity of
the polishing head from 0.3mms™!, Imms~! and 5mms~!. A 30 mm wide area in the tube was
plasma polished. The polishing head went through the tube 10 times with a polishing head gap
of Imm. The current [ was measured by the machine control over a current-to-applied potential
difference converter.

4. Results and Discussion

In this section the results of the first measurements are presented and discussed. The intention is
to show that the process of electrolytic plasma polishing of outer surfaces can be transferred to internal
pipe surfaces. Preliminary investigations were performed to assess the impact of the velocity of the
polishing head to the average area roughness Sa. A 30 mm wide area in the tube was plasma polished.
The polishing head went through the tube 10 times with a polishing head gap of 1 mm and a electrolyte
volume flow rate of 5L/min. For each applied potential difference, three surface roughnesses Sa were
determined for two experiments. These six measured values Sa have been averaged. The average area
roughness Sa was analyses for different velocities of the polishing head. Values for the velocity v in a

1

range between 0.3 and 5.0 mm s~ were investigated and evaluated (Table 1).
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Table 1. Average area surface roughness Sa in um depending on the applied potential difference U in V
for different velocities of the polishing head.

Velocity of the Adjustable

1 U=260V Uu=280V U=300V

Head Gap in mm s™

5.0 0.281£0.067 0.319+£0.075 0.277 £ 0.047
1.0 0.266 £0.031 0.310£0.010 0.235 = 0.041
0.3 0.135+0.028 0.153£0.035 0.093 &+ 0.029

Figure 7 shows the average area roughness Sa in pm over the respective applied polishing
potential difference U for each velocity v.

nm |

S0 0.6 |

0.4 1
0.2 ¢

—— Initial Area Roughness
1

+5.0mms! approx. of 5.0mm s~
01.0mms~! --- approx. of 1.0mms™!
x0.3mms~!  ---approx. of 0.3mms!

Figure 7. Average area roughness Sa over applied potential difference U for different velocities v of the
polishing head.

The results show that lower velocities deliver better average area roughness Sa values. This is
because the plasma has more time to remove material from the surface. Furthermore it can be seen
that the applied potential difference at constant velocities has no significant influence on the average
surface roughness Sa. Additionally, the area roughness at 5 mms~! has a larger standard deviation
than lower velocities. This shows that process-related plasma polishing takes some time to remove
the peaks of the surfaces. This is not possible at velocities greater than 1 mms~!. The best average
area roughness of 0.093 um was achieved at a polishing rate of 0.3mms~! and a applied potential
difference of 300 V.

The average area roughness Sa in pm for different applied potential differences U and polishing
head gaps are presented in Table 2. A 30 mm wide area in the tube was plasma polished. The polishing
head went through the tube 10 times with a flow rate of 51 min~!. The applied potential difference is
changed from 260 to 320 V in 20 V steps, the adjustable polishing head gap is changed from 2 to 10 mm
in 2 mm steps and due to the low standard deviations the traversing speed of the polishing head was
1mms~!. All measured values with the corresponding standard deviations are presented in Table 2.
The average area roughness Sa has been calculated from three area roughnesses. The experiment was
repeated and three surface roughnesses Sa were determined, after each experiment all six roughnesses
were averaged. The current was measured every second. All current values were averaged.
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Table 2. Average area surface roughness Sa in ym and average current I in A depending on the applied

potential difference U in V for different polishing head gap values from 2-10 mm and constant velocity

of the polishing head of 1mms™".

1

Gap Widthinmm U=260V U=280V U=300V U=320V
2 Sa=0.1294+0.063 Sa =0.057+£0.006 Sa=0.076£0.015 Sa=0.120=+£0.041
4 Sa=0.159+0.087 Sa=0.129+0.047 Sa=0.060=£0.013 Sa=0.065=£0.002
6 Sa=0.049£0.006 Sa=0.068£0.002 Sa=0.070+£0.001 Sa=0.07240.008
8 Sa=0.180+£0.080 Sa=0.102£0.003 Sa=0.095+0.013 Sa = 0.090=+0.002
10 Sa =0.057+£0.006 Sa=0.060£0.006 Sa=0.063+0.001 Sa=0.066%0.005
2 I=141+141 I =82+62 I=69+29 I=57+14
4 I=141+157 I =10.8+£11.0 I=75+30 I=69+19
6 I=47+12 I=63+19 I=53+13 I=53+11
8 I=64+72 I =47+37 I=61+40 I=57+16
10 I=55+14 I=65+14 I=55+10 I=51+12

Figure 8 is a graphical representation of measured average area surface roughness values Sa.

pm |

50 0.6 |

0.4 |
0.2 | 8

£ | b | 8
280 290 300 VvV 320

260 270

U

x6.0 mm

—— Initial Area Roughness +2mm o04.0mm 48.0mm +10.0mm
Figure 8. Average area surface roughness Sa depending on the applied potential difference U for

different widths of the polishing head gap width.

In Figure 8 it can clearly be seen that depending on the adjustable polishing head gap and the
potential difference the average area roughness Sa lies within the range of 0.049-0.180 pm. Furthermore
the average area roughness decreases with increasing potential difference. It indicates that the process
is more stable with increasing voltage. Additionally, it can be seen that with increasing potential
difference the width of the adjustable polishing head gap has no significant influence on the average
surface roughness. Sa achieves a range between 0.065 um and 0.090 pm.

Figure 9 shows the corresponding average polishing currents in A depending on the respective
applied polishing potential difference U as a function of the adjustable polishing head gap. The range
of the average polishing current | extends from 4.7 to 14.1 A (Figure 9) and this is an indicator that more
area (23.5-70.5 cm? with Jgpp of approximately 0.2 A cm™?) is being polished with increasing average
current. Furthermore, the trend in average current corresponds with the average area roughness of
Figure 8. The variation of the average current decreases with increasing voltage and there is a tendency
to reach a stable average current value range of 5A to 7 A.
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20 ¢
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®
12 5
I
8 +
: 1 : 3
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0 : : : : : : :
260 270 280 290 300 \Y 320

U

+2mm o4.0mm x6.0mm 280mm ~10.0mm

Figure 9. Average polishing current I depending on applied polishing potential difference for different
polishing head gap width values.

Figure 10 shows the top view of an unpolished and a polished tube inner surface. It can clearly
be seen that a reduction in the surface roughness Sa has occurred. The unpolished surface has a
surface roughness Sa of approximately 0.678 pm. However, in the plasma-polished surface, Sa-values
of 0.029 um were obtained. Furthermore all plasma polished workpieces have a high gloss in contrast
to unpolished areas.

unpolished area (Sa = 0.678 pm)

polished area (Sa = 0.029 pm)

Figure 10. On the left side a cut tube with a unpolished and polished area can be seen. The polished
area is glossy in contrast to the matt unpolished area. On the right, there is a CLSM image of an
unpolished (Sa = 0.678 pym) and plasma polished surface (Sa = 0.029 pm). The polishing head went
through the tube 10 times with a applied potential difference of 320V and a velocity of 1mms~!.

The scan area is 258 um x 250 pm with a cut-off wavelength Ac of 25 um.

5. Conclusions

In this paper, electrical and plasma polishing processes were presented. Furthermore, a method
for plasma polishing of media-carrying inner pipe surfaces and the first experimental results were
presented. It could be shown that the process of plasma polishing of exterior surfaces could be
transferred to tube inner surfaces. It can be seen that a stable process is accompanied by an increasing
potential difference and that the average surface roughness Sa reaches a range from 0.065 to 0.090 pm.
At the same time, it was shown that with increasing potential difference, the average surface roughness
becomes independent of the width of the adjustable polishing head gap. In the future, appropriate
process parameters or variations should be found in order to further improve the surface roughness
Sa of internal surfaces of pipes and to ensure cost effectiveness. Furthermore, measurements with
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the competing process (electro polishing) should be conducted in order to compare the achievable
surface roughnesses.
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