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Abstract: Electrolytic plasma polishing (EPP) is an emerging technology for polishing, cleaning,
deburring and smoothing of free-formed metal surfaces. The electrolytic plasma polishing of outer
metal surfaces is state-of-the-art, whereas the polishing of pipe inner surfaces has only recently been
reported by the authors. A prototype system and first experimental results were presented. It was
found in the previous study that the average surface roughness Sa reaches a range from 0.065 µm to
0.090 µm. The current study systematically investigates the influence of the velocity v as well as the
number n of polishing passages on the average surface roughness Sa. The polishing of the pipe inner
surface and weld seam are considered separately. The results show that the average roughness Sa is
mainly dependent on the effective polishing time tept of the polishing process. The average surface
roughness Sa of the pipe inner surface can reach a range from 0.030 µm to 0.034 µm starting from
an initial surface roughness Sa0 of 0.719 µm, whereas the average surface roughness Sa of the weld
seam can reach a range from 0.088 µm to 0.096 µm starting from an initial surface roughness Sa0 of
0.282 µm. These ranges are achieved after an effective polishing time of approximately 25 s for both
the inner pipe surface and the weld seam.
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1. Introduction

Surface cleaning, deburring, polishing and smoothing of different metallic parts are important
steps in many manufacturing processes. Therefore, the need for techniques that improve the surface
quality of metal workpieces is becoming increasingly important in many industrial and medical
applications. Current polishing methods include computer-controlled mechanical polishing [1,2],
optical polishing [3–5], ultrasonic polishing [6,7] and electro-chemical polishing [8,9]. Electrolytic
plasma polishing is a relatively new process for polishing exterior metal free-form surfaces. Previous
papers on plasma polishing deal with process development [10–14], polishing of various materials
like copper, titanium alloys and different grades of stainless steel [15–18] as well as application
studies [19–21]. The plasma polishing process was recently transferred to a medium-carrying pipe
inner surface using a newly developed prototype system and first experimental results were
previously presented by the authors [22]. When considering the plasma polishing of pipe inner
surface, the following fundamental process parameters can be identified: the type and the properties
of the electrolyte (electrical conductivity, pH value, temperature), the parameters of the technical
setup (dimensions of the polishing head and the workpiece) and the operating parameters (applied
voltage, current, velocity and number of polishing passages). It could be shown in the previous study
that a stable process is accompanied by increasing the potential difference U and that the average
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surface roughness Sa can reach a range from 0.065 µm to 0.090 µm. Furthermore, initial results on the
influence of the velocity v of the polishing passages on the average surface roughness Sa indicate that
lower velocities lead to lower average roughnesses. The current study systematically investigates the
influence of the velocity v and the number n of polishing passes on the average surface roughness Sa.
The study is based on the hypothesis that, although both factors have influence on the average
surface roughness, the crucial factor is the effective polishing time tept, which is calculated by the
following equation:

tept =
n · hgap

v
, (1)

where v is the velocity, n the number of plasma polishing passages and hgap the width of the polishing
head gap that determines the actual polishing area inside the tube. Due to the fact that welded
stainless steel pipes were investigated in the study, the pipe inner surface and weld seam were
considered separately.

2. Materials and Methods

The following section describes the sample material and preparation, the parameters of the
electrolytic plasma polishing process, the experimental procedure as well as the analytical method for
determining the average surface roughness Sa of the pipe inner surface and the weld seam.

2.1. Sample Material and Preparation

For the experiments, 0.5 m long welded austenitic stainless steel pipes (1.4404, weldtron) with
an outer diameter of 42.3 mm and a wall thickness of 2 mm from the company Dockweiler GmbH
(Neustadt-Glewe, Germany) were used. The welded pipes were produced from a metal strip by
tungsten inert gas (TIG) welding without filler material using argon shielding gas. The straight weld
bead is removed by the manufacturer during a subsequent pilgering process. The resulting weld seam
has a width of approximately 4 mm.

2.2. Parameters of Electrolytic Plasma Polishing/Experimental Procedure

The used plasma polishing system has already been described in detail [22] and the schematic
design of the system can be seen in Figure 1.
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Figure 1. Schematic design of a plasma polishing system for internal pipe surfaces [22]: (1) direct
current (DC) power supply, (2) polishing head (cathode), (3) tube clamping, (4) tube (anode), (5) spindle
drive with vertical axis, (6) basin, (7) electrolyte.
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Figure 2 depicts the schematic design of the used polishing head. When polishing a pipe inner
surfaces, the cathodically polarized polishing head submerges the anodically polarized pipe inner
surface through the adjustable polishing head gap with the electrolyte. A regulated direct current (DC)
voltage is applied and the pipe is moved up and down by a spindle drive during the polishing process,
in which the velocity and the number of polishing passages can be varied. The actual polishing area
is determined by the width of the polishing head gap hgap. The used polishing head has an outer
diameter of 36 mm. This results in a gap width of 1.15 mm between the inner pipe surface and the
polishing head.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2. Schematic design of the polishing head: (a) electrolyte; (b) metal core (cathode, stainless
steel); (c) insulator (polyether ether ketone (peek)); (d) adjustable polishing head gap and the active
plasma (yellow); (e) gap between the inner pipe surface and the polishing head; (f) moveable pipe
(anode, stainless steel).

The initial average roughnesses Sa0 of the pipe inner surface and the seam were determined for
each pipe. The pipes were subdivided into 10 polishing areas. Each polishing area had a height
of 30 mm and 10 mm distance to the next one. The spindle drive, that moves the pipe up and
down, accelerates and decelerates at both ends of the polish areas. Therefore, the acceleration
ranges of 5 mm have been excluded from the measuring area at each end. Previous studies [22]
have shown that the plasma polishing process is more stable at higher applied potential differences
U. Therefore, the applied potential difference was set to 320 V. The width of the adjustable polishing
head gap hgap was set to 1 mm. This parameter specifies the actual polishing area and is consequently
the basis for the calculation of the effective polishing time tept. Hence, all results regarding tept

relate to a normed length of the polishing area of 1 mm. The flow rate of the electrolyte was
adjusted to (5.0 ± 0.1)L min−1 and the temperature T of the electrolyte to (85.0 ± 3.0) ◦C, respectively.
The electrical conductivity κ of ammonium sulfate electrolyte was (110.0 ± 10.0)mS cm−1 and the
pH-value was around 3. The velocities of the polishing passages were chosen as follows: 0.3 mm s−1,
0.6 mm s−1, 1.2 mm s−1, 2.4 mm s−1, 4.8 mm s−1. In addition to the velocity v, the number of plasma
polishing passages n (i.e., how many times the pipe is moved up or down) per measuring area was
also varied to ensure a certain sequence of effective polishing times tept. For v = 0.3 mm s−1, n was
selected as follows: 1, 2, 3, 4, 5, 6, 8, 10, 12, 14. For v = 0.6 mm s−1, n was chosen to be 2, 4, 6, 8, 12, 16,
20, 24, 28, accordingly. Hence, for v = 1.2 mm s−1, n was chosen to 4, 8, 12, 16, 20, 24, 32, 40, 48, 56,
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for v = 2.4 mm s−1, n was chosen to 8, 16, 24, 32, 40, 48, 64, 80, 96, 112 and finally for v = 4.8 mm s−1,
n was chosen to 16, 32, 48, 64, 80, 96, 128, 160, 192, 224. All experiments were repeated at least twice.
Six average surface roughnesses Sav were randomly taken from measuring areas and fifteen from the
unpolished area to determine the initial average surface roughness Sa0.

2.3. Measurement Methods to Characterize the Surface Roughness

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). An objective with
a magnification of 50 times was chosen for the measure leading to a scan area of 258 µm × 250 µm.
The resulting images feature a resolution of 1024 by 1024 pixels. The polished tubes are cut in vertical
strips with a cut-off machine. The essential parameter for all measures is the average surface roughness
Sa. Since there is already an initial roughness of approximately 1 µm, the cut-off wavelength was
set to 25 µm.

3. Results and Discussion

In the following section, the determined average surface roughness for the pipe inner surface
and the weld seam are evaluated and discussed. First of all, the results for the pipe inner surface are
considered. Table 1 shows the initial average surface roughness Sa0 as well as the average surface
roughnesses Sav dependent on the selected velocity v and number n of plasma polishing passages
listed in columns for the effective polishing times tept = 3.33 s, 6.67 s, 10.00 s, 13.33 s, 16.67 s, 20.00 s,
26.67 s, 33.33 s, 40.00 s, 46.67 s.

Table 1. Average surface roughnesses Sav of the pipe inner surface depending on the selected velocity v
and number n of plasma polishing passages. The results are listed in columns for a sequence of effective
polishing times tept. The initial average surface roughness Sa0 is given in the last column. The last
row presents the mean value Saept of all above listed values Sav for the particular effective polishing
times tept.

v/(mm s−1) tept/s 3.33 6.67 10.00 13.33 16.67 20.00 26.67 33.33 40.00 46.67 Sa0

Sa0.3/µm 0.302 0.174 0.119 0.055 0.037 0.038 0.034 0.032 0.034 0.038 0.753
0.3 σ0.3/µm 0.166 0.147 0.109 0.027 0.010 0.010 0.008 0.007 0.011 0.007 0.035

n 1 2 3 4 5 6 8 10 12 14 −
Sa0.6/µm 0.314 0.078 0.042 0.032 0.035 0.035 0.027 0.027 0.029 0.030 0.725

0.6 σ0.6/µm 0.108 0.021 0.008 0.004 0.008 0.007 0.002 0.001 0.003 0.002 0.045
n 2 4 6 8 10 12 16 20 24 28 −

Sa1.2/µm 0.389 0.151 0.078 0.048 0.038 0.033 0.029 0.027 0.031 0.027 0.651
1.2 σ1.2/µm 0.018 0.067 0.060 0.032 0.016 0.009 0.004 0.004 0.005 0.001 0.074

n 4 8 12 16 20 24 32 40 48 56 −
Sa2.4/µm 0.348 0.134 0.070 0.055 0.061 0.057 0.031 0.035 0.037 0.040 0.705

2.4 σ2.4/µm 0.112 0.044 0.023 0.018 0.040 0.035 0.008 0.011 0.010 0.006 0.076
n 8 16 24 32 40 48 64 80 96 112 −

Sa4.8/µm 0.356 0.142 0.080 0.050 0.040 0.036 0.029 0.030 0.030 0.034 0.764
4.8 σ4.8/µm 0.115 0.078 0.049 0.014 0.010 0.010 0.004 0.005 0.004 0.004 0.076

n 16 32 48 64 80 96 128 160 192 224 −
Saept/µm 0.342 0.136 0.078 0.048 0.042 0.040 0.030 0.030 0.032 0.034 0.719

σ/µm 0.116 0.087 0.064 0.023 0.022 0.019 0.006 0.007 0.008 0.007 0.075

The results show that increasing numbers of plasma polishing passages n lead to lower average
surface roughnesses Sav at constant velocities. On the other hand, the results also confirm the findings
of the previous study [22], that lower velocities v lead to lower average roughnesses Sav at constant
numbers of plasma polishing passages n.

Figure 3 depicts the average roughness Sav depending on the number n of plasma polishing
passages for the different velocities v and finally illustrates the derived basic relations. It can been
learned from Table 1 and Figure 3 that the mean average surface roughnesses Sav reach a range
from 0.030 µm to 0.040 µm for the pipe inner surface after a certain number n of plasma polishing
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passages dependent on the chosen velocity v of the polishing passage. This means better polishing
results can be achieved with optimized polishing parameters compared to the results found in the
previous study [22]. It can also be recognized from Table 1 and Figure 3 that comparable average surface
roughness Sav can be achieved either at a high passage velocity combined with a high number of
passages or a low passage velocity combined with a low number of passages. For example, at a velocity
of 0.3 mm s−1 and n = 4 an average roughness of Sa = 0.055 µm is achieved. For v = 4.8 mm s−1,
an average surface roughness Sa = 0.050 µm is reached after n = 64 passages. The effective polishing
time of tept = 13.3 s is identical in both cases. The results indicate that the crucial factor for the average
surface roughnesses Sa is the effective polishing time tept. In order to verify the hypothesis, the mean
average surface roughness Saept of the pipe inner surface has been plotted in a diagram against the
effective polishing time tept (see Figure 4).

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240
0

0.16

0.32

0.48

0.8

µm

n

Sav

0.3 mm s−1 0.6 mm s−1 1.2 mm s−1 2.4 mm s−1 4.8 mm s−1

Figure 3. Average surface roughnesses Sav of the pipe inner surface over n for different velocities v.
The initial average surface roughness Sa0 is located at the position n = 0.
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Figure 4. Mean average surface roughness Saept of the pipe inner surface dependent from tept.
The initial average surface roughness Sa0 is located at the position tept = 0 s.

It can be recognized from Figure 4 that, starting from the initial average surface roughness Sa0

of (0.719 ± 0.075)µm, the average surface roughness decreases with increasing effective polishing
time until it reaches a range from 0.030 µm to 0.035 µm for the pipe inner surface after a effective
polishing time tept of approximately 25 s. The exponential decrease is typical for plasma polishing
processes because, at the beginning, material is removed from the peaks of the rough metal surface,
which is measured as faster polishing progress. In contrast, when the sample surface becomes
smoother, there are no peaks to be removed quickly and easily, so the measured polishing progress is
slower [12,17,18,22].
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Figure 5 show CLSM imagied of unpolished and plasma polished surfaces. The unpolished
surface (Figure 5a, Sa = 0.726 µm) exhibits irregularities and fractures. Already after an effective
polishing time of 13.33 s, quite a smooth surface is achieved (Figure 5b, Sa = 0.040 µm). A further
improvement of the average surface roughness can be observed at higher effective polishing times.

(a) (b) (c) (d)

Figure 5. CLSM images of unpolished and plasma polished surfaces (scan area: 258 µm× 250 µm):
(a) unpolished surface (Sa = 0.726 µm); (b) plasma polished surface after tept = 13.33 s (Sa = 0.040 µm);
(c) plasma polished surface after tept = 26.66 s (Sa = 0.024 µm); (d) plasma polished surface after
tept = 40.00 s (Sa = 0.023 µm).

In addition to the pipe inner surface, the corresponding average surface roughnesses Sa of the
weld seam were also examined. Table 2 shows the initial average surface roughness Sa0 as well as
the average surface roughnesses Sav dependent on the selected velocity v and number n of plasma
polishing passages listed in columns for the effective polishing times tept = 3.33 s, 6.67 s, 10.00 s, 13.33 s,
16.67 s, 20.00 s, 26.67 s, 33.33 s, 40.00 s, 46.67 s.

Table 2. Average surface roughnesses Sav of the weld seam depending on the selected velocity v and
number n of plasma polishing passages. The results are listed in columns for a sequence of effective
polishing times tept. The initial average surface roughness Sa0 is given in the last column. The last
row presents the mean value Saept of all above listed values Sav for the particular effective polishing
times tept.

v/(mm s−1) tept/s 3.33 6.67 10.00 13.33 16.67 20.00 26.67 33.33 40.00 46.67 Sa0

Sa0.3/µm 0.200 0.143 0.146 0.115 0.119 0.124 0.103 0.102 0.092 0.099 0.290
0.3 σ0.3/µm 0.044 0.021 0.011 0.012 0.008 0.022 0.009 0.019 0.007 0.020 0.028

n 1 2 3 4 5 6 8 10 12 14 −
Sa0.6/µm 0.189 0.151 0.172 0.169 0.115 0.107 0.120 0.113 0.104 0.119 0.288

0.6 σ0.6/µm 0.029 0.019 0.046 0.019 0.032 0.022 0.007 0.015 0.024 0.019 0.018
n 2 4 6 8 10 12 16 20 24 28 −

Sa1.2/µm 0.154 0.107 0.116 0.096 0.096 0.099 0.088 0.083 0.085 0.089 0.298
1.2 σ1.2/µm 0.032 0.013 0.023 0.010 0.014 0.012 0.006 0.005 0.010 0.006 0.030

n 4 8 12 16 20 24 32 40 48 56 −
Sa2.4/µm 0.147 0.130 0.139 0.137 0.122 0.118 0.101 0.101 0.090 0.097 0.274

2.4 σ2.4/µm 0.029 0.019 0.017 0.020 0.023 0.022 0.018 0.016 0.014 0.016 0.050
n 8 16 24 32 40 48 64 80 96 112 −

Sa4.8/µm 0.144 0.118 0.122 0.115 0.104 0.095 0.080 0.082 0.077 0.074 0.265
4.8 σ4.8/µm 0.051 0.045 0.045 0.032 0.024 0.009 0.010 0.011 0.009 0.008 0.044

n 16 32 48 64 80 96 128 160 192 224 −
Saept/µm 0.163 0.127 0.136 0.124 0.110 0.107 0.096 0.095 0.088 0.094 0.282

σ/µm 0.043 0.030 0.036 0.031 0.023 0.021 0.017 0.018 0.016 0.020 0.039

The initial average roughness Sa0 of the weld seam is (0.282 ± 0.039)µm. Hence, the average
surfaces roughness is lower than of the pipe inner surface. Basically, the results confirm the findings
derived from the measurements on the pipe inner surface. The dependency of the average surface
roughnesses Sav from the selected velocities v and number n of plasma polishing passages is confirmed
once more. It can also be recognized that the average surface roughness is mainly determined by the
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effective polishing time tept. Figure 6 depicts the mean value Saept of all average roughnesses Sav at
certain effective polishing times tept.

0 5 10 15 20 25 30 35 40 45 55
0

0.08

0.16

0.24

0.4

s

µm

tept

Saept

Figure 6. Mean average surface roughness Saept of the weld seam dependent from tept. The initial
average surface roughness Sa0 is located at the position tept = 0 s.

It can also be found that the average surface roughness reaches a range from 0.088 µm to 0.96 µm
at the weld seam after a effective polishing time tept of approximately 25 s. While the final range of
Saept is reached at nearly the same time for both the pipe inner surface and the weld seam, the ranges
themselves differ significantly. While the initial average roughness Sa0 of the weld seam is lower
than of the pipe inner surface, the final range of the average surface roughness Saept of the weld seam
is higher than of the pipe inner surface after plasma polishing. The results indicate that the final
reachable roughness range is not only dependent on the material, the initial average roughness Sa0

and the plasma polishing process itself, but also on material modifications caused e.g., by welding.
In case of tungsten inert gas welding, the metal structure is modified by the thermal energy input,
which typically causes a significant recrystallization in the fusion zone. Hence, the microstructure
coarsens and the fusion zones exhibit dendritic structure [23,24], which leads to a more inhomogeneous
polishing and, in turn, to worse polishing results.

4. Conclusions

In this study, the electrolytic plasma polishing of inner surfaces of welded austenitic stainless
steel pipes was investigated. The influence of velocity v and the number n of polishing passages on
the average surface roughness Sa was studied. The polishing of the pipe inner surface and weld seam
were considered separately. The key findings of this study are:

(i) the crucial factor for the achievable average surface roughness Sa is the effective polishing
time tept;

(ii) the minimal average surface roughness ranges are achieved after a effective polishing time of
approximately 25 s for both the inner pipe surface and the weld seam;

(iii) the average surface roughness Sa of the pipe inner surface can reach a range from
0.030 µm to 0.034 µm starting from an initial surface roughness Sa0 of 0.719 µm;

(iv) the average surface roughness Sa of the weld seam can reach a range from 0.088 µm to 0.096 µm
starting from an initial surface roughness Sa0 of 0.282 µm.

The findings regarding the crucial factor effective polishing time tept imply that a comparable
average surface roughness Sa can be achieved for either a high passage velocity combined with
a high number of passages or a low passage velocity combined with a low number of passages. It is
therefore possible to choose between polishing the pipe once very slowly, or several times quickly.
This study also demonstrated that better polishing results can now be achieved with these optimized
polishing parameters compared to the results with preliminary parameters in a previous study [22].
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The difference of the achievable surface roughnesses of the pipe inner surface and the weld seam can
be explained by the significant recrystallization in the fusion zone structure of the weld seam that is
caused by the thermal energy input during TIG welding.
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