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This three-level three-factor full factorial study describes the effects of electropolishing using deep eutectic
solvents on the surface roughness of re-melted 316L stainless steel samples produced by the selective laser
melting (SLM) powder bed fusion additive manufacturing method. An improvement in the surface finish of
re-melted stainless steel 316L parts was achieved by optimizing the processing parameters for a relatively
environmentally friendly (‘green’) electropolishing process using a Choline Chloride ionic electrolyte. The
results show that further improvement of the response value-average surface roughness (Ra) can be ob-
tained by electropolishing after re-melting to yield a 75% improvement compared to the as-built Ra. The
best Ra value was less than 0.5 pm, obtained with a potential of 4 V, maintained for 30 min at 40 °C.
Electropolishing has been shown to be effective at removing the residual oxide film formed during the re-
melting process. The material dissolution during the process is not homogenous and is directed preferen-
tially toward the iron and nickel, leaving the surface rich in chromium with potentially enhanced prop-
erties. The re-melted and polished surface of the samples gave an approximately 20% improvement in
fatigue life at low stresses (approximately 570 MPa). The results of the study demonstrate that a combi-
nation of re-melting and electropolishing provides a flexible method for surface texture improvement which
is capable of delivering a significant improvement in surface finish while holding the dimensional accuracy
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of parts within an acceptable range.

Keywords additive manufacturing, powder metallurgy, stainless,

steel

1. Introduction: Electropolishing Process Using
lonic Liquids

Electropolishing is an electrochemical technique based on
controlled dissolution which has been shown to be useful for
improving the surface topography of a range of metallic
materials (Ref 1). Generally, the electrochemical process (ECP)
is a post-processing method that can be used for surface
property improvement. A range of metallic materials can be
polished including copper, nickel, or titanium; however, the
majority of research has been conducted on stainless steel
alloys (Ref 1, 2). It is worth mentioning that in electropolishing
in general two surface phenomena happen, namely anodic
leveling and anodic brightening. Anodic leveling results from
the different dissolution rates of the peaks and valleys of the
surface texture of the substrate due to the primary current
distribution in the cell (Ref 1). In these cases, the amount of the
primary current distribution has a significant effect on the
material dissolution (mass transfer), which leads to a reduction
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in the surface roughness by several microns (Ref 2, 3). Anodic
brightening improves the surface roughness due to control of
the dissolution rate for the metal microstructure (Ref 4-10).

After being patented in 1930, electropolishing of stainless
steel and other metal alloys using mixtures of concentrated
sulfuric and phosphoric acids was undertaken worldwide on a
commercial scale. However, the process is hazardous for both
the environment and workers involved in this technique. In
addition, extensive gas formation and low current efficiency are
associated with this process (Ref 11). Therefore, investigations
have been undertaken utilizing ionic liquid reactions, such as
catalysis, nanomaterials, electrodeposition, and striping, which
are greener alternatives to the current toxic, polluting, and
unstable organic solvents (Ref 12).

Room-temperature ionic liquids (RTIL) have attractive proper-
ties for use in electrochemical polishing, such as thermal stability,
high polarity, high viscosity, natural conductivity, and a wide
electrochemical processing window (Ref 13). Abbott and col-
leagues introduced a new alternative for electropolishing based on a
mixture of choline chloride and ethylene glycol, a type III deep
eutectic solvent called Ethaline 200 (Ref 6). This approach gave
considerable benefits, including high current efficiency, negligible
gas evolution at the anode/solution interface, and the use of a
relatively benign liquid compared to the acid mixture solution
normally used (Ref 14). Nowadays, applications of ionic liquids
range from fuel desulfurization to organic synthesis, catalysis,
electrochemistry, and precious metal processing. Ionic liquids, in
principle, offer many advantages over conventional organic solvents
but very few have been developed to full commercial exploitation
although several have reached the pilot stage (Ref 15, 16).

Recently, Abbott et al. have introduced the concept of deep
eutectic solvents (DES) as a sub-category of ionic liquids (Ref
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Table 1 Shows four types of deep eutectic solvent,
according to (Ref 17)

Type 1 Metal salt + organic salt

Type 11 Metal salt hydrate + organic salt

Type 111 Organic salt + hydrogen-bond donor

Type IV Metal salt (hydrate) + hydrogen-bond donor

6, 13, 14, 17-20). The DES is a fluid resulting from the mixing
of two or three components (Table 1), which are capable of
combining each other, frequently through hydrogen-bond
interactions. In such cases, the cutectic mixture formed can
be characterized by the lowest melting point, compared with the
melting point of each individual component (Ref 17, 18).

Modern electropolishing of stainless steel is performed on a
commercial scale using a mixture of phosphoric acid and
sulfuric acid, despite the well-documented drawbacks of the
process (Ref 21). It has been shown that 316 stainless steel
parts can be successfully electropolished in choline chloride
(ChCI) (Ref 22). Using this approach, it was demonstrated that
the oxide film can be removed at a lower current than typically
employed with aqueous acidic solution and also the micro-
roughness can be reduced to less than 100 nm. Other
researchers have reported that ionic liquids are non-corrosive
and moisture stable compared to aqueous acid solutions for
electropolishing (Ref 13, 23). The process employs relatively
safe materials, such as choline chloride (known as pro-vitamin),
which has been used for many years in chicken feed. The
technology has been demonstrated at a pilot plant scale (50 L)
and then at a commercial scale (1300 L). The results of
empirical trials have indicated that the cost of electropolishing
using DESs is comparable with existing phosphoric acid or
sulfuric acid electrolytes due to the improved current efficiency
which was shown to be about four times greater than an
equivalent aqueous system (Ref 24).

The main aim of this study was to use DES electropolishing
as a more environmentally (“green”) friendly electropolishing
process to reduce the surface roughness of 316L stainless steel
samples produced by SLM. The samples had already been
subjected to laser re-melting and by optimizing the electropol-
ishing parameters it was hoped to further improve the surface
quality with a minimal material removal.

2. Materials and Methods

Electropolishing is an electrochemical process, which
includes controlled dissolution of the atoms of metals/alloys
from their surface when they submerged in an electrolyte.
According to Faraday’s law, the amount of material removed
from the surface is proportional to the passage current (electric
charge) through the cell. The amount of electric charge is
Q = I*T, where [ is electric current and 7 is time (Ref 7).

The electropolishing trials were divided into 4 key stages:

Preparation of the SLM samples.

. Liquid preparation.

3. Electropolishing of stainless steel 316L samples obtained
after re-melting stage.

4. Physical properties measurement.

N —
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2.1 Preparation of the SLM Samples

All the experiments in this study have been conducted using
samples made with a Renishaw AM125 machine (Renishaw
PLC, Gloucestershire UK), employing method described in
(Ref 25). The Renishaw AM125 machine has the following
specification: build area 125 x 125 x 125 mm; layer thickness
20-100 pm; and 200 W ytterbium fiber laser beam with a spot
size of ~35 pm at the powder bed surface.

In this study, Stainless Steel 316L (SS 316L) powder,
particle size ranging from 15 to 45 um was used to manufacture
the samples. The material is processed within an inert gas
(argon) environment. The chemical composition of the SS 316L
powder specified by Renishaw is as follows: Iron (Fe) 63.05-
67.75 wt.%; Chromium (Cr) 17.50-18.00 wt.%; Nickel (Ni)
12.50-13.00 wt.%; Molybdenum (Mo) 2.25-2.50 wt.%; Man-
ganese (Mn) <2.00 wt.%; Silicon (Si) <0.75 wt.%; Copper
(Cu) <0.50 wt.%; Nitrogen (N) <0.10 wt.%; Oxygen (O)
<0.10 wt.%; Carbon (C) <0.03 wt.%; Phosphor (P)
<0.025 wt.%; and Sulfur (S) <0.010 wt.%.

The sample dimensions were 4, 10, and 30 mm, and they
had an initial surface roughness (Ra) measured in the range of
10 to 17.5 pum, due to the stair effect; built examples for 15°,
30°, and 45° are illustrated in Fig. 1. The samples were re-
melted on the top surface, using the optimal parameters at the
manufacturing stage (Ref 25). The samples were removed from
their supports and re-mounted to be re-melted with their top
surfaces horizontally. The parameters used for re-melting were
as follows: laser power 180 W, scan speed: 500 mm/min;
distance between the lens of laser source and the substrate:
128 mm; shielding argon gas: 4 L/min; the focal length of lens:
120 mm; beam diameter at lens: 16 mm; hatch spacing: 400 p;
and beam spot size: approximately 1 mm. After completion of
the re-melting process and inspection, the top (upward facing)
surface of the samples was assessed for surface roughness,
topography, and porosity. The surface roughness was found to
be approximately 1.4 £ 15% pm.

Fig. 1 Build samples on the building platform, inclined surfaces
15°, 30°, and 45°
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2.2 Liquid Preparation

This study was carried out using Choline chloride (ChCl)
(Aldrich, 99%) and Ethylene glycol (EG) (Aldrich, >99%) in a
1:2 ratio by weight. The Choline chloride was first recrystal-
lized, filtered, and dried, whereas the Ethylene glycol was used
as received. 5 and 10% oxalic acid was added to improve the
properties of the liquid formed. The components were mixed
first and then stirred at 80 °C, until a homogeneous mixture was
obtained (Ref 26).

2.3 Physical Properties Measurements

2.3.1 Viscosity Measurements. The viscosity of the
liquid was investigated as function of temperature. The
temperature range used was 20-75 °C. Brookfield DV-E
Viscometer (Brookfield Instruments, USA) fitted with a tem-
perature probe was used. The liquid was first heated up to
80 °C and then the measurements of viscosity were taken from
that temperature, all the way down to 20 °C, see Fig. 2(a). The
liquid was allowed to cool naturally (i.e., at room temperature)
without the use of any cooling system. The viscosity measure-
ment was obtained using a spindle attachment. The measure-
ments were taken with the temperature maintained constant
within the error of 1 °C. An average of three readings of
viscosity was used for the analysis.

2.3.2 Conductivity Measurements. The conductivity of
liquid was measured as function of temperature. The temper-
ature range used was 20-75 °C. The instrument used was a
Jenway 4510 conductivity meter fitted with an inherent
temperature probe (cell constant = 1.01 cm™'). All mixtures
were heated up to 80 °C and the measurements were taken
from 20 °C then on up to 75 °C, Fig. 2(b). All conductivity
measurements were recorded at exactly the same temperatures
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Fig. 2 (a) Dependence of viscosity on temperatures for Ethaline
200 (blue) and Ethaline 200 with 5% oxalic acid (red). (b) Depen-
dence of conductivity on temperature for Ethaline 200 and Ethaline
200 with 5% oxalic acid (red)
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as used for the viscosity trial and for the same eutectic
composition using SLM samples from the same production
batch.

2.3.3 Cyclic Voltammetry. Cyclic voltammetry investi-
gation was carried out using an Autolab PGSTAT12 poten-
tiostat controlled with GPES2 software. A three-electrode
system was used, consisting of the stainless steel 316L test
sample as the working electrode and a silver reference-
electrode. All cyclic voltammograms, Fig. 3, were taken at
30 °C and at a scan rate of 20 m Vs™!, in order to see the effect
of increasing oxalic acid content and to observe the height and
peak position of the redox interaction which are all important
during the electropolishing and deposition process. The sam-
ples of liquids for this test were taken from the same batch as
those used in the previous tests. The results showed that the
solutions become more reactive proportionally with the tem-
perature rise. It was also noted that this trend tends to be
diminished in liquids that have less oxalic acid.

2.4 Electropolishing Procedure

The trials have been performed on a number of stainless
steel 316 SLM samples manufactured using the parameters
previously described (Ref 25). Specific areas were selected to
be polished and acrylic resin was used to mask the surrounding,
unpolished, area.

The result of the polishing process on the surface quality of
SLM components can be affected by number of factors. The
main expected factors were the potential source, polishing
duration, temperature, cell component (concentration), current
density, and the method of stirring (Ref 27, 28). The set of
parameters has been selected according to the most important
factors established in preliminary trials, as follows: (1) source
potential: started from 4 V and changed to 6 and 8V,
respectively; (2) duration time: started from 30 min and
changed to 45 and 60 min, respectively; (3) temperature: from
20 °C and changed to 40 and 60 °C, respectively. Other factors
were kept constant as follows: type of liquid and liquid
concentration (Ethaline 5% oxalic acid) and method of stirring-
rate approximately 300 rpm, as recommended in (Ref 28, 29).

The effect of selected parameters on the response value (1)
surface roughness and (2) loss in weight (depth of polishing
area) have been investigated using classical full factorial
experimental 3 x 3 design setup as shown in Table 2.

6.0x10° ]
4.0x10°
2.0x10° ]
0.0
-2.0x10°
< -4.0x10°
-6.0x10°
-8.0x10°
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1.2x10* ] —— Ethaline + %5 Oxalic acid
110l — Ethaline + %10 Oxalic acid
-1.4x10™
T T T T T T 1
-1.0 0.8 0.6 0.4 0.2 0.0 0.2
E/N

Fig. 3 Cyclic voltammetry of Ethaline and Ethaline with 5 and
10% oxalic acid (Color figure online)
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At the beginning of the experiments, the work pieces were
attached with the finishing region (anode), whereas the negative
terminal of cell was connected to a cathode fabricated from a
titanium radium mesh (selected for its stability). The two poles
(anode, cathode) were kept immersed into electrolyte liquid
(Ethaline 5% Oxalic acid).

In this study, the response values, surface roughness Ra and
the loss in weight, from which the polishing depth (thickness of
material removed) can be deduced, were obtained as the result
of passing the electric current through the cell, using specific
parameters. The anodic dissolution of specimens was measured
at different potentials, time durations, and temperatures, as

Table 2 The levels of used factors in 3 X 3 full factorial
design

(C) Temperature, °C

(A) Source potential, V. (B) Time, min 20 (0) 40 (1) 60 (2)
4 (0) 30 (0) 000 001 002
4(0) 45 (1) 010 011 012
4 (0) 60 (2) 020 021 022
6 (1) 30 (0) 100 101 102
6 (1) 45 (1) 110 111 112
6 (1) 60 (2) 120 121 122
8(2) 30 (0) 220 201 202
8 (2) 45 (1) 210 211 212
8(2) 60 (2) 220 221 222

shown in Table 3. Each of the setups was replicated three times
to find the average results for the response values.

3. Results and Discussion

The surface quality of the polished samples depends on
using the optimal conditions for current density, which is
related to the cell parameters. Therefore, the overall surface
quality of anodic surface can be characterized by three
parameters, which statistically can be treated as the response
factors. They are (1) average surface roughness, (2) surface
defects (pitting), and (3) surface brightness. The surface
roughness was measured using of a Stylus profilometer and
in addition the depth of polished area was calculated. Standard
regression method integrated in any experimental design
software (DOE) has been employed to calculate the interaction
of the average results of these response values: surface
roughness (Ra) and the depth of polishing area. The errors
were calculated and tabulated as shown in Table 3. The other
response factors (pitting & brighten) are qualitative and were
characterized using optical techniques.

Table 3 shows the variation in the surface roughness and
polishing depth with the deviation in voltage, duration of time
interval, and the liquid temperature. For all cases, three trials
have been conducted and averaged to provide better accuracy.
The errors were acquired for further analysis and comparison.
After the re-melting procedure, the surface roughness R, was

Table 3 Summarized data for the response factors: obtained Ra and depth of polished area

Factors

Response factors

Polished depth, p

Surface roughness Ra, p

Volt Time, min Temperature Test 1 Test 2 Test 3 Average Error Ral Ra 2 Ra3 Average Error
8 60 60 80.964 83.706  75.182 79.951 4.351 0.96 0.72 0.83 0.836 0.120
8 60 40 58.366 61.699  57.195 59.087 2.336 0.73 0.65 0.68 0.686 0.040
8 60 20 13.168 11.371 15.776 13.438 2214 0.51 0.37 0.43 0.436 0.070
8 45 60 66.438 70.483 66.214 67.712 2.402 0.91 0.84 0.77 0.84 0.07

8 45 40 33.424 35.371 30.587 33.127 2.405 0.69 0.81 0.73 0.743 0.061
8 45 20 13.141 11.549 12.623 12.437 0.811 0.49 0.38 0.41 0.426 0.056
8 30 60 50.928 54.474  48.007 51.136 3.238 0.89 0.75 0.84 0.826 0.070
8 30 40 17.326 18.148 16.631 17.368 0.759 0.57 0.66 0.54 0.59 0.062
8 30 20 11.3031 10.435  9.250 10.328 1.03 0.63 0.47 0.53 0.543 0.080
6 60 60 45.467 43282  40.687 43.145 2.393 0.43 0.45 0.36 0.413 0.047
6 60 40 20.070 21.464 18.295 19.943 1.588 0.28 0.35 0.38 0.336 0.051
6 60 20 8.798 9.249 7.180 8.409 1.088 0.36 0.42 0.35 0.376 0.037
6 45 60 27.913 30.946  25.873 28.244 2.552 0.42 0.35 0.38 0.383 0.035
6 45 40 12.607 11.760 15.004 13.124 1.682 0.37 0.43 0.35 0.383 0.041
6 45 20 6.2156 6.455 8.358 7.009 1.174 0.43 0.38 0.39 0.4 0.026
6 30 60 21.545 23.987 17.087 20.873 3.498 0.41 0.37 0.45 0.41 0.04

6 30 40 10.728 11.271 10.430 10.810 0.426 0.31 0.33 0.39 0.343 0.041
6 30 20 6.867 7.280 11.490 8.545 2.558 0.39 0.35 0.42 0.386 0.035
4 60 60 15.093 18.422 15.008 16.175 1.947 0.35 0.38 0.31 0.346 0.035
4 60 40 9.497 12.286  9.026 10.270 1.761 0.34 0.3 0.38 0.34 0.04

4 60 20 5.282 3.944 6.039 5.088 1.061 0.36 0.43 0.41 0.4 0.036
4 45 60 13.822 11.523 15.575 13.640 2.032 0.37 0.32 0.39 0.36 0.036
4 45 40 7.064 6.329 6.089 6.494 0.507 0.43 0.35 0.33 0.37 0.052
4 45 20 4.515 4.928 3.909 4.451 0.512 0.42 0.36 0.38 0.386 0.030
4 30 60 11.630 10.089 10.783 10.834 0.771 0.34 0.35 0.4 0.363 0.032
4 30 40 5.396 4.521 7.240 5.719 1.388 0.37 0.34 0.35 0.353 0.015
4 30 20 4.233 3.028 4.861 4.032 0.945 0.48 0.43 0.39 0.433 0.045
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observed of about 1.4 £ 15% um and R, is about 7 & 15% pm.
For a good polishing, the resulting value for the depth should
be in a range of R,. Although the results of majority of samples
display good surface roughness, in some samples the required
polishing depth was exceed. This, in turn, affects the accuracy
of the part’s dimensional tolerance. Profilometer results (see
Table 3) showed that the best results for the surface roughness
was achieved at a temperature of 40 °C, time interval 60 min,
and voltage 6 V. The surface roughness obtained at these
conditions is 0.34 pm microns. But the polished depth was
19.94 um for these conditions which exceeds the required
polishing depth. In these cases, the reduction of process
duration can result in a decrease in polishing depth.

Reducing the duration of the polishing process from 60 to
30 min and keeping the temperature at 40 °C and voltage at
6V, the polished depth changed to 10.8 um and the surface
roughness at these conditions was 0.34 um which is a favorable
result. Furthermore, when the time was maintained at 60 min
and the voltage was reduced from 6 to 4 V at the same
temperature of 40 °C, the polished depth was 10.3 pm and the
surface roughness was 0.34 pm. According to obtained results,
the best response factors can be achieved with range of cell
parameters such as 4 to 6 V at constant temperature 40 °C and
when the polishing duration ranges between 30 and 60 min.

3.1 Current Density

The diagrams in Fig. 4 show how the recorded current
density varies with time and temperature during the trials. The
current density is in mA/cm?® and is illustrated for 3 different
voltages (4, 6, and 8 V) measured for 3 different time intervals
(30, 45, and 60) minutes.

In Fig. 4, it can be seen that similar patterns can be observed
in variations for all time intervals used in this experiment. For
temperature 60 °C, 8 V, Fig. 4(a), the current density keeps
fluctuating with time. Unstable variations show peak and valley
behavior. The current density is observed within average range
from 83 to 91 mA/cm?. For 6 volts, the fluctuations of current
density are much lower than that for 8 V. It can also be seen
that the pattern of the peak fluctuations are similar regardless of
the time. The average of current density varied between 30 and
45 mA/em®. For 4V, the current density fluctuates in the
minimum pattern and shows a similar pattern of fluctuations as
well for the three different time intervals. The average of
current density was within a range of 16 to 26 mA/cm?.

It can be seen that the fluctuations of peaks for 40 °C,
Fig. 4(b), are less than that on the previous diagrams for 60 °C,
Fig. 4(a). Regardless of time duration of the trial, the variations
in the patterns remained similar to 60 °C for all 3 different
voltages used in this experiment. The highest current density
was observed for the 8 V where it was in the range of 44 to
58 mA/cm®. The minor fluctuations and peaks were observed
for current density against time. For 6 V, the current density
indicates more stable pattern with minor fluctuation, which
were observed in time intervals used in the trial, and it was
observed in the range of 18 to 24 mA/cm?. For 4 V, the current
density was in the range of 8 to 13 mA/cm?” and shows almost
no fluctuations.

Figure 4(c) (20 °C temperature) indicates there is less
fluctuation in the variation of current density against time
intervals for the three different voltages used in this study. At
8 V, the pattern of fluctuations is minimal compared to the
pattern observed in the previous two graphs 4(a) and (b) and is
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Fig. 4 The current density against time for temperatures (a) 60 °C;
(b) 40 °C; (c) 20 °C and 3 different voltages, 8, 6, and 4 V (Color
figure online)

in the range from 16 to 23 mA/cm?®. For 6 V, the variations and
peaks are minimal as well and it can be seen that current density
varies against time in a stable fashion between 10 and 14 mA/
cm?. A similar kind of pattern is observed with lower current
density for the 4 volts. Also a smooth pattern of variations of
current density is observed within the range of 4 to 8 mA/cm>.

Comparing the results of the three previous graphs with the
results in Table 3 indicates that the variation of the response
values (surface roughness and depth of polishing) are highly
depending on the amount of dissolved material (current density).
Moreover, these results may explain the reason for increased
surface roughness at high current density, which may lead to non-
homogeneous material dissolving (see Table 3). Thus, the
process parameters should be set to control the amount of metal
removed within arrange of current density between 10 and
20 mA/cm? at a constant temperature 40 °C. This can be obtained
within the range of voltage between 4 and 6 V and process
duration between 30 and 60 min. These results demonstrate that
is it possible to maintain the dimensional tolerances of the parts
and generate a surface roughness (Ra) of about 0.35 um.
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Table 4 Results of multiple response regression based on full factorial design

Surface roughness

Polishing depth

Factor Name Coefficients P Level Coefficients P level
Constant 0.377284 3.45E-32 14.96585 1.36E—21
A Potential 0.165185 6.24E—14 14.41604 4.33E-20
B Time 0.014815 0.394858 8.008581 3.83E—10
C Temperature 0.013889 0.424907 11.33442 1.74E—15
AB 0.005278 0.579365 5.224602 1.25E—-12
AC 0.103889 2.45E—16 11.29299 4.87E—-28
BC 0.012222 0.201605 4.366542 439E—10
ABC 0.0125 0.285333 2.677664 0.000475
AA 0.134259 9.67E—15 5.615731 6.48E—09
BB —0.00907 0.500626 1.259794 0.138307
cc 0.01537 0.25551 2.975924 0.000739
AAB —0.00306 0.852852 1.837655 0.078581
ABB —0.00861 0.601511 0.150729 0.883893
AAC 0.071667 4.69E—05 4.422824 5.9E-05
ACC —0.02444 0.141174 0.548834 0.595278
BBC —0.01 0.54436 0.073042 0.943579
BCC —0.02556 0.124265 —4.19571 0.000127
Standard error 0.057 3.56
R? 0.91 0.97
m Potential (A)
Surface roughnes EAA
0.2 - Ra-hat Pareto of Coefficients mAC
- mAAC
k> BCC
) ] ACC
% 0.15 cc
S Time (B)
2 01 - Temperature (C)
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2 BC
)
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2535000208882 ¢2 AAB
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E -
S & Effect Name
5

Fig. 5 Pareto diagram for predicted average roughness (Ra-hat) (Color figure online)

3.2 Statistical Analysis

The results have been analyzed for 2 response factors and
the findings are shown in Table 4. The table indicates the
impact of selected factors on the response variables and the
Pareto diagrams (Fig. 5 and 6) illustrate graphically the ranks
of selected factors.

The interaction of the factors in Table 4 can be also
illustrated in a graphical form. Figure 5 indicates the results for
roughness Ra as the response variable. As can be seen, the
potential (variable A), its square (AA), its interaction with
temperature (term AC), and the interaction of its square (AA)
with temperature C (term ACC)—the read color in the Pareto

Journal of Materials Engineering and Performance

diagram in Fig. 5—indicate a very good confidence level of
less than 0.0001. The impacts of other factors, including the
linear impact of time (B) and temperature (C), are small and do
not indicate a good confidence level. Quantitatively, the
individual impact of these factors is an order of magnitude
less than the first four combined factors (A, AA, AC, and
AAC). R-square for this model is 0.91. This means that all other
remaining factors, not taken into account in this 3-factorial
model, are responsible just for 9% of impact, which means that
potential (A), temperature (C), and time (B) play 10 times more
significant role in forming the surface roughness Ra than the
remaining factors.
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On the basis of the data in Table 4 for roughness Ra, the
statistical model for the prediction of the average surface

roughness (Ra-hat) can be written as

Ra = 0.377 + 0.1654 + 0.13444 + 0.1044C + 0.77244C

(Eq 1)

where A4 is the potential, C is temperature, and Ra-hat is
predicted average roughness. The correctness of this model
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and its limitations are illustrated in Fig. 7. Figure 7(a)
shows good linear dependence between actual and predicted
roughness values. Figure 7(b) indicates that there is non-
uniform distribution of residuals in the area of large actual
Ra and, therefore, some other factors need to be included.
However, the overall correctness of model is R® = 0.89,
which is good for given that three factors are taken into
account.
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On the other hand, the effect of these parameters on
calculated polishing depth in the sense of overall outcome
representing by R-square, Table 4, indicates better statistical
significance. The R-square is 0.98 and adjusted R-square is 0.97
which can be interpreted statistically as very good. However,
the impact of considered variables and their combinations on
calculated polishing depth, Fig. 6, differs significantly from
analogous impact on the average roughness Ra, Fig. 5. As it
shown in Fig. 6, the potential (A) still has the greatest impact;
however, the linear impacts of temperature (C) and time (B)
take second and fourth place in the diagram and both have
acceptable significance. Quadratic effects for the variable
interactions AC, AA, AB, BC, and CC are observed as
statistically significant, together with some cubic effects of
AAC, BCC, and ABC. Cubic impact AAB is confident at the
level of 0.08. The overall fit of this model is also indicated in
Fig. 7(c) and (d) where the residual analysis is illustrated.

On the basis of the data in Table 4 for calculated polishing
depth (PD), the statistical model for the PD-hat prediction can
be written as

A
PD =15.0 + 14.4A + 8.0B + 11.3C
+5.6AA + 11.3AC 4 5.22AB + 4.4BC +3.0CC >
+4.4AAC — 4.2BCC + 2.7ABC + 1.8AAB

(Eq 2)

where A4 is the potential, C is temperature, and PD-hat is pre-
dicted polishing depth. Correctness of this model and its limi-
tation are illustrated in Fig. 7. Figure 7(c) shows good linear
dependence between actual and predicted values PD. Fig-
ure 7(d) indicates that there is non-uniform distribution of
residuals in the range of large actual PD and some other fac-
tors need to be included. However, overall correctness of
model is R* = 0.97, which is extremely good for three fac-
tors.

The results obtained from the trial show that the ranges of
selected factors (potential, time, and temperature) are in a good
range to affect the response factors. The overall analysis
indicates that the potential and the temperature have the highest
impact on both response factors (surface roughness and
polishing depth), whereas the third factor (time) showed less
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Journal of Materials Engineering and Performance

effects as demonstrated on Pareto diagrams, Fig. 5 and 6. The
best results are obtained for the potential range of 4 to 5.5V,
time interval 30 min, and at constant temperature 40 °C. This
set of parameters indicates enough ability to control the metal
dissolution and generate the current density in the range
between 10 and 20 mA/cm® which leads to more planar
surface. This range may facilitate maintaining accuracy of part
dimensions and give less than 0.4 pum for the surface roughness
(Ra). Figure 8 illustrates the results of surface roughness
improvement, mainly for re-melting followed by electropolish-
ing.

3.3 Surface Topography

Surface topography has been examined by using scanning
electron microscope (SEM) combined with Energy Dispersive
x-ray spectral analysis (EDX/EDS). SEM was employed to
understand the characteristics of defects observed during the
polishing process, whereas EDX/EDS was exploited to analyze
the elemental/percentage composition of each samples sur-
veyed before and after the polishing procedure. In our case of
stainless steel (SS 316L), the characteristics of the surveyed
surfaces vary due to deviation in the cell parameters. This
parameter deviation has significant effect, and the relation
between the parameters needed be optimized for control the
current density, which in turn determines whether homogenous
metal/alloy dissolution is achieved.

The majority of surveyed samples show a good surface
finish, but some pitting has been detected, connected with
exposure to higher voltage and temperature (8 V at 60 °C) as
illustrated in Fig. 9.

It is well known that the key of the electropolishing method
is the difference in current density across the microscopic
surface profile (peak and valley) and that the current density is
greater on the peaks than in the valleys. In case of 8 Vat 60 °C,

Ré':'mevﬁed‘ Area

)
/

. Polished Area

Fig. 9 SEM micrograph result of polished sample obtained at
60 °C, 8 V, and 45 min
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the rate of current density was too high and fluctuated (see
Fig. 4) leading to a faster metal dissolution (non-homogenous
dissolving) and an increase in the viscous layer interface of the
polished surface. This phenomenon (high rate dissolution)
tends to leave the surface with a pitting and a poor surface
finish. It also leads to an increase in the depth of the polished
area beyond 60 pum, which is undesirable due to the loss of
dimensional accuracy of the parts. In this case, there are two
main ways which can be used to overcome the problem of
excessive current density: the first method is to reduce the
source potential or temperature (as shown in Fig. 4) and the
second method is to increase the resistance of the liquid by
reducing the proportion of oxalic acid addition (however, this is
not within the scope of this study).

Re-melted Area

Polished Area

| Re-melted Area

(b)

Fig. 10 SEM micrograph result of polished sample obtained at
40 °C: (a) 6 V and (b) 4 V, time interval 45 min
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A reduction in the source potential from 8 to 6 V and
temperature from 60 to 40 °C demonstrated a significant effect
for various time intervals between 30 and 60 min, due to the
change of the current density properties (less fluctuation and
values indicated in Fig. 4). The control of these properties is
critical to achieve proper control of mass transport, which is
required for homogenous metal/alloy dissolution during elec-
tropolishing process, which in turn results in an acceptable sur-
face finish, as shown in Fig. 9.

A reduction in current density may be preferable, since it
leads to a more planer and defect-free surface (as illustrated in
Fig. 10). Some samples showed that the depth of polished area
has increased by more than required depth (less than 10 pum). In
these cases, the required dimensional tolerance is not main-
tained. In addition, the samples exposed to polishing at a
constant 20 °C and 4 V with processing time between 30 and
60 min demonstrated pitting on the polished area, as illustrated
in Fig. 11.

The pitting phenomena can be explained by to two different
mechanisms. One possibility is that applying a potential that is
less than the required potential (in this case 4 V or less) leads to
the formation of a thin viscous film on the part surface during
electropolishing. At the beginning of the electropolishing
process (high current density, see Fig. 4), the dissolution of
material results in formation of cations that move through the
viscous film to the solution, leaving some vacancies at the
metal-film interface. When the vacancy concentration rises
sufficiently, due to the low current density, it can lead to a
detachment of the ion-conducting film from the surface and
then the cations can merge to form the voids. This process can
be avoided by keeping the potential as high as possible,
ensuring that the anions in the film are kept pressed against the
interface of metal-film (polished surface). The second expla-
nation is that the pitting occurs because of gas bubbles on the
polished surface. In such cases, the surface can be obscured by
bubbles (just below the surface), resulting in additional
dissolution of the surrounding surface forming pitting defects.
This problem can be overcome by preventing the gas bubbles
from sticking to the surface, by increasing the liquid stirring, or
increasing the temperature in order to improve the liquid

i Re-melted Area

Fig. 11 SEM micrograph result of polished sample obtained at
20 °C, 4 V, and 45 min
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Fig. 12 EDX/EDS spot analysis for metal component before and
after polishing (wt.%) (Color figure online)

conductivity. However, stirring should be carefully controlled
in order to avoid damaging the viscous layer.

3.4 Surface Brightness

The degree of surface brightness (luster) is an effective way
to establish if the electropolishing was successful in making the
surface more planer and free from defects. The non-uniform
thickness of the viscous layer over the material surface results
in a different ohmic resistance from the cathode to the anode.
This causes greater dissolution of the protruding features than
of recessed features leading to the creation of a uniform surface
profile (Ref 30). In the case of the stainless steel (SS 316L),
samples produced in this study EDX/EDS was used to track the
metal/alloy surface composition before and after the polishing,
as shown in Fig. 12.

The results demonstrate that the removal of the metal/alloy
components from the anodic surface is non-uniform and this
produces a significant effect. The iron and nickel atoms are
more easily removed from the crystal cell than the chromium
atoms. Thus, it is possible to say that the electropolishing
process is directed preferentially to iron and nickel, leaving the
surface rich in chromium. Furthermore, observed effect on the
surface (indicating a high chromium content) can be beneficial
in some applications, especially where corrosion resistance,
friction, as well as mechanical strength are of primary concern.

4. GConclusions

In this study, it has been found that the electropolishing of
SLM stainless steel parts (after re-melting) can achieve a
surface texture (Ra) of less than 0.5 p. A significant feature of
the process is its ability to target the peaks through preferential
dissolution thus providing an efficient and effective method of
reducing surface roughness. From the statistical (full factorial
3 x 3) analysis, the best results for surface roughness and
minimal defects were obtained when the specimens were kept
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anodically at current densities associated with potential ranges
between 4 and 5.5 V and maintained at a temperature of 40 °C.

The overall finding through electropolishing of SLM
stainless steel parts in DES type III (choline chloride based)
ionic liquids are as follows:

¢ Polishing is possible across the full range of process vari-
ables tested in this study. It is a very effective process for
removing the residual oxide scale formed during the re-
melting process. It improves the surface finish by more
than 60% compared to re-melted samples.

e The results show that the electropolishing process results
in preferential dissolution of the iron and nickel in the
SS316L leaving a surface rich in chromium, which is ben-
eficial to the mechanical and chemical properties of the
surfaces.

e Homogenous dissolution (when optimum parameters are
used) indicates the methods can be used to polish additive
manufactured samples produced from Al and Al alloys, Ti
and Ti alloys, and various cobalt chrome alloys.

e This process offers significant advantages over the exist-
ing practice due to the fact that the raw materials are inex-
pensive; it shows higher efficiency and is environment
friendly.
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