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Short Abstract 
While additive manufacturing enables fast production of parts with high 
geometrical complexity, the post-processing step for obtaining high-quality 
surfaces of these parts is getting increasingly difficult. In addition, not all state-of-
the-art polishing techniques are capable of achieving satisfactory results. 
Moreover, many of them are extremely environmentally unfriendly. In this study 
it was demonstrated that effective and more environmentally friendly polishing of 
inner surface of parts additively manufactured from maraging steel 1.2709 
powder could be achieved by employing immersion-based plasma electrolytic 
polishing. In total two parts having different gap size were investigated. After 
10 min of polishing the inner surface roughness was reduced from maximum 
Ra = 6.53 µm to minimum Ra = 0.53 µm. 

1 Introduction 
Additive manufacturing (AM) is a resource efficient manufacturing technology 
enabling fabrication of parts with complex internal freeform geometries and/or 
tools without joints [1]. This facilitates production of more reliable tools that do not 
need to be welded or screwed together. One example of complex AM tools can 
be found in computer simulation-based optimized flow path geometries for 
polymer profile extrusion tooling [2]. A simplified polymer extrusion tool insert for 
profile extrusion is shown in Figure 1. However, for a successful application, 
these parts must have a low inner surface roughness (e.g. average surface 
roughness Ra in the range of 1 µm or below) to ensure manufacturing of high-
quality end products. Depending on the polymer used for extrusion, the internal 
die surface roughness should preferably be in the sub-micrometre range, 
however coarser surfaces have also proven capable with certain polymers. 
Unfortunately, such low surface roughness is not achievable directly by AM, thus 
post-processing of manufactured tools is required [3]. 
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(a) (b) 
Figure 1. (a) Inlet-side (3 mm × 10 mm × 20 mm) and (b) outlet-side (1 mm × 10 mm × 20 mm) of 

an additive manufactured insert. 

While there is a vast choice of polishing techniques, only few of them are suitable 
for polishing inner surfaces and/or complex geometries. A few examples of such 
techniques are particle blasting (PB), (dry) electrochemical polishing (EP) [4] and 
plasma electrolytic polishing (PeP). PeP is considered to be the most 
environmentally friendly polishing technique among the above-mentioned 
methods [5,6]. This is because of the large amount of dust that is produced during 
the sand blasting [7] or due to the fact that hazardous electrolytes, such as nitric-
, hydrofluoric- acids and n-Butanol, that cannot be regenerated, are used in (dry) 
EP processes [5,8–11]. It must be mentioned that dry EP provides relatively safer 
working environment for personnel since dry beads of electrolyte are used 
instead of the liquid form of it. Nevertheless, it does take significantly longer time 
for dry EP to achieve the same results as conventional EP [4]. PeP, on the other 
hand, uses non-toxic water-based salt solutions, e. g. ammonium-sulphate [12], 
as electrolyte. It must be emphasised that the electrolyte is material specific, i.e., 
different salt-solutions have to be used for polishing different metals or their 
alloys. Another significant feature of PeP is the process time. It has been 
demonstrated that surface roughness of additive manufactured titanium parts can 
be reduced from Ra = 15.7 µm to Ra = 0.5 µm in just 32 min [13]. 
For a stable PeP process DC voltage in between 180 V and 400 V must be 
supplied [14]. This directly translates to the difference in the required current 
density for EP and PeP processes, which is in between 0.04 A/cm2 and 
0.08 A/cm2 for EP process [15] and ca. 0.33 A/cm2 for PeP [16]. 
There are two types of PeP, namely, the so-called immersion-based PeP and jet-
PeP [17–19]. The main difference between the two is that during the immersion-
based PeP the part is immersed into electrolyte bath during the process, while 
the electrolyte is applied on a selected surface of a part through a nozzle during 
the jet-PeP process. 
It should be also noted that attempts to polish inner surface of media-carrying 
pipes has been made by Cornelsen et al. [20,21]. The inner surface roughness 
Sa was reduced from Sa = 0.68 µm to Sa = 0.03 µm. However, the applicability 
of the used setup for polishing inner surfaces is limited by the size of the polishing 
head, which should fit inside the gap to be polished and have sufficient space for 
operation. 

In this study, the capability of immersion-based PeP to polish inner surface of 
additive manufactured parts such as shown in Figure 1 was investigated. For this 
purpose, a modified immersion-based PeP setup equipped with a nozzle to 
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create an underwater electrolyte stream directed right to the internal gap of the 
parts was used. In total two parts with the gap size of 1 mm × 10 mm × 20 mm 
and 2 mm × 10 mm × 20 mm were polished. The internal surface roughness 
measurements and micrographs were taken before and after PeP. 

2 Methodology 
Two maraging steel 1.2709 powder bed fusion additive manufactured parts with 
slots of 1 mm × 10 mm × 20 mm and 2 mm × 10 mm × 20 mm were polished by 
means of immersion-based PeP. Further in the article, both parts are referred as 
Part 1 and Part 2, respectively. In order to evaluate the inner surface quality of 
the parts, they were manufactured in a single piece and cut in half using wire 
EDM. Two screws were then fitted to allow for reassembly of the two pieces as 
shown in Figure 2. The surface roughness and micrographs of the inner surfaces 
of both sides of each part were taken before and after PeP using a MarSurf CM 
Explorer confocal microscope. 

  

(a) (b) 

Figure 2. (a) A side view and (b) an inlet view of Part 2. 

From Figure 3, one can see that at the inlet side, the slot is wider than at the 
outlet side. This is specifically designed for an easier flow of an extruded material 
and is present in the design of both parts. The outlet slot side, also referred to as 
the landing of the die insert, is 10 mm long for both parts and it has a 1 mm and 
2 mm width for Part 1 and Part 2 respectively. 

 

Figure 3. Cross-section of Part 1. 

During the PeP process, parts were immersed into the electrolyte bath leaving a 
1 mm gap between the part and the electrolyte nozzle and the inlet side facing 
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downwards. Note that the parts were polished separately with an electrolyte mass 
flow rate �̇� = 0.06 kg s−1 resulting in a mean flow velocity of um = 0.98 m s−1. The 

principal scheme of the used test setup is shown in Figure 4. 

 

Figure 4. A principal scheme of PeP process. 

Both parts were polished for 10 minutes each in an electrolyte consisting of 
ammonium sulphate and citric acid. The polishing process consisted of five two-
minutes-long runs. This was done in order to moderately control the electrolyte 
temperature. The PeP process conditions are given in Table 1. Note that the 
electric charge Q, given in Table 1, is applied on the polished part only and was 
measured using AZ 2000 ampere hour counter with accuracy of 0.1 %. Note that 
the applied current¸ I, values were read from an analog Socomec amperemeter 
with 5 A resolution, thus small fluctuations in the applied current that occurred 
due to changes in the surface area of the polished parts during the PeP process 
could not be precisely read. However, the fluctuations in applied current directly 
affected the voltage readings, which were taken from digital Meterman HD160B 
multimeter with an accuracy of ± 0.25 % rdg. It must be also mentioned that the 
applied current depends on the electrolyte temperature and its quality, e.g. pH 
value, electric conductivity etc. The temperature was measured using testo 108 
thermometer, which accuracy is ± 0.5 °C ± 0.5 % of measured value. 

Table 1. The PeP Process conditions for polishing Part 1 and Part 2. 

Part 
Time, 
t, min 

Start electrolyte 
temp., Θs, °C 

Voltage, 
U, V 

Current, 
I, A 

End electrolyte 
temp., Θe, °C 

El. charge, 
Q, A∙min 

Part 1 

2 72.5 338 20 86.6 10.5 
2 73.3 336 20 86.7 9.5 

2 72.9 337 20 87.4 11.5 

2 73.2 334 25 89.6 16.5 

2 73.7 336 22 88.8 12.5 

Part 2 

2 73.0 333 16 83.6 4.5 
2 73.0 330 20 84.0 6.5 

2 74.7 330 20 83.6 4.5 

2 74.4 335 20 87.5 7.5 

2 73.0 336 20 86.8 8.5 
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3 Results and discussion 
The micrographs and surfaces roughness measurements before PeP were taken 
at the middle part of inner surface of each half of each part, considering the 
selected locations to be representative for the whole surface area. However, after 
PeP, surface roughness measurements were performed at three locations, 
namely, at the inlet side, middle and the outlet side, as it is shown in Figure 3 of 
both halves of each part, since the surface quality was suspected to vary along 
the electrolyte stream. The obtained results on surface quality before and after 
PeP are given in Figure 5 –Figure 8 and Table 2. For the sake of brevity only 
selected micrographs of parts polished for 10 minutes are presented in Figure 6 
–Figure 8. 

  

(a)  (b)  

  

(c)  (d) 

Figure 5. Micrographs of (a) Part 1 half A, (b) Part 1 half B, (c) Part 2 half A, (d) Part 2 half B in as-
received condition. 
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(a)  (b)  

Figure 6. Micrographs of (a) Part 1 half A inlet side, (b) Part 2 half A inlet side after 10 min of PeP. 

  
(c)  (d)  

Figure 7. Micrographs of (a) Part 1 half A middle, (b) Part 2 half A middle after 10 min of PeP. 

  
(e)  (f)  

Figure 8. Micrographs of (a) Part 1 half A outlet side, (b) Part 2 half A outlet side after 10 min of 
PeP. 
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From Table 2 and Figure 5 –Figure 8, one can see that the inner surface 
roughness of both parts is significantly reduced from maximum Ra = 6.53 µm to 
minimum Ra = 0.53 µm for Part 2 half A middle. Nevertheless, it is seen that 
during the PeP process some surface defects have been uncovered, which are 
particularly visible at the outlet side of both parts. These findings suggest that the 
AM process parameters could be optimised in order to achieve higher relative 
density of the parts, which would effectively result in smaller pores and thus, 
lesser defects. 
Another interesting finding is the (in)homogeneity of the surface polishing. As one 
can see from Table 2, Part 2 was polished more homogeneously compared to 
Part 1. This is attributed to the smaller outlet size of Part 1 in relation to Part 2. It 
must be mentioned that in order to achieve polishing effect during the PeP 
process, a highly conductive plasma layer, where electric discharge between the 
part and the electrolyte takes place, must be formed around the surface. 
Therefore, polishing of inner surfaces in narrow passages is very complicated if 
not impossible. One can see that owing to the bigger inner gap starting at the 
middle and continuing until the outlet Part 2 was polished more evenly through 
all the length of the part. The polishing effect of Part 1, on the other hand, strongly 
deviates from the middle point onwards. 

Table 2. Results of surface roughness Ra, µm measurements before and after PeP. 

Location 
Surface roughness 

Before PeP After 10 min of PeP 

 Part 1 (thickness = 1 mm) 

 Half A 

Inlet side - 0.46 

Middle 4.82 0.90 

Outlet side - 1.77 

 Half B 

Inlet side - 0.69 

Middle 4.62 0.61 

Outlet side - 1.78 

 Part 2 (thickness = 2 mm) 

 Half A 

Inlet side - 0.30 

Middle 6.53 0.53 

Outlet side - 0.48 

 Half B 

Inlet side - 0.36 

Middle 6.19 0.54 

Outlet side - 0.49 

It is also noticeable that the surface roughness of both halves of each part is 
rather similar, emphasizing that parts were properly centred with respect to the 
nozzle position. 
Finally, an average specific material removal rate MRR of 7.1 mg cm−2 min−1 was 

achieved over the full process time, which is in line with the values reported in 
literature [22]. It was reported by Ivanova et al [22] that at electrolyte temperature 
of Θ = 70 °C, the specific material removal rate reaches plateau effect at around 
7 mg cm−2 min−1 at approximately 1 wt% of citric acid and further increase of its 

concentration would not result in higher mass removal rate. 
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4 Conclusions and outlook 
In this research it was demonstrated that it is possible to achieve effective 
polishing of inner surfaces of additive manufactured parts by means of plasma 
electrolytic polishing. After 10 min of PeP, the inner surface roughness was 
reduced from maximum Ra = 6.53 µm to minimum Ra = 0.53 µm for Part 2 half 
A middle. Nevertheless, the homogeneity of the polishing effect should be 
improved. However, these preliminary results encourage further research on PeP 
capabilities and its suitability of polishing complex geometries and inner surfaces. 
Further investigations regarding the influence of nozzle size, electrolyte flow rate 
as well as the distance between the nozzle and a part should be carried out in 
order to establish the correlation among the minimum inner gap size and these 
factors. 
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