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Surface ProPertieS of electrolytic PoliShed layer on StS316l  
by Single Melting and double Melting

in this study, STS316L produced by a single-melting vacuum oxygen decarburization (VoD) process, referred to as Sm, and 
a double-melting process involving vacuum induction melting (Vim) and vacuum arc remelting (VaR), referred to as Dm, was 
subjected to extrusion and drawing to form a tube, followed by electrolytic polishing (eP). The surface roughness of layer on the 
Dmed sample is 0.02 µm, which is much lower than that on the Smed sample of 0.13 µm. The thickness of the eP layer on STS316L 
by Sm and Dm revealed the values of approximately 7.1 nm and 8.2 nm, respectively. The Cr/Fe and Cro/Feo ratios in the eP 
layer on the Dmed sample were 1.62 and 2.26, respectively, while, in the Smed sample, 1.22 and 2.03. Consequently, the ePed 
STS316L by Dm showed better corrosion resistance in hCl solution and small amounts of Cr and Fe eluted in hCl solutions. 
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1. introduction

as the iT industry has grown, there has been a substantial 
increase in the number of manufacturing plants for semiconduc-
tors and the associated facilities and equipment. This growth has 
led to a higher demand for high-purity tubes with no contami-
nants, which are crucial for transporting highly corrosive gases 
used in semiconductor production lines [1-4]. Tubes and pipes 
used in the semiconductor industry must be extremely clean, and 
stainless steel is commonly used for this application. Specifically, 
316L stainless steel (STS316L) is preferred due to its excellent 
corrosion resistance, which is attributed to its chemical composi-
tion, including 10-14% nickel and 16-18% chromium, slightly 
lower than STS304L [5-8]. additionally, the thin oxide film 
(passive layer) composed of Cro and Feo on their surface serves 
as a protective barrier, preventing the underlying metals from 
reacting with corrosive elements like moisture and oxygen [9].

VoD, or Vacuum oxygen Decarburization, is employed in 
the production of stainless steel tubes, specifically for reducing 
the carbon content in stainless steel tubes under a dual vacuum 
environment. Typically, using molten oxygen, it is employed to 
decrease the carbon content to a range of 0.01% to 0.02%, reach-
ing the point where the final decarburization is achieved. This is 
essential because impurities of carbon and nitrogen in the steel, 
which need to be minimized for optimal toughness at normal 

temperatures, are addressed during the VoD process  [10-11]. 
and we refer to the VoD process as Sm (Single melting).

melting processes have been reviewed extensively in the 
literature, with particular focus on vacuum induction melting 
(Vim) and vacuum arc remelting (VaR) [12-14]. Vacuum in-
duction melting (Vim) utilizes high purity gas to evaluate and 
improve the quality and the contamination levels of final ingots. 
Vim helps to smoothen the surface and improve alloy homo-
geneity, thanks to the inherent stirring action of the induction 
field and precise control of melt superheat [15-18]. Vacuum arc 
remelting (VaR) process is a refining method used as second-
ary processing for the homogenization of high melting point 
and oxygen sensitive materials, such as seamless tube used in 
semiconductor manufacturing. it involves melting the material 
under vacuum conditions, which helps to remove impurities and 
reduce porosity in the ingots. and we refer to the Vim-VaR 
process as Dm (Double melting) [19-21].

electrolytic polishing (eP) is widely used in many areas 
related to the semiconductor, medical, ultra-clean gas, etc. eP 
produces excellent results when the polished inside surfaces 
of tubes and pipes contact with a pure gas. The performance of 
semiconductor depends on the purity of gas through the STS316L 
tubes. inner surface of stainless steel is required to not only de-
crease the surface roughness value but also improve corrosion 
resistance by removing the damaged layer and impurities related 
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to the corrosion of surface. electrolytic polishing is considered 
as the most effective machining technique to achieve these 
requirements [19-23].

Therefore, the objective in this study is to investigated the 
surface properties of the electrolytic polished layer on STS316L 
produced by Sm and Dm.

2. experimental 

in this study, STS316L samples produced by Sm and Dm 
processes were used. The composition of the Smed and Dmed 
samples is shown in TaBLe 1. The Dmed sample showed par-
ticularly reduced levels of carbon (C), silicon (Si), manganese 
(mn) and sulfur (S) compared to the Smed sample.

after melting the STS316L using both methods, the material 
underwent extrusion and drawing processes, followed by heat 
treatment at 1258 K for one hour to produce 1/4 inch inner diam-
eter tubes. The tubes were subsequently subjected to electrolytic 
polishing. For this, the tubes were electrolytically polished using 
mixed solution of h3o4P (Phosphoric acid), h2So4 (Sulfuric 
acid) and Di (distilled water) in a 6:3:1 ratio.

The microstructure was observed by optical microscope 
(om). also, the surface roughness (Ra) was measured through 
a surface profilometer. The thickness of electrolytic polished 
layer was measured by auger electron spectroscope (aeS, Phi 
700Xi) with 0.47 nm/min in sputtering rate. Cr/Fe and Cro/
Feo ratios were calculated with equation previously reported 
through X-ray photoelectron spectroscope (XPS, Thermo Vg) 
[24]. Corrosion test was conducted by immersing in 40% hCl 
solution to measure the relative weight loss. The corrosion sta-
bility was evaluated by the eluted ions immersed in 40% hCl  
for 24 hr.

3. results and discussion

Fig. 1 shows the microstructure of STS316L produced by 
Sm and Dm before/after eP. The grain sizes of STS316L pro-
duced by SM and DM without EP were approximately 60 μm 
and 55 μm, respectively. After EP, the grain sizes were 62 μm for 
SM and 57 μm for DM, indicating a distinct difference in grain 
size by eP. however, there was a distinct difference between the 
Smed and Dmed samples.

TaBLe 1
Chemical compositions of STS316L produced by Sm and Dm

wt.%
c Si Mn P S cu n cr Mo al o n fe

aStM 316l 0.03 1.00 2.00 0.045 0.030 — 10.0-14.0 16.0-18.0 2.0-3.0 — — 1.0 Bal.
SM 0.015 0.18 0.05 <0.001 0.015 0.25 15.03 16.85 3.02 <0.01 0.001 0.001 Bal.
dM 0.007 0.13 0.02 <0.001 0.002 0.14 14.78 16.64 2.26 <0.01 0.0008 0.0008 Bal.

(a) (b)

(c) (d)
Fig. 1. microstructures of STS316L: (a) Sm, (b) Dm, (c) Sm-eP and (d) Dm-eP
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Fig. 2 presents the surface roughness of the eP layers on 
Sm and Dm samples. For the Smed sample, the surface rough-
ness was 0.131 μm, while the DMed sample, showed 0.021 μm. 

Fig. 3 shows the analysis results of eP layer on STS316L by 
aeS. The thickness was obtained by multiplying the sputter time 
with the sputter rate at a half of maximum intensity of oxygen. 
The thickness of the eP layer on STS316L was approximately 
7.1 nm for Sm and 8.2 nm for Dm. on the other hand, the Cr/Fe 
and Cro/Feo ratios calculated from the XPS result [24] were 
1.62 and 2.26 in the Dmed sample, respectively, while the Smed 

sample displayed lower ratios of 1.22 and 2.03, illustrating en-
hanced ratios in the Dmed sample.

Fig. 4(a) presents the corrosion test results according to ex-
posure time in hCl solution. after 168 hours, the Dmed STS316L 
showed the weight loss of 0.28 g, indicating better corrosive 
resistance compared to the Sm, which experienced a weight 
loss of 0.35 g. after eP, the weight loss for Dm was 0.1g, which 
reveals significant reduction compared to 0.23g for Sm. This 
indicates that the eP treatment for the Dmed STS316L much 
effectively minimizes corrosion compared to the Smed sample. 

(a) (b)
Fig. 2. Surface roughness of eP layer on STS316L: (a) Sm and (b) Dm

(a) (b)
Fig. 3. analysis of eP Layer on STS316L: (a) Sm and (b) Dm

(a) (b)
Fig. 4. (a) Weight loss and (b) eluted ions of ePed STS316L immersed in 40 wt.% hCl
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in addition, the corrosion stability of STS316L was evaluated 
by measuring the concentration (ppb) of ions eluted in the hCl 
solution as shown in Fig. 4(b). There was a significant difference 
in concentration between the ePed samples by Sm and Dm. The 
concentration of eluted Cr ion was 1.5 ppb in the Dmed sample 
and 3.6 ppb in the Smed sample. There was a notable difference 
in the eluted amount of Fe ion as well, with 5.2 ppb and 13.2 ppb 
in the Smed and Dmed samples, respectively. 

By applying the Dm, the grains become small (Fig. 1) and 
the contents of C, Si, mn and S elements are reduced (TaBLe 1). 
in general, the smaller grains, the faster diffusion through grain 
boundary. and also, the reduced mn and S contents by Dm result 
in the decrease of mn fume and the widen bead during welding 
of stainless steel [25]. on the other hand, low carbon concentra-
tion restrains the formation of chromium carbide (CrC), which 
increases the available chromium oxide on the surface, poten-
tially raising the Cr/Fe and Cro/Feo ratios [26]. additionally, 
the reduction of Si content caused to the restrained formation 
of silicon oxide, indicating the promoted formation of chrome 
oxide [27]. accordingly, it is reasonably considered that the 
reason why the ePed STS316L by Dm shows better corrosion 
resistance is due to the prefered formation of stable chrome oxide 
by diffusion through the increased grain boundary and reduction 
of C and Si contents in the Dmed STS316L.

4. conclusions

The STS316L obtained through a single-melting (VoD) 
and a double-melting (Vim, VaR) and subsequently extrusion, 
drawing electrolytically polished (eP). and then the surface 
properties of the ePed layer were investigated.

The Dm resulted in the decreased contents of Si, C, com-
pared to the Smed STS316L. The grain sizes of STS316L by 
Sm and Dm without eP were approximately 60 and 55 µm, re-
spectively, with no difference found after eP. The Dmed sample 
had the surface roughness of layer of 0.02 µm, which was lower 
than that on the Smed sample. The thickness of layer was 7.1 
and 8.2 nm in the Smed and Dmed samples, respectively. in the 
Dmed sample, the ratios of Cr/Fe and Cro/Feo were 1.62 and 
2.26, while the Smed sample showed much lower ratios of 1.22 
and 2.03. after being immersed in hCl for 168h, the weight 
losses were 0.35g and 0.28g in the Smed and Dmed samples, 
respectively. and also, much smaller amounts of Cr and Fe were 
eluted from the ePed STS316L by Dm compared to Sm.
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