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Original scientific paper
The paper presents new XPS results of surface layers formed after electrochemical polishing of AISI 316L stainless steel at high current density (HDEP)
of 1000 A/dm’ (EP1000) versus a standard electropolishing (EP50) process used in the industry, i.e. at 50 A/dm” For the investigation, different
compositions of electrolytes, based on orthophosphoric and sulfuric acids in proportions 4:6, 6:4, 1:0, respectively, were used. The obtained results have
clearly shown that both the solution composition and current density highly influence the structure and compositions of passive layers formed after
electrochemical treatments. For the steel used as a biomaterial, the surface films with a minimum amount of carcinogenic nickel was found; here also a
maximum (Cr+3.3-Mo)/Fe coefficient was noticed. On the basis of the obtained results it can be concluded that for 316L SS used as a biomaterial, the
electrochemical treatments EP50 and EP1000 in 40 vol% H;PO, and 60 vol% H,SO, solution as well as EP50 in 60 vol% H3;PO, and 40 vol% H,SO,
solution, should be used. In case of 316L SS not to be used for implants in the human body, EP1000 in pure concentrated orthophosphoric acid, is advised.
EP1000 treatment of the 316L SS in 60 vol% H;PO,4 and 40 vol% H,SOj electrolyte may be used in case of applying the biomaterial for a non-Ni-allergic
patient.
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Elektroliticko poliranje nehrdajuéeg celika AISI 316L (EN 1.4404) uz visoku gusto¢u struje (HDEP)

Izvorni znanstveni ¢lanak
U radu se predstavljaju novi XPS rezultati povrSinskih slojeva dobivenih nakon elektrokemijskog poliranja nehrdajuceg celika AISI 316L uz visoku
gustocu struje (HDEP) od 1000 A/dm? (EP1000) u odnosu na postupak standardnog elektrolitickog poliranja (EP50) primijenjenog u industriji, t.j. kod 50
A/dm?. U ispitivanju su rabljeni razli¢iti sastavi elektrolita, temeljeni na fosfornim i sumpornim kiselinama u omjerima 4:6, 6:4, 1:0. Rezultati jasno
pokazuju da i sastav otopine i gustoca struje imaju velikog utjecaja na strukturu i sastav pasivnih slojeva nastalih nakon elektrokemijske obrade. Za celik
koji se koristi kao biomaterijal ustanovljeni su povrSinski slojevi s minimalnom koli¢inom karcinogenog nikla; tu je takoder primije¢en maksimalan
(Cr+3,3-Mo)/Fe koeficijent. Na temelju dobivenih rezultata moze se zakljuciti da bi se za 316L SS, kad se rabi kao biomaterijal, trebale primijeniti
elektrokemijske obrade EP50 i EP1000 u 40 vol% H;PO, i otopini 60 vol% H,SO4 kao i EP50 u 60 vol% H3PO; i otopini 40 vol% H,SO,. Kada se 3161
SS ne planira koristiti za implantate u ljudskom tijelu, preporucuje se EP1000 u ¢istoj koncentriranoj fosfornoj kiselini. Postupak obrade EP1000
nehrdajuceg elika 316L u 60 vol% H;PO4 1 40 vol% elektrolitu H,SO4 moze se koristiti kod primjene tog biomaterijala na pacijentu koji nije alergi¢an na
Ni.

Kljuéne rijeci: biomaterijali; elektrokemijske metode; elektroliticko poliranje; fotoemisijska spektroskopija rendgenskim zrakama (XPS); korozija;

povrsinska svojstva;

1 Introduction

Nowadays austenitic stainless steels are increasingly
used in many sorts of industries such as chemical,
pharmaceutical, paper, textile industry, civil engineering
as well as for biomaterials and petroleum refining
equipment [1]. AISI 316L /EN 1.4404/ is molybdenum-
bearing austenitic stainless steel. It contains more nickel
(10 = 14 %) and less chromium (16 + 18 %) than more
popular AISI 304L /1.4307/ (8 + 10,5 % nickel, 18 + 20
% chromium) and additional 2 + 3 % molybdenum. Due
to the chemical composition the steel has good corrosion
resistance (general and pitting) in many aggressive
environments. Moreover, after electrochemical
treatments, mechanical [2, 3] and electrochemical [3 + 6]
properties as well as chemical composition [7 + 16] of the
surface layer of stainless steel undergo changes. The
addition of molybdenum improves pitting and crevice
corrosion resistance in chloride media as well as in
sulfuric, phosphoric and acetic acids environments [17].
Furthermore, it has a high creep resistance, excellent
formability, rupture and tensile strength at high
temperatures. In cookware, cutlery, hardware, surgical
instruments, major appliances, industrial equipment, and
building material in skyscrapers and large buildings the
steel can be wused. For electrochemical polishing
nowadays in the industry there is most often used
electrolyte on the basis of sulfuric acid H,SO, and

phosphoric acid H;PO, with addition of water as well as
with surface active agents or inhibitors of digestion. In
Tab. 1 there are listed available in the literature electrolyte
compositions with additional information regarding
current density and temperature of the electro-treatment.

The aim of the paper was to show differences in
surface layers after electrochemical polishing due to high
current density (1000 A/dm?) and electrolyte composition.
Authors have not found in the available literature any
detailed information about the surface layers formed on
AISI 316L austenitic stainless steel at current densities
close to 1000 A/dm’. The research has scientific aspects
such as XPS data collection for specific steels, here AISI
316L and in suitable electrolytes. On the other hand the
utility aspect should also be highlighted. Nowadays the
finishing treatment of coronary stents by electrochemical
polishing is one of the most important aspects of
biomaterial production. Due to the fact that the
dimensions of the stents are small, the high current
densities (about 1000 A/dm?) are possible to be achieved
on generally available in trade current sources. The main
goal of the paper is to show the possibilities of completely
changing the chemical composition of passive layer on
the basis of only the change of current density or/and the
phosphoric acid to sulfuric acid volume ratio.
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Table 1 Electropolishing electrolyte types with the process conditions
ELECTROLYTE COMPOSITION | i/ A/dm’ T/°C Ref.
40+80 wt% H3PO4 + 5070 wt%

H,SO, + 1030 wt% H,0 3 30-80 | [18+21]
H,PO, + H,CrO, 10-100 | 30-80
HzSO4 + C6H307'XH20 10 95
H,PO, +C5Hy0s 2 95 [22]
HzSO4+C2H4O3 15 80100

55,4 vol.% H3PO4 + 44,4 vol.%

LSO, + 0.2 vol.% N(CH,CH,0H), | 40730 | 60765

45,5 vol.% H3PO,4 + 55,5 vol.% 30-140 85:95 (23]
H,SO, + 8+10 g C,HsNO, ) '
43 wt% H3PO4 + 15 wt% H,SO4 . .
+ 42 Wi% H,0 i>5 40+60
0, 0,
56 wt% ihleo\i,:o;é:Z)tA) H,SO4 10-100 4080
T [24+27]

60 wt% H3PO,4 + 37 wt% H,SO, +
3 wt% H,0 + C3HsO5
(additional 20+22 ml per liter of
solution)

H3;POs> H,SO4 + 25 vol.% H,O 20+70 30+70 [28]

H;PO4 : HSO,=1:1; 2:3; 3:7
(additional 0+30 % H,O and 0+10 50+300 5090 | [29,30]

80 50+80

% C}HxO; by VOl.)
H;PO4 : H,SO4=1:1;1:2; 1:3 - 680 [31]
42 wt% H;3;PO4 + 47 wt% C3HgO5 "
D11 wios HO 130 9095 | [32]
195 ml H3PO4 +75 ml HZSO4 +30 78+98(1) 40(1)

ml H,O (additional 0,75 g
NasP;0 10)

H;PO, : H,SO, =3:2+ 10 vol.%
H,O of total acids vol.
(additional 20 g CrO; per liter of
solution)

875 g/em’® H3PO, 700 g/cm’® H,SO4
+ 3 g/cm® N(CH,CH,0H);
55,5 wt% H3PO, + 45,5 wt%
H,S0, + 8+10 g/em’® C,H;NO,

M AISI 304; @ AISI 316L

82+112® 75@ [33.34]

55+65 | 60=70 [3]

40+50 60+65

[33]
80+140 | 85+95

2 Method
2.1 Material

The AISI 316L (EN 1.4404) stainless steel samples
served for the study, with the material composition
presented in Tab. 2. The samples were cut off a cold-
rolled metal sheet of the stainless steel after plate rolling
so that the austenitic structure was retained. They were
prepared in the form of rectangular specimens of
dimensions 30x5 mm cut of the metal sheet 1 mm thick.

Table 2 Composition of AISI 316L SS, in wt%

C Cr Mo Ni P S Mn Si Cu
0,02 | 16,92 | 2,01 | 10,38 | 0,032 | 0,011 1,3 0,39 | 0,28

Co \Y \% B Al Sn N, Fe
0,19 | 0,09 | 0,04 | 0,0019 | 0,007 | 0,014 | 0,0405 balance

2.2 Set-up and parameters

The electrolytic polishing operations were performed
at the current density of 1000£10 A/dm’>. The main
elements of the High Current Density Electropolishing
(HDEP) set-up were: a processing cell, a dc power supply
Telzas PDN 24-48-(60)/30(25), the electrodes and
connecting wiring. The studies were carried out in the
electrolyte of initial temperature of 2012 °C, with the
temperature control of +5 °C. Generally the final
electrolyte temperature was 7515 °C. For the studies, a
mixture of sulfuric/orthophosphoric acids electrolytes in
the following proportions H;PO,:H,SO4e {2:3; 3:2; 1:0}

were used. For each run, the electrolytic cell made of
glass was used, containing up to 500 cm’ of electrolyte
solution. Additional 316L SS samples treated by a
standard electropolishing EP at the current density of
5042 A/dm®* were used for a reference; they were
prepared in the same solutions as the previous treatments
at proportions H;PO,:H,SO, = 3:2, H;PO,:H,SO, = 2:3,
and pure concentrated H;PO4 and H,SO, at temperature
of 6545 °C.

2.2 XPS studies

The XPS measurements on HDEP (1000 A/dm?)
electrochemically polished AISI 316L stainless steel
samples were performed using SCIENCE SES 2002
instrument using a monochromatic (Gammadata-Scienta)
Al K(alpha) (hv = 1486.6 eV) X-ray source (18,7 mA,
13,02 kV). Scans analyses were carried out with an
analysis area of 3x1 mm and a pass energy of 500 eV
with energy step 0,2 eV and the step time 200 ms. The
binding energy of the spectrometer has been calibrated by
the position of the Fermi level on a clean metallic sample.
The power supplies were stable and of high accuracy. The
experiments were carried out in an ultra-high-vacuum
system with a base pressure of about 6x107'° Pa. The XPS
spectra were recorded in normal emission. In view of
optimizing the signal-to-noise ratio to about 5,5, one XPS
measurement cycle covered 30 sweeps. For the XPS
analyses the CasaXPS 2.3.14 software with Shirley type
background setup was used.

3 Results

In Fig. 1 and Fig. 2 there are shown the XPS spectra
of iron (Fe 2p) and chromium (Cr 2p), respectively. In
case of the iron spectra it is visible that the surface layer
of sample, as received (black dotted), has the highest
amounts of iron as metal as well as its compounds. In
descending order of iron amounts are visible surface
layers after electropolishing in: pure concentrated H;PO,
(i= 50 A/dm®), 40 vol.% H;PO,& 60 vol.% H,SO, (i = 50
A/dm?), 40 vol.% H;PO,& 60 vol.% H,SO, (i = 1000
A/dm?), 60 vol.% H;PO,& 40 vol.% H,SO, (i = 50
A/dm?), HiPO, (i = 1000 A/dm?), 60 vol.% HiPO,& 40
vol.% H,SO, (i = 1000 A/dm?). In case of chromium
spectra the differences are not so big. Minimum
chromium amounts are visible for -electropolishing
(HDEP) in 60% H;PO,& 40% H,SO, (i= 1000 A/dm?)
and maximum — for 40 vol% H;PO,& 60 vol% H,SO, (i
=50 A/dm?).

The analysis of molybdenum spectra is shown in Fig.
3. Most of molybdenum was detected in the form of
compounds where it is on the sixth state of Mo oxidation.
Lower contents of molybdenum oxide state levels in
descending order were: fifth, fourth, third, second. The
XPS signal of molybdenum as a metal was on the noise
level. In the case of 30 sweeps performed it should be
considered lack thereof.
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Figure 1 XPS results of iron (Fe 2p) of AISI 316L SS after HDEP
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Figure 2 XPS results of chromium (Cr 2p) of AISI 316L SS after HDEP
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Figure 3 XPS results of molybdenum (Mo 3d) of AISI316L SS after
HDEP

Manganese spectra shown in Fig. 4 demonstrate that
most of Mn was detected in samples without
electrochemical treatment (as received) and the lowest
one after electropolishing in 60 vol.% H;PO, & 40 vol.%
H,SOy solution (i = 1000 A/dm?). There were detected all
states of manganese oxidation, i.e. Mn>", Mn®**, Mn*". On
the basis of available literature [36, 37] the most probable
composition of all surface layers formed after
electrochemical polishing were the following manganese
compounds: MnS, MnO, MnFe,04, MnCr,04, Mn;0y,
Mn,03, MnO,, MnOOH, MnSO,. The authors speculate
that manganese phosphates could be located in the surface
layers formed in the solutions containing phosphoric acid.
These manganese phosphates have not been plotted there
in Fig. 4 because of no available literature data. There are
no standards for those compounds.
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Figure 4 XPS results of manganese (Mn 2p) of AISI316L SS after
HDEP

In Fig. 5 there are spectra of nickel (Ni2p) presented.
Most of the nickel content (NiO) [36] was detected in the
surface layer of the sample without electrochemical
treatment (as received) as well as after electrochemical
polishing in pure H;PO, (i = 50 A/dm?). The low amount
of nickel was observed after electropolishing in 60 vol%
H;PO4& 40 vol% H,SO, solution when applying the
current density of 50 A/dm’. In case of electrochemical
treatment in the 60 vol% H;PO, & 40 vol% H,SO,
solution and current density 1000 A/dm’ there was no
nickel detected. It is very important and useful
information because of nickel commonly recognized as a
carcinogenic element for human body and it is
undesirable in the case of biomaterials.
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Figure 5 XPS results of nickel (Ni 2p) of AISI 316L SS after HDEP
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Figure 6 XPS results of sulfur (S 2p) of AISI316L SS after HDEP

In Figs. 6 + 9 there are sulfur (S 2p), phosphorus (P
2p), oxygen (Ols), and carbon (C 1s) spectra reported,
respectively. The sulfur in the surface layer is presented
mostly by sulfates and considerably less in the form of
sulfite or sulfides. Phosphorus occurs in the form of
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phosphates. On the basis of O Is spectra analysis (Fig. 8)
it is possible to confirm the previous finding arising from
sulfur and phosphorus spectra. Carbon spectra shown in
Fig. 9 provide the information about the amount of
carbon-oxygen compounds, which should be considered
as contaminants [36, 38].
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Figure 7 XPS results of phosphorus (P 2p) of AISI 316L SS after HDEP
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Figure 8 XPS results of oxygen (O 1s) of AISI316L SS after HDEP

C-C  eAsrecsived

of 50 A/dm®. The other chemical element of the steel
composition — molybdenum, which appears to be
important for impeding the pitting corrosion, presented its
highest amount after electrochemical treatment in 40
vol% H;PO,4 and 60 vol% H,SO, solution with using the
current density equal to 50 A/dm’.

Table 3 Chemical composition studied by XPS of surface film formed

on AIST 316L
AR [ EP50 | EP1000 | EP50 | EP1000 | EP50 | EP1000
H;PO,: — [40% | 40% |60% | 60% |100% | 100 %
H,SO4: — [60% | 60% [40% | 40 % 0% 0%
Fe 561 1,9 1,5 3,2 0,5 3,0 0,8
Cr 251 1,6 1,7 3,5 0,5 2,5 1,3
Mo 0,81 0,8 1,1 0,9 0,1 0,6 0,4
Ni 0,51 0,1 0,1 0,4 0 0,4 0,1
Mn 1,31 0,5 0,3 1,8 0 1,1 0,4
(0] 44,8 | 51,2 35,0 | 42,6 | 26,7 76,6 36,8
P 0 6,1 3,0 3,3 3,1 15,8 5,4
S 0 3,0 5,0 1,2 0,5 0 0,9
C 44,5 | 34,8 52,3 43,1 68,6 - 53,9
5 5.6 M Total Chromium
£ s H Total Iron
g 4 15 m Total Molybdenum
o
E 3
2 2

100%

EP1000

EP1000

Figure 10 Atomic percent of total amount (metal plus compounds) of
chromium, iron and molybdenum of AISI 316L SS surface layer formed
by HDEP (on the basis of Tab. 3 data)

Taking advantage of Tab. 3, proposed by the Authors,
pitting coefficient (Cr/Fe+3,3-Mo/Fe) was calculated
together with the data presented in Tab. 4 and Fig. 11. On
the basis of the obtained data one may easily notice that
the best pitting corrosion resistance should be expected on
the AISI 316L sample with the surface layer formed after
electrochemical polishing in 40 vol% H;PO.& 60 vol%
H,SO, at current density equal to 1000 A/dm’ as well as
after electro-treatment in pure phosphoric acid and also
for the same current density 1000 A/dm’.

Table 4 Pitting coefficient calculated on the basis of data contained in
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Figure 9 XPS results of carbon (C 1s) of AISI316L SS after HDEP in
different solutions

In Tab. 3 there are complex data of surface layers
formed after electropolishing treatment in different
solutions and with other current densities. The selected
data for chromium, iron and molybdenum are presented in
Fig. 10. The experiment plan assumes three levels of the
phosphoric acid to sulfuric acid volume ratios, i.e. (a) 40
vol% : 60 vol%; (b) 60 vol% : 40 vol%; and (c) 100 vol%
: 0 vol%, respectively, with additional data of non-treated
(as received) surface layer sample. The highest amount of
iron and nickel was noted for non-electropolished sample,
while the greatest enrichment in chromium was observed
after electrochemical polishing in 60 vol% H;PO,& 40
vol% H,SO, solution when applying the current density

Tab. 3
H;PO, | H,SO, | Fe | Cr | Mo (Cr+3,3-Mo)/Fe

AR - - 56125108 0,9
EP50 100 % 0% 3 12506 1,5
EP1000 | 100 % 0% 0,8 13|04 33

EP50 60 % 40% |321(35]09 2
EP1000 60 % 40% | 0,5]05] 0,1 1,7
EP50 40 % 60% | 191,608 22
EP1000 40 % 60% [ 1,5]|1,7] 1.1 3,6

In Tabs. 5 + 10, there are detailed analyses of
chromium Cr 2p and iron Fe 2p spectra of the steel
surface layers formed after consecutive electrochemical
treatments. For iron Fe 2p spectra analysis the single
reference peaks [36] were used. Chromium Cr 2p spectra
by single peaks (Cro, CrOOH/Cr(OH);, Cry(SQOy)3, CrPOy,
CrO4~, (Cr*) as well as by multiple splitting peaks [39]
(Cr,05) were fitted.
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13 3.6 Table 5 Results of fitting Fe 2p3/2 for EP 50 data (electrolyte: 40 vol%
3.5 - H;PO*& 60 vol% H,SO4)
L 3 Fe2p/
-~ BE/eV | FWHM o Iron compounds Ref.
o 25 5 2.2 at%
: , 17 705.9 1.4 4.1 Fe-S
o 15 707.4 1,2 18,2 Fe
bl (N 7074 | 2,1 238 | FeO, Fe;0,, Fe® 36,41, 42]
s ! 7109 | 13 143 | Fe,03, Fes04, Fe™*
0.3 712,1 1,2 15,2 FeSO, [41 = 43]
0 7134 1,7 16,6 Fex(SO4); [42, 43]
H2504: 0% 0% 40% 40% 60% 60% 7 14,6 057 4’4 Fe3(PO4)z, F6P04 e
H3PO4: | 100% 100% 60% 60% 40% 40% 7164 1,3 3,4 sat(Fe?") [44, 45]
AR EP50 EP1000 EP50 EP1000 EP50 EP1000

Figure 11 (Cr + 3.3-Mo)/Fe ratio of AISI 316L SS after HDEP

In Fig. 12 and Tabs. 5 and 6 (Fe 2p spectra analysis)
as well as in Fig. 13 and Tabs. 7 and 8 (Cr 2p spectra
analysis), there are shown surface layer compositions
after electrochemical polishing in 40 vol% H;PO,4 and 60
vol% H,SO, solution at two current densities, i.e. 50
A/dm* (EP50) and 1000 A/dm* (EP1000). In the two
analyzed surface layers there were detected the same iron
compounds, but with a different quantity/content. More
metallic iron was detected after the treatment at 50 A/dm’
than after the one at 1000 A/dm’. The peak neighbouring
the metallic one can be interpreted as iron sulfide. After
EP50 treatment there were detected about three times
more of those compounds than in the surface layer after
EP1000. The amounts of iron oxides (FeO, Fe,O3, Fe;0,4)
for the two treatments were very similar, i.e. about 2 at%.

40_ 7"&
4 o Ly
8] ‘Iiﬂ, [
L i A
g 36 ™~
A
'E..‘H_
g
"_E: ]
]
_ \ \&
s, By
50| EP 50 S

| 1 I ]
n7 T4 711 T08 705
Binding Energy, eV

Intensity, counts

260
EP 1000
— T T T T 1 I
mn7 T4 71 T08 T0E
Binding Energy, eV

Figure 12 Fitting Fe 2p3/2 for EP50 & EP1000 data (electrolyte: 40
vol% H3PO4 & 60 vol% H,SOy)

Table 6 Results of fitting Fe 2p3/2 for EP1000 data (electrolyte: 40
vol% H;PO4& 60 vol% H,S0,)

Fe2p/

BE/eV | FWHM Iron compounds Ref.
at%

705,9 1,2 1,4 Fe-S
707,6 1,5 16,8 Fe’
709,7 1,5 20,0 FeO, Fe;0,, Fe** [36, 41, 42]
711,1 1,3 17,3 Fe,03, Fe;04, Fe
7124 1,3 18,3 FeSO, [41 = 43]
713,8 14 13,0 Fe,(SOy); [42, 43]
715,5 2.3 11,8 Fe;(POy),, FePO,
717,9 0,4 1.4 sat(Fe®") [44, 43]

330

Intensity, counts
=3

RN RN

1 ||||||||||||||||||||||||||||||
581.6 5805792 5TN.G 5765751 5736
Binding Energy, eV

Intensoty, counts
=] =] [ (5] =] =]
S Hos B2 B

25{EP 1000
L I I IR I I I IR IR
581 580 579 578 S7T7 576 575 5T4 573 SN
Binding Energy, eV
Figure 13 Fitting Fe 2p3/2 for EP50 & EP1000 data (electrolyte: 40
vol% H3PO,4 & 60 vol% H,SOy)

The difference (about 5 at %) in case of sulfates and
phosphates of iron has been observed. It should be noted
that most of these salts are sulfates of iron, which are well
soluble in water. That way the iron sulfates after
immersion in e.g. a distiller water or in Ringer’s solution,
most probably will undergo dissolution, what in
consequence will increase the chromium-compounds to
iron-compounds ratio. The passive layer should remain in
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the form of oxides, hydroxides and phosphates of iron as
well as iron sulfides. Regarding the content of chromium
metal it should be noted that the difference between EP50
and EP1000 is about 5 at%. In case of chromium III oxide
there is the same amount in both layers, but there is a big
difference in case of chromium hydroxide, which is about
10 at%.

Table 7 Results of fitting Cr 2p3/2 for EP50 data (electrolyte: 40 vol%

H;PO, & 60 vol% H,SO4)

BE/eV | FWHM C;t%/lz / Chromium compounds Ref.
5744 1,1 9.3 Cr° [36]
5751 1,1 13,6
576,7 1,0 13,2
577,5 0.9 72 f&?; )
5784 1,1 3,0 5
578,9 1,1 2,0 =

g
5773 | 17 233 CrOOH, Cr(OH)s o
(Cr) )
5784 2,0 25,1 Cry(SO,)3, CrPO,, (Cr*)
580,6 1,0 33 (Cr0,)*, Cr*

Table 8 Results of fitting Cr 2p3/2 for EP1000 data (electrolyte: 40
vol% H3PO4 & 60 vol% H,SO4)

BE/eV | FWHM C;t%/f / Chromium compounds Ref.
5744 1,8 14,1 cr [36]
5757 13 13,4
576,7 1,0 13,0
577,5 0,7 7,1 (C(Z?; =)
578,5 0,9 3,0 g
578,9 0,7 1,9 <

g
5773 1.3 23,8 CrOOH, Cr(OH); o
(Cr) )
578,1 0,9 14,7 Cr,(SO4)s, CrPO,, (Cr)
579,3 1,5 9,0 (CrO,)%, Cr*'

There is a noticeably higher amount of chromium on
the sixth oxidation stage (about three times more in
surface layer after EP1000 than that after EP50) which
may sensitize the human body, and/or in a higher dosage
can be carcinogenic [40]. In Figs. 14 and 15 and Tabs. 9 +
12, there are reported results after electrochemical
polishing in 60 vol% H;PO, and 40 vol% H,SO, solution
when applying the current densities of 50 and 1000
A/dm’, respectively.

Table 9 Results of fitting Fe 2p3/2 for EP 50 data (60 vol% H;PO4 & 40

Intensity, counts

{EP 50

T
718 716 T4 712 TI0O TO8 706  TO4
Binding Energy, eV
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1 EP 1000

L B SR IR

mn7 T4 T11 o8 Tos
Binding Energy, eV

Figure 14 Fitting Fe 2p3/2 for EP 50 & EP 1000 data (60 vol% H;PO4
& 40 vol% H,SO4)

In that electrolyte (60 vol% H;PO, & 40 vol%
H,SO,) after electrochemical treatment at 50 A/dm?, the
steel surface layer reveals about two times more iron
sulfides than after electropolishing at 1000 A/dm’®. More
oxides and hydroxides of iron are observed in the passive
layer after EP1000 than after EP50 by about 7,5 at%.
Over two times more sulfates and phosphates of iron were
detected in the passive layer after EP1000.

Table 11 Results of fitting Cr 2p3/2 for EP 50 data (electrolyte: 60 vol%

vol% H,S04) H3PO, & 40 vol% H,S0.)
Fe2p/ Cr2p/ .

BE/eV | FWHM at% Iron compounds Ref. BE/eV | FWHM at% Chromium compounds Ref.
705,8 0,8 4.6 Fe-S 574.4 1,5 16,3 Cr° [36]
707,2 13 294 Fe’ 575,7 1,1 17,9
7082 13 17,1 FeO, Fe;0,, Fe*' [36, 41,42] 576,5 1,1 17,4 oo _
710,1 1,8 21,4 | Fe)0s, Fe;04, Fe™ 577.4 0,9 9,5 (er}; %
7118 1,5 19,7 FeOOH, Fe*' 5784 1,1 3,9 N
713,40 1,0 59 Fez(SO4)3,Feg(P94)2, 578.9 0,9 2,5 z

+ = <
717,10 | 08 1.9 F eggz‘i’ ;aggi’ ) [42 +43] 5773 | 15 235 CrOO?érS;(OH% %
5782 1,1 7,4 Cry(S0,)s, CrPO,, (Cr)
Table 10 Results of fitting Fe 2p3/2 for EP 1000 data (60 vol% H;PO, 5794 08 1,6 (Cro,y’, Cr**

In case of chromium compounds analysis, there are
observed over two times more chromium III oxide as well
as more chromium IIT hydroxides with about 3 at% after
EP50 than after EP1000. It is more important, however,
that after a standard electrochemical treatment EP50 there
is over 14 times less chromium content on the sixth
oxidation stage than that after EP1000.

& 40 VOI% HzSO4)
Fe2p/
BE/eV | FWHM at% Iron compounds Ref.
707,1 0,7 2,5 Fe°
708,9 1,0 13,0 FeO, Fe;0,, Fe*'
710,2 1,2 11,0 Fe,0s, Fe;0,, Fe** [36, 41, 42]
711,5 1,2 24,7 FeOOH, Fe*'
712,9 14 30,0 | Fex(SO4)s,Fes(POy),,
7142 1,5 12,4 FePO,, sat(Fe*") [42 + 45]
7154 0,7 5,2 Fe*' & Fe''
420
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105 4 times less iron oxides and about two times more iron
E hydroxides than in the steel surface layer after EP 1000.
1004 About two times more sulfates and phosphates of iron
g5 ] were detected in the surface layer after EP50 than those
. ] after EP1000.
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Figure 15 Fitting Cr 2p3/2 for EP 50 & EP1000 data (60 vol% H;PO, &
40 vol% H,S0,)

Table 12 Results of fitting Cr 2p3/2 for EP 1000 data (electrolyte: 60
vol% H;PO, & 40 vol% H,SO4)

BE/eV | FWHM C; t%/p / Chromium compounds Ref.
0
5744 1,7 17,9 Cr° [36]
575,7 0,9 7,6
576.5 1,1 74
5775 0,9 41 %9; )
578,5 1,2 17 5
578,9 0,9 1,1 <
g
5773 1,1 214 CrOOH, Cr(OH); o
(Cr) o,
577,9 1,1 15,6 Cry(S0O4)s, CrPOy, (Cr*)
579,1 1,3 232 (CrO,), Cr*

In Fig. 16 and Tabs. 13 + 16, there are shown results
of fitting after electrochemical polishing in pure H;PO,
when applying the current densities of 50 and 1000

2

Intensity, counts

26s1EP 1000
L I IO N L NN B
716 T14 g 710 708 T0G
Binding Energy, eV

Figure 16 Fitting Fe 2p3/2 for EP 50 & EP1000 data (electrolyte: pure

H3PO,)

Table 14 Results of fitting Fe 2p3/2 for EP 1000 data (electrolyte: pure

H;PO,)
BE/eV | FWHM th%/f/ Iron compounds Ref.
707.5 1.5 33.4 Fe’
709.9 2.0 30.3 FeO, Fe*' [36,41,42]
711.7 1.7 17.5 FeOOH, Fe’'
713.0 22 12.8 | Fes(POy),, FePO,,
sat(Fe?") [44, 45]

715.0 2.2 6.0 F & Fe&

A/dm”. Table 15 Results of fitting Cr 2p3/2 for EP 50 data (electrolyte: pure
HsPOy)
Table 13 Results of fitting Fe %{p;/é gor EP50 data (electrolyte: pure BE/eV | FWHM C;t%/p / Chromium compounds Ref
3 4 (]
Fe 2p/ 5744 1,4 11,0 cr [36]
BE/eV | FWHM at% Iron compounds Ref. 575.7 1.1 15.8
707,2 1,3 14,5 Fe’ 576,5 1,1 15,4 e
708,8 1,2 7,2 FeO, Fe;04, Fe** 36,41, 42] 577.5 1,0 8,4 (ci”; =
709,8 1,4 13,6 Fe,0;, Fe;04, Fe'' o 578,5 1,0 3,5 :
7113 1,7 28,1 FeOOH, Fe*" 578,9 1,0 2,2 <
712,7 2,0 243 Fe;(POs),, FePOy, L
. sat?erZ’e): ' [44, 45] 5773 15 22.9 CrOOH, GO -
714,4 22 243 Fe?* & Fe* ’ (Cr™) o,
578,0 1.8 13,2 Cr(SO4)s, CrPO;, (Cr)
. . 2 o+
After EP50 in the studied surface layer there are over 79,5 1.6 7.6 (CrO,), Cr
two times less metallic iron and about one-and-a-half
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Table 16 Results of fitting Cr 2p3/2 for EP 1000 data (electrolyte: pure

H;PO,)
Cr2p/ .
BE/eV | FWHM at% Chromium compounds Ref.
0
5744 0,8 5.6 Cr° [36]
575,7 1,1 11,1
576,5 0,9 10,7
5775 | 09 5.0 (Ccriﬁ); £)
578.5 0,9 24 5
5788 0,9 1,6 =
g
577,1 1,6 23,0 CrOOH, Cr(OH); x
(Cr) )
578,0 1,3 29,1 Cry(SO4)s, CrPOy, (Cr™)
579,5 1,1 10,6 (CrO,)%, Cr*'

In case of chromium analysis, about two times more
metallic chromium as well as more than about one-and-a-
half chromium III oxides were detected in the studied
surface layer after EP50 than in those after EP1000. After
EP 1000 there was observed in the passive layer over two
times more sulfates and phosphates of chromium and
about 1.4 atomic percent more compounds on the sixth
stage of oxidation than in those after EP50.

4 Discussion

In that paper a thorough analysis was carried out
concerning the surface layers of AISI 316L stainless steel
after electrochemical polishing in different electrolytes
based on phosphoric acid (H;PO4) and sulfuric acid
(H,SO,) under different concentrations. It was noted that
after most of electrochemical treatments the amount of
iron was always less after EP1000 than that after EP50.
The maximum amount of iron was observed in the steel
surface film without any treatment (as received), and the
minimum amount — after electrochemical treatment
EP1000 under polishing in 60 vol% H3;PO, and 40 vol%
H,SO, solution. In case of the chromium content, the
maximum was noted for EP50 and the minimum for
EP1000 in the same electrolyte (60 vol% H;PO, and 40
vol% H,S0O,). The maximum amount of molybdenum was
noted for EP1000 in 40 vol% Hs;PO, and 60 vol% H,SO,
electrolyte and the minimum for EP1000 (60 vol% H;PO,
and 40 vol% H,SO,). In case of pitting resistance
coefficient, the Authors propose their own formula, i.e.
(Cr+3.3-Mo)/Fe, which is the highest for EP1000
treatment in 40 vol% H;PO, and 60 vol% H,SO,
solution, and after electropolishing in pure phosphoric
acid at 1000 A/dm’. The other aspect of surface layer
composition is the amount of chromium compounds on
the sixth stage of oxidation which, if too high left, can
sensitize the human body.

The lowest amount of chromium on the sixth stage
of oxidation, 1,6 at% was detected after a standard
electrochemical polishing EP50 in 60 vol% H;PO, and
40 vol% H,SO, solution, and the maximum (23,2 at %)
was found for treatment in the same electrolyte but with
the high current density (1000 A/dm?). In pure phosphoric
acid at 50 and 1000 A/dm* there was also noted a high
amount of chromium VI compounds with 7,6 and 10,6
at%, respectively. The carcinogenic nickel was not
detected only after the treatment at EP1000 in 60 vol%
H;PO, and 40 vol% H,SO, solution. It is worth noting
that the maximum of that element was observed on the
steel sample surface without any treatment (as received).

In order to determine a dimensionless coefficient
characterizing the amount of nickel in the surface layer,
the Authors propose 100-[Ni/(Fe+Cr+Mo)] coefficient.
On the basis of this formula it follows that the maximum
number of that coefficient (6,5) is ascribed to the EP50
treatment in pure phosphoric acid, and then in descending
order it is: 5,0 for EP50 (60 vol% H;PO, and 40 vol%
H,S0,); 3,5 for EP1000 (pure H3;POy); 3,0 for EP 50 (40
vol% H;PO, and 60 vol% H,SO,); and 2,2 for EP 1000
(40 vol% H;PO, and 60 vol% H,SO,). On the basis of
obtained data, it is possible to tailor the surface layer
properties to particular applications. In view of conditions
which  biomaterials must fulfill, this 1is the
biocompatibility. Following that way, the most
advantageous is to have minimum amount or absence of
carcinogenic nickel and minimum of chromium on the
sixth stage of oxidation compounds as well high corrosion
resistance. This condition is met by inter alia EP1000
treatment in 60 vol% H;PO, and 40 vol% H,SO,
solution, where there is no nickel detected in the passive
layer, but the amount of chromium VI (sensitizing) is the
highest. The other treatment which can be classified to
polishing biomaterials is a standard electrochemical
polishing, i.e. EP50 in 60 vol% H;PO, and 40 vol%
H,SO, solution. Other conditions for electrochemical
treatments can be used for materials not implanted in the
human body after which a good corrosion resistance is
obtained, here high (Cr + 3,3-Mo)/Fe corrosion
coefficient. The electrochemical polishing EP1000 in pure
phosphoric acid as well as EP1000 in 40 vol% H;PO,
and 60 vol% H,SO, electrolyte may be considered for the
treatments, where the corrosion coefficients equal 3,3 and
3,6, respectively.

5 Conclusion

The following conclusions may be formulated from
these HDEP studies of AISI 316L stainless steel:

(1) the electrochemical polishing using high current
density (1000 A/dm?) results in the formation of a
passive layer of the chemical composition more
different than that obtained after a standard
electrochemical treatment (50 A/dm?),

(2) the phosphoric-acid-to-sulfuric-acid volume ratio of
electrolyte has an influence on the chemical
composition of the passive film formed after
electrochemical polishing,

(3) the highest amount of corrosion coefficient [(Cr +
3,3-Mo)/Fe=3,6] has been noted after EP1000 in 40
vol% H;PO, and 60 vol% H,SO, solution,

(4) the lowest amount of corrosion coefficient [(Cr +
3,3-Mo)/Fe=1,5] has been found after EP50 in pure
concentrated H;POy,,

(5) after electrochemical polishing EP1000 in 60 vol%
H;PO, and 40 vol% H,SO, solution there was not
recorded any nickel signal in XPS measurement of
surface layer,

(6) the minimum amount of nickel compounds in the
surface film was detected after EP1000 in 40 vol%
H;PO; and 60 vol% H,SO; solution; for that
treatment the 100-[Ni/(Fe+Cr+Mo)] coefficient
equals 2,2,

422

Technical Gazette 22, 2(2015), 415-424



K. Rokoszi dr.

Elektroliticko poliranje nehrdajuceg Celika AISI 316L (EN 1.4404) uz visoku gustocu struje (HDEP)

(7) the maximum amount of nickel compounds in surface
film was detected after EP50 in pure H;PO,; for that
treatment the 100-[Ni/(Fe+Cr+Mo)] coefficient
equals 6,1,

(8) the minimum amount of chromium on the sixth
oxidation stage as compounds in the surface film was
detected after EP50 in 60 vol% H;PO, and 40 vol%
H,SO, solution; it was equal to 1,6 at% of total
chromium in the surface layer,

(9) the maximum amount of chromium on the sixth
oxidation stage as compounds in the surface film was
detected after EP1000 in 60 vol% H;PO, and 40 vol%
H,SO, solution; it was equal to 23,2 at% of total
chromium in the surface layer,

(10) the electrochemical treatments EP50 and EP1000 in
40 vol% H;PO,4 and 60 vol% H,SO;, solution as well
as EP50 in 60 vol% H;PO,; and 40 vol% H,SO,
solution as electrochemical polishing operations may
be advised for 316L SS when used for implanted
parts to the human body,

(11) passive layer formed on 316L SS after EP1000
treatment in pure phosphoric acid is advantageous
and may be advised for parts not used for medical
purposes,

(12) passive layer formed after EP1000 in 60 vol% H;PO4
and 40 vol% H,SO, solution has minimum
carcinogenic nickel and maximum of chromium VI
(sensitizing); this qualifies the steel surface for the
use as a biomaterial, after prior earlier studies of the
patient allergies.
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