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1. Introduction

By the reason of special properties, titanium and
niobium alloys have become widely used in the manufactur-
ing of a number of demanding products [1-5]. For example,
the titanium and niobium alloys are used in aircraft con-
struction, nuclear power industry, space engineering, micro-
wave and ultrasonic technologies as well as in the medical
products manufacturing [1, 6-9]. In most cases, the manu-
facturing technology of such products stipulates high-qual-
ity surface polishing. These products are, e. g., dental and
bone implants, implants for traumatology, cranial plates,
spinal fixators; turbine blades of aircraft engines made of
titanium alloys; plates, foil and wire used for bonding tis-
sues, nerves, stitching, prostheses production; parts of heat-
releasing and heat-exchanging elements of nuclear-energy
systems; parts of the colliders’ accelerating structures.

Traditionally, mechanical and electrochemical
methods are used for polishing products from titanium and
niobium alloys. Disadvantages of the mechanical methods
are low productivity, susceptibility to embedded particles
introduction, difficulties in processing of intricate-shaped
parts [10]. For the electrochemical technologies, the indi-
cated materials are difficult to treat and polishing processes
require usage of toxic electrolytes. Usually, electrochemical
polishing of titanium and niobium alloys is carried out in
acid electrolytes consisting of a solution based on toxic hy-
drofluoric acid (20-25%) with the addition of sulfuric, ni-
tric, and perchloric acids [11, 12]. Such solutions are unsafe,
the use of hydrofluoric acid throughout the world is strictly
regulated. In recent years, electrolytes based on fluorine salt
solutions in organic solvents such as methanol or dimethyl-
formamide (being also toxic) have been developed [13, 14].

In order to reduce the environmental load, electro-
lyte-plasma treatment is possible to use as an alternative to
the existing methods of electrochemical polishing. The elec-
trolyte-plasma treatment technology is developed for pol-
ishing (plasma-electrolyte polishing — PEP), deburring and
cleaning of metal products and also for improvement chem-
ical, mechanical and physical properties of the surface [15,
16]. In addition, the electrolyte-plasma treatment is used for
electrolytic heating and electrochemical-thermal hardening

of the surface [17]. The electrolyte-plasma treatment is per-
formed at a voltage above 200 V. The electrolyte-plasma
treatment mode corresponds to the section BC on the cur-
rent-voltage characteristic of the anode process in the elec-
trolyte (Fig. 1). In practice, the operating voltage is 280-
300 V at the current density of 0.1-0.4 A/cm?. Salts solu-
tions with a concentration of 3-6% are usually used as elec-
trolytes.
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The PEP compared to mechanical and electro-
chemical polishing has a number of significant advantages:
high environmental friendliness compared to electrochemi-
cal polishing due to the use of electrolytes based on aqueous
solutions of salts; processing parts and products of any con-
figuration; obtaining a mirror surface with a roughness up
to Ra = 0.01 pm; elimination of nonconforming surface
layer and residual stresses, improving physical, mechanical
and chemical properties of the surface; sufficiently short du-
ration of the polishing process; significant reduction in man-
ual labour; processing high-hard and viscous materials [18].
However, the mass PEP technology usage is limited by the
fact that on an industrial scale the PEP processes have only
been developed for a small list of materials: low-carbon and
corrosion-resistant steels, aluminium alloys, bronze and
brass. The technologies for processing such materials as, for
example, titanium and niobium, have been worked out only
in laboratory-like conditions [19] and have not been widely



used in industry.

In order to solve these problems, in this paper we
shall propose to use fundamentally new modes of PEP of
products from titanium and niobium alloys using simple
electrolytes based on an aqueous solution of fluoride salt,
the use of which can significantly increase the surface qual-
ity class. The advantage of the technology over classical
electrochemical polishing is its safety due to the use of an
electrolyte based on an aqueous solution of salt. The devel-
oped electrolyte is easily adjusted making possible to apply
the process for treating articles made of titanium and nio-
bium alloys on an industrial scale.

The aim of the paper is to study the characteristics
and morphology of the surface after processing using the
developed method.

2. Experimental

The research was carried out on flat samples of
commercially pure titanium Grade 2 with the dimensions of
30x15x1.5 mm and commercially pure niobium Nb-1 with
the dimensions of 20x30x2 mm. The titanium samples were
preliminarily treated with SiC grinding paper with P600
grain, the niobium samples — with P300 grinding paper. The
average surface roughness Ra of the initial titanium and ni-
obium samples was 0.365 and 0.706 microns, respectively.

A specially developed experimental device was
used to perform PEP. The device included a working bath
(cathode) 6, a heater 2, a heat exchanger 4, a temperature
sensor 5 and an electrolyte mixing system 3 (Fig. 2).

Fig. 2 PEP research equipment. Working bath scheme
a): 1 —sample; 2 —heater; 3 — electrolyte mixing sys-
tem; 4 — heat exchanger; 5 — temperature sensor;
6 — working bath; b) Real view of an experimental
setup

PEP of samples was made in aqueous solution of
ammonium fluoride (NH4F) with a concentration of 4 %.
The value of the operating voltage varied in the range from
260 V to 300 V in increments of 10 V. Each sample was
treated for 2 min. While studying the impact of voltage on
the processing efficiency, surface quality, processing
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productivity, the temperature of electrolyte was 90°C, the
processing time was 1 min, 3 min and 5 min. While study-
ing the impact of current density on processing efficiency,
surface quality, processing productivity, current density
control was performed by changing the electrolyte temper-
ature in the range from 75°C to 95°C (voltage value was
300 V, processing time — 3 min).

The productivity assessment was performed by
changing the mass of the samples as a result of processing.
The mass of the samples before and after processing was
determined using the Ohaus Pioneer PA214 analytical bal-
ance. The current was determined using the UNIT-203 cur-
rent clamp. The current density was set as the ratio of the
current to the area of the treated surface. The processing ef-
ficiency under different conditions was determined as the
ratio of the roughness change to the specific mass of the re-
moved material during the processing of ARa/Amsy.

Micrographs of the samples’ surface before and af-
ter PEP were obtained with a scanning electron microscope
VEGA Il LMU with INCA350 microanalyzer.

3. Results and Discussion

Results of PEP of flat specimens of titanium and
niobium are presented in Fig. 3.

Fig. 3 Results of PEP on flat samples of titanium and nio-
bium: a) on titanium; b) on niobium

Fig. 4 shows the dependence between current den-
sity and operating voltage (voltage-current characteristics)
in the titanium and niobium PEP, for various temperatures
of the electrolyte. It can be seen from the dependences that
with increasing voltage the current density decreases insig-
nificantly, which is typical for the processes of electrolytic-
plasma treatment. This is due to the fact, that with the in-
crease of operating voltage, the energy released in the va-
por-gas shell increases, which leads to the growth in the an-
ode temperature and an increase of thickness of the vapor-
gas shell. The current density for niobium corresponds to the
same current density values for the processing corrosion-re-
sistant steels in 4% ammonium sulfate solution according to
the data obtained in [18]. Comparison of the dependencies
in Fig. 4, aand b, shows that the current density for the tita-
nium samples is higher than for the niobium samples. Thus,
due to the obtained experimental data, for example, at elec-
trolyte temperature of 90°C, current density while titanium
samples processing is in average 20% higher than for nio-
bium. In addition, it must be pointed out, that the current-



voltage characteristics for titanium are much sloping than
for niobium. Accordingly, the influence of voltage on the
current density for titanium is less noticeable.
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Experimental dependences of the specific removal
rate Ams, of the mass on the operating voltage obtained for
the titanium and niobium samples during treatment with dif-
ferent duration are shown in Fig. 5. As the voltage increases,
the processing capacity decreases. The dependences of the
specific removal rate on the voltage for the titanium (Fig. 5,
a), as in case with dependences between current density and
voltage (Fig. 4, a), are more sloping compared to the similar
dependences for niobium (Fig. 4, a, and Fig. 5, b), that is,
the correlation between the current density and metal re-
moval is maintained in accordance with the Faraday’s law.

The decrease in PEP efficiency with the increase in
operating voltage does not cause the quality reduction of the
formed surface, in particular, roughness parameter Ra.
Fig. 6 shows experimental dependences demonstrating the
dynamics of the surface roughness Ra changes while the ti-
tanium and niobium samples processing. From the obtained
dependences, it is obvious, that with the increase in operat-
ing voltage in the analyzed range (from 260 V to 300 V),
reduction of the achievable values of the surface roughness
parameter Ra is provided. At the same time, etching and in-
crease in roughness occurs as a result of niobium processing
at voltage of 260 V instead of surface polishing, and the
value of the roughness parameter Ra intensively grows with
increasing processing time (Fig. 6, b).

In the processes of electrochemical processing (in-
cluding electrolyte-plasma treatment), the metal removal
from the surface is carried out under Faraday's law, accord-
ing to which, the volume (or mass) of the metal removed
from the blank is directly proportional to the electric charge
passed through the electrolyte. Thus, the higher the current
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density, the higher the processing capacity. The experi-
mental dependences of the specific removal on the current
density for titanium and niobium are shown in Fig. 7. The
obtained dependences are linear. The metal removal rate
grows with increasing of current density. In this case, the
specific removal for niobium samples is almost twice as
high as that for titanium, which is associated with higher
values of the electrochemical equivalent (Ti — 0.162 mg/K,
Nb — 0.192 mg/K) [20] and, presumably, with the current
efficiency coefficient.
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Fig. 8 shows the dependence of the surface rough-
ness variation of titanium and niobium samples on the cur-
rent density. In the analyzed range of current density (for
titanium 0.18-0.45 A/cm?, for niobium 0.19-
0.48 Alcm?), the experimentally established values of the
surface roughness change ARa have a significant spread
both for the titanium and niobium samples. Simultaneously,
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a tendency of insignificant increase in the value of the sur-
face roughness change with increasing of current density is
observed. The values ARa for niobium are much higher than
the analogues values for titanium.

6
@
E 4
- 9
S
] o . .
~
k2 -
‘é 5 O-Ti
@ -Nb
4 J
260 280 300
Voltage, V
a
12 4 X
O-Ti
10 4 B -Nb
=
~5 2
g e
§ < 61
g 3
o«
< |
0 T T T
0,18-0,19 0,20-0,23 0,30-0,33 0,45-0,48
Current density, A/cm?
b
Fig. 9 Effect of electrical characteristics on effectiveness of
PEP

WD: 15.6320 mm
Det: SE Delector

SEM HV: 20.00 kv
View field: 197.7 ym
SEM MAG: 1.00 kx

SEM HV: 20.00 kV
View field: 1979 ym
SEM MAG: 1.00 kx

WD: 15.0000 mm

VEGAW TESCAN
Det: SE Deteclor g

Fig. 10 Micrographs of the surface of samples: a — titanium before PEP; b — titanium after PEP; ¢ — niobium before PEP;

d — niobium after PEP



Fig. 9 shows the diagrams characterizing the influ-
ence of operating voltage and current density on the effi-
ciency of processing of titanium and niobium on the change
in roughness. The surface treatment efficiency indicators
ARa/Amg, for both titanium and niobium have approxi-
mately equal values, except for the value obtained for nio-
bium at voltage of 260 V when the efficiency is negative.
Analysis of the presented diagrams shows that in order to
achieve high efficiency, it is also necessary to perform pro-
cessing at the following modes: for titanium — at voltage
300 V, current density 0.18-0.30 A/cm?, for niobium — at
voltage 280-300 V, current density 0.18-0.20 A/lcm?,

Micrographs of the surface of titanium and nio-
bium samples before and after treatment are shown in
Fig. 10. The surface of titanium before the PEP (Fig. 10, a)
is characterized by the presence of longitudinal stripes
formed as a result of preliminary grinding of the samples.
After the PEP, the surface is smoothed out, only traces from
the deepest scratches are observed (Fig. 10, b). The surface
of the original samples of niobium, in addition to the longi-
tudinal stripes, obtained during grinding, is also character-
ized by the presence of sufficiently large scores with dimen-
sions up to 12 um (Fig. 10, ¢). As a result of the niobium
PEP a smooth surface with a small amount of pitting up to
5 um in size (Fig. 10, d) is formed.

Based on the results obtained, PEP processes have
been worked out for products made of titanium alloys, used
in medicine and turbine construction. Examples of the prod-
ucts treated using the developed technology are shown in
Fig. 11.

Fig. 11 Examples of PEP treated articles made of titanium
alloys

4. Conclusions

1. A new method of plasma-electrolyte polishing
(PEP) of titanium and niobium alloys has been developed.
It is characterized by high environmental friendliness com-
pared to classical electrochemical polishing due to the use
of harmless electrolytes based on aqueous solutions of salts
with a total concentration of no more than 6 %. By contrast,
traditional polishing, for example, of titanium alloys is per-
formed in electrolytes with temperature of at least 80°C,
containing in addition to sulphuric, nitric acids and perchlo-
ric acids also, toxic hydrofluoric acid with a concentration
of 20-25%.

2. It was found that with increasing operating volt-
age in the analysed range (from 260 V to 300 V) during PEP

process the achievable values of the surface roughness pa-
rameter Ra are reduced. At the same time, as a result of ni-
obium processing at voltage of 260 V instead of polishing,
the surface is etched with an increase of roughness, and the
roughness value Ra intensively increases with increase in
processing time. In the case of titanium PEP, with an in-
crease in the operating voltage, a gradual increase in the
value of the surface roughness change ARa is observed
throughout the analysed range. The greatest roughness
change ARa in the niobium processing is achieved in the
range of voltage values from 280 V to 300 V.

3. Based on the results of the study of the influence
of current density on the quality of titanium and niobium
PEP, it was determined that with the increase of current den-
sity in the analysed range of values (for titanium — 0.18-
0.45 Alcm?, for niobium — 0.19-0.48 A/lcm?), there is a ten-
dency for an insignificant increase in the value of the surface
roughness change ARa for both, titanium and niobium. In
this case, the values of ARa for niobium are much higher
than the analogous values for titanium.

4. The highest values of the PEP efficiency are
achieved within the following modes: for titanium — at volt-
age 300 V, current density 0.18-0.30 A/cm?, for niobium —
at voltage 280-300 V, current density 0.18-0.20 A/cm?.
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Y. Aliakseyeu, A. Bubulis, V. Minchenya, A. Korolyov,
V. Niss, R. Kandrotaité Janutiené

PLASMA ELECTROLYTE POLISHING OF TITANIUM
AND NIOBIUM ALLOYS IN LOW CONCENTRATED
SALT SOLUTION BASED ELECTROLYTE

Summary

Today, world enterprises specializing in the pro-
duction of titanium and niobium alloy products and having
modern high-tech equipment are still forced to use outdated,
costly and environmentally unsafe methods of polishing and
surface cleaning, based on electrochemical treatment in
toxic solutions. The complex geometric shape of the pro-
cessed products does not allow the use of mechanical pol-
ishing methods, due to high labor costs and low efficiency.
These materials are difficult to process, and the processes of
their polishing require the use of toxic electrolytes. An al-
ternative to existing methods of electrochemical polishing is
plasma electrolyte polishing in aqueous solutions of salts
with a concentration of up to 5%. We have developed fun-
damentally new modes of plasma electrolyte polishing of
products from titanium and niobium alloys using simple
electrolytes based on an aqueous solution of fluoride salt,
the use of which can significantly increase the surface qual-
ity class. The advantage of the plasma electrolyte polishing
over classical electrochemical polishing is its safety due to
the use of an electrolyte based on an aqueous solution of
salt. The paper presents the results of an investigation of the
characteristics and morphology of the surface after pro-
cessing using the developed method. Modes that provide the
maximum change in roughness with minimal metal removal
were obtained.

Keywords: plasma, polishing, metal treatment, titanium, ni-
obium, alloy, smoothing, roughness.
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