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Corrosion and electrochemical behaviour of magnetron sputtered alloy Fe-Cr—
Ni-Ta was studied by quartz crystal microbalance (EQCM), electrochemical
impedance spectroscopy (EIS), dc-voltammetry and X-ray photoelectron
spectroscopy (XPS). The alloys were deposited on quartz substrates by means
of DC magnetron sputtering, using targets from an AISI 316 stainless steel
and pure tantalum. The content of elements in the deposit was determined by
XPS analysis. Corrosion and electrochemical behaviour of the alloy was stud-
ied in 5% NaCl (pH 5.75), 5% NaCl + HCI (pH 3.3) and 10 M HCI. The
corrosion resistance of Fe-Cr-Ni-Ta was superior to that of AISI 316 stainless
steel. This was evident from measurements of the zero current potential, the
anodic currents and the breakdown potentials. The tantalum-inhibiting effect
in acid medium was significantly higher than in neutral one. Thus, the anodic
activity of Fe—-Cr-Ni-Ta in 5% NaCl was about three times lower than the
activity of AISI-316, whereas in 10 M HCI the difference was of about three
orders of magnitude. The EQCM experiments revealed that the sputtered
alloy actively dissolved during the first immersion stages (ca. 10 min) in 10 M
HCI, and with immersion time the surface became passive. The XPS analysis
showed that during corrosion the passive film was enriched by tantalum, which
caused the corrosion inhibition.
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INTRODUCTION

Sputtered alloys, due to their chemical homogeneity
and amorphous properties, normally have superior
anticorrosive properties when compared to conven-
tional crystalline alloys. The sputtered alloys are free
of crystallographic defects (dislocations, crystal im-
perfections, distortions, grain boundaries, second pha-
se elements, etc.), and therefore the passive films
on these alloys are more uniform and contain less
weak sites than films on crystalline surfaces. That is
why sputter deposition has attracted considerable at-
tention in the recent years as an effective tool to
deposit corrosion-resistant coatings [1-21].

The sputtering procedure makes it possible to
create alloy compositions with the metals whose mel-
ting point is higher than the boiling point of other
alloy components. Examples are a successful sputter
codeposition of Ta with Cr and Fe-Cr-Ni [20, 21].
It has been shown that Fe-Cr-Ni-Ta alloys have an
extremely high corrosion resistance in 12 M HCI
[21]. The corrosion rates of the alloy were found to
be more than six orders of magnitude lower than
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those of tantalum-free stainless steel. Such a high
corrosion resistance was explained in terms of the
formation of the double oxyhydroxide film contai-
ning chromium and tantalum cations.

In this paper we report corrosion behaviour of
sputter-deposited Fe—-Cr-Ni-Ta alloy in solutions at
different pH. The experiments were performed in
almost neutral (pH 5.75), slightly acid (pH 3.3) and
strongly acid (10 M HCIl) media. The alloy was de-
posited by DC magnetron sputtering technique on
quartz discs, which in conjunction with a nanoba-
lance apparatus served as a sensitive corrosion detec-
tor enabling to register corrosion dynamics with na-
nogram resolution.

EXPERIMENTAL

The target for magnetron sputtering was made of
commercially available AISI 316 stainless steel (exact
composition is given in Table) and pure tantalum
(99.95). The stainless steel target was a disc 30 mm
in diameter and 0.5 mm thick. A rectangular gap
(4 x 2.5 mm) was cut off in the stainless steel target
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Table. Content (in weight %) of elements of the sputter-deposited Fe—-Cr-Ni-Ta alloy on quartz, using as a target
AISI 316 stainless steel and tantalum. The samples were analysed by XPS after surface etching by ionised argon
within 1 min, which corresponded to ca. 10 nm depth

AISI 316
Fe Cr Ni Mn Mo Si Cu Ta o
68.3 20.1 9.4 1.3 0.22 0.23 0.35 - -
Sputtered deposit
42.9 9.2 5.7 0.45 1.37 - - 37.4 3.1

and a tantalum plate of the same dimensions was
mounted in the gap. The vacuum in the MS chamber
was maintained at 1.33 x 10* Pa. The working gas
was Ar and its pressure was maintained at 0.1-0.2 Pa.
The temperature in the chamber was ca. 100 °C.
The Ar ionisation current was 60 mA and the vol-
tage was 600 V. The sputtering duration was 6-8 min,
which corresponded to a coating thickness of ca.
0.2 um. More details about the MS apparatus and
procedure used are given elsewhere [17-19].

The coating composition was analysed by X-ray
photoelectron spectroscopy (XPS), using surface
etching by ionised argon. The spectra were record-
ed by an ESCALAB MKII spectrometer (Great
Britain), using X-radiation of MgK (1253.6 €V,
pass energy 20 eV). The samples were etched in
the preparation chamber by ionised argon in a va-
cuum of 5 x 10 Pa. An accelerating voltage of
ca. 5 kV and a beam a current of 100 uA/cm? were
used. The etching was performed at current of
100 uA, which corresponded to an etching rate of
ca. 10 nm/min. The data on binding energies (E,)
were used from [22, 23]. The sputtered coatings
contained about 40% in mass of Ta (Table).

The EQCM experimental device was analogous
to that described previously [24]. Quartz discs 15 mm
in diameter (AT plane) with the fundamental fre-
quency f; = 5 MHz were used (KVG Quartz Crys-
tal Technology GmbH, Germany). Both sides of the
discs were coated by the alloy, using a magnetron-
sputtering technique. The coated discs were mount-
ed in a special window of an electrochemical cell,
with one side exposed to the cell compartment.

The stainless steel electrodes were cut in the form
of discs with a diameter of 15 mm and a thickness
of 0.5 mm from an AISI 316 plate. Its surface was
polished by an abrasive SiC paper (grade 1000),
rinsed with alcohol and water and dried under am-
bient conditions. The specimen then was pressed via
a “Vitron” o-ring to the window of the electroche-
mical cell.

A saturated Ag/AgCl electrode was used as the
reference electrode and a platinum foil served as a
counter-electrode. Impedance spectroscopy as well
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as voltammetric measurements have been conducted
by an IM6 apparatus from Zahner (Germany).

RESULTS AND DISCUSSION

Figure 1 shows the voltammetric behaviour of AISI
316 stainless steel (curve 1) and the sputtered Fe—
Cr-Ni-Ta alloy (curve 2) in 5% NaCl solution
(pH 5.75). The zero current potential of the sput-
tered specimen is ca. 200 mV greater than that of
stainless steel, which implies a higher passivity of
the sputtered specimen. The anodic curves indicated
a rather large passive region (E = -0.2+-0.3 V), in
which anodic limiting currents differed negligibly for
both specimens. The values of the breakdown po-
tential (i.e. the potential at which the passive layer
begins to destroy) are also close for both specimens
(ca. 0.35 V); however, above this potential the bulk

102 5 % NaCl, pH 5.75

i,Acm?

-1.0 -0.5 0.0 0.5 1.0

E’ VAg/AgCI

Fig. 1. Voltammetric characteristics for AISI 316 (1),
magnetron-sputtered Fe—-Cr—-Ni-Ta (2) and pure tantalum
(3) obtained at v = 5 mV s in 5% NaCl (pH 5.75)
open to air. Curve 4 represents the result of curve 2
correction according to the ratio K = C_/C_, (for details,
see Fig. 2)
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Fig. 2. Impedance diagram obtained at open circuit poten-
tial for magnetron-sputtered Fe-Cr-Ni-Ta alloy (1) and
AISI 316 steel (2) in 5% NaCl solution open to air.
Measurements were started after 1 h immersion in the
solution. The symbols represent the experimental data, and
the lines are fitting the results obtained assuming the
equivalent circuit which consists of the solution resistance
R, and polarization resistance R in parallel with the
constant phase element (CPE). Fitting parameters for sput-
tered alloy (curve 1): R, = 36 Q cm? R = 467 kQ cn?’,
C, = 63 uF cm™ (n = 0.92). Fitting parameters for AISI
316 (curve 2): R, = 2.1 Q cm?, Rp= 209 kQ cm?, C =
=195 pF ecm? (n = 0.9)

stainless steel dissolves much faster than the sput-
tered alloy.

The electrochemical impedance spectra obtained
under open circuit conditions for both Fe-Cr-Ni-Ta
alloy and AISI 316 stainless steel are shown as Bode
plots in Fig. 2. The corrosion resistance is usually
reflected by the polarisation resistance (R ), which
yields the low-frequency domain, in which impedance
does not actually depend upon the frequency and
the phase angle is close to 0°. However, due to the
high corrosion resistance of the specimens such a
domain could not be determined within a practical
frequency range. The R value could be approxi-
mately estimated by a fitting procedure assuming an
appropriate equivalent circuit. The experimental data

in Fig. 2 (symbols) were well fitted (lines) assuming
an equivalent circuit, which consisted of solution re-
sistance (R,) and R in parallel with the constant
phase element (CPE) whose impedance is given by
Z.. = 1/C(jo)™ The constant-phase element usu-
ally is used instead of the ideal capacity in order to
take into account the capacitance of the space charge
within the passive film.

The polarisation resistance of the sputtered alloy
was found from the fitting procedure to be more
than twice higher than the resistance of AISI 316
(R, = 467 kQ cm® and R = 209 kQ cm? respec-
tively). This implies that the Fe—Cr-Ni-Ta alloy cor-
rosion resistance is higher than that of stainless steel.

The double layer capacity of the sputtered depo-
sit was also higher than the capacity of stainless
steel (C, = 63 uF cm™? and C, = 19.5 uF cm?,
respectively). Such a difference is distinctive for sput-
tered and polished surfaces, as it was demonstrated
previously when studying sputtered Au-Pd-In, Co—
Cr-Mo and Ni-Cr-Mo alloys [19, 25]. This is quite
understandable when taking into account that the
actual area of the sputtered surface should be
greater than the area of the mechanically polished
surface, what is clearly seen on the SEM micropho-
tograps (Fig. 3).

The voltammetric curve for pure tantalum trea-
ted in the same way as stainless steel is also given
for comparison in Fig. 1. The anodic curve has a
clear Tafel region between 0.1 V and 0.35 V, and
above this the electrode becomes passive. The value
of the zero current potential and the currents close
to it indicate that the tantalum specimen is more
resistant to corrosion than the two other specimens.

The experiments performed in 5% NaCl solu-
tion revealed a similar electrochemical behaviour of
both Fe-Cr-Ni-Ta alloy and AISI 316 stainless steel.
Some indications showed that the sputtered speci-
men was more resistant to corrosion; however, quan-
titatively this difference was not great.

It is significant that according to the EIS data
the actual area of the sputtered alloy was about

Fig. 3. SEM micrographs of surface topography (x3000)
of mechanically polished AISI 316 (a) and magnetron
sputtered Fe-Cr-Ni-Ta alloy ()
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Fig. 4. Voltammetric characteristics for AISI 316 (1),
magnetron-sputtered Fe—~Cr-Ni-Ta (2) and pure tantalum
(3) obtained at v = 5 mV s in 5% NaCl + HCI (pH 3.3)
open to air. Curve 4 represents the result of curve 2
correction according to the ratio K = C_/C_ (for details,
see Fig. 2)

three times larger than that of the stainless steel.
Assuming the ratio K = (C/C_) as a quantitative
criterion of difference in actual areas, the curves in
Fig. 1 can be adjusted relating them to the same
actual area. After such a correction, the curve for
sputtered alloy (curve 4, Fig. 1) is shifted down,
what indicates that this specimen has a higher resis-
tance as compared to AISI 316.

The voltammetric curves obtained in slightly acid
NaCl solution (pH 3.3, Fig. 4) are qualitatively
similar to those obtained in an almost neutral solu-
tion (pH 5.75, Fig. 1). However, the superior anti-
corrosive properties of Fe—~Cr-Ni-Ta alloy in a sligh-
tly acidic medium are more pronounced, what is
evident from the difference in the zero current
potentials and the anodic limiting currents of both
Fe—-Cr-Ni-Ta and AISI 316. It is obvious from Fig. 4
that pure tantalum in an acidified solution is more
resistant with respect to corrosion than the other
two specimens.

A strong tantalum-inhibiting effect is observed
in 10 M HCI, which represents a highly aggressive
medium (Fig. 5). The zero current potential of the
Fe-Cr-Ni-Ta alloy is about 0.5 V higher and the
limiting anodic current is about two orders of mag-
nitude lower than those observed for tantalum-free
stainless steel. The voltammetric curve obtained for
pure tantalum (curve 3, Fig. 5) indicates a signifi-
cantly higher resistance to corrosion of this elec-
trode as compared to the alloys.
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Fig. 5. Voltammetric characteristics for AISI 316 (1), mag-
netron-sputtered Fe—Cr-Ni-Ta (2) and pure tantalum (3)
obtained at v = 5 mV s? in 10 M HCI

Thus, the performed experiments clearly demonst-
rated that the tantalum inhibiting action in Fe-Cr—
Ni-Ta alloy depends upon the solution acidity: the
higher the acidity the more pronounced the inhibi-
tion effect. Only a slight corrosion inhibition was
observed in almost neutral solution (pH 5.75, Fig.
1), the effect was more pronounced in slightly acid
solution (pH 3.3, Fig. 4), and it was extremely great
in 10 M HCI (Fig. 5).

To get a deeper insight into the corrosion beha-
viour of the sputtered alloy, the experiments using
EQCM (Fig. 6) and XPS (Figs. 7 and 8) were per-
formed. Quartz crystal microgravimetry was shown
to be an effective approach for corrosive characte-
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Fig. 6. Fe-Cr-Ni-Ta mass change determined by EQCM
during corrosion in 5% NaCl (pH 5.75) (1), 5% NaCl +
+ HCI (pH 3.3) (2) and 10 M HCI (3) open to air
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Fig. 7. Element concentrations (in atomic %) on Fe-Cr—
Ni-Ta surface vs. immersion time in 10 M HCI obtained
by XPS. Insertion shows an increase in the concentration
ratio Ta/Fe as a function of sample exposure time to
10 M HCI
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Fig. 8. Element concentrations (in atomic %) vs. immer-
sion time in 10 M HCI obtained by XPS after surface
sputtering by ionised argon, which corresponds to ca. 2
nm depth

risation of sputtered alloys in gaseous and liquid
environments [17, 19, 25, 26]. The advantages of
the method include the information continuity (i.e.
the information availability at any practical time
interval), nanogram resolution and possibility to
combine the EQCM measurements with other meth-
ods (for instance, spectroscopy).

Figure 6 represents the data on mass change
during Fe-Cr-Ni-Ta corrosion in solutions open to
air at different pH. The distinctive mass growth after
electrode immersion into an almost neutral solution
(pH 5.75) implied the corrosion process with accu-
mulation of scarcely soluble corrosion products on

the alloy surface. A slight mass decrease is observed
in acidified solution (pH 3.3), which indicates metal
dissolution to be prevailing, although the possibility
of accumulation of corrosion products on the sur-
face could not be totally disclaimed. A fast alloy
dissolution rate (dm/dt = —24 ng s' cm™) is observed
within the first stages of immersion (ca. 200 s) in
10 M HCIL The dissolution rate decays with the
immersion time, and after ca. 10 min it becomes
close to that observed in the slightly acid solution
(curve 2). Thus, the “history” of active dissolution
leads to a high alloy resistance against acid attack.

The corrosion rate from the EQCM results could
also be expressed in electric units (A cm™), as it is
a common practice in corrosion investigations using
electrochemical methods. The ratio between the
oscillation frequency change of quartz resonator and
mass change during corrosion is given by [24, 27—
29]:

Jow = £ (nFC/AM) (df/dr), (1
where j_ is the corrosion current density (A cm™),
df/dt is the rate of the change of quartz oscillation
frequency, F is the Faraday constant, n is the number
of electrons in the corrosion reaction, AM is the
molar mass of the particles responsible for the mass
gain (O, OH, OOH, etc.) or mass loss (Me**) during
corrosion, and C is the proportional coefficient
between the frequency and mass change. According
to the well-known Sauerbrey’s equation [30], C =
= 18 ng Hz'em™ when the main resonance frequ-
ency is f, = 5 MHz.
Assuming the mass change rate dm/dt = 1 ng/s
and the above C value, we can simplify ratio (1) to
Joe = 9.65 x 107 (n/AM). 2)
As has been shown previously, j_ calculations
according to (1) give the same result for different
oxides (Me,0, MeO, Me,O, MeO, and MeO,) [25].
Thus, j_ calculation does not require to know what
oxides and in which proportion are formed during
corrosion, it is enough to know that the corrosion
products are oxides. The ratio (1) was also verified
for metal dissolution without formation of scarcely
soluble compounds on electrode surface, as is the
case for cadmium corrosion in acid media [28, 31].
We can assume that Fe, Cr and Ni are the main
corroding components of the alloy under study (ac-
cording to Figs. 1, 4 and 5, the zero current po-
tentials of Ta electrode are significantly higher than
those of the alloy). Iron, chromium and nickel have
similar values of molar masses (M, = 56, M = 52
and M, = 59) the average value of which equals
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to the molar mass of iron. Assuming M = 56 and
n = 2, we can calculate according to (1) that the
initial mass decrease dm/dt = -24 ng s'cm? in
10 M HCI (Fig. 6) yields the value j = 0.82 mA
cm™. The constant mass decrease established after
ca. 1000 seconds (dm/dt = -0.25 ng s'cm?) yields
the corrosion current j = 0.85 HA cm™ for n =
=2andj = 1.27 uA cm™ for n = 3, i.e. the values
which are about three orders of magnitude lower
than that calculated above for the initial stages. The
corresponding value found from the extrapola-
tion of the cathodic Tafel plot (Fig. 5) is j =
=3 UA cm™?, which is comparable with the values
derived from the EQCM information.

The XPS investigations showed that the con-
centration ratio of tantalum and iron (Ta/Fe) on
the alloy surface tends to increase with immersion
time in 10 M HCI (Fig. 7). So, prior to immersion,
the concentration rate of both elements on the alloy
surface is Ta/Fe = 0.5, whereas it becomes about
five times higher after a 15 min exposure to
10 M HCI (insertion in Fig. 7). However, such an
increase was observed only on the specimen surfa-
ce, ie. in the passive layer, which on stainless steel
grows only up to a few nanometers in thickness
[32]. In deeper layers, however, the Ta/Fe concen-
tration rate remains actually unaffected during cor-
rosion, as is seen from analysis attained by using
surface sputtering by ionised argon (ca. 2 nm depth,
Fig. 8).

According to the results reported by Hashimoto
et al., the passive film on Fe-Cr-Ni-Ta was com-
posed mainly of double oxyhydroxides of chromium
and tantalum, which were concluded to be respon-
sible for the high resistance of the alloy to corro-
sion in hydrochloric acid solution [21]. The results
reported in our paper showed that the degree of
the resistance depends upon corrosion time. While
after a certain time of immersion the alloy exhibits
an extremely high corrosion resistance, in the first
corrosion stages the corrosion rate can be rather
high. As a result of the initial alloy susceptibility to
corrosion, preferential iron dissolution takes place,
what leads to enrichment of the passive layer by
tantalum and, consequently, to the increased corro-
sion resistance.

CONCLUSIONS

The Fe-Cr-Ni-Ta alloy was deposited on quartz sub-
strates by using magnetron-sputtering technique and
the targets from AISI 316 stainless steel and pure
tantalum. The alloy formation by conventional melt-
ing is virtually impossible, because the melting point
of tantalum is higher than the boiling points of other
components.
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The EIS and dc-voltammetry experiments revea-
led a superior anticorrosive resistance of Fe—Cr—Ni—
Ta alloy to AISI-316 steel. The corrosion resistance
of the alloy in 10 M HCI was about three orders of
magnitude higher than that of AISI-316 steel. Ho-
wever, the analogous difference in 5% NaCl
(pH 5.75) was only about three times. Thus, the in-
hibiting effect of tantalum was much more pronounc-
ed in acid media.

The EQCM experiments revealed that the sput-
tered alloy actively dissolved during the first corro-
sion stages, but the corrosion rate was significantly
reduced with the corrosion time. The alloy dissolu-
tion was accompanied by enrichment of the passive
layer with tantalum, which, in conjunction with other
phenomena, caused the corrosion inhibition.
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MAGNETRONINIO DULKINIMO BUDU GAUTO
FE-CR-NI-TA LYDINIO ELEKTROCHEMINIS IR
KOROZINIS APIBUDINIMAS

Santrauka

Kvarco kristalo mikrogravimetrijos (KKM), elektrochemi-
nio pilnutinés varzos spektroskopijos (EIS), pastoviosios
sroves voltametrijos ir rentgeno fotoelektroninés spektros-
kopijos (RFS) metodais buvo tirta Fe-Cr—Ni-Ta lydinio,
gauto magnetroniniu dulkinimo budu (MD), koroziné ir
elektrocheminé elgsena. MD dangy formavimui ant kvar-
co padekly buvo naudojamas taikinys i§ AISI 316 plieno
ir gryno tantalo. Gauty lydiniy elementiné sudétis buvo
nustatoma RFS metodu. Koroziné ir elektrocheminé MD
dangy elgsena buvo tirta 5% NaCl (pH 5,75), 5%
NaCl+HCI (pH 3,3) ir 10M HCI. Nustatyta, kad korozi-
nis atsparumas Fe—Cr-Ni-Ta daug didesnis negu AISI 316
plieno. Tai parodé nulinés sroves potencialy, anodiniy krei-
viy ir vadinamyjy ,.breakdown“ potencialy matavimy re-
zultatai. Tantalo inhibicinis efektas riigcioje terpéje kur
kas didesnis negu neutralioje. Nustatyta, kad Fe—Cr-Ni—
Ta anodinis aktyvumas 5% NaCl yra apie 3 kartus ma-
zesnis negu AISI 316, tuo tarpu 10M HCI Sis skirtumas
siekia apie 3 eiliy reikSmes. KKM matavimais nustatyta,
kad MD lydinys 10M HCI aktyviai koroduoja pradiniu
imersijos momentu (~10 min), véliau pavirSius pasyvuoja-
si. RFS analizés duomenys parode, kad korozijos metu
susidariusioje pasyvioje pléveléje gausu Ta, o tai ir saly-
goja korozijos inhibicija.
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