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Annealing effect on corrosion resistance of BiTi, O, coatings
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Bismuth titanate (BiTi,O.) has received widespread attention due to the fact that during recent times it has found important applications in
strategic research fields such as optics and optoelectronic, and more recently studies have shown how their physicochemical properties may
be harnessed in order to be able to usglBjO., as an anticorrosive coating. In this work bismuth titanate TBjO.) coatings were grown

on titanium alloy (Ti6AI4V) substrates, using RF magnetron sputtering at room temperature. The main objectives of the work were quantify
the evolution of crystallographic phase formation, as a function of the annealing temperature, and establish the chemical composition in
order to characterize the behavior of the bismuth titanate coating as a protective coating of the corrosion. The morphology of the coating
was observed via Scanning Electronic Microscopy (SEM); the crystalline structure was characterized by X-ray Diffraction (XRD) and the
chemical composition was analyzed by Rutherford Backscattering Spectrometry (RBS). The corrosion resistance of the coatings was studied
by Potentiodynamic polarization (PP) test (Tafel extrapolation). SEM results showed that the surface roughness of the coatings changed
when the temperature of annealing increased. Similar change occurred after PP tests. The XRD analysis revealed a change in the coatings
microstructure as a function of the annealing temperature, since they evolved from a completely amorphous phase to a polycrystalline phase.
RBS results indicate that coatings growing at high temperature have a complex chemical composition. Finally, the electrochemical analysis
showed that the corrosion resistance of the coating is much better in the amorphous phases of bismuth titanate than in the polycrystalline
phases.

Keywords: Annealing; bismuth titanate; corrosion; Tafel extrapolation; potentiodynamic polarization; polarization resistance; X-Ray diffrac-
tion; Rutherford backscattering.

PACS: 81.15.Cd; 81.40.Ef; 81.65.Kn; 82.45.Bb; 82.80.Yc

1. Introduction research shows that this compound exhibits reversible polar-

ization, a high dielectric constant, and electro-optic switching
Because of their many electrical, optical, ferroelectric, andoehavior, which makes it the subject of special attention for
dielectric properties, and due to their friendly behavior withinapplications such as non-volatile memories, capacitors of dy-
the environment, bismuth titanate compounds have becomergamic random-access memories, optical displays, and pyro-
family of a very interesting materials for various applications,electric devices [13-14]. Meanwhile, the sillenite structure
such as non-volatile random access memories, photocathas photorefractive and photoconductive properties, which
lysts, and optoelectronic, piezoelectric, and pyroelectric demake it an optically active material and allow it to exhibit
vices [1-5]. This family (BiTi, O, ) consists of several crys- electro-optic, piezoelectric, and elasto-optic effects that are
talline structures, such as sillenite (BTiO), aurivillius interesting for use in optical memories and dynamic holog-
(Layered-Perovskite, BTi3;O;5), the meta-stable BTi,O;; raphy [15-16], and also it also exhibits great photocatalytic
phase and pyrochlore (Bli2O7), as well as the amorphous activity in the region of UV radiation for reactions such as
phase [6-12]. For instance, the aurivillius phase exhibitshe photo-degradation of methyl orange [17]. On the other
monoclinic symmetry beneath its Curie temperature (948 K)hand, the pyrochlore structure has optical properties such
which allows it to exhibit two possible directions of polariza- as photocatalytic activity in the degradation of Rhodamine
tion, which makes it very interesting for optical applications; B under visible-light; other studies done on this compound
furthermore, its piezoelectricity and ferroelectricity make it have proposed it as a material for use in the fabrication of
a suitable candidate for the development of devices such aslvanced MOSFET transistors, taking advantage of its per-
transductors and actuators, in addition to its use in the autamittivity (relatively high) and low current leakage [18-19].
motive, aeronautic, and aerospace industries [9]. Additional
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Bi»Ti4Oy1 is a meta-stable phase of the bismuth titanate2.4. Sputtering deposition and annealing

which, although difficult to synthesize, has been the subject

of several investigations aimed at studying its antiferroelecthe samples were placed into the vacuum chamber of the

tric, dielectric, and microwave dielectric properties [6,20].  Alcatel sputtering system, which was subject to a process of
The above information about the many investigations peryacuum generation through of a mechanical pump and a pres-

formed on the bismuth titanate family compounds shows tha!"® Of 5.4 Pawas achieved; then the high vacuum generation
they have been focused on the study of the structural behaV@s Pegun through use ogaturbomolegular pump, with which
ior, optical properties, and electrical properties, which has re2 Pase pressure dfx 10~ Pa was achieved. The next step
sulted in there being few studies or information about the beaS 0 insert Argon with a constant rovi/ of 20 sccm until
havior of these compounds in corrosive environments or pos2chieving the working pressuré.¢ x 10" Pa). Then the
sible biological applications. For this reason, in the presenBF source at 150 W of power supplied to the target was ac-

paper we present the results of the evaluation of the corrosicfiated; at which moment the deposition was started, which
resistance of bismuth titanate coatings grown on titanium all@Sted 1 hour. The substrates were kept at room temperature

loy substrates TiBAI4V at room temperature and then with &<1) during the deposition process, and the target-substrate
annealing at 673 K and 973 K. distance was 55 mm. Then the annealing process was car-

ried out in a Heraus furnace, in which the samples were in an
oxygen atmosphere that entered with a flow of 5.6 mL/min.
The treatment lasted 1 hour, with an increase time of 2 hours
from room temperature until reaching each of the tempera-
tures studied (673 K and 973 K).

2. Experimental

2.1. Materials

2.5. X-ray diffraction and evaluation of the corrosion

The coatings were grown from a target of ,BisO .
g 9 9 47812 resistance

(Plasma Materials, 99.9% purity) with dimensions of
101.6x6.35 mm. Titanium alloy (Ti6AI4V) disks with di- e samples before and after the annealing were character-
mensionsl4 x 2 mm were used as substrates. The potentio;,qq by means of X-ray diffraction in Bragg-Brentano ge-
dynamic polarization tests were carried out in a 3.5% Nacbmetry with Cu-ke radiation ¢ = 1.5405 A) in the range

solution. between 25 and 80in steps of 0.02 The potentiodynamic
polarization tests were carried out by placing the samples in
2.2. Equipment the three electrode cells and exposing an area 0.15%@m

the 3.5% NaCl solution. Then there was a wait of 1 hour

For developing this research, a Branson 3510 ultrasoniefore starting the test, in order to allow the stabilization of
washer was employed for the cleaning of the substrates, dfie solution; this procedure was carried out in a Faraday cage
Alcatel HS 2000 RF sputtering system for growth of thein order to eliminate the effects of the noise produced by the
films, a Heraus furnace for annealing the samples, a Pan&tationary electric fields around the cell tests. The test started
lytical X'Pert PROX Ray diffractometer (XRD) for observ- at room temperature, in a range between -300 and 400 mV
ing the evolution of the crystalline structure, a Gamry In-With respect to the open circuit potential, with a scan rate
struments reference 600 potentiostat/galvanostat accomp@f 0.5 mV/s. The measurements obtained in the potentiody-
nied by three electrode cells composed of a Satured Calom8RMIC polarization tests were analyzed with Gamry Echem
Electrode (S.C.E.) as a reference electrode, a Platinum auxifthalyst software and the Tafel extrapolation method [21].
iary electrode as a counter electrode, and the substrates as a

working electrode, in order to obtain the polarization curves2-6. Rutherford Backscattering Spectrometry

and Gamry Echem.AnaIyst softvv_arel was employed for Car_Characterization of the chemical composition and thick-
rying out the analysis of the polarization curves.

nesses of thin deposits was carried out by Rutherford
Backscattering Spectrometry (RBS). Measurements were
2.3. Substrates preparation performed using a 2.0 MeV mono-energétite™ ion beam,
delivered by the 6.0 MV Single Ended Van de Graaff accel-
The substrates were obtained from a rod of titanium alloyerator at iThemba LABS, South Africa. The samples were
(TiBAI4V), which was cut in disks through a wire erosion bombarded for a duration of about 10 min using a beam cur-
process. These disks were sanded with silicon carbide sandent of ~50 nA. The backscatteredHet ions were detected
papers of 220 to 1200 grit, and then polished with a rotatingn standard IBM geometry at 18%vith respect to the incom-
polishing cloth impregnated with alumina in order to gener-ing beam using a surface barrier detector (with 20 keV res-
ate a specular surface. Finally, the substrates were cleanetltion) in a vacuum pressure 6fx 10~¢ mbar. The simu-
by mean ultrasonic immersion in isopropyl alcohol, acetonelation of the RBS spectra was performed using the computer
and distilled-deionized water. program RUMP.
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TABLE |. Values of the corrosion parameters of the Bi,O. coatings and the Ti6Al4V substrates.

Sample Ecorr Tcorr Ba Be R, Corrosion Rate
(mV) (Alem?) (V/decade) (V/decade) Qfem?) (mupy)
Substrate -5.55E+01 1.29E-08 3.22E-01 2.12E-01 4.31E+06 1.12E+02
RT -1.66E+01 7.26E-09 5.28E-01 3.13E-01 1.18E+07 6.35E+01
673 K -1.91E+02 4.76E-08 1.16E+00 1.39E-01 1.13E+06 4.16E+02
973K 1.58E+02 2.40E-07 4.53E-01 2.75E-01 3.09E+05 2.10E+03
: gi?it&fe Substrate e
ABiTi,0, —RT 1E-5 4
0 BL,O, ~ 673 K
ABTI,O, ——973K ‘e 1664
e S \
: < 1E7
© A el
S i = \
% a o N i 3 e84 \7
2 . . o g
2 n a
= 2 B9 Substrate
i . o ——RT
! "A 3 1E-10 673K
h 1E-114 — 973K
U .I'I'I |u| 1Ee-2+—— 771177
10 20 30 40 50 60 70 80 90 04 03 02 01 00 01 02 03 04 05 06 07

20 (degrees)

FIGURE 1. XRD patterns of B{ Ti, O coatings and Ti6Al4V sub-
strate.

2.7. Scanning Electron Microscopy

E (Vvs. S.C.E.)
FIGURE 2. Polarization curves of BiTi, O, coatings and Ti6AI4V
substrate.

Meta-stable phase BTi,O;; (PDF 150325) and some peaks
of Bi,O3 (PDF 010712274), then, in the samples annealaed

. . . at 923K, persist the three aforementioned structures, and ap-
The surface morphology of the coatings was studied by 'ma_‘gp')ear the Pyrochlore structureBi,O; (PDF 320118).

ing the secondary electrons with a Quanta 2000 scanning g re 2. shows the polarization curves obtained from the

electron microscope operating at 15 kV and 10 mA. substrates and films, from which the Tafel slopésdnd3.)
and the corrosion current (icorr) were obtained, with which
the polarization resistancézf) was calculated by means the
Tafel equation [21]:

Figure 1 shows the XRD pattern of substrate and coatings of
bismuth titanate. It can be observed that the coating grown
at room temperature without annealing is amorphous. More-
over, the coatings annealed at 673 K and 973 K exhibit sev-
eral crystalline phases,g. at 673 K appears the Aurivillus
structure of the compound Bii;O,, (PDF 350795), the

3. Results and Discussion

1
1,1
2.303R, (- +

@)

lcorr =

The results shown in Table | allow establishing that po-
larization resistance of the amorphous coatings increased in

TABLE Il. Stoichiometry for each layer as determined by RBS @fTBjO. coatings grown at RT.

Elements

Thickness
Layer Bi Ti o) v Al (atoms/cri)
0.70 0.00 0.30 0.00 0.00 50
un- 0.20 0.10 0.70 0.00 0.00 1295
corroded 3 0.00 0.85 0.00 0.10 0.05 30000
1 0.70 0.00 0.30 0.00 0.00 65
Corroded 2 0.22 0.11 0.67 0.00 0.00 1250
3 0.00 0.85 0.00 0.10 0.05 30000
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TABLE Ill. Stoichiometry for each layer as determined by RBS offBjO. coatings with a annealing at 673 K.

Elements Thickness
Laver Bi Ti o) Y Al (atoms/cr)
Uncorroded 1 0.70 0.00 0.30 0.00 0.00 35
2 0.27 0.13 0.60 0.00 0.00 100
3 0.22 0.10 0.68 0.00 0.00 1150
4 0.00 0.30 0.70 0.00 0.00 680
5 0.00 0.55 0.45 0.00 0.00 1100
6 0.00 0.70 0.00 0.09 0.21 30000
Corroded 1 0.70 0.00 0.30 0.00 0.00 53
2 0.30 0.20 0.50 0.00 0.00 80
3 0.24 0.10 0.66 0.00 0.00 1150
4 0.00 0.30 0.70 0.00 0.00 500
5 0.00 0.57 0.43 0.00 0.00 1100
6 0.00 0.70 0.00 0.09 0.21 30000
15M the best of cases to approximately 3 times the corrosion re-
sistance with regard to bare substrate. Furthermore, it was
“’g‘ _e_RT also shown that the increase of.the. annea]ing temperature de-
S 1om 673K creased the values of the polarization resistance to values be-
:.3’ e 973K low th(_)se of th(_a substrate (see Eig. 3). _
= This behavior can be explained through the crystalline
% transition experienced by the coatings. This is because the
E 5M{  Substrate annealing treatment probably produces cracks in the surface
.% """""""""""""""" of the film through which the electrolyte penetrates to the
N substrate.
- — RBS analyses (Figs. 5-7, and Tables II-1V) of the BiTiO
s ° thin films growth at RT show that the chemical composition
250 400 550 700 850 1000 of both the corroded and uncorroded coatings did not have

Temperature (K)

a significant change. particularly at the substrate-layer inter-
face. There appear to be no mixing of the BiTiO deposit at

FIGURE 3. Behavior of the polarization resistance for coatings; the the substrate interface and is mostly composed of Ti. RBS
dashed line represent the polarization resistance of the substrate. analyses of the systems grown at 673 K show a high degree

FIGURE 4. SEM micrographs of BiTi, O, coatings with a annealing at 973 K a) before corrosion test, b) after corrosion test.
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FIGURE 5. RBS pattern and simulation of BiTiO thin films grown
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FIGURE 7. RBS pattern and simulation of BiTiO thin films grown

at Room Temperature, before (green line) and after of corrosionat 973 K before (green line) and after of corrosion test (blue line).

test (blue line).

Energy (MeV)

0.5 1.0 1.5 20

120 : — : C

Raw Data - BIT-973K
Raw Data - BIT-973K-PP

100

—— Simulation BIT-973K-PP

80

60

Normalized Yield

40

20

“‘I“‘I"'l’?\“

0 —

I I I !
400 600 800 1000

Channel
FIGURE 6. RBS pattern and simulation of BiTiO thin films grown
at 673 K before (green line) and after of corrosion test (blue line).
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of mixing at the interface with very little difference on

between substrate and coating which produce more corrosion
process in these coatings. This result can be explained by
considering that the oxygen of the solution (water +NacCl)
could react with the titanium substrate. Additionally, be ob-
served diffusion of Bi of the coating toward substrate when
the annealing temperature increase that cause expansion ten-
sions between substrate and coating which produce more cor-
rosion process in these coatings.

4. Conclusions

Amorphous BjTi, O, coatings were grown via rf magnetron
sputtering on titanium alloy (Ti6AI4V) substrates. After

a thermal treatment, the films evolved into polycrystalline
structures. The evaluation of the corrosion resistance allowed
establishing that it decreased in polycrystalline coatings and
reached higher values in amorphous coatings. This behav-
ior probably relates with diffusion process of Bi toward sub-
strate, that present in coatings annealing at high temperatures
that cause expansion tensions between substrate and coating.
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