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NiTi intermetallic coatings were sprayed on AISI 1045 steel substrate by using high velocity oxygen-fuel
(HVOF) process. Polarization tests and electrochemical impedance spectroscopy (EIS) measurements
were employed to study corrosion behavior of the coatings in 3.5% NaCl solution. Polarization tests indi-
cated that the corrosion current densities of the HVOF coatings are comparable to those of NiTi alloys
reported in the literature. On the other hand, EIS measurements showed that although the solution pene-
trates through the coating defects and causes to corrosion of the substrate, but, the corrosion performance
of the coatings improves at long times due to the plugging of the defects by corrosion products which
hinders higher attack of the substrate.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thermal spray procedures are coating processes in which feed-
stock materials are fed in powder or wire form. The coating
materials are heated to a molten or semi-molten state and acceler-
ated towards a substrate to form a dense, functional and protective
overlay coating. The particles bond to the substrate mechani-
cally and, in some cases, metallurgically. Thermal spray processes
require minimal substrate preparation, can be applied in the field,
and are low temperature (<200 °C) methods in comparison to tech-
niques such as weld overlay. These processes are also versatile
modern surfacing methods with regard to economics, range of
materials and scope of applications. These processes permit the
rapid application of high-performance materials in thickness from
a few mils to more than 1 mm on parts of a variety of sizes and
geometries [1]. Therefore, thermal spray coatings can provide pro-
tection against corrosion and wear failures. In this regard, high
velocity oxy-fuel (HVOF) coatings are extensively used in industry
to improve the corrosion and wear resistance of metallic surfaces
[2,3].

HVOF process is a state-of-the-art process in which a liq-
uid (kerosene) or gases (hydrogen or propane) fuel is employed
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for high energetic combustion with pure oxygen, applied at ele-
vated pressure. The high energetic combustion allows a flame
with a relatively low temperature and extremely high speed to
be produced. This speed may reach values of 2000ms~!. The
strongly expanding combustion gases accelerate the powder par-
ticles inserted in the combustion chamber to reach high velocity
values (400-1000ms~1) in the deposition phase. This can result
very dense and adherent coatings with little oxidation during the
application [3]. Consequently, coatings with high corrosion resis-
tance can be obtained by using HVOF [4].

Recently, NiTi coatings have been developed for corrosion and
wear applications. In this regard, it was reported that the erosion
resistance of NiTi coatings made by laser plasma hybrid spray-
ing was approximately 40 times as high as that of Ti6AlI4V alloy
[5,6]. In addition, Chiu et al. reported that the cavitation and
erosion-corrosion resistance of the laser-cladded NiTi coating was
higher than that of AISI 316 stainless steel [7-9]. Also, it has been
indicated that corrosion resistance of TIG [10] and laser-cladded
[7-9] NiTi coatings is comparable to that of AISI 316 stainless steel.

Nevertheless, most of the used processes for application of NiTi
coatings (e.g. laser cladding and laser plasma hybrid spraying) are
expensive and have some limitations such as substrate geometry
[4]. Hereon, HVOF process can be used as a technological alter-
native to the more expensive technologies. Guilemany et al. have
developed HVOF NiTi coatings [11] who investigated the corrosion
performance of thermally sprayed NiTi coatings on a carbon steel
substrate. According to Tafel polarization tests, they concluded that
HVOF NiTi coatings prepared from atomized powders showed fairly
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good corrosion resistance. On the other hand, it has been reported
that the polarization behavior of the HVOF NiTi coating prepared
from mechanically alloyed powders can be similar to that of the
coating prepared from atomized powders [12]. Verdian et al. have
investigated the corrosion performance of HVOF NiTi coatings on
316L stainless steel substrate [13]. According to electrochemical
impedance spectroscopy (EIS) measurements, they showed that
HVOF NiTi coatings exhibited a good passive behavior during long-
term immersion.

Long-term corrosion behavior of HVOF NiTi coatings on plain
carbon steel substrate has not been reported in the literature. In
the present work, the EIS measurements were used to evaluate the
corrosion resistance of HVOF NiTi coatings on 1045 steel during
long-term immersion.

2. Experimental procedures
2.1. Materials

Mechanically alloyed Ni-Ti powders with a particle size range of (—63 to
+20 wm) were used in the experiments. The nominal composition of the pow-
ders was Ni-47.69% Ti-1.5% Fe-0.03% O (at.%). The feedstock materials were
produced from elemental Ti and Ni powders by solid-state synthesis utilizing
low energy mechanical alloying (MA) with times up to 100h. In this regard,
near equiatomic mixture of elemental powders of Ni (99.5at.%, 50 wm) and Ti
(98at.%, 300 wum) were subjected to MA in a tumbler ball mill under argon
atmosphere. Hardened steel vials and balls (10mm diameter) were used for
ball milling. The ball-to-powder weight ratio (BPR) was 40:1. The ball milling
was conducted with the disk revolution speed of 85rpm [14]. An AISI 1045
steel (Fe-0.46C-0.12Cr-0.12Ni-0.03Mo-0.79Mn-0.18Si-0.008P-0.03S wt.%) with
the dimensions of 100 mm x 50 mm x 4 mm was used as the substrate material.
Before spraying, the substrates were blasted with SiC grits to a surface roughness
(Ra) of about 10 pum.

2.2. Thermal spray processes

A Met Jet Il HVOF system (Metallisation Limited, Dudley, UK) was used to spray
NiTi coatings. The kerosene was used as a liquid fuel. The gun was scanned ver-
tically up and down at 80 mms~"' to build up a coating of the required thickness.
The interpass spacing was 3 mm. Typically, 8 passes of the thermal spray gun were
employed to achieve deposits 150-200 wm thick. During and after the deposition,
air jets were directed towards the back of the substrates to provide cooling and
maintain the substrate temperature below 200 °C. The substrate temperature was
monitored by thermocouples placed on the rear of the plates. Details of the spraying
parameters used to produce HVOF coatings are given in Table 1.

2.3. Characterization of the powders and coatings

Powders and coatings were analyzed by X-ray diffraction (XRD, Philips X'Pert-
MPD) using Cu Ka radiation (A =1.54056A) generated at 40kV and 30 mA. For
microstructural examination, a cross-section of each coating was prepared and pol-
ished up to 1 wm diamond suspension. The coatings were etched with a HF:HNO3
solution (10 mL HF, 25 mL HNOs3, 150 mL H,0) to reveal the microstructure and
afterwards were observed in a scanning electron microscope (SEM, Philips XL30)
operated at 20 kV equipped with an EDS tool for microanalysis.

2.4. Corrosion tests

For corrosion tests, the coated specimens were wet ground up to 1200 grit SiC
paper. Then, they were washed in distilled water and ethanol. Finally, they were
dried in warm air. Mini-corrosion cells were constructed by sticking open glass
tubes with 0.8 cm diameter on the samples. Tafel polarization tests were conducted
in a three-electrode system after 1 h immersion. The counter electrode was a plat-
inum wire and the reference electrode was a standard calomel electrode (SCE). The
tests were performed in 3.5% NaCl solution using an AMETEK potentiostat (model

Table 1

HVOF process parameters.
Spray parameters Unit
Stand off distance 35cm
Oxygen flow rate 840L/min
Kerosene flow rate 240 mL/min

Nozzle length 20cm
Powder feed rate 60 g/min
Carrier gas (N) flow rate 3L/min

PARSTAT 2273) at scan rate of 1 mV s~'. The corrosion potentials as well as corrosion
current densities were extracted from the plots using Tafel extrapolation method.

Electrochemical impedance spectroscopy (EIS) measurements were also per-
formed using the mentioned corrosion cell and equipment. Impedance values were
recorded in the frequency range from 100 kHz to 10 mHz. The voltage amplitude
was 10 mV with respect to the open circuit potential. The analysis of the spectra was
performed using Zview software. After 14 days of immersion, the cross-sections of
corroded specimens were examined by using SEM.

3. Results and discussion
3.1. Characterization of powders and coatings

The XRD patterns of powders and coatings are shown in Fig. 1.
A broad diffraction peak at the Bragg angles of 41-45° indicates
the presence of an amorphous/nanocraystalline phase in feedstock
powders [12-15]. The studies of HVOF coating revealed that the
peaks belonging to NiTi (austenite phase), Ni4Tis, Niand also NiTiO3
exist in the respective XRD pattern. The formation of Ni4Ti3 phase
as a metastable precipitate has been previously reported during air
plasma spraying of NiTi alloys [15]. The Ni phase is formed either
due to crystallization of amorphous phase or preferential oxidation
of Ti element during the spraying process [12,15]. Formation of Ni
has been previously reported in HVOF spraying of NiTi intermetallic
powders[11,12].1tis speculated that NiTiOs is likely to have formed
due to the oxidation of NiTi particles during the spraying process
[12,13].

SEM micrographs from the cross-sections of HVOF coating are
shown in Fig. 2. From these figures it is found that the coating has
low porosity. Also, it is well-bonded to substrate with no distinc-
tive irregular interface (Fig. 2a). In Fig. 2b, two regions are visible
in the microstructure of the coating; a bright matrix and some dark
stringers. For characterization of these regions, six EDS point mea-
surements were performed on each region. The results indicated
that the bright matrix is a region with chemical composition close
to 50Ni-50Ti (49.6 +1.6 Ni, 49.3 £ 1.2 Ti, 0.8 £ 0.3 Fe at.%) and the
dark stringers are the high-oxygen containing regions (9+ 1.6 Ni,
83+1.2Ti, 10£1 O at.%). It seems that the bright matrix of the
coatings contains NiTi and Ni4Tiz and the dark stringers contain
NiTiOs. Incidentally, NiqTi3 precipitates are too small to detect by
SEM [12,13,15].

3.2. Corrosion behavior

3.2.1. Tafel polarization tests

Fig. 3 shows the Tafel polarization (E-logi) plots of HVOF NiTi
coatings and steel substrate in 3.5% NaCl solution in room tem-
perature at static and natural aerated conditions. The values of
the corrosion potential (Ecorr) and corrosion current density (icorr)
are extracted from the curves using Tafel extrapolation method.

Fig. 1. XRD patterns of feed stock powder and HVOF coating.
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Fig. 2. SEM micrographs of sections from HVOF coating; (a) at lower magnification
and (b) at higher magnification.

The Ecorr and icorr values are the average of three polarization
measurements. In this regard, the Eco values were —0.41 and
—0.62 Vscg for HVOF coating and steel substrate, respectively. It is
clear that the corrosion potential values of steel substrate are more
negative than those of NiTi coatings. It means that the substrate is
more active than the NiTi, and thus, substrate corrosion can take
place in preference to the coating [11,16].

The icorr values were 0.6 and 13 pAcm—2 for HVOF coating
and steel substrate, respectively. It should be mentioned that
the corrosion current density of the present coating is compa-

Fig. 3. Polarization curves of steel substrate and HVOF coating in 3.5% NaCl solution.

Fig. 4. Experimental Nyquist diagram for HVOF coated sample in 3.5% NaCl at dif-
ferent times of exposure.

rable to that of bulk NiTi samples (0.2-0.8 wAcm~2) provided
in the literature [9,10]. As seen in Tafel plots (Fig. 3), the coat-
ing shows passive behavior. The polarization curve of the coating
exhibits a breakdown at higher anodic potentials, around 0 Vscg.
It was demonstrated that the passivity of NiTi alloys is due to
the formation of TiO, surface film [11-13]. Moreover, the pas-
sivity breakdown potential is greater than 0.2 Vscg for bulk NiTi
alloys [9,10,12]. It can be concluded that the passive behavior of
the present HVOF coating is inferior to that of bulk NiTi alloys. It
seems that the presence of secondary phases, i.e. NigTi3, Ni and
NiTiOs3 (Fig. 1) in the HVOF coating hinders the formation of a homo-
geneous passive layer. The corrosion process can be preferentially
initiated along phase boundaries, possibly due to the microgalvanic
corrosion [12,13]. This phenomenon can limit the passive behav-
ior of the coating and lead to shift the surrounding metal from
passive to active state [12,13]. A similar behavior was observed
for laser-cladded NiTi coatings [9]. I was reported that the passive
behavior of the laser-cladded NiTi coatings is inferior to that of the
bulk NiTi alloy due to the presence of defects and inhomogeneities
arising from melting, solidification and overlapping tracks in laser
processing [9].

Similar corrosion results were obtained by Guilemany et al. [11]
for HVOF NiTi coatings on low-alloyed carbon steel substrate. Based
on Tafel polarization results, they concluded that the HVOF coatings
exhibited a slight passive-like behavior. It would seems that the
polarization behavior of the present HVOF coating is similar to that
of the polished HVOF coating examined by Guilemany et al. [11],
i.e. they seem to possess similar polarization curves, similar Ecorr,
icorr and passivity breakdown potential. It means that the corrosion
resistance of the HVOF NiTi coating prepared from mechanically
alloyed powders can be similar to that of the coating prepared from
atomized powders.

3.2.2. Electrochemical impedance spectroscopy of the coatings

Figs. 4 and 5 show the Nyquist and Bode phase plots of HVOF
coated steel at various immersion times, respectively. After 1h of
exposure, one capacitive loop is evident on Nyquist plot (Fig. 4),
and accordingly, one inflection point on corresponding Bode phase
plot (Fig. 5). It means that the system shows one time constant.
This high-frequency loop could be physically related to the coating
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Fig. 5. Bode phase plot of HVOF coated sample measured over the different immer-
sion periods.

Fig. 6. Equivalent circuit for HVOF coated sample after 1 h immersion.

characteristics [13,17]. This electrochemical cell can be modeled by
a simple equivalent circuit which consists of the electrolyte resis-
tance R. and the dielectric property of the coating represented by a
pair of elements of CPE-c and Rpore (Fig. 6). This behavior has been
seen in several coating systems in which the coating is very dense
and can form a passive layer such as HVOF-sprayed stainless steel
coating [17], hydrothermal deposited TiO, [18] and HVOF-sprayed
W(C-CoCr coating [19] in 3.5% NaCl solution.

Furthermore, after 1-day of exposure, the style of the Nyquist
and Bode phase plots was changed. As seen in Nyquist plots (Fig. 4),
the high-frequency capacitive loop has become smaller indicating
the decrease in Rpore; a straight line also appears at low frequencies.
The straight line appears due to the Warburg impedance created
when charge transfer is influenced by a semi-infinite length diffu-
sion process [20,21]. This feature appears as a result of diffusion of

Table 2
Electrochemical parameters obtained from EIS spectra of HVOF coated sample.

Fig. 7. Equivalent circuit for HVOF coated sample for immersion times longer than
1-day.

electrolyte through the coating defects such as splat boundaries
or pores [17]. On the other hand, after 7 days of exposure, the
high-frequency capacitive loop has become larger indicating the
increase in Rpore. This feature arises probably as a result of local
accumulation of corrosion products in the defects, which increases
the pore resistance due to the blocking of defects by corrosion prod-
ucts [13,22]. In this condition, the equivalent circuit shown in Fig. 7
is useful for describing the electrochemical cell [21]. The equiva-
lent circuit consists of the electrolyte resistance Re; the dielectric
property of the coating presented by a pair of elements, CPE-c (¢
means coating) and Warburg element, W.

Table 2 summarizes the circuit parameters using the fitting cir-
cuit in Figs. 6 and 7. After 1h immersion, Egcp value is —0.43 Vg
which decreases with the increase of immersion time (after 2
days, Eqcp is —0.58 Vscg). On the other hand, Warburg impedance
increased and Rpore decreased with the increase of immersion time
(times up to 2.days). These two phenomena show that the elec-
trolyte penetrates through the coating defects [13]. But, after 7
days, Eqcp value was raised to —0.49 Vscg. This trend continued
until 14 days in which Egcp value reached to —0.41 Vscg. Also, War-
burg impedance decreased and Rpore increased with the increase
of immersion time (times up to 14 days). This feature arises most
likely as a result of local accumulation of corrosion products in the
defects, which increases the pore resistance due to the blocking of
defects. This phenomenon is also called “plugging effect” by some
authors [13,22].

The SEM micrograph from the surface of HVOF coating after 14
days immersion is shown in Fig. 8a. A surface pore can be observed
in this figure (as shown by a circle). The high magnification micro-
graph of this pore is shown in Fig. 8b. The corrosion products
are visible inside the pore. The EDX analysis showed that corro-
sion products contain oxygen and iron. It seems that this pore has
been plugged by corrosion products formed due to corrosion of
substrate.

The SEM micrograph of the cross-section of the coating after
14 days of immersion is shown in Fig. 9. No obvious indication
of blistering and delamination of the coating can be observed.
However, the substrate seems to be locally attacked at the
substrate/coating interface. It has been demonstrated that the pen-
etration of electrolyte through the coating defects can strongly
affect the electrochemical behavior of thermal spray coatings. The

Exposed time Eocp (VSCE) Re (2cm?) CPE-c (wFem—2) T)CPE-c Rpore (S2cm?) W (pem2Q-15705)
1h -0.43 39 420 0.63 4494 -
1-day -0.50 40 506 0.62 1567 2248
2 days —0.58 44 570 0.65 897 3308
7 days -0.49 40 397 0.61 2047 321

14 days -0.41 45 276

0.63 3451 90
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Fig. 8. (a) SEM micrograph from surface of HVOF coating after 14 days immersion (a
surface pore has been shown by a circle) and (b) high magnification SEM micrograph
of the pore.

Fig. 9. SEM micrograph of the cross-section of HVOF coating after 14 days immer-
sion (arrows show attacked regions of the substrate).

coating defects are mainly used by the electrolyte to reach the base
steel. In this case, if the electrolyte reaches a less noble substrate, a
galvanic pair can be formed with a consequent steel attack, coating
depletion and loss of surface properties [11,23,24].

According to EIS measurements of HVOF NiTi coatings on 1045
steel substrate, it can be seen that the corrosion mechanism is not
the same at earlier stage and later stage of immersion. It seems
that the surface oxidation is the main corrosion mechanism of coat-
ings at early stages of immersion while the electrolyte penetration
through the coating defects is the main responsible of the elec-
trochemical response evolution with increase of immersion time
(Figs. 4 and 5). It is expected that when the electrolyte reaches the
substrate causes its corrosion and changes the impedance response
[24]. As a consequence, the coatings have a high corrosion resis-
tance for short immersion times, but the corrosion resistance of
the coatings decreases with time. On the other hand, the corro-
sion performance of coatings can improve at longer times due to
the plugging of the defects by corrosion products which hinders
higher attack of the substrate.

4. Conclusion

1. NiTi-base coatings were deposited on 1045 steel. Tafel polariza-
tion tests indicated that corrosion current densities of the HVOF
coating are comparable to that of NiTi alloys reported in the
literature.

2. The EIS experiments showed that although the solution pene-
trates through the coating defects and causes to corrosion of
the substrate, but, the corrosion performance of the coatings
improves at long times due to the plugging of the defects by
corrosion products which hinders higher attack of the substrate.

3. It seems that the surface oxidation is the main corrosion
mechanism of coatings at early stages of immersion while
the electrolyte penetration through the coating defects is the
main responsible of the electrochemical response evolution with
increase of immersion time.
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