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In this study, the corrosion and wear performance of Ni-Ti composite coatings with distinct parameters
were investigated. The coatings were prepared by arc spraying with Ti and Ni wires fed synchronously.
Structural, surface morphological, and compositional analyses of the Ni-Ti composite coatings were
performed using microhardness, SEM/EDS, XRD, and DTA analysis. Electrochemical AC impedance
and potentiodynamic polarization tests were carried out to examine the anticorrosion performance of the
coating. Ball-on-disc dry wear tests based on the ASTM G99 standard were performed at room tem-
perature to evaluate the antiwear properties. The DTA and XRD analysis results indicated that some
intermetallic compounds such as TiNi3 and Ni-Ti alloy were present within the Ni-Ti coating. The wear
resistance of the Ni-Ti composite coating is superior to that of the Ni-sprayed coating but slightly inferior
to that of the Ti-sprayed coating. The corrosion resistance of the arc-sprayed Ni-Ti coating is superior to
that of Ti but inferior to that of Ni. The corrosion and wear performance of the composite coating are
greatly influenced by the coating microstructure and thickness.
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1. Introduction

Thermal spraying is a well-developed coating technique
in which metallic or nonmetallic materials are melted and
softened by either chemical or electrical energy and the
molten droplets are subsequently atomized and impacted
on a prepared substrate to develop a laminar coating.
Over the past decade, the use of thermal spraying tech-
niques has increased in the electronic, chemical, and
aerospace industries because of the high deposition rate,
low cost, and wide variety of suitable materials. The four
main types of processes used are flame spraying, plasma
spraying, arc spraying, and high-velocity oxy/fuel (HVOF)
spraying.

Arc spraying is a commonly used coating technique in
which single or dual wires of either similar or dissimilar
materials are melted, atomized, and subsequently depos-
ited on a pretreated surface to build up a metallic coating.
The thermal energy required to melt the wire is produced
by an electric arc developed at its tip with a temperature
of about 5000 �C. A high volume of compressed air is

required to atomize the molten metallic droplets and
deliver them to the surface to be coated. In comparison with
flame spraying, twin-wire arc spraying is an economical
coating process with high productivity. A wide range of
metals, alloys, and cored wires may be used to apply dif-
ferent types of coatings such as corrosion-protection,
antiwear, and resurfacing coatings (Ref 1-5).

Intermetallic compounds are usually hard and brittle,
and they can be prepared by techniques such as self-
propagating high-temperature synthesis (SHS), mechani-
cal alloying, sintering, or laser cladding. Many studies
have demonstrated that the Ni-Ti alloy and intermetallic
compounds exhibit excellent resistance to wear and ero-
sion because of pseudo-elasticity (Ref 6-10). Thermal
spraying by plasma spraying, arc spraying, or HVOF is
also an easier way to develop metal-ceramic composite
coatings, alloy coatings, and intermetallic compound
coatings (Ref 11-15). The preparation of intermetallic
compounds using two dissimilar wires is rather difficult
because of the different melting points of the wires. In
this study, an arc-sprayed Ni-Ti composite coating obtained
by using a twin-wire arc-spraying system with the Ti and
Ni wires fed synchronously was investigated. These
composite coatings are discussed and their coating char-
acteristics, antiwear properties, and corrosion resistance
performance are compared to those of pure Ni- and
Ti-sprayed coatings.

2. Experimental

2.1 Experimental Apparatus and Procedure

We used the Sulzer Metco SmartArc spray system
consisting of a power supply, a programmable logic con-
trol (PLC) panel, and an arc spray torch. The substrate
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used in this study was AISI 1020 low-carbon steel with
thickness of 3 mm, and all the specimens to be coated
were pretreated by grit blasting to a white metal finish to
satisfy the Swedish standard SIS 05 59 00 level Sa3. The
pretreated specimens were subsequently sprayed with dual
Ni wires, dual Ti wires, and a combination of Ni and Ti
wire, the wire and nozzle orifice size were 1.6 mm in
diameter.

The nomenclature used for the specimens is A-B. Here,
A stands for the arc-spraying voltage and current and is
classified into three levels: L for low power, 25 V/120 A;
M for medium power, 28 V/200 A; and H for high power,
32 V/300 A. B stands for the spraying pressure: 35 for
35 psi (2.38 kg/cm2) and 70 for 70 psi (4.76 kg/cm2). Ti
and Ni coatings are prepared by arc spraying with the arc
current of 200 A, arc voltage of 28 V, and the atomizing
pressure of 50 psi (3.52 kg/cm2). The thicknesses of Ti and
Ni coatings are in the range of 100-180 lm.

2.2 Analysis of Coating Characteristics

We carried out numerous analyses and measurements,
including microhardness (Matsuzawa MXT70) using a
diamond indenter, with the shape of square-based pyra-
mid with an angle of 136� between opposite faces. The test
duration is 5 s and load force is 100 gf, coating thickness
(Karl Deutsch Leptoskop 2040), surface roughness
(Kosaka Lab SE1200), and SEM observations (Philips
SL40), to study the characteristics of the coatings.

2.3 Corrosion Test

2.3.1 AC Impedance Test. An AutoLab PGSTAT30
impedance spectrometer was used for the AC impedance
measurements over a scanning frequency range of 10�2-
105 Hz in 3.5 wt.% NaCl solutions. The tests were carried
out in a three-electrode cell using a platinum counter
electrode and an Ag/AgCl reference electrode. The tested
area was 1 cm2, and the specimens were immersed in the
3.5 wt.% NaCl solutions for 10 min prior to the test.

2.3.2 Potentiodynamic Polarization. A potentiostat
(EG&G PARC model 273) and a frequency-response
analyzer (EG&G PARC model 1025) were controlled by
electrochemical corrosion test software (EG&G model
352) to measure the potentiodynamic polarization curves.
The measurements were performed in a three-electrode
cell having a platinum counter electrode and a saturated
calomel electrode (SCE) as a reference electrode. The
tested area was 7 cm2 and the specimens were immersed
in a 3.5 wt.% NaCl solution for 10 min to balance the
potential prior to the test. The NaCl solution was prepared
with deionized water (18 MX-cm) from the Millipore
Milli-Q SP water purification system.

2.4 Ball-on-Plane Wear Test

The ball-on-plane wear test based on ASTM D6425-99
was performed at room temperature using the Schwingung
Reibung Verschleiss (SRV oscillation friction wear) tester
by moving a stationary ball back and forth on the tested
specimen. The contact material was an AISI E52100

chromium steel ball with diameter 10 mm and an average
hardness of HRC 60 ± 2. The test conditions were as
follows: sliding stroke, 0.9 mm; sliding frequency, 50 Hz;
and normal load, 50 N. The test durations were 5, 10,
15, and 20 min, resulting in sliding distances of 13.5, 27,
40.5, and 54 m. The weight loss of the specimen after the
test was measured by an electronic analytical balance
(Mettler AT261) with a minimum reading of 0.01 mg.

3. Results and Discussion

3.1 Coating Characterization

3.1.1 SEM/EDS Observation. Surface and cross-sec-
tional SEM micrographs of the arc-sprayed Ti coating are
shown in Fig. 1(a) and (b). A number of microcracks were
observed on both the surface and the cross section of the
coating. A cross-sectional SEM micrograph of the arc-
sprayed Ni-Ti coating is shown in Fig. 1(c). It is clear that
the coating is a mixture of white and gray platelets that
were identified as Ni and Ti, respectively, by EDS analysis.
Surface SEM micrographs of the arc-sprayed Ni-Ti coat-
ing with different spraying parameters are shown in Fig. 2.
There is no significant difference on coating appearance
among these samples with different parameters. It was
found that the coatings deposited with high atomizing
pressure exhibit a more uniform mixture than those
deposited with low atomizing pressure.

3.1.2 XRD Analysis. XRD analyses of the arc-sprayed
Ni-Ti coatings with different spraying parameters are
presented in Fig. 3. These coatings are composed of Ni,
TiN, and Ni-Ti intermetallic compounds such as Ti3Ni4.
However, there is insufficient information to show any
composition differences.

3.1.3 Microhardness Measurement. The microhard-
ness of Ni-Ti composite coatings with different spraying
parameters is shown in Fig. 4. It was observed from
Fig. 1(c) that the Ni-Ti composite coating has gray and
white platelets. The microhardness of the gray platelet was
found to be higher than that of the white one. The average
microhardness value in the gray phase of Ni-Ti composite
coating is HV 619.6, which is two or three times higher
than that of the pure Ti coating (HV 339.4), pure Ni
coating (HV 228.6), and AISI 1020 steel substrate (HV
136.7).

3.1.4 DTA Analysis. An H-35 specimen was analyzed
by DTA and the result is shown in Fig. 5. The specimen
was heated to 1410 �C at a rate of 20 �C/min. Three
exothermic peaks were found. According to the phase
diagram of Ni-Ti, the first peak at 1119.67 �C could be an
eutectic point of the Ni-Ti alloy with 66 wt.% Ni and
34 wt.% TiNi3 intermetallic compound. The other two
exothermic peaks at 1294.12 and 1382.55 �C seem to be
congruent melting points of Ni-Ti and TiNi3, respectively.
Given this result, it is assumed that some intermetallic
compounds such as TiNi3 and Ni-Ti were formed during
the spraying process when the Ni and Ti wires were mel-
ted and struck the substrate. Analyses of L-35 and M-35
specimens show curves similar to that for H-35, but
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Fig. 1 SEM micrograph: (a) Ti coating, surface 5009; (b) Ti coating, cross section 2009; and (c) Ni-Ti composite coating, cross
section 1009

Fig. 2 Surface SEM micrograph of Ni-Ti composite coating (1009)
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without the peak at 1119.67 �C. This suggests that the
intermetallic compounds are formed only by high power.
In this study, coatings made with medium- and low-power
did not form intermetallic compounds.

3.2 Corrosion Resistance

3.2.1 AC Impedance Test. Pure Ni coating and pure Ti
coating, as well as AISI 1020 low-carbon steel substrate,
were first tested for their AC impedance properties. It is
seen from Fig. 6(a) that Ni coating has the highest
impedance value and Ti coating, the lowest. In general, a
higher impedance value indicates a higher resistance to
corrosion. The results of AC impedance tests on Ni-Ti
composite coatings with different spraying parameters are
shown in Fig. 6(b) and (c). Although the impedance val-
ues are not identical at low frequencies, they lie between
the values of the Ni and Ti coatings. It is seen from
Fig. 6(b) that there is little difference in the impedance
values of those sprayed at low pressure. However, a dif-
ference can be seen for those sprayed at high pressure
(Fig. 6c). Two L-70 specimens, one 47 lm and the other
96 lm in thickness, illustrate the different impedance
values. It is likely that the impedance value depends on
the coating thickness: the thicker the coating, the larger is
the impedance value.

Metal coatings can be classified into two groups, either
noble or sacrificial. In this study Ni, Ti and Ni-Ti coatings
are more positive (noble) than carbon steel, a potential
difference exists between metal coatings and base mate-
rial. Contrary to sacrificial coatings, the coating thickness
and degree of porosity for noble coatings is relatively
important. The AC experimental results reveal that the
thicker the coating, the better protection will be provided
to the substrate. All metal coatings contain lots of defects
such as porosity, cracks, and oxide content. As SEM
micrographs shown in Fig. 1(a) and (b), a number of mi-
crocracks were observed on both the surface and the cross
section of Ti coating. It is assumed that these defects of Ti
coating can result in a decrease in corrosion resistance.

3.2.2 Potentiodynamic Polarization Test. The poten-
tiodynamic polarization curves of thermal-sprayed Ni, Ti,

XRD Diffraction of Ni-Ti Composite Coating
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Fig. 3 XRD diffraction of Ni-Ti composite coating
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Fig. 4 Microhardness analysis results for Ni-Ti composite
coating

Fig. 5 DTA analysis results for Ni-Ti composite coating (H-35)
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and Ni-Ti composite coatings are shown in Fig. 7. Ni
coating has the highest corrosion potential and Ti coating,
the lowest. In general, the higher the corrosion potential,
higher is the corrosion resistance of the material. The
corrosion resistance of the Ni-Ti composite coating is
superior to that of the Ti coating and inferior to that of the
Ni coating. This is consistent with the AC impedance test
results presented in Section 3.2.1. The corrosion potential
of AISI 1020 low-carbon steel substrate is slightly higher
than those of the Ni-Ti composite coatings. The passiv-
ation current density of the steel substrate is also lower
than those of the Ni-Ti composite coatings. Therefore,

Ni-Ti composite coatings sprayed on AISI 1020 low-car-
bon steel substrate act as an artificial coating to protect the
substrate.

3.3 Ball-on-Plate Wear Test

The ball-on-plate test results are presented in Fig. 8-10,
and SEM micrographs of the surface morphologies after
the wear tests are shown in Fig. 11 and 12. The antiwear
properties of the composite coating were evaluated by the
wear rate, which is defined as the ratio of weight loss to the
traveling distance. A comparison of the wear resistance of
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AISI 1020 substrate, arc-sprayed Ni coating, and Ti coat-
ing is presented in Fig. 8. The friction coefficients between
the tested specimens and the balls range from 0.09 to 0.12.
The weight losses of both specimens and the ball increased
with traveling distance, but the wear rates are decreased
due to lower contact stress. The arc-sprayed Ti coating has
an average wear rate of 0.014 mg/m, which is much lower
than that of the Ni coating (0.032 mg/m) and AISI 1020
steel (0.096 mg/m).

The average weight losses of the Ni-Ti composite
coatings with 50 N loading are shown in Fig. 9. The weight
loss of the homogeneous steel ball increases steadily with
traveling distance. However, the weight loss of the coating
is more complicated. Because of the nonhomogeneous and

laminar characteristics of thermal-sprayed coatings, the
wear behavior of Ni-Ti coatings is driven by its coating
structure and by defects such as microcracks and porosity;
these are markedly influenced by the spraying parameters
such as atomizing pressure and arc current and voltage.
The effects of porosity, flattening ratio, oxide content, and
splat-to-splat bonding strength play an important role to
coating antiwear performance. Low cohesion and high
porosity generally cause a large piece of the coating wear
away and result in a decrease on the wear performance. A
coating sprayed at a higher atomizing pressure exhibits a
more uniform and dense structure and possesses excellent
antiwear properties. The average weight losses of the
Ni-Ti composite coatings with 30 N loading are shown in

Ball on plane test results of AISI 1020, Ni and Ti coating
(loading 50N, frequency 50Hz)
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Fig. 8 ASTM D6425-99 wear test results for AISI 1020 and thermal-sprayed Ni and Ti coatings (a) weight loss and (b) wear rate
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Fig. 9 ASTM D6425-99 wear test results for thermal-sprayed Ni-Ti composite coating (loading 50 N) (a) weight loss and (b) wear rate
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Fig. 11 SEM micrographs of thermal-sprayed Ni and Ti coatings after wear tests. (a) Ni (sample) 1009; (b) Ni (ball) 1009; (c) Ti
(sample) 1009; and (d) Ti (ball) 2009

Fig. 12 SEM micrographs of thermal-sprayed Ni-Ti composite coating after wear tests (a) L-70 (sample) 1009; (b) M-70 (ball) 2009; (c)
H-70 (sample) 2009; (d) EDS analysis of ball
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Fig. 10. Comparing Fig. 9 with Fig. 10, we find that the
weight losses of the Ni-Ti composite coatings increased
with loading force.

SEM micrographs of the Ni and Ti specimens after the
wear tests are shown in Fig. 11(a) and (c). No significant
microploughing or microcutting is observed for either
specimen. The wear of the Ni and Ti specimens is assumed
to be adhesive. Figure 11(b) and (d) show SEM micro-
graphs of the steel ball after the wear tests on the Ni and
Ti specimens. The EDS analysis shows that Ni was
transferred from the Ni specimens to the steel ball, indi-
cating adhesive wear. As shown in Fig. 11(d), the wear
track of the steel ball tested on the Ti specimen shows a
combination of adhesive and abrasive wear. Surface SEM
micrographs of the Ni-Ti specimens after the wear tests
are shown in Fig. 12(a) and (c). No significant microp-
loughing or microcutting is observed for the Ni and Ti
specimens. The wear of the specimens is assumed to be
adhesive. Figure 12(b) shows an SEM micrograph of the
steel ball after the wear tests on the Ni-Ti specimens. It
also shows a combination of adhesive and abrasive wear.
As shown in Fig. 12(d), the EDS analysis of the Ni-Ti
specimen after the wear tests reveals that some Fe and Cr
elements are transferred from the steel ball because of
adhesive wear.

4. Conclusion

(1) The surface analysis results show that a composite
coating consisting of a Ni and Ti metal matrix and Ni-
Ti intermetallic compounds such as Ti3Ni4 is devel-
oped by Ni-Ti arc-spraying process.

(2) The experimental AC impedance results indicate that
the corrosion resistance of arc-sprayed coatings is
ranked in decreasing order as follows: Ni, Ni-Ti, and
Ti. The anticorrosion performance of the arc-sprayed
coating is found to depend on the coating structure
and thickness. The potentiodynamic polarization test
results are similar to the AC impedance results. The
arc-sprayed Ni coating has a higher corrosion poten-
tial than the Ti and Ni-Ti coatings.

(3) Evidence from the wear tests shows that the wear
performance of the arc-sprayed Ti coating is superior
to those of the Ni and Ni-Ti coatings.
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