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Abstract—AlNi2Ti–Ti2Ni–NiTi intermetallic alloy consisting of AlNi2Ti primary dendrites and Ti2Ni–NiTi
interdendritic phase was fabricated by vacuum arc melting process. Corrosion and wear behaviors of the alloy
were characterized using potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and
wear tests. Electrochemical measurements indicated that the alloy exhibited an excellent corrosion resistance
in 0.5 mol/L H2SO4 solutions with a high corrosion potential and wide passivation region (0–1.2 V) due to
the formation of compact and protective passive films (TiO2 and Al2O3). Due to the high hardness and strong
covalent bonding AlNi2Ti–Ti2Ni–NiTi alloys exhibit excellent wear resistance with a low friction coefficient
and wear rate under dry sliding wear conditions. The dominant wear mechanisms of the alloy are friction
stress-induced micro-fracture and tribo-oxidation.
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INTRODUCTION
With the development of aerospace technology, the

traditional Ni-based alloy has reached the upper limit
of use [1, 2]. It is urgent to develop a new type of high
temperature structural materials with excellent com-
prehensive properties such as low density and high
strength, excellent corrosion resistance and wear resis-
tance. In the Al–Ni–Ti ternary system, several binary
and ternary intermetallic compounds with attractive
physical and mechanical properties have been sub-
jected to increased interest in recent years [3]. Among
those compounds, nickel-titanium compounds such
as isoatomic component NiTi exhibit a good intrinsic
plasticity and shape memory behavior [4, 5]. Ti2Ni
and Ni3Ti intermetallic compounds offer more attrac-
tive properties for high temperature structural applica-
tions [6]. However, like other intermetallic com-
pounds, high room temperature brittleness and insuf-
ficient creep resistance at high temperature are the
main obstacles to its practical application [7].

Ternary intermetallic compounds generally exhib-
ited better toughness than binary intermetallics under
the conditions of maintaining their high hardness and
strong interatomic binding [8]. Up to now, there are
four ternary intermetallics identified as Al13Ni2Ti5
(τ1), Al2NiTi (τ2), Al3NiTi2 (τ3) and AlNi2Ti (τ4) in
the Al–Ni–Ti system by thermodynamic calculation
and experimental observation [9–11]. Among these
compounds, L21(Heusler alloy)-AlNi2Ti compound
has a high melting point (1503°C), strength and hard-

ness, and has been extensively studied as a strengthen-
ing phase of nickel-based, iron-based superalloy
[12, 13]. It is found that the strengthening phase
AlNi2Ti and the matrix NiTi can form a coherent
interface AlNi2Ti/NiTi multiphase structure, and its
room temperature compression strength is as high as
2300 MPa [14]. Therefore, NiTi/AlNi2Ti based mate-
rials are expected to have good comprehensive
mechanical properties (high strength and toughness),
which is similar to the traditional γ/γ' structure of
nickel-based superalloys [15]. At the same time, the
AlNi2Ti ternary intermetallic compound has high pas-
sivation components (Al and Ti elements) and strong
covalent bonding characteristics, which make it desir-
able to have excellent corrosion and wear resistance.
Therefore, AlNi2Ti-based alloy is anticipated to be a
novel wear and corrosion resistant material under
harsh conditions. However, to the best of our knowl-
edge, there is no study on the wear and corrosion
behavior of AlNi2Ti Heusler alloy. In this present
paper, a novel wear and corrosion resistant AlNi2Ti–
Ti2Ni–NiTi intermetallic alloy was developed and
prepared by vacuum arc melting. The electrochemical
corrosion and wear resistance was investigated.

EXPERIMENTAL
Pure aluminum (99.8%), nickel (99.9%) and tita-

nium (99.9%) elemental powders with an average par-
ticle size ranging from 40 to 100 μm were selected as
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Fig. 1. XRD pattern of the AlNi2Ti–Ti2Ni–NiTi alloy.

22 000
20 000
18 000
16 000
14 000
12 000
10 000

8000
6000
4000
2000

0
20 30 40 50 60 70

AlNi2Ti
NiTi
Ti2Ni

80 90
2�, deg

In
te

ns
ity

, C
P

S

raw materials. AlNi2Ti–Ti2Ni–NiTi alloy was synthe-
sized by arc melting stoichiometric composition (at %)
of 12.6Al–43Ni–45.4Ti in a water-cooled copper cru-
cible arc melting furnace with an electromagnetic stir-
ring device under an argon atmosphere. Each ingot
was re-melted five times and the ingot was f lipped
before each re-melting to ensure the homogeneity of
the alloy composition. The cast ingots were cut into
10 × 10 × 5 mm specimens using electro-discharge
machining (EDM) for microstructure, corrosion and
wear tests.

The phase composition of the samples was investi-
gated by means of X-ray diffraction (XRD, D/Dmax-
2400, Rigaku, Japan) with CuKα radiation (λ =
0.15418 nm). Prior to microstructural analysis, the
samples were mechanically polished and then chemi-
cally etched with saturated FeCl3 and HCl solutions
for 10–15 s. Microstructure of the alloy ingots was
characterized by field-emission scanning electron
microscopy (FESEM, JSM-6700F, JEOL, Japan)
equipped with an energy dispersive spectroscopy
(EDS). The hardness of the alloys was measured using
a Vickers micro hardness tester (HVS-1000, Yantai
Huayin testing instrument Co., Ltd., China) with a
load of 9.8 N for 10 s. The values of hardness were the
average of five tests.

The corrosion behaviors of the alloys were investi-
gated in 0.5 mol/L H2SO4 solutions using electro-
chemical test equipment (PGSTAT302N, Switzer-
land). Electrochemical tests adopt a three-electrode
system, in which the high purity platinum sheet was
used as the counter electrode, the alloy samples were
used as the working electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode.
The potentiodynamic anodic polarization curves were
recorded from a steady open-circuit potential with a
scanning speed of 2 mV/s. EIS measurement was per-
formed at an open-circuit potential with a 5 mV ampli-
PHYSICS OF METAL
tude signal and applied frequency ranged from 105 to
10–2 Hz.

The dry sliding wear behaviors of the alloys were
carried out using a ball-on-flat reciprocating sliding
tribometer (MFT-4000, Lanzhou Institute of Chemi-
cal Physics, Chinese Academy of Sciences, Lanzhou,
China) at room temperature. AlNi2Ti–Ti2Ni–NiTi
specimens were sliding against a 6 mm diameter ball
made of GCr15 bearing steel for dry sliding wear test-
ing. The dry sliding wear tests were performed at 2, 5,
10 N loads, and the amplitude length was 5 mm, the
vibration frequency was 5 Hz, and the sliding time was
30 min. Commercial traditional austenitic stainless
steel 1Cr18Ni9Ti was selected as a reference material
for electrochemical corrosion and dry sliding wear
tests. The corrosion and wear morphologies with cor-
responding compositional analyses were investigated
by SEM and EDS, respectively.

RESULTS AND DISCUSSION
3.1. Microstructure

X-ray diffraction pattern of arc-melted AlNi2Ti–
Ti2Ni–NiTi alloy is shown in Fig. 1. It can be seen that
the main constituents of the alloy are AlNi2Ti, NiTi
and a small amount of Ti2Ni. As shown in Fig. 2, the
alloy has a uniform and compact microstructure and
no obvious defects such as pores and microcracks,
which is mainly composed of primary dendrites and
interdendritic phase. Results of the EDS analysis
shows that the average chemical composition (at %) of
the primary dendrites and interdendritic phases is
26.08Al–50.46Ni–23.46Ti and 7.72Al–42.32Ni–
50.06Ti, respectively. Combined with the results of
XRD and EDS analysis, the primary dendrite is iden-
tified as the AlNi2Ti intermetallic phase and the inter-
dendritic phase is a mixture of NiTi–Ti2Ni phases.

In the Al–Ni–Ti ternary alloy system, the AlNi2Ti
intermetallic compound has a higher melting point,
and firstly precipitates from the liquid phase to form a
primary dendritic phase during arc melted [16]. With
the precipitation of AlNi2Ti phase, Ni and Ti elements
are gradually enriched in residual liquids and trans-
formed into Ti2Ni–NiTi phase. The volume fraction
of the primary dendrite of AlNi2Ti is determined to be
about 89% according to the SEM morphology of
Fig. 2. The average hardness of the AlNi2Ti–Ti2Ni–
NiTi alloy was found to be approximately 792 ± 36 HV
due to the high volume fraction of the high hardness
AlNi2Ti intermetallic compound.

3.2. Electrochemical Corrosion Behaviors
The potentio-dynamic anodic polarization curves

of AlNi2Ti–Ti2Ni–NiTi alloy and austenitic stainless
steel 1Cr18Ni9Ti in 0.5 mol/L H2SO4 solutions open
to air are shown in Fig. 3. The anodic polarization
S AND METALLOGRAPHY  Vol. 123  No. 14  2022
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Fig. 2. Microstructure (a) and EDS spectra (b and c) of AlNi2Ti–Ti2Ni–NiTi alloy.
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Fig. 3. Anodic polarization curves of the AlNi2Ti–Ti2Ni–
NiTi alloy and the reference material 1Cr18Ni9Ti in
0.5 mol/L H2SO4 water solutions.
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curves of the alloy and 1Cr18Ni9Ti material in H2SO4
solution show no significant difference in shape.
However, the breakdown potential of AlNi2Ti–Ti2Ni–
NiTi alloy (up to 1200 mV) is 400 mV higher than aus-
tenitic stainless steel 1Cr18Ni9Ti (about 800 mV).
Moreover, the alloy exhibits a high corrosion potential
and a wide passivation region range from 0 to 1.2 V
compared to austenitic stainless steel 1Cr18Ni9Ti,
which suggested that NiTi/AlNi2Ti alloy has an excel-
lent corrosion resistance in 0.5mol/L H2SO4 solution.

The representative Nyquist and Bode plots of
AlNi2Ti–Ti2Ni–NiTi alloy and the reference material
1Cr18Ni9Ti measured at their open circuit potentials
in 0.5 mol/L H2SO4 solution at room temperature
were presented in Figs. 4a, 4b, respectively. It is worth
noting that the curves of the test samples are different
in shape, indicating that they follow different corro-
sion mechanisms. From Fig. 4, semicircles and one
time-constant are observed in the Nyquist and Bode
plots of the reference material 1Cr18Ni9Ti. In con-
trast, the Nyquist and Bode plots of the AlNi2Ti–
Ti2Ni–NiTi alloy exhibit an incomplete semicircle
and two time-constants, suggesting that an additional
reaction might have occurred at the boundaries
between the primary dendritic AlNi2Ti and the inter-
dendritic phase. Therefore, the equivalent circuit
models in Figs. 5a, 5b can be used to fit the electro-
chemical reactions of AlNi2Ti–Ti2Ni–NiTi alloy and
reference material 1Cr18Ni9Ti in 0.5 mol/L H2SO4
solution, respectively.

Some empirical equivalent circuit models are used
to fit the experimental impedance data of passivated
materials (for example, pure metals, alloys and some
intermetallic compounds) [17]. Among these models,
Rs(Q1Rct) and Rs(Q1(Rp(Q2Rct))) are the most widely
used. Rs(Q1Rct) model suggests that a single compact
passive film is formed instantaneously on the elec-
trode surface [18]. In the two equivalent circuit mod-
els, Rs represents the solution impedance and Rp is the
passive film impedance. Rct represents the interface
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
charge transfer impedance, which reflects the corro-
sion rate of the material. In general, the larger the Rct,
the slower the corrosion rate of the material [19]. CPE
(Q1 and Q2) are represents the constant phase ele-
ment. Its impedance is given by Eq. (1):

(1)

where Y0 is equal to the capacitance, j is the complex
operator, ω is the angular frequency, n is an empirical
exponent, which describes the deviation of the elec-
trochemical reaction from the ideal RC-behavior due
to surface inhomogeneities, roughness effects and
variations in the properties or compositions of surface
layers [20]. The values of n are usually related to the
roughness of the electrode surface, and a low value of
n can be attributed to the roughening of the electrode
surface due to erosion in corrosion studies [21]. Table 1
shows the fitted electrochemical parameters according

( )
−   = ω    

1

CPE
0

1 ,nZ j
Y
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Fig. 4. Nyquist (a) and Bode (b) plots of the AlNi2Ti–Ti2Ni–NiTi alloy and the reference material 1Cr18Ni9Ti in 0.5 mol/L
H2SO4 solution.
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Fig. 5. Equivalent electrical circuit model used to fit the
experimental impedance data. (a) 1Cr18Ni9Ti and
(b) AlNi2Ti–Ti2Ni–NiTi alloy.
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to the EIS results using the equivalent circuit model in
Fig. 5. Comparatively, the Rct of AlNi2Ti–Ti2Ni–NiTi
alloy was nearly six times higher than that of reference
material 1Cr18Ni9Ti, which indicates that AlNi2Ti–
Ti2Ni–NiTi alloy has superior corrosion resistance to
1Cr18Ni9Ti in 0.5 mol/L H2SO4 solution.

It is generally believed that the corrosion behavior
of the alloy mainly depends on its composition, chem-
ical stability and corrosion environment [22]. For the
AlNi2Ti–Ti2Ni–NiTi alloy, Ti, Ni and Al are all
strong passive elements, especially the Ti and Al com-
ponent element, a stable and compact TiO2 and Al2O3
passive film is easily formed in acidic and neutral solu-
tions [23, 24]. The AlNi2Ti–Ti2Ni–NiTi alloy con-
taining a large amount of Ti and Al element to exhibit
an excellent corrosion resistance in 0.5 mol/L H2SO4
S AND METALLOGRAPHY  Vol. 123  No. 14  2022
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Table 1. Impedance fitting parameters of AlNi2Ti–Ti2Ni–NiTi alloy and 1Cr18Ni9Ti in 0.5 mol/L H2SO4 solution

Samples Rs, Ω Rp, Ω cm2 Q1, μF cm–2 n1 Q2, μF cm–2 n2 Rct, Ω cm2

1Cr18Ni9Ti 12.15 / 23.1 0.89 / / 101.2

AlNi2Ti–Ti2Ni–NiTi 6.37 13.38 0.37 0.95 34.3 0.93 595.3
solution. Furthermore, strong convection, electro-
magnetic agitation and rapid cooling during the arc
melting can improve the structural and chemical sta-
bility of AlNi2Ti–Ti2Ni–NiTi alloy [25]. In addition,
the constituent phases of AlNi2Ti and Ti2Ni–NiTi are
intermetallic compounds, and their strong atomic
bonds and high chemical stability also make an
important contribution to the excellent corrosion
resistance of the AlNi2Ti–Ti2Ni–NiTi alloy in
0.5 mol/L H2SO4 solution.

3.3. Friction and Wear Properties

The friction and wear properties of AlNi2Ti–
Ti2Ni–NiTi alloy and reference material 1Cr18Ni9Ti
were studied by sliding against GCr15 bearing steel
ball under different loads, as shown in Fig. 6. It is obvi-
ous that the friction coefficient curve of AlNi2Ti–
Ti2Ni–NiTi alloy could be divided into three different
stages: first, the friction coefficients of the alloy
increase rapidly at the initial running-in stage,
and then enters a non-stable stage at the first 1 to
10 min with a large f luctuation of friction coefficients,
followed by a stable stage where the coefficients of
friction f luctuate within a narrow range around the
average value. It is worth noting that an obvious coef-
ficient f luctuation is observed at 2 N loads, whereas
this f luctuation is minimal at 5 and 10 N loads.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Fig. 6. Coefficient of friction vs. sliding times for AlNi2Ti–
Ti2Ni–NiTi alloy sliding against GCr15 bearing ball under
the normal loads of 2, 5, and 10 N.
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According to Murthy’s research, the f luctuation of the
friction coefficient during sliding is mainly related to
the surface state of the friction contact area, which can
be attributed to the presence of three body (wear
debris) during sliding [26]. In addition, for the
AlNi2Ti–Ti2Ni–NiTi alloy, the friction coefficients
decrease with an increasing load, whereas the friction
coefficient of the reference material 1Cr18Ni9Ti
increases with an increase in applied load, as shown in
Fig. 7. The average friction coefficient values of
AlNi2Ti–Ti2Ni–NiTi alloy and reference material
1Cr18Ni9 are (0.462, 0.565), (0.409, 0.592) and
(0.287, 0.611) at 2, 5, and 10 N, respectively. Com-
pared with the reference material 1Cr18Ni9Ti, the
average friction coefficient of AlNi2Ti–Ti2Ni–NiTi
alloy is lower under all experimental loads.

The specific wear rates of the samples are calcu-
lated by volume loss, applied load and total sliding dis-
tance according to the formula:

(2)

where V = AS is the wear volume (mm3), A is area of
the cross-section (mm2)(cross-sections of worn scars
of the specimens were measured using a surface profi-
lometer (MicroXAM) after the wear tests), and S is the
length of the stroke (mm), L is the total sliding dis-

= ,VW
LN
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Fig. 7. Change in the average value of the friction coeffi-
cient of AlNi2Ti–Ti2Ni–NiTi alloy and reference material
1Cr18Ni9Ti under different loads.
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Fig. 8. Specific wear rates of the AlNi2Ti–Ti2Ni–NiTi
alloy and reference material 1Cr18Ni9Ti at different load.
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tance (m), N is the experimental load (N). As shown
in Fig. 8, the specific wear rates of AlNi2Ti–Ti2Ni–
NiTi alloy and reference material 1Cr18Ni9Ti
increase with the increase of applied load at room
temperature. In addition, compared with AlNi2Ti–
Ti2Ni–NiTi alloy, the specific wear rates of the refer-
ence material 1Cr18Ni9Ti increase obviously with the
test load increases. More importantly, the specific
wear rates of AlNi2Ti–Ti2Ni–NiTi alloy are signifi-
cantly lower than that of reference materials
1Cr18Ni9Ti under all loads. The specific wear rates of
the AlNi2Ti–Ti2Ni–NiTi alloy decrease by one order
of magnitude. The specific wear rate values of
AlNi2Ti–Ti2Ni–NiTi alloy are 4.56 × 10–6, 5.07 × 10–6

and 5.93 × 10–6 mm3/N m at 2, 5 and 10 N, respec-
tively.

Figure 9 shows the SEM micrographs of worn sur-
face of the samples sliding against GCr15 bearing balls
under normal loads of 2 and 10 N, respectively. For
AlNi2Ti–Ti2Ni–NiTi alloy, the abrasion was com-
monly noticed under all loads. As shown in Fig. 9a, the
worn surface of AlNi2Ti–Ti2Ni–NiTi alloy was rough
PHYSICS OF METAL

Fig. 9. SEM micrographs of worn surface of the AlNi2Ti–Ti2Ni–
ing against GCr15 steel balls under different load. (a) 2 and (b a

10 �m(а) (b)

AFlaking crater Wear debris
and composed of f laking craters, a small amount of
debris and slight abrasive grooves at 2 N loads. This is
mainly attributed to the tensile stress generated by the
contact of the friction surface during the friction pro-
cess. Therefore, the wear mechanism of the AlNi2Ti–
Ti2Ni–NiTi alloy was dominated by the fracture pro-
cess caused by friction stress at lower loads. The for-
mation of f laking craters make the contact condition
of the wear surface unstable and forms large wear
debris, which also explained that the large f luctuation
of friction coefficient curve was observed under 2 N
load. At the higher load of 10 N, the worn surface of
AlNi2Ti–Ti2Ni–NiTi alloy was very smooth and clean
except for a small amount of fine worn debris particles,
as shown in Fig. 9b. According to the EDS analysis of
Fig. 10, the Al, Ni, Ti, O, and Fe elements were
detected on the worn surface of AlNi2Ti–Ti2Ni–NiTi
alloy under 2 and 10 N loads. The presence of O ele-
ment indicates that a tribo-oxidation reaction
occurred during the wear process. The presence of the
Fe element peak, suggesting that the adhesion transfer
occurs from the bearing steel ball due to the lower
hardness of the steel ball compared to the AlNi2Ti–
Ti2Ni–NiTi alloy. In addition, it can be seen from
Fig. 10 that the intensity of Fe and O element peaks
increases with the increase of loads, which indicates
that the high load is more beneficial to the adhesion
transfer of Fe and the occurrence of friction oxidation
reaction. Compared to the AlNi2Ti–Ti2Ni–NiTi
alloy, the apparent grooves, adhesion and deformation
characteristics were observed on the wear surface of
the reference material 1Cr18Ni9Ti, as shown in
Fig. 9c.

CONCLUSIONS

Corrosion and wear properties of AlNi2Ti–Ti2Ni–
NiTi intermetallic alloy were investigated by corrosion
and wear test. The following conclusions can be
drawn:

(1) A novel corrosion-resistant AlNi2Ti–Ti2Ni–
NiTi intermetallic alloy was fabricated by arc melting
process with a microstructure consisting of the pri-
S AND METALLOGRAPHY  Vol. 123  No. 14  2022
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Fig. 10. EDS patterns of the marked position A in Fig. 9a
and position B in Fig. 9b.
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mary dendrites AlNi2Ti and interdendritic phase of
Ti2Ni–NiTi.

(2) AlNi2Ti–Ti2Ni–NiTi alloy exhibits an excellent
corrosion resistance in 0.5 mol/L H2SO4 solution with
a more positive corrosion potential and a wider passive
potential range than the reference material
1Cr18Ni9Ti. The passive potential range of the alloy is
about twice as broad as that of 1Cr18Ni9Ti material.
The excellent corrosion resistance of the AlNi2Ti–
Ti2Ni–NiTi alloy is mainly due to the instantaneous
formation of a stable and compact passive film com-
posed of TiO2 and Al2O3. The structural and chemical
consistency and the inherent strong inter-atomic
bonding of the AlNi2Ti and Ti2Ni–NiTi intermetallic
are also important factors for the high corrosion resis-
tance of the alloy.

(3) The AlNi2Ti–Ti2Ni–NiTi alloy has an excel-
lent wear resistance accompanied by a low friction
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
coefficient and wear rate under dry sliding wear con-
ditions attributed to its high hardness (792 HV) and
strong covalent dominated bonding. The main wear
mechanisms of the AlNi2Ti–Ti2Ni–NiTi alloy are
fracture processes induced by frictional stress at low
loads and tribological oxidation at high loads.
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