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Abstract: Bulk NiTi is used to make parts, such as couplings and bearings, that can be found in many
industries such as the automotive, aerospace and medical sectors. Forming and machining bulk
superelastic NiTi is a very difficult and costly process; however, applying NiTi as a surface coating will
provide an alternate manufacturing method that will minimize machining processes. The objective
of this study is to produce a superelastic NiTi-based surface coating that exhibits denting, impact
and wear resistance. Superelastic NiTi has been successfully produced through vacuum deposition
processes, despite this, there is a lack of a full and comprehensive study on the formation of the NiTi
phase during coating development. In this study, the NiTi phase is fabricated through the annealing
of sputtered deposited Ti and Ni layers in a coating. To confirm the presence of the intermetallic
phases, X-ray diffraction (XRD) and energy dispersive spectrometry (EDS) analysis were performed.
The erosion behavior of the coating is evaluated through single particle erosion testing, which resulted
in the coatings that contained the NiTi precipitates to exhibit the best damage resistance compared to
the other nanolaminates. This indicates that the superelastic NiTi phase increases the resistance to
impacting particles. Microstructural evolution and NiTi formation during annealing is discussed and
related to the observed damage resistance of the coatings.
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1. Introduction

The erosion of working parts cost industries millions of dollars each year. The effects of erosion can
lead to a loss of process efficiency, plant shutdowns and safety risks [1]; ultimately causing production
delays which result in a significant increase in costs. A common method to prevent erosion is to protect
the material by applying a surface coating that can withstand erosion.

Erosion occurs when particles impact a solid surface and the kinetic energy is transferred to
the material [2,3]. Erosion is influenced by operational properties, such as particle velocity, impact
angle and the impacting particle, such as hardness, size and shape [4]. The kinetic energy can also be
totally or partially dissipated in the material through ductility, phase transformations and heat [2].
Erosion-resistant coatings can be found in many industries, including aerospace, oil and gas and
automotive. However, a material that has not been fully exploited for erosion-resistant purposes in
commercial applications is bulk NiTi.

Bulk NiTi is ideal for erosion applications because it exhibits a stress-induced reversible martensitic
phase transformation, which leads to a unique superelasticity effect. When an external stress is applied
to austenitic NiTi, it prompts a phase transformation to detwinned martensite and unloading the stress
results in the reverse transformation back to its parent austenitic phase. A superelastic NiTi alloy has
the capability to recover large strains from 6% to 8% [5,6], which is much greater than other metallic
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alloys. The superelasticity effect improves the mechanical properties [7–10], such as higher strength
and lower elastic modulus. Consequently, this stressed-induced phase transformation makes the
material very difficult to form and machine, which restricts the commercial applicability of NiTi [11,12].

A proposed alternative NiTi fabrication method is to apply NiTi as a surface coating, as this would
minimize the machining processes required. Currently, there is no commercial method to apply NiTi
has a surface coating. Few studies [13–16] have used vacuum deposition processes, with varying
successes, to apply NiTi as a surface coating, furthermore, the deposition of NiTi as a surface coating is
a costly and complex process. Several studies [9,17,18] formed the NiTi phase by subjecting sputter
deposited Ni and Ti layers to a heat treatment process. Cho et al. [18] validated that austenitic NiTi
was formed at the interface after the annealing of sputter deposited Ni and Ti layers. The sequence
and growth of Ni and Ti intermetallic phases in diffusion couples have been studied [19–23], however,
a comprehensive study on the formation and growth mechanisms of NiTi is non-existent.

Annealing Ni and Ti in a nanolaminate could be a viable option for components that experience
a high rate of damage in any industry such as pipe bends, bearings and hydraulic components. In this
study, the formation of superelastic NiTi is attempted through the annealing of sputtered deposited
layers of Ni and Ti. Furthermore, a sputter deposited 50 µm monolayer of superelastic NiTi was
fabricated for comparison. The damage behavior of both coatings was assessed using single particle
impact testing, as it allows for the damage mechanisms of the coating, such as deformation and fracture,
to be closely examined [24], compared to “multi-particle” dry or slurry erosion testing. The single
particle erosion test in this study evaluates the coatings’ response to denting by high velocity particle
at different impact angles. This test simulates a single impact event in an erosive environment or
an incidental particle impact during operation.

2. Experimental Procedure

Plain carbon steel substrates were ground with SiC 240, 320, 420 and 600 grit paper and were
polished with 9, 3 and 1 µm diamond paste. A DC magnetron sputtering system was employed to
deposit a 50 µm monolayer of superelastic NiTi, with a transformation temperature of approximately
0 ◦C onto plain carbon steel substrates. Initially, the air within the chamber was completely removed
to allow a pure inert gas to be passed through. During sputtering the system was kept at a pressure of
1 × 10−7 mbar and argon gas was pumped through the system at a rate of 20 cm3 per minute [6].

The nanolaminate coatings were fabricated through a direct current (DC) magnetron sputtering
process. The steel substrates are secured onto a 100 mm silicon wafer, the wafer is then placed on
a sample holder. The air was removed from the chamber and argon gas was passed through at a base
pressure of 1.33 × 10−7 mbar by a cryopump. Ni and Ti were deposited in alternating 100 nm thick
layers, for a total coating thickness of 1 µm. To form the NiTi phase in the nanolaminates, the coatings
were subjected to an annealing process. The coatings were placed in a vacuum furnace and heated at
a rate of 20 ◦C per minute to 650 and 800 ◦C where they were held for one hour under a vacuum of
3 × 10−5 mbar. The nanolaminates were then moderately cooled at an approximate rate of 10 ◦C per
minute to room temperature.

Each coating was sectioned and was examined under both a Hitachi S-4700 scanning electron
microscope (Hitachi, Tokyo, Japan) and energy dispersive spectrometry (Hitachi, Tokyo, Japan) to
assess coating quality and to determine elemental composition. Additionally, the crystalline phases in
the nanolaminates were determined using a Bruker D8 advanced X-ray diffraction (BRUKER, Billerica,
MA, USA) system. Each coating was analyzed using Cu-Kα radiation with a wavelength of 1.54 Å,
from 20◦ to 120◦ (2θ) and the generated peaks were identified using Powder Diffraction Files (PDF).
The XRD tests were done using fast (5◦/min) and slow (0.5◦/min) scans.

Hardness and elastic modulus values were determined through load-controlled Micro Material
Nano Test Platform 3 (Mirco Materials, Wrexham, UK) nanoindentation system. Here, loads ranging
from 5 to 25 mN were applied with a Berkovich diamond indenter to the coating in the same location.
Initially, a load of 5 mN was applied and unloaded to 3 mN, this cycle was repeated with the load
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increasing by 5 mN each time up to a 25 mN load. These cycles were repeated 10 to 15 times in different
locations on the coating and both the elastic modulus and hardness values were calculated after each
unloading cycle. From this data, the hardness and elastic modulus values were determined from the
best-fit equations, of H and E versus depth curves, for each coating at a depth of 200 nm to minimize
substrate effects.

Single particle erosion test was performed at room temperature using an in-house built apparatus,
seen in Figure 1. A hard tungsten carbide (WC–6 wt.% Co) spherical ball with a diameter of 1 mm was
placed into the receiver, then the bolt was connected to allow compressed air to fire it at the sample.
The sample was loaded into the holder, placed in the vise and the impact angle of 90◦, 60◦, 45◦ or 30◦

was selected. The vise was then placed approximately 1 cm away from the end of the barrel. After the
safety enclosure was placed over the end of the barrel and vise, the pressure gage was set to a specific
pressure and the solenoid valve was opened; allowing the compressed air to push the particle towards
the target.
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Figure 1. Single particle erosion apparatus.

The gas pressure gauge was adjusted to the desired velocity of the impacting particle. The velocity
was measured by an Arduino (Somerville, MA, USA) that calculated the time needed for the particle to
pass through two photo-interrupters that were placed 0.003 m apart, the time was then inputted into
Equation (1) to determine the velocity (up).

up(
m
s
) =

Distance between the photo interruptors (m)

Time for particle to pass both the photo interruptors(s)
(1)

In this study, a pressure of 60 psi was selected, to ensure that the mean contact force is above that
needed to initiate the NiTi transformation; which was determined to be 0.410 GPa [25]. A pressure of
60 psi results in a velocity of approximately 53 m·s−1. The impact sites were analyzed using SEM, EDS,
laser confocal microscope (Keyence, Osaka, Japan) and an optical microscope (Olympus, Tokyo, Japan).

3. Results and Discussion

3.1. Characterization of the Coatings

The superelastic NiTi monolayer and the 650 ◦C nanolaminate coating have excellent adhesion
with the substrate, as seen in Figure 2a,b, respectively. The 650 ◦C nanolaminate shows dark Ni-rich
areas and light Ti-rich areas, as identified by EDS, furthermore, the diffusion layer was not clearly
identified under SEM. The cross-section of the superelastic NiTi monolayer was sputtered uniformly
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and through EDS analysis had a composition of 50.58 at.% Ni and 47.23 at.% Ti. The NiTi monolayer
coating shows rough areas after sectioning, which are caused by the stress of the saw blade initiating
the NiTi phase transformation, thus, resulting in a rough surface finish. This further highlights the
main challenge associated with machining and forming superelastic NiTi.
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Figure 2. Cross-sections of (a) 650 ◦C nanolaminate and (b) superelastic NiTi monolayer coatings.

XRD patterns, seen in Figure 3, were gathered from each coating to determine if any intermetallic
phases were formed during annealing, specifically austenitic NiTi. The as-sputtered pattern shows
a peak at 38◦ (2θ) which was identified as the Ti (002) peak. This peak does not appear in the coatings
that were annealed, indicating a reaction between Ti and Ni had taken place to create intermetallic
phases. That is, the amount of Ti is reduced to a level where it is difficult to observe its corresponding
peaks. The coatings annealed at 650 and 800 ◦C and the superelastic NiTi monolayer, show the NiTi
(110) intermetallic peak at 44◦ (2θ), demonstrating that superelastic austenitic NiTi is formed at these
temperatures. The Fe (110), (200) and (211) peaks from the substrate are clearly seen in all nanolaminate
coatings. It is difficult to see the Ni (111) peak as it overlaps with the strong Fe (110) peak, however,
the Ni (200) is slightly visible.
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The NiTi-based nanolaminates were designed to obtain the equiatomic NiTi phase, at each Ni
and Ti interface, through the annealing of Ni and Ti sputtered deposited layers. According to research
performed by Hu [19] and Garay [26], when annealing elemental Ni and Ti, the intermetallic phases
form and grow in a specific sequence, starting with Ni3Ti, followed by NiTi2 and finally NiTi. The XRD
patterns show only the NiTi intermetallic peak formed after annealing, however, there are three
intermetallic phases that Ni and Ti can form; NiTi2, NiTi and Ni3Ti.

Therefore, slow-scan XRD diffraction patterns for the 650 and 800 ◦C nanolaminates (Figure 4)
were performed and closely examined in the 2θ range of 44◦ to 45◦ for the 650 and 800 ◦C coatings.
The slow-scan patterns show a combination of the three intermetallic phases. This is consistent with
the intermetallic phase that was present in diffusion couple literature theories [19,26].
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To further confirm that the NiTi intermetallic phase is present in the annealed 650 ◦C nanolaminate
coating, EDS was used to examine the regions around the Ni/Ti interfaces, seen in Figure 5. The results
show that approximately equiatomic NiTi precipitates have formed within the reaction zones, which is
in agreement with XRD data (Figure 3).
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Nanoindentation testing was performed on the coatings to determine elastic modulus and hardness
values. The data, seen in Table 1, shows that the nanolaminate coatings have higher hardness (H) and
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elastic modulus (E) values compared to the superelastic NiTi monolayer. The 650 ◦C nanolaminate has
the highest hardness of all coatings, which is advantageous for erosion resistance. Nanocomposites with
high hardness and toughness can prevent (or slow down) crack growth and inhibit crack initiation [27].

Table 1. Nanoindentation data.

Coating H (GPa) E (GPa) E/H Ratio Elastic Recovery Ratio

As-Sputtered 8.5 390.4 46.2 0.22
650 ◦C 9.5 224.4 23.7 0.38
800 ◦C 8.8 259.6 29.4 0.30

Superelastic NiTi 5.6 81.5 14.4 0.64

The annealed Ni/Ti nanolaminates exhibit higher hardness values compared to the superelastic
monolayer due to the property gradient between the Ni, Ti and NiTi phases. The Koehler effect [28]
states that as dislocations in a low elastic modulus material move towards the interface of a material with
a higher elastic modulus, it will cause dislocation pile-up. Thus, dislocation pile-up will occur in at the
interfaces between NiTi and the adjacent Ni and Ti layers in the 650 and 800 ◦C nanolaminate coatings.

The nanoindentation data was also used to determine the E/H ratio and the elastic recovery ratio
for each coating. The elastic recovery ratio is the ratio of the area under the unloading curve to the
area under the loading curve. The NiTi monolayer and 650 ◦C nanolaminates exhibit comparable E/H
and elastic recovery ratios, which highlight the presence of superelastic NiTi in the 650 ◦C coating.
Low E/H and high elastic recovery ratios indicate a more resilient and wear resistant behavior. It is
clear from Table 1 that the 650 ◦C and the NiTi monolayer coatings exhibit enhance properties over the
as-sputtered coating.

3.2. Erosion Behavior of the Coatings

The mean contact pressure exerted by the impacting particles was calculated to ensure that the
force was large enough to initiate the NiTi phase transformation. The mean contact pressure (pm) is the
pressure induced by the indenter over the contact area, described in Equation (2).

pm =
P
πa2 (2)

where P is the applied load. The contact radius, a, can be calculated using Equation (3) where R is
indenter radius and E* is the reduced modulus.

a3 =
3PR
4E∗

(3)

To calculate the applied force of the impacting particle, the kinetic energy is equated to the work
done by the particle, as seen in Equation (4) [29]. This equation works under the assumption that the
friction and drag effects of the impacting particle are negligible.

Pd =
1
2

mpv2
p sinφ (4)

where d is the distance the particle travels, mp is the mass of the particle, vp is the velocity of the
impacting particle and φ is the impact angle. From this, the mean contact pressure can be calculated to
determine the mean contact pressure exerted at each angle, as seen in Table 2. At a 30◦ angle, the mean
contact pressure is below that of the NiTi initiation stress of 0.410 GPa [25]; However, given the
uncertainty in the exact composition of the NiTi precipitates, hence, uncertainty in the exact transition
stress, as well as, uncertainty in the exact incident angle, it is reasonable to assume that even at low
impact angle some martensitic transformation can take place, given the small difference between the
contact pressure and the reported transformation stress.
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Table 2. Single particle impact mean contact pressure.

Impact Angle (◦) Applied Load (N) Mean Contact Pressure (GPa)

30 0.020 0.381

45 0.029 0.428

60 0.035 0.458

90 0.040 0.480

3.2.1. High-Angle Fracture Mechanisms

The high-angle impacts of the as-sputtered and 650 ◦C nanolaminates and monolayer of NiTi
coatings can be seen in Figure 6. The as-sputtered coating, Figure 6a, shows severe delamination
and coating removal from around and within the impact site. Upon impact, the high Hertzian-type
surface tensile stresses result in the initiation and propagation of cracks, which then propagated
and resulted in the spalling of the coating. Conversely, the 650 ◦C nanolaminate, Figure 6b and the
monolayer of superelastic NiTi, Figure 6c, result in no delamination. The 650 ◦C nanolaminate shows
only few fine micro-cracks, due to the superelasticity effect of NiTi precipitates. Upon impact of
both 650 ◦C nanolaminate and superelastic NiTi, some of the energy is absorbed by the NiTi phase
during its transformation from austenite to martensite. Once the applied load of the impacting particle
is removed, the reverse phase transformation occurs and some of the elastic strains are recovered.
As a result of the superelastic effect only limited energy is available to initiate and propagate cracks,
hence, only few micro-cracks were observed in the 650 ◦C coating post impact.
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A close inspection of the 90◦ impact site on the 650 ◦C nanolaminate showed some cracking
within the impact site, as seen in Figure 7a. Here, cracks appear to be close, which is believed to be
a result of the NiTi superelastic effect. As NiTi undergoes a transformation from austenite to detwinned
martensite it expands and generates a compressive stress field in its vicinity. Hence, causes cracks to
close and prevents them from propagating. This minimizes the extent of surface damage done to the
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coating. This is evidence that the phase transformation occurred in the coating upon impact. Figure 7b
is an EDS map that shows that the closed cracks do not expose the substrate.Coatings 2019, 9, x FOR PEER REVIEW 8 of 12 
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3.2.2. Low-Angle Fracture Mechanisms

The low-angle particle impact resulted in elliptical craters, as seen in Figure 8. Upon impact, of
the as-sputtered nanolaminate the coating and substrate were displaced in the direction of impact
resulting in the lifting and delamination of the coating around and within the impact crater, as seen in
Figure 8a. On the other hand, the 650 ◦C nanolaminate shows few cracks within the indent and no
delamination. As the impact occurs, the kinetic energy is transferred to the coating and dissipated
through both the initiation and propagation of fine cracks (micro-cracks). When the cracks encounter
the NiTi phase, the cracking energy is consumed by the phase transformation and further cracking is
prohibited due to the compressive strain fields caused by the formation of the martensitic NiTi phase.
The fracture resistance of the superelastic monolayer and 650 ◦C nanolaminate coatings is enhanced
due to the NiTi precipitates ability to dissipate cracking energy through the phase transformation effect,
seen in Figure 8b,c, respectively.
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The impacting particle was examined for evidence of adhesive wear after testing of the as-sputtered
nanolaminate. The WC ball used for impacting, Figure 9, shows evidence of adhesive wear. As the
hardness of the WC ball is much larger than that of the as-sputtered coating, is believed that upon
impact of the particles, the as-sputtered nanolaminate coating fractured and adhered to the surface of
the particle.
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3.2.3. Erosion Mechanisms of the Coatings

The transformation toughening ability of the monolayer of superelastic NiTi resulted in no
measurable material removal, at both high and low impact angles, as seen in Figure 10. Superelastic
NiTi has the ability to resist erosive wear due to its superelastic effect [30]; resulting in the kinetic
energy being dissipated through the reversible phase transformation. The low-angle impact sites show
that the material was displaced in the direction of impact, whereas the 90◦ evenly displaces the material
around the indent. Material pile-up is clearly seen in the depth profiles in Figure 10.
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The confocal images and depth profiles for the 650 ◦C nanolaminate are shown in Figure 11.
Similar to the monolayer NiTi, the 650 ◦C nanolaminate undergoes material displacement and pile-up
formation in the direction of particle impact. Although the crater sizes in the 650 ◦C nanolaminate
seem to be larger than those for the monolayer NiTi coating, the material removal is minimal.

Furthermore, the 650 ◦C nanolaminate experienced transformation toughening at high and low
impact angles. No visible cracks were detected in the confocal image. The transfer of kinetic energy
of the particle is dissipated mainly through the martensitic transformation. Any fine cracks that
may form are prevented from any significant propagation by the NiTi precipitate. Here, the crack
energy is absorbed by the NiTi precipitates as they transform from austenite to martensite, during
transformation, the NiTi precipitates expand and create a compressive stress field in their vicinity
which assists in closing cracks. The material pile-up is comparable to the superelastic NiTi coating.
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It is understood that the depths of deformation during the single particle impacts are larger than
the 1 µm thickness of the nanolaminate coatings. It should be emphasized here that the failure criteria
used in these coatings is their ability to resist fracture and delamination. Although the crater depths
include the contribution from the steel substrate, it gives an understanding of the coating and substrate
system behavior. Furthermore, cracking of the coatings although is considered failure, if it occurs,
it may not contribute to material removal during erosion; therefore, the erosion data in this study
should be used with this understanding. The purpose here is to simulate a real single impact event
due to erosion or incidental impact by a particle in service of a substrate/coating system.

4. Conclusions

In conclusion, the annealing of sputter deposited Ni and Ti layers successfully resulted in the
formation of the austenitic NiTi phase. After annealing at 650 ◦C, the nanolaminate coating exhibit
comparable E/H and elastic recovery ratios to that of a monolayer of superelastic NiTi, yet, it has
higher hardness. Upon impact of the as-sputtered nanolaminate, cracks were initiated and propagated,
which lead to the spalling of the coating. When impacting the nanolaminates annealed at 650 and
800 ◦C, results in few fine cracks and no spalling. This increase in erosion resistance is likely due to the
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presence of NiTi precipitates. The martensitic reversible transformation associated with superelastic
NiTi gives rise to substantial toughening of the coatings. Fabricating NiTi coating through annealing of
Ni and Ti layers may provide a feasible path to applying superelastic NiTi-based coatings in an attempt
to minimize machining and forming costs associated with using bulk NiTi.
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