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Abstract: In this work, we proposed a novel mechanical alloying method to deposit
Ni,-Tiyintermetallic coating on various metallic substrates using laser treatment. Three different
substrates (Al-based alloy, Ti-based alloy, and hypoeutectoid steel) were used, and 50-70 pm thick
Ni, Tiy coating was deposited during the process. For mechanical alloying, we used a self-constructed
vibratory ball mill (single chamber) and for laser treatment, we used a “TrumpfTruDisk 1000” machine
equipped with a four-dimensional control system “Servokon” designed specifically for experimental
studies. Different laser beam intensities were used for laser operation. The cross-sectional
microstructures of coatings were studied using a scanning electron microscope equipped with a
Bruker energy-dispersive X-ray Spectrometer (EDS). Additional investigation of a cross-sectional area
of one of the Ni,Tiy-coated samples was performed with field emission high-performance SEM and
focused ion beam (FIB). Phase compositions of the obtained coatings, before and after laser treatment,
were analyzed using X-Ray diffraction method. After the deposition process, the micro-hardness of
the coatings was measured using a Vickers hardness tester. The structure and morphology of the
obtained coatings were investigated.

Keywords: Ni-Ti intermetallics; laser treatment; mechanical alloying; coating

1. Introduction

Intermetallic Ni,Tiy compounds are well known for their unique properties such as good
ductility at room temperature, enhanced vibration-damping capacity, and corrosion resistance in
seawater [1-3]. Researchers are interested in these compounds due to their potential use as a
functional material in many engineering applications, i.e., active, adaptive structures, as well as
medical and dental appliances [4-6]. Many technological approaches such as conventional powder
metallurgy [7], self-propagating high-temperature synthesis [8], explosive shock-wave compression [9],
and mechanical alloying (MA) [10] have been used to produce Ni, Tiy intermetallic using elemental
powders of Ni and Ti. According to previous research, MA of 50Ni-50Ti elemental powder mixture
can lead to a nanocrystalline solid solution and amorphous phase formation [11-13].

Several investigations are dedicated to the synthesis of NiTi intermetallic. Unlike other traditional
coating techniques (thermal spray, CVD, PVD, etc.), mechanical alloying (MA) is a solid-state technique
used to produce alloys and compounds that are either complicated or impossible to produce by melting
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or casting methods. The difference between the properties of coating material and substrate material
does not affect the formation of good aluminide and other coatings using the MA method [14-16].
MA is a comparatively low-cost method that can produce coatings with controllable thickness and
can get strong bonding between the coating material and the substrate avoiding adverse chemical
reactions [17,18].

Mechanical alloying forms intermetallic compounds inside a ball mill due to abrupt rise in
temperature during deformation and impact; however, to get stable and homogenous intermetallic
coating, annealing is necessary to produce the required phase [19]. Unfortunately, the difference
in the melting points of the coating and the substrate materials often preclude effective annealing
processing. In this study, instead of traditional furnace annealing, we used laser treatment of the
MA coatings. By controlling the laser intensity, the formation of intermetallic phases can be initiated
without interacting with the substrate material [20-24].

We have previously conducted other MA deposition investigations related to the deposition
of hydroxyapatite [25] and various other intermetallic coatings (TiAl, NiAl etc.) [26-32]. The MA
deposition of the Ni, Tiy intermetallic compound on different metallic substrates reported here is an
extension of our previous research.

The aim of our current research is to design basic principles of a relatively new method for the
Ni, Tiy intermetallic coatings deposition on different metallic substrates (Al-based alloy, Ti-based alloy,
and hypoeutectoid steel) by using a combination of mechanical alloying in a vibratory ball mill and
subsequent laser treatment. To this end, most suitable parameters for mechanical alloying and laser
treatment will be determined in this work. The structure, morphology, and microhardness of the
obtained coatings will be investigated.

2. Materials and Methods

Ti (99.96%) and Ni (99.98%) powders were used as raw materials for coatings. The elemental
powders with stoichiometric composition of Ni-Ti were mechanically alloyed in a vibratory ball
mill. The substrates were affixed to the top inside the milling vial. An Al-based alloy (Duralumin,
analog of the 2017A alloy), a Ti-based alloy (analog of the Grade?2 alloy), and a hypoeutectoid steel
(0.45 wt % C) were used as substrate materials. All the substrate samples were 30 mm in diameter and
1 mm in thickness. The hardness of the substrates was measured before the coating and was found
to be approximately 115 HV for the Al-based alloy substrate, 320 HV for the Ti-based alloy substrate,
and 230 HV for the hypoeutectoid steel substrate.

An Akashi hardness-testing machine (MVK-HVL) (Mitutoyo, Kawasaki, Japan) was used to
measure the microhardness of the samples. The microhardness testing was performed with a load
of 200 g and a 10-second indentation dwell time. Each sample received eight to ten indentations.
Minimum space of two to five diagonals of indentation prints was left between the neighboring
indentations [33].

The amplitude of self-constructed vibratory ball mill (VM) was 13 mm with a frequency of 50 Hz.
The 4 mm-diameter stainless steel ball-bearing balls were used as grinding media. According to
T. Mandal et al. [34], the 4 mm balls and 13 mm amplitude are optimal conditions for mechanical
alloying to achieve a synthesized nanostructured powder. E.V. Shelekov and T.A. Sviridova proved
that the optimum ball-to-powder mass ratio is 10:1 [35], so we used this mass ratio in our current
research. The total weight of the powder mixture was 3 grams for a 30 cm? vial of VM. The milling
process was performed with four 15-min milling runs with 15-min cessations between the runs to
air-cool the milling vial and its contents. This procedure allowed us to achieve thetotal milling time of
one hour. No process control agents were used during the milling process.

Phase compositions of the coatings were investigated by using DRON X-ray diffraction (XRD)
diffractometer (Research and production enterprise “Bourevestnik”, Saint Petersburg, Russian
Federation) analysis using CuKa radiation and vertical position of the sample (26 angles from
30° to 120°; Step: 0.1°; Time per step: 5 s; Beam size: 6-8 mm). The lattice parameters and the
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phase compositions were determined with an accuracy of £0.0001 nm and +5%, respectively [36].
The crystallite size (coherent scattering domain) in the powders was determined from the broadening
of diffraction line profiles that were fitted with the Cauchy functions. The obtained uncertainty in the
crystallite sizes was 5 nm [37]. The percentage of the amorphous phase was determined using the
kinematic standard method [35] and the annealed nickel powder as a standard.

The cross-sectional microstructures of the coatings were studied using a scanning electron
microscope ZEISS ULTRA 55 Gemini at an accelerating voltage of 15 kV. The microscope was equipped
with a Bruker energy-dispersive X-ray Spectrometer (EDS) (Bruker, Fremont, CA, USA).

Additional investigation of a cross-sectional area of one of the Ni,Tiy-coated samples was
performed with field emission high-performance SEM (Carl Zeiss Group, Oberkochen, Germany)
and micro milling Focused ion beam (FIB) Dualbeam JEOL JIB-4600F (JEOL Ltd., Tokyo, Japan)
with an accelerating voltage of 10 kV. This method allows control of the ion-milling process while
simultaneously providing SEM viewing and analysis of the abrasive-free cross section.

A Trumpf Tru Disk 1000 machine (Trumpf, Liibeck, Germany) equipped with a four-dimensional
control system “Servokon” specifically designed for experimental studies was used for laser treatment
of the obtained coatings. The machine was equipped with an argon gas blowing setup. Different laser
beam intensities were used for laser treatment. These regimes provided different intensities of the laser
beam. The beam diameter (d) was 0.4 mm. The main processing parameter was the total energy per
unit area (E). The equation used to calculate E and an example of its use were shown in our previous
work [27].

3. Results and Discussion

The phase and structural transformation of the obtained coatings are presented in Table 1. It is
obvious that the chemical reaction between the Ni and Ti components of the powder mixture was not
100% complete during the MA process. Therefore, the peaks from the initial components Ti and/or Ni
were detected on the XRD patterns of the coatings. Laser treatment resulted in phase transformation in
the obtained coating and, in some cases, a comparatively more homogeneous structure was observed.
The parameters of the MA process remained the same for all the substrates but laser treatment regimens
were changed during the experiment.

After one hour of milling in the vibratory ball mill with almost all types of the substrate materials,
comparatively broadened XRD peaks were observed. Such peaks correspond to the amorphous phase
and the nanostructure of the obtained coatings (Table 1). When the same coating was exposed to
laser treatment, the phase composition was observed to have a more relaxed crystallite structure as
confirmed by changes in the XRD peaks and total crystallization of the amorphous phase.

Best results were found in the case of the Ti-based alloy substrate, where we found 25% by volume
of the NiTi phase and 20% by volume of the NiTi, phase, after laser treatment at 3.4 J]/mm? (Figure 1
and Table 1).

It should be noted that 55% (by volume) of the observed Ti phase corresponds approximately to
the uncoated substrate composition, which should be expected to be detected due to inexact focus of
the x-ray beam. But, the resulted coating was quite homogeneous and covered almost all the substrate
surface, before (Figure 2a) and after laser treatment (Figure 2d). Therefore, we believe that the chosen
regime of laser treatment, in the case of the Ni-Ti coating deposition on the Ti-based alloy substrate,
provides full-phase transformation in the coating layer due to a relatively small amount of the total
energy per unit area E (E = 3.4 ]/mm?).

The laminar structure of the coating obtained by MA (Figure 2a), can be clearly seen, which is
typical for MA coatings [15,29]. Some layers correspond to the Ni phase (Figure 2b), some other
correspond to the Ti phase (Figure 2c). But after the laser treatment, the phase composition of the
obtained MA coating became more homogeneous (Figure 2d—f).
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Table 1. Phase composition and structural parameters of the Ni-Ti coatings.

Phase Composition Volume Fraction, % Latticeparameter, nm Crystallitesize, nm

MA depositionof the NiTipowdermixture on Al-basedalloysubstrate

Al 15 A:0.4079 25
NiTi 2 A:0.2999 10
TipNi 13 A:1.0997 10

Amorphousphase 70 - -
The same sample after MA depositionandlasertreatment E = 8.2 J/mm?
Al 90 A:0.4041 >500
i A:0.3976
AL Ti 10 C: 24361 30
The same sample after MA depositionandlasertreatment E = 6.8 J/mm?
Al 95 A:0.4033 100
. A:0.6188
T12A15 5 C: 0.4644 10

MA depositionof the NiTipowdermixture on Ti-basedalloysubstrate

. A:0.2905

Ti-alpha 5 C: 0.4650 10
5

Ni 5 A:0.3540 10
5
5

NiTi 5 A:0.3008 10
5
5

TipNi 5 A:1.1377 10
5

Amorphousphase 80 - -

The same sample after MA depositionandlasertreatment E= 3.4 J/mm?
A:0.2943

Ti- alpha 55 C: 0.4682 >500
NiTi 25 A:0.2994 >500
NiTip 20 A:1.1309 >500

MA depositionof the NiTipowdermixture on hypoeutectoidsteelsubstrate

Fe-alpha 2 A:0.2880 10
NiTi 2 A:0.3036 10
TipNi 6 A:1.1257 10

Amorphousphase 90 - -
The same sample after MA depositionandlasertreatment E= 13.6 J/mm?
Fe-alpha 80 A:0.2904 >500
. A:0.4838
Fe,Ti 15 C: 0.7707 50
NiTi 5 A:0.2916 50

In the other two cases (Al-based alloy substrate and hypoeutectoid steel substrate), the total
energy per unit area was too large. Therefore, laser treatment operation involved the phase formation
incorporating the substrate materials (Al and Fe), see Table 1. For example, a layer enriched in Al is
clearly seen on the coating side of the coating-substrate interface, after laser treatment at E = 8.2 ] /mm?
(Figure 3h). We already discussed this phenomenon in our previous work [27]. The same laminar
microstructure of the coatings obtained by MA on the Al-based alloy substrate and hypoeutectoid
steel substrate is clearly shown in Figure 3.
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Figure 1. The XRD pattern of Ni-Ti coatings on Ti-based alloy substrate (a) after MA deposition,
and (b) after laser treatment with the total energy per unit area of about 3.4 J/ mm?.
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Figure 2. Cross-section SEM images and element mapping of the Ni-Ti coatings on the Ti-based alloy

substrate after MA: (a) a general view of the microstructure; (b) contents of Ni; (c) Ti. Cross-section

SEM images, and element mapping of the Ni-Ti coatings on the Ti substrates after MA and subsequent

laser treatment with the total energy of 3.4 J/ mm?: (d) a general view of the structure; (e) contents of
Ni; (f) Ti.

Coating

Figure 3. Cross-section SEM images and element mapping of the Ni-Ti coatings obtained by MA:

a general view of the microstructure of the coating, (a) obtained on the Al-based alloy substrate;

(b) contents of Ni; (c) Ti; (d) Al and a general view of the microstructure of the coating; (e) obtained on
the hypoeutectoid steel substrate, contents of (f) Ni; (g) Ti; (h) Al
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The resulting thickness of the obtained MA coatings (before and after laser treatment) was about
50-70 um in the case of the Ti-based alloy substrate, as shown in Figure 4. This was also valid for the
coatings obtained on other types of the substrates (Al-based alloy and hypoeutectoid steel).

Microhardness measurements of the deposited Ni, Tiy coatings and the substrates are presented
in Table 2. The experimental results indicate that the surface hardness of the deposited Ni,Ti, coatings
had an increased hardness value as compared to the parent materials due to high density of crystalline
defects presumably present in the coatings. After laser treatment, the grain structure became more
homogeneous and stable due to redistribution of defects, recovery, formation and migration of
small-angle grain boundaries (polygonization). These results are closer to the previous works provided
by Mokgalaka et al. and Hiraga et al. [38,39].

The case of the coating on a hypoeutectoid steel substrate, laser annealed at E = 13.6 ] /mm? was
chosen as a useful example of the reactions produced by laser annealing because this case had the
highest laser annealing energy. Examination of this specimen illustrates phase transformations seen in
many of the coatings during laser annealing.
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Figure 4. The resulting thickness of the obtained Ni-Ti coatings on the Ti-based alloy substrate, (a) after
MA deposition and (b) after laser treatment with the total energy per unit area of about 3.4 J/mm?.

Table 2. Microhardness of the initial substrates and coatings, obtained by the MA and a subsequent
laser treatment.

Microhardness, HV
Substrate Substrate before MA MA Coating After Laser Treatment
i 450 (E = 8.2]/mm?)
Al-based alloy 115 410 265 (E = 6.8 ] /mm?)
Ti-based alloy 320 405 680 (E = 3.4 J/mm?)
Hypoeutectoid steel 230 1115 775 (E = 13.6 ] /mm?)

Figure 5 demonstrates cross-sectional area (20 pm width, 10 um height) of the Ni,Tiy coating
on the hypoeutectoid steel observed with SEM and FIB methods. It can be clearly observed that
the coating was formed in two ways: a well-mixed layer of an intermetallic steel-based matrix
and a thin, less than 1 pm, non-uniform and particularly overlaying coat of pure Ti (Figure 5a).
The pure Ti layer on the top has a relatively homogenous interface surface with a steel-based matrix.
The steel-based matrix contains 8 wt % of Ti and 8 wt % Ni uniformly distributed among the whole
cross-sectional area with embedded Fe,Ti (see Table in Figure 5b, components detected by XRD)
round-shape particles. Some matrix grains can be clearly seen on the cross-sectional view (dashed
encircled areas in Figure 5c,d).

Also, a few particles of Fe,Ti were incorporated in the matrix grains and most of them were
distributed among the matrix grain boundaries (red outlined in grain body and yellow outlined in
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the boundaries of the matrix), Figure 5c,d. The average particle size was 300 nm. The elemental
powder particles (Ni, Ti) were forcibly embedded into the hypoeutectoid steel substrate and then
recrystallized with matrix grains into Fe,Ti. Some of the particles were formed in the grain boundaries,
which can be explained by the effects on diffusion of the impurities to the dislocation groups formed
due to severe plastic deformation during treatment, recovery, and grain (matrix and intermetallic)
growth. Thus, after laser treatment, intermetallic compound reacted with Fe in the matrix and formed
Fe,Ti; elemental Ni and Ti were uniformly distributed among the substrate. However, in future this
phenomenon can be studied more deeply.

Black dots White matrix
Element

wt% | at% | wt% | at%

TiK |37.76 | 41.52 | 8.69 | 10.03

§ NiK+TiK

FeK |58.49 [ 55.12 | 83.36 | 82.49

NiK 375 | 336 | 7.5 | 7.48

J Coating top

NAXN Y,

coating

Figure 5. (a) A cross-sectional view of Ni-Ti coating on the hypoeutectoid steel substrate after 1-h
treatment and the laser treatment E = 13.6 J/mm?; (b) element analysis data, a table of the element
content in the cross-sectional area; (c,d) magnified SEM image of visible grain boundaries of the steel
matrix and embedded /recrystallized intermetallic incorporations.

4. Conclusions

In the present work, possibility of the Ni, Tiy coatings deposition on different metallic substrates by
using MA with subsequent laser treatment was investigated. Three different substrates (Al-based alloy,
Ti-based alloy, and hypoeutectoid steel) were used, and 50-70 um thick Ni,Tiy coating was deposited
during the process. Best results were found in the case of the Ti-based alloy substrate, where we
observed a large amount of the Ni-Ti intermetallic compounds after laser treatment at 3.4 J/mm?,
but it was not a single-phase NiTi intermetallic compound. After the MA process, broadened XRD
peaks and a wide halo was observed. Such a wide XRD halo and broadened peaks correspond to
the amorphous phase and the nanostructure of the obtained coatings. When the same coating was
exposed to laser treatment, the phase composition was observed to have a more relaxed crystallite
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structure. The obtained Ni,Ti, coatings have relatively high microhardness in comparison with the
substrate material. For example, microhardness of the coating deposited on the Ti based alloy (320 HV)
was increased up to 680 HV. This relatively high level of microhardness should be explained by
a non-equilibrium condition of the material and high density of crystalline defects in the coatings
obtained by MA deposition.

According to the results of our previous and current work, we concluded that laser treatment of the
MA coatings with a relatively higher energy per unit area is involved in the reaction of a deeper layer
(of the substrate materials) in the phase transformation process. Therefore, laser treatment operation
is involved in the formation of the phases corresponding to substrate materials. Laser treatment of
the MA coatings with a relatively low energy per unit area does not cause final phase transformation
in the coating layers. Therefore, to find an optimal regime of laser treatment is very important for
obtainingsingle-phase and homogeneous coating structures.
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