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Abstract: This study focuses on the effects of a surface mechanical attrition treatment on the
structural and mechanical behavior of arc-sprayed Ni–Cr coatings deposited on steel substrates.
The surface of the as-sprayed and SMATed coatings was characterized by X-ray diffraction, Scanning
Electron Microscopy, and non-contact profilometry. The coating porosity was evaluated by using
image analysis software. The residual stresses were determined using X-ray diffraction with the
sin2 ψ. Indentation tests were carried out on the cross sections of the different coatings to evaluate
their hardness. The wear properties of the coatings were assessed using a pin-on-disk tester at
ambient temperature without lubrication. The results showed that surface mechanical attrition
treatment (SMAT) induced a grain refinement on the coating surface due to severe plastic deformation,
which was associated with a significant improvement of the mechanical properties.
Keywords: arc spraying; surface mechanical attrition treatment (SMAT); Ni-based coating

1. Introduction
Nickel-based coatings are currently used for many applications in the surface treatment of
metallic components to improve their resistance against wear and corrosion in the chemical and
mechanical industries.
Several thermal spray methods have been used to deposit Ni-based coatings, among which,
the most used techniques are: plasma spraying [1–4], high-velocity air-fuel spraying [5,6], high-velocity
oxy-fuel spraying [4,6–8], arc spraying [9,10], and cold spraying [11]. The principle of the thermal
spraying technique consists in using a source of energy to heat and melt the coating materials and then
accelerate and deposit them on the substrate.
The characteristics and performances of the resulting coatings are strongly affected by the presence
of defects, which correspond to partly and fully melted particles with oxides, cracks, and porosity,
as well as residual stresses [3,12–17].
Previous studies have been performed to explore the effect of different spraying conditions
on the structural and mechanical properties of thermally sprayed coatings [11,18–21]. It has been
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demonstrated that porosity and defects contents in the thermally sprayed coatings can be controlled by
changing several process parameters, such as spraying angle, particle velocity, temperature at impact,
and spray distance.
Many studies [22–28] focused on the effects of heat treatments on the microstructure and
mechanical properties evolution of thermally sprayed Ni-based coatings. It was shown that coatings
heat-treated at 700 and 900 ◦ C have a dense structure and low porosity. However, the heat treatment
has no important influence on the friction coefficient and wear resistance.
Several methods have been carried out to improve the characteristics of thermally sprayed
coatings. Laser melting is one of the most used techniques [10,29–35]. The process is able to reduce the
porosity and interlamellar structure in the coatings and leads to an improvement of their wear and
corrosion resistance. Nevertheless, during this process, a strong rise in temperature occurs that can
induce thermal stresses, which lead to cracks in the laser-treated coatings.
In this work, surface mechanical attrition treatment (SMAT) was chosen as a post-treatment
performed on a Ni–Cr thermally sprayed coating. SMAT is actually a mechanical surface treatment
derived from shot peening which can enhance corrosion resistance [36–38], tensile [39,40],
fatigue [41,42], or tribological properties [43–45]. Tchana Nkonta et al. [38] studied the influence
of SMAT on the corrosion behavior of a Co–Cr–Mo alloy through potentiodynamic measurements
and electrochemical impedance spectroscopy. The results revealed that SMAT promotes passive film
formation and increases corrosion resistance in Ringer’s solution. Chen et al. [39] investigated the
effect of SMAT on the tensile properties of nanocrystalline 316L austenitic stainless steel. The results
showed that the SMATed materials exhibit a high strength up to 1450 MPa, which is six times higher
than that of the initial material. Alikhani et al. [44] investigated the effect of the grain size of SMATed
pure titanium (Cp-Ti) on wear resistance. The results indicated that SMAT decreased the friction
coefficient by about 66%.
SMAT is based on the motion of perfectly spherical balls placed in a cylindrical chamber.
The bottom of the chamber (called sonotrode) is put into vibration using an ultrasonic generator.
The repeated impacts of the balls on the sample surface usually generate severe plastic deformation
as well as the formation of a superficial nanocrystalline layer [46,47]. Liu et al. [47] obtained
a nanocrystalline layer in pure Al by means of SMAT. They explained, by TEM analyses, that dislocation
slips was the main mechanism of grain refinement of Al. SMAT also generates compressive residual
stress on the surface of the treated part [43,48]. Zhou et al. [48] studied the effects of SMAT and
conventional shot peening (CSP) on the surface low-cycle fatigue (LCF) properties of 316L. They found
that the fatigue life of the materials treated by CSP was higher than that of materials treated by SMAT
under a low strain amplitude. The authors attributed this to the fact that the compressive residual stress
was higher for the samples treated by CSP than for those treated by SMAT. In contrast, under a higher
strain amplitude, the fatigue life of the samples treated with CSP was lower than that of the samples
subjected to SMAT, which was due to a quick relaxation of residual stress under high strain amplitude.
In this study, SMAT was performed as a post-treatment and was expected to reduce coating porosity
and defects contents as well as to enhance their mechanical properties.
A Ni–Cr coating was sprayed on E355 steel using a twin wire electric arc spraying and then was
subjected to SMAT. The effects of SMAT parameters, especially the amplitude of vibration and the
duration of the treatment, on the mechanical and structural properties of the coating were investigated
in order to limit the cracks and the porosity in the SMATed coating. The relationships between
microstructure and mechanical properties were also analyzed.
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2. Experimental Details
2.1. Material
Nickel–Chrome wires 80/20 (at.%) with a 1.6 mm diameter were used for arc spraying.
Before deposition, the E355 steel substrates were degreased with alcohol and grit-blasted with
corundum F60 (250 µm) to provide a rough surface for better adhesion by removing all rust and oxides.
The arc spraying was conducted on a twin wire arc gun system (Tafa 9000 model, Praxair Surface
Technologies, Indianapolis, IN, USA) with a robot control system (ABB 4400, Société helvético-suédoise,
Zurcih, Switzerland). The twin wire arc spraying parameters are detailed in Table 1.
Table 1. Arc spraying parameters.
Spraying Parameters

Value

Arc current (A)
Arc voltage (V)
Spray distance (mm)
Spray speed (mm/s)
Pressure of compressed air (bar)
Nitrogen flow rate (m3 /h)
Spray passes
Steps (mm)

135
33
125
500
8.25
42–50
8
8

2.2. Surface Mechanical Attrition Treatment (SMAT)
SMAT was performed at ambient temperature in air using 3 mm diameter spherical 100Cr6 balls.
A vibration frequency of the sonotrode of 20 kHz was imposed. The different studied SMAT conditions
are summarized in Table 2.
Table 2. Surface Mechanical Attrition Treatment (SMAT) parameters.
Specimen Label

Nature of Balls

Diameter of
Balls (mm)

Amplitude of
Vibration (µm)

Treatment
Duration (s)

NS
S 15-01
S 15-02
S 25-01
S 25-02

–
100Cr6
–
–
–

–
3
–
–
–

–
15
–
25
–

–
405
810
400
800

2.3. Structural Analysis
The surface and cross-section morphology of the coatings were analyzed at 20 kv using an HIROX
SH-4000 Scanning Electron Microscope (SEM, Synergie4, Lisses, France) equipped with an EDS-X
system. The porosity was measured on SEM images using Image analysis software; for each sample,
10 measurements were performed, and the measurement values were averaged. The phase structure
of the coatings was assessed by X-ray diffraction analysis (BRUKER D8 ADVANCED, BRUKER,
Karlsruhe, Germany) with CuKα radiation (0.15418 nm) generated at 40 kV and 40 mA. The diffraction
angle 2θ ranged from 20◦ to 120◦ .
The surface roughness values (Ra ) of the coatings was measured using an AltiSurf® 500 non-contact
profilometer (Physical Test Solutions, Culver City, CA, USA).
2.4. Mechanical Properties
The elastic modulus and hardness of the coating before and after SMAT were measured from
the polished cross-sectional surface by Nano Indenter XP, MTS System Corporation (Eden Prairie,
MN, USA), with a continuous stiffness technique (CSM) and equipped with a Berkovitch indenter.
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The tip was calibrated by indenting in a standard fused silica calibration specimen, following the
Olivier & Pharr calibration procedure (Oliver_1992). This calibration was adapted to the present
working depth. A total of 49 indentations were made, the Young’s modulus and hardness were
calculated from the Olivier Phar model [49], and the results were averaged.
Residual stresses in the coating before and after SMAT were investigated by X-ray diffraction
using the sin2 ψ method. Strain measurement were performed on the (311) Bragg peak obtained at
2θ = 92◦ . The collimator size was 1 mm. The samples were tilted between 0◦ and 70◦ with a step of
10 for the ψ scan. Measurements were taken at five different orientations (φ = 0◦ , φ = 45◦ , φ = 90◦ ,
φ = 180◦ , φ = 225◦ ) for the φ scan. In order to calculate residual stresses, the data were analyzed using
Leptos software version 7.8 as part of Bruker AXS Suite software.
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Table 3. Wear tests conditions (ball-on-disk tests).
Ball material
Parameters
Ball diameter (mm)
Ball material
Load (N)Ball diameter (mm)
Radius (mm) Load (N)
Linear speed (m/s)
Radius (mm)
Sliding distance
(m) speed (m/s)
Linear
TemperatureSliding
(◦ C) distance (m)
Temperature (°C)

Values
100Cr6
6
5
6
0.1
200
23

100Cr6
6
5
6
0.1
200
23
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Figure 2. Cross-sectional morphology of 80Ni–20Cr coating: (a) Untreated Ni–Cr; (b) SMATed with
an amplitude of 15 µm for 405 s; (c) SMATed with an amplitude of 15 µm for 810 s; (d) SMATed with
an amplitude of 25 µm for 400 s; (e) SMATed with an amplitude of 25 µm for 800 s.
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3.2. Roughness
The surface roughness of the samples was evaluated using an AltiSurf® 500 profilometer.
The results were analyzed using Altimet software (version 7.1). The measured values of Ra (Figure 5)
showed that the as-deposited coating surface was irregular and had a high roughness, with an Ra of
11.85 µm. The SMATed samples had a smoother surface with a lower Ra value of 1.43 µm. Balls imprints
were also noticeable after SMAT, as a result of plastic deformation occurring during the SMAT process.
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(almost the double of the previous value) for the sample SMATed with amplitude of vibration of
25 µm for 400 s, which can be explained by micro-deformation of the crystallites induced by plastic
deformation. The reduction in mean grain size with increasing SMAT duration was obviously due to
the accumulation of plastic deformation and strain in the superficial area [50–54].
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modulus. Indeed, hardness and Young’s modulus reached a maximum value of 5.36 and 218 GPa,
respectively after SMAT, while values of 4.56 and 176 GPa were measured for the untreated coating.
The increase in hardness and Young’s modulus can be explained by grain refinement and high
compressive residual stresses (Section 3.5), associated with a more compact morphology, resulting
from balls’ impacts during SMAT. Thus, the coatings exhibited better mechanical properties after
SMAT.
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3.5. Residual Stresses
Figure 10 displays a comparison between the measured residual stresses values of the asdeposited and SMATed coatings. The surface residual stresses of the as-sprayed coatings were tensile
and were generated by the deposition process [15,18,21,55] and from the difference in the coefficients

Figure 9. Young’s modulus and hardness evolution of Ni–Cr coatings as a function of SMAT duration:
9 of 13
(a) SMATed with an amplitude of 15 µm; (b) SMATed with an amplitude of 25 µm.
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3.6. Friction and Wear Resistance
3.6. Friction and Wear Resistance
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The effect of SMAT on the wear rate is shown in Figure 12. It is clear that the wear rate decreased
with the increase of the amplitude of vibration and the duration of the SMAT process. In particular,
the coating treated with amplitude of 25 µm for 800 s was found to exhibit a wear resistance 80%
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SMAT seems to be a particularly interesting treatment to optimize the morphology, structure,
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