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Abstract: Inconel 713C is a nickel-based superalloy usually considered as a material of poor weld-
ability due to its susceptibility to hot cracking in the heat-affected zones. Cold spray, a solid-state
deposition technology that does not involve melting, can be proposed as a methodology to deposit
Inconel 713C for surface enhancement of other target components. In this study, Inconel 713C coating
was deposited on Inconel 718 substrate with a high-pressure cold spray system. The coating was
characterized in terms of microstructure, hardness, and wear properties. The cold-sprayed Inconel
713C coating has a low porosity level and refined grain structures. Microhardness of the Inconel
713C coating was much higher than the Inconel 718 substrate. The sliding wear tests showed that
the wear resistance of the cold-sprayed Inconel 713C coating is three times higher than the Inconel
718 substrate, making the coating a suitable protective layer. The main wear mechanisms of the
coating include oxidation, tribo-film formation, and adhesive wear.

Keywords: cold spray; additive manufacturing; Inconel 713C; Inconel 718; coating; wear; tribology

1. Introduction

Inconel 713C is a nickel-based superalloy that possesses excellent creep resistance
and oxidation resistance at high temperatures; thus, it is usually applied in jet engines,
industrial turbines, and dies for casting or forging. With the rapid formation of oxide films
on the surface at high temperatures, the components fabricated with Inconel 713C also
possess good wear resistance for high-temperature applications [1]. However, Inconel 713C
is considered non-weldable as cracks could occur due to the high solidification rate in the
fusion zone and the low thermal conductivity of the alloy [2]. Successful welding can only
be accomplished by electron beam with special considerations [3,4]. Consequently, Inconel
713C components are mostly manufactured by casting, and repair them is considered
non-practical.

Cold spray is an emerging additive manufacturing technology that deposits particles
onto substrate in the solid state. Particles are accelerated to supersonic speeds by high-
pressure and high-temperature gas via a convergent/divergent nozzle. Upon impact of
particles on a substrate surface, the thermal softening effect outweighs the strain-hardening
effect due to the transformation of kinetic energy to thermal energy. Thus, both the particles
and the substrate go through drastic plastic deformation, and metallurgical bonding could
form in the deformed regions [5]. Because there is no melting or solidification involved
in cold spray, deposition can be achieved much faster compared with other additive
manufacturing technologies. Furthermore, compared with thermal spray, the particle
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temperature in the cold spray process remains much lower than the melting temperature,
so there is little oxidation or phase transformation in either coating or substrate [6]. All
this makes cold spray promising for repair and surface enhancement in various industries.
Therefore, cold spray can be proposed as a method to deposit Inconel 713C for surface
enhancement of other materials [7]. Moreover, there are few published studies that report
cold spray Inconel 713C or other nickel-based superalloys with " (NizAl, Ni3Ti) as the
main strengthening phase.

Inconel 718 is the most widely used nickel-based superalloy due to its high strength
and corrosion resistance. However, parts made of Inconel 718 can be degraded due to wear
and corrosion. There has been published research about cold-sprayed coatings for repair
and surface enhancement of Inconel 718. Singh et al. [8] studied the effects of substrate
roughness and spray angle on deposition behaviors of Inconel 718 coatings on Inconel 718.
The hardness of the coatings in that study ranged from 417 to 481 HV 3 and the porosity
ranged from 0.40% to 0.92%. In the study by Ma et al. [9], the hardness of cold-sprayed
Inconel 718 coating on Inconel 718 substrate was as high as ~600 HV 3 and the porosity
was reduced to ~0.21% with helium as the propellant gas. Tribological properties of cold-
sprayed Inconel 718 coating on Inconel 718 substrate were investigated by Sun et al. [10].
Though coating hardness was 86.9% higher than the substrate, the wear rate of the Inconel
718 coating was only 27.1% lower than the Inconel 718 substrate. In the present study, to
improve the surface properties of Inconel 718, Inconel 713C coatings were deposited on
Inconel 718 substrate via a high-pressure cold spray system. Microstructures, hardness,
and tribological properties of the Inconel 713C coatings were then investigated.

2. Materials and Methods

Gas-atomized Inconel 713C powder with particle sizes ranging from 15 pm to 45 pm
(Sandvik, Sweden) was used as the feedstock in the cold spray deposition process. The
substrate used was Inconel 718 alloy (Haynes International, USA). Before the cold spray de-
position, the substrate surfaces were ground with sandpaper and then cleaned with ethanol.

A high-pressure cold spray system (Impact Innovations GmbH, Germany) was used
for the deposition. Nitrogen (N,) was used as the propellant gas, which was preheated
to 1000 °C and pressurized to 4.5 MPa. The De Laval nozzle of the system was held
perpendicular to the substrate surfaces with a standoff distance of 30 mm from the nozzle
exit. The nozzle transverse speed was 500 mm/s and the feed rate of the Inconel 713C
powder was 33 g/min. A coating of around 300 um in thickness was achieved with
10 layers of deposition.

The coated samples were cut vertically to the coating—substrate interface. Subse-
quently, they were mounted in epoxy and then ground and polished. Final polishing was
conducted using a colloidal silica suspension (~0.25 um particle size). Optical microscopy
(OM, Zeiss Axioskop 2, USA) images of the Inconel 713C coating were taken and then
investigated with the Image] software for porosity calculation in compliance with the
standard ASTM E2109-01 [8]. Backscattered electron (BSE) mode images were taken under
a field emission scanning electron microscope (FE-SEM, JEOL JSM-7600F, Japan) with a BSE
detector. Electron backscattered diffraction (EBSD) analysis of the coating was carried out
using FE-SEM (JEOL JSM-7800 prime, Japan) with an EBSD detector (Oxford Symmetry S2,
UK). The step size of the EBSD scan was 0.1 pum. Morphology of the Inconel 713C feedstock
powder was observed using SEM (JEOL JSM-5600LV, Japan). A cross-section image of the
Inconel 713C particle was taken with a similar method for the coated samples.

Microhardness of the coating and substrate was measured using a Vickers hardness
tester (Future-tech FM-300e, Japan) with a load of 500 g. For both the hardness of coating
and substrate, indentations were implemented 50 um and 250 um away from the coating—
substrate interface.

Dry sliding wear tests were conducted both on the Inconel 713C coating and Inconel
718 substrate by using a ball-on-disk microtribometer (CSM High Temperature Tribometer,
Anton Paar, Switzerland) following the ASTM G99 standard [9]. Prior to the wear tests,
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surfaces of the samples were ground and polished and then cleaned with ethanol. A
hardened 100Cr6 steel counter ball with a hardness of 60-66 HRC was used to slide on the
rotating coated samples along a circular path of 1.5 mm in radius for 20,000 laps. The total
sliding distance was about 188 m. Wear tracks were measured by a surface profilometer
(Talyscan 150, USA) with a conical diamond stylus of 4 pm in diameter to calculate wear
volumes. Specific wear rates (w) were then calculated with the equation w = V/FL in which
V (mm?) stands for the volume of wear track, F (N) stands for the normal load, and L (m)
stands for the sliding distance [6,10]. Three measurements were taken and then averaged
for the wear rates of both the coating and the substrate. The wear tracks were observed
under the FE-SEM to investigate the wear mechanisms.

3. Results and Discussion
3.1. Microstructure Characterization

Figure 1a shows that the Inconel 713C feedstock powder has a near-spherical shape,
but some particles are attached with numerous satellites, which could affect the particle
acceleration and further lead to low deposition efficiency. Figure 1b is the BSE-SEM image
of the cross-section of a single Inconel 713C particle, in which a dendritic microstructure
can be observed.

10 pm

(b)

Figure 1. (a) SEM image of Inconel 713C feedstock powder. (b) BSE-SEM image of the cross-section of a single Inconel

713C particle.

Figure 2a is the optical image showing cross-section of the cold-sprayed Inconel
713C on Inconel 718. A dense coating microstructure is observed with a low porosity of
~1.23%. Because adiabatic shear instability (ASI) is triggered in the cold spray process,
particles undergo severe plastic deformation upon impact. Jetting and splats formed during
deformation tend to fill the voids and vacancies in the coating. The interface between the
coating and the substrate is undulating and almost crack-free, indicating the deformation of
the Inconel 718 substrate and strong adhesion between the coating and the substrate. With
the deformation of both Inconel 713C particles and Inconel 718 substrate, metallurgical
bonding could form at the interface [11].
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Figure 2. (a) OM image and (b) BSE-SEM images of the Inconel 713C coating on Inconel 718 substrate.

Figure 2b is the BSE-SEM image of higher magnification taken at the interface. The
dendrite structure of the splats in the coating is heavily distorted compared with Figure 1b,
which is also evidence of severe plastic deformation [12]. At the interface, some cracks
can be observed, because metallurgical bonding usually forms at regions where jetting
occurs [13]; other regions with poorer adhesion would appear as cracks in the BSE-SEM
image. In the substrate, the microstructure in the region closer to the interface is dis-
torted /refined compared to the region away from the interface, which can be attributed to
the peening effect when Inconel 713C particles impact the Inconel 718 substrate.

Figure 3 demonstrates a detailed microstructure analysis of the Inconel 713C coating
with EBSD scan. The BSE-SEM of the coating is shown in Figure 3a while the band contrast
image, IPF, and Kernel average misorientation (KAM) map of the corresponding area are
presented in Figure 3b—d, respectively. The band contrast and IPF mapping reveal that
the coating microstructure contains fine grains, the size of which are considerably smaller
than the original grains in the feedstock particles. Since the step size of the EBSD scan is
0.1 um, grains that are smaller than the step size cannot be detected in the band contrast
image (Figure 3b), leading to the unindexed black regions in the micrograph. As seen from
the KAM map (Figure 3d), there is high dislocation density in almost all detected grains,
which can be attributed to the high velocity impact of the particles during the cold spray
process. The fine grain microstructure and inclusion of high dislocation density would
have a significant influence on the hardness and tribological properties of the Inconel 713C
coating, which will be discussed in the following sections.

3.2. Hardness

Figure 4 shows the hardness of the Inconel 713C coating and Inconel 718 substrate at
different locations. The hardness of the coating is much higher than that of the substrate
due to strain accumulation and finer grains in the coating. It can be seen from the error bar
that fluctuation of the hardness values of the coating is larger than that of the substrate,
which may be due to hardness indentation at the inter-particle boundaries with poor
cohesive strength and pores that are randomly distributed in the coating [14].
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Figure 3. Microstructure analysis of the Inconel 713C coatings: (a) BSE-SEM image. EBSD images: (b) band contrast image
showing grains, (c) IPF image showing grain orientations, and (d) Kernel average misorientation (KAM) map.
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Figure 4. Microhardness of Inconel 713C coating and Inconel 718 substrate at different locations.

It is interesting to note that Vickers hardness values are higher (~500 HV) when the
indentation was conducted at a short distance of 50 um away from the interface compared
with that further away at 250 um (~450 HV). This may be attributed to the peening and
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grain refinement effect from the Inconel 713C particles. In the substrate, regions close
to the surface were shot peened and underwent grain refinement by the high-velocity
particles; thus, hardness in those regions increased following the Hall-Petch relationship.
The regions further away from the top surface were hardly affected.

The hardness variation of Inconel 713C coating is quite different from the results
reported by Wu et al. [10], where consistent hardness values were observed at different
locations of the cold-sprayed Inconel 625 coatings. This can be explained by the relatively
low deposition efficiency of the Inconel 713C coating. With similar cold spray parameters,
the deposition of the IN713C coating only achieved an efficiency of ~30 um/layer while
IN625 coating was ~80 pm/layer, almost 2.5 times more. Therefore, it can be hypothesized
that rebounded Inconel 713C particles acted as “shot peening balls” to apply extra work
hardening onto the deposited layer; hence, the bottom portion of the coating (50 um
to interface) received more peening or hammering and exhibits higher hardness [15].
Hardness is an indicator of wear resistance [16]; therefore, cold-sprayed Inconel 713C
coating, with improved hardness compared with bulk Inconel 713C [17] and the Inconel
718 substrate, is promising to enhance the wear resistance of the Inconel 718 substrate.

3.3. Tribological Properties

The Inconel 713C coating is more wear resistant than the Inconel 718 substrate, as
shown in Figure 5. The specific wear rate of the Inconel 718 substrate is three times that of
the cold-sprayed Inconel 713C coating. As seen from Figure 6a, which is a representative
image of the wear track of the Inconel 713C coating, the wear track is mostly covered
by tribo-films, which can act as barrier to inhibit possible abrasive and adhesive wear
during the sliding. In contrast, few tribo-films are observed on the wear track of the
Inconel 718 substrate, as shown in Figure 6b, resulting in larger material removal caused by
abrasive and adhesive wear. Tribo-films usually consist of metal oxides and can delaminate
after repeated sliding. The fine grain structures of the Inconel 713C coating could promote
the formation of metal oxides [18]; therefore, newly formed tribo-films would be sufficiently
large and protective even though previous ones were delaminated or removed from the
wear track due to centrifugal force. This also explains why the tribo-films covering the
wear track of Inconel 713C coating can still be observed after the slide wear of 188 m.

16

Specific Wear Rate (10~ mm?/Nm)
o0

Cold Spray Inconel 713C ~ Inconel 718 substrate

Figure 5. Specific wear rates of cold spray Inconel 713C coating and Inconel 718 substrate.
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Tribo-film
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Figure 6. SEM micrographs of wear tracks of (a) cold spray Inconel 713C coating and (b) Inconel 718 substrate.

Another main wear mechanism for both the Inconel 713C coating and the Inconel
718 substrate is adhesive wear. Due to the adhesive force between the counter ball and the
wear track, some material from the coating or substrate could be detached and transferred
to the counter ball. The remaining material was deformed, leading to the unevenness of
the wear tracks (Figure 7). Long shear bands in the shape of fish scales were discovered
on the wear track of the Inconel 718 substrate (Figure 7b), while none exist on the wear
track of the Inconel 713C coating. Since the hardness of the substrate is low, adhesion force
could exceed the shear strength of the substrate and resulted in the excessive deformation
where shear bands were formed [19]. The grooves (Figure 7) caused by abrasive wear [20]
are scarce on wear tracks of both coating and substrate, but also due to lower hardness,
more grooves are found on the Inconel 718 substrate as compared to those on the Inconel
713C coating.

, Groove '=
G 4 ! f .
: dhesive wear

-

Figure 7. SEM micrographs showing adhesive wear and abrasive grooves on the wear tracks of (a) cold spray Inconel 713C
coating and (b) Inconel 718 substrate.
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4. Conclusions

In this study, Inconel 713C coatings were deposited on Inconel 718 substrates with
high-pressure cold spray. Microstructure, hardness, and tribological properties of the
Inconel 713C coatings were characterized. The main conclusions are as follows:

(1) Microstructure characterization revealed a fine grain structure and strain accumula-
tion in the Inconel 713C coatings.

(2) Microhardness of the Inconel 713C coating was much higher than the Inconel 718 sub-
strate. The region near the coating—substrate interface showed a higher hardness than
the coating surface due to the peening effect from non-deposited particles.

(3) Wear resistance of the Inconel 718 substrate can be improved threefold with a cold-
sprayed Inconel 713C coating serving as a protective layer.

(4) The main wear mechanisms of the Inconel 713C coatings are oxidation, tribo-film
formation, and adhesion wear.
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