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Abstract: In this study, Inconel 718 coatings were deposited by the high-pressure cold spray technique,
and post-process solution and double aging treatments were conducted. The microstructures of the
as-deposited and heat-treated IN718 were analyzed, and their mechanical properties were tested. It
was found that the micro-dendritic structures in the original powder were severely elongated in the
as-deposited IN718 coating due to plastic deformation during the cold spray process. After solution
heat treatment, Nb, Mo, and Ti-rich segregations could be dissolved, transforming to MC carbide and
a needle-like 5 phase. It was found that the needle-like  phase at the grain boundary had a pinning
effect to slow down the grain growth. In addition, strengthening phases could be formed by aging
treatments. The mechanical properties of the cold sprayed Inconel 718 could be improved by proper
solution and aging heat treatments.

Keywords: cold spray; Inconel 718; solution treatment; aging treatment; microstructure; mechanical
properties

1. Introduction

Inconel 718 (hereafter 'IN718’) is a precipitation-strengthened nickel-base superalloy
mainly by nanoscale v (Ni3Nb) and y" (Ni3(Al, Ti)) phases in the y matrix [1,2]. IN718 is
extensively used in gas turbine disks, aircraft engines, rocket motors, and nuclear reactors
due to its excellent mechanical properties and high fatigue life, creep resistance, and surface
stability at elevated temperatures [3]. However, for those components made by nickel-
based superalloys, damage in service does occasionally occur and brings significant losses
in profitability and time [4]. Cold spray (CS) technology as a rapid solid-state additive
manufacturing (AM) technique can provide an effective way to restore both geometrical
and mechanical properties of these damaged components [5,6]. CSAM technology has
drawn increasingly more attention in recent decades due to its unique characteristics, such
as low heat input, extremely high strain rate deformation of particles, solid-state deposition,
and favorable mechanical properties [7,8].

Our previous research work found that the as-sprayed IN718 coating comprises simply
of the y-grains and interestingly no strengthening intermetallic phases such as y”, v/, and
b phases [4]. In addition, there is a strong segregation of Nb and Mo elements in the inner-
dendrite area and it could make the material more brittle and easily fail. Thus, applying
post-process heat treatments to CS IN718 coatings is necessary to enhance interparticle
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chemical diffusion and remove the compositional segregation to obtain a homogeneous
microstructure, which has rarely been investigated by other researchers.

Wong et al. [9] studied the effect of annealing heat treatments (i.e., 950 °C/2 h,
1010 °C/2 h, 1060 °C /2 h, and 1250 °C/1 h) on microstructure evolutions and tensile
strengths of the cold sprayed IN718 coatings. The results showed that interparticle met-
allurgical bonding could be enhanced by annealing heat treatment, resulting in a higher
tensile strength and better ductility. Pérez-Andrade et al. [10] applied post-heat treatment
procedures by hot isostatic pressing (i.e., 1163 £ 14 °C/4 h), thermal soft annealing (i.e.,
538 £ 14 °C/1 h, followed by 954 £ 14 °C/1 h), and aging (i.e., 760 & 14 °C/5 h, followed
by 649 + 14 °C/1 h) for cold sprayed IN718 coatings, and it was found that heat treatment
caused precipitation hardening and reduced work hardening effects, and M23C6 carbides
and the d-phase were observed in the heat-treated IN718 samples. Levasseur et al. [11]
applied pressureless sintering on cold sprayed IN718 coatings at temperatures of 1200 °C,
1225 °C, and 1250 °C for 10, 60, and 180 min, and it was found that the pressureless sintering
could significantly improve the flexural strength and ductility of the cold sprayed Inconel
718 coatings, and the evolution of the grain size during sintering was strongly correlated to
the precipitation of secondary carbides.

To the best of the authors” knowledge, there still lacks a systematic study reporting the
effects of solution and aging on the microstructure evolutions and mechanical properties
of cold sprayed IN718 coatings. In this study, a series of solution and double aging treat-
ments were applied to cold sprayed IN718 coatings, and the corresponding microstructure
evolutions and mechanical properties were systematically investigated.

2. Materials and Methods

Commercially available plasma-atomized IN718 powder (AP&C, Boisbriand, QC,
Canada) (15-45 um) was used to fabricate the cold sprayed IN718 coatings. The substrates
used in this study were IN718 plates (AP&C, Boisbriand, QC, Canada). A high-pressure
cold spray system was used to perform the coating deposition. Nitrogen was used as the
propellant gas that was preheated to 1000 °C and 4.5 MPa [12-14]. Solution treatment
was conducted at 900 °C, 950 °C, 1000 °C, and 1050 °C (designated as S900, S950, S1000,
and S1050, respectively) for 1.5 h followed by water quenching, and then double aging
(designated as DA) was conducted at 720 °C for 8 h and 620 °C for 8 h [15,16]. The schematic
illustrations of the heat treatment cycles are shown in Figure 1.
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Figure 1. Schematic illustrations of the heat treatment cycles performed in this study.
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The feedstock powders were characterized with field emission scanning electron
microscopy (FESEM, JEOL, Tokyo, Japan) and electron backscatter diffraction (EBSD,
Oxford, UK). The EBSD was taken by using a 0.2 um step size. After cold spray deposition
and heat treatment, the coating microstructure was measured by using optical microscopy
(Zeiss, Jena, Germany). Coating porosities were measured with the Image] software
(Version 1.53). The cross-sectional microstructures of the coatings were analyzed by using
FESEM and EBSD. Microhardness values were evaluated by using a Vickers hardness tester
(Future-Tech, Kanagawa, Japan) under a load of 500 gf. The dimensions of the tensile
specimens of the freestanding IN718 coatings are shown in Figure 2. The tensile tests were
carried out with an Instron testing machine (Zwick Roell Group, Ulm, Germany) with an
extension rate of 0.4 mm/min.

6 mm 13 mm 6 mm 1.5mm

M4dmMm| +- — — — — o — e —— =

Figure 2. Dimensions of the tensile samples of the IN718 coatings.

3. Results and Discussions
3.1. Powder Characterization

Figure 3a shows the SEM micrograph of the IN718 powder and the inset is an enlarged
view of most of the particles falling within the size range of 20-45 um, and the average
particle size is 32 um. Figure 3c shows the Inverse Pole Figure (IPF) micrograph of the IN718
particles obtained from EBSD. It is clear that the individual particles contain a number
of randomly oriented equiaxed grains, while some small particles contain single grains.
Figure 3d shows the grain size distribution in the IN718 particles. It can be seen that most
grains are 1-4 pm and some large grains range from 10 um to 25 pm within the particles.

Figure 4a shows the backscatter electron (BSE) image of the powder cross-section
where no internal porosity can be observed. Micro-dendritic structures can be seen through-
out the particle volume, which is caused by the solidification partition coefficient difference
of the element compositions during the rapid solidification experienced by the powder
in the plasma atomization process (the quenching rate experienced by molten metal as it
solidifies is around 10° °C/s during the plasma atomization process [17]). Figure 4b shows
an enlarged view of the ‘red square’ in Figure 4a, and Figure 4c shows the corresponding
EDS mapping results of different chemical elements. It can be seen that Nb, Mo, and Ti
are higher in the interdendritic spaces (white phase 2) than the primary dendrites (grey
phase 1), which agrees well with the elemental mapping results obtained in previous
work [18,19]. Meanwhile, Ni, Cr, and Fe are more prone to aggregating in the dendrite
cores. The dendrite arm spacing (DAS) shown in Figure 3c is very fine (around 1-2 um),
compared to the typical DAS in cast IN718 microstructures (10 pm—40 pum) [20], which
can be attributed to the rapid cooling rate during the plasma atomization process. It was
also reported by Mostafa et al. [18] that the white phase in the interdendritic space regions
was recognized as a y”-phase (bct-Ni3Nb) and the grey phase in primary dendrites was a
v-phase (Ni-Cr solid solution). However, it was also reported that the Nb- and Mo-rich
intermetallic compound in the interdendritic area is a Laves phase [21]. Table 1 shows the
chemical compositions of the primary dendrite and interdendritic phase in IN718 powder.
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Figure 3. (a) SEM micrographs of IN718 powder feedstock in different magnifications, (b) particle size

distribution, (c) inverse pole figure map of as-received IN718 powder, and (d) grain size distribution

in as-received IN718 powder.
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Figure 4. (a) BSE-SEM cross-sectional micrograph of an IN718 particle, (b) an enlarged view of the
‘red square’ in (a), and (c) the corresponding EDS mappings of different chemical elements.
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Table 1. Chemical compositions of primary dendrite and interdendritic phase in IN718 powder.

Compositions (wt.%)

Spots Ph
P ases Ni Cr Fe Mo Nb Mn Ti Al
1 Primary dendrite 534 20.3 20.6 2.5 2.0 0.1 0.5 0.5
2 Interdendritic phase 48.9 17.3 154 3.9 123 0.1 1.6 0.5

3.2. Microstructure Characterization

Figure 5 shows the optical micrographs and porosity levels of the as-sprayed and heat-
treated IN718 coatings. In the as-sprayed coating, there is no obvious cracking observed
within the coating. However, some irregular pores are present at the junctions of multiple
neighboring splats due to insufficient deformation of the particles during the impact process,
which are scattered throughout the coating. Porosity measurements were performed for the
as-sprayed and heat-treated IN718 coatings by taking a series of images across the coating
ina 10 mm X 10 mm area. From the 2D image analysis, the porosity level of the as-sprayed
coating is around 1.7%. The micropores and weakly bonded particle boundaries within the
as-sprayed coatings are regarded as defects, which can act as crack initiation points under
external stress, thus causing a reduction in mechanical properties as compared to fully
dense materials. After solution and double aging treatments, the coating porosity levels
gradually reduce to around 1.32%, 1.29%, 1.13%, and 1.02% for S900 + DA, S950 + DA,
51000 + DA, and 51050 + DA samples, respectively, as shown in Figure 5b—e.
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Figure 5. (a—e) Optical micrographs of cold sprayed IN718 coatings under different conditions:

(a) as-sprayed, (b) S900 + DA, (c) S950 + DA, (d) S1000 + DA, and (e) S1050 + DA; (f) porosity levels
of as-sprayed and heat-treated IN718 coatings.

A
-
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Figure 6a—e show the cross-sectional BSE-SEM images of the as-sprayed and heat-
treated IN718 coatings. In the as-sprayed state, as shown in Figure 6a,a’, it can be seen
that a large degree of plastic deformation for the splats and severe elongation of the
dendritic structures occur during cold spray deposition, which is caused by the high kinetic
energy of the sprayed particles upon impact. After solution treatments, considerable
heavy element segregations within the interdendritic regions dissolve into the y matrix.
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In addition, dendritic structures transform to equiaxed grains after heat treatment due
to the recrystallization occurring during the heat treatment process. In addition to this,
there are new precipitations formed after heat treatment. Figure 6b,b” shows the BSE-
SEM images of the S900 + DA sample where small white precipitates are present at grain
boundaries. The EDS results show that these blocky precipitates have high Nb and Ti
concentrations compared to the matrix, which can be identified as secondary MC carbides
(M = Nb, Ti) [11]. The carbides mainly precipitated at grain boundaries but could also
be found in the grain interiors. The short-rod and needle-like phase formed at grain
boundaries can be identified as a 6 phase. Previously observed precipitates with similar
morphologies, compositions, and locations in heat-treated IN718 alloys were also confirmed
as a 0 phase [22-25]. Figure 6¢,c’ shows the BSE-SEM images of the S950 + DA sample.
Figure 7 shows an SEM micrograph of 5950 + DA sample and the EDS results of the various
phases. It can be seen that fewer white precipitates are present in the sample compared
with the S900 + DA sample, because the 6-phase dissolves into the vy matrix. Another
microstructure feature for the S950 + DA sample is that the grains grow larger due to the
higher solution temperature, as well as the decreased numbers of 6-phase precipitates at the
grain boundaries, thus decreasing the Zener pinning effect. With the solution temperature
further increasing, the number of precipitates further decreases, and there are almost no
precipitates observed in the sample after 51050 + DA treatments because the 1050 °C
exceeds the solvus of § phase [26]. The v’ phase and y" phase usually precipitate between
600 °C and 900 °C, which uniformly distribute in the y matrix. These strengthening phases
should be precipitated by double aging heat treatment, but they could not be statistically
analyzed in the SEM micrograph, because the sizes of the y’ and y” phases are very small.
v" phases are round-shaped and about 20 nm in size [27].

EBSD mapping was performed across the length of the heat-treated IN718 coatings,
covering an area at the center of the coatings, as shown in Figure 8. For the S900 + DA
sample, the grain size ranges from 0.9 um to 9.5 pm, with an average grain size of 2.1 um.
It can be seen that the microstructure is not uniform, as a result of the inhomogeneous
deposition process, as shown by the mixture of fine grains in the region of particle/particle
boundaries and some larger grains in the central regions of the particles [28,29]. For the
5950 + DA sample, the grain size ranges from 1.1 um to 10.9 um, with an average grain
size of 2.4 um. For the 51000 + DA sample, the grain size ranges from 1.8 um to 19.4 um,
with an average grain size of 4.4 um. For the 51050 + DA sample, the grain size ranges
from 1.8 pm to 34.6 um, with an average grain size of 5.5 um. It can be seen that the grain
structures become coarser with the solution temperature. The heat input leads to epitaxial
growth of the grains. In addition, the microstructure of the S1050 + DA sample, unlike the
other samples, displays a very high proportion of annealing twin boundaries.

3.3. Mechanical Properties

The results of microhardness testing of the IN718 samples are shown in Figure 9a.
Under the as-sprayed condition, the IN718 deposit shows a hardness of around 470 HVO0.3,
which is much higher than that of the soft-annealed IN718 substrate with a hardness of
around 240 HV0.3. The high hardness of the as-sprayed coating is due to the combined
effects of work hardening, the high-density dislocations induced, and grain refinement
occurrence during the cold spray process. After solution and double aging treatments, all
samples show a statistically similar hardness of about 440 HV0.3. The coating hardness
values slightly drop compared to those of the as-sprayed coating, which can be attributed
to residual stress relief and the decrease in the work hardening effect during solution and
aging treatments. The differences between deposits after different treatments are due to the
combined effects of different porosity levels, precipitation hardening, and recrystallization
and grain sizes [30,31].
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Figure 6. BSE-SEM micrographs of cold sprayed IN718 coatings under different conditions: (a,a’) as-
sprayed, (b,b”) 900 °C solution + double aging, (c,c”) 950 °C solution + double aging, (d,d”) 1000 °C
solution + double aging, and (e,e”) 1050 °C solution + double aging.
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Composition(wt.%)

Spots | Phases T e T Ee TMo [Nb [Mn | Ti | A
1 ymatrix |52.4|20.0|19.6| 31 | 3.5 | 01 | 0.8 | 05
2 | MC carbide |59.0(10.8| 7.7 | 2.0 |18.2| 0.1 | 2.0 | 01
3 dphase |62.2| 6.8 | 7.3 | 1.9 |19.2] 01 | 2.3 | 0.2

Figure 7. BSE SEM micrograph of S950 + DA sample showing a number of EDS point scans, and
their respective chemical compositions of the various phases.
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Figure 8. (a—d) Inverse pole figure (IPF) maps and (e-h) grain size distributions of the CS IN718
coatings obtained by EBSD characterization under different conditions: (a,e) 900 °C solution + double
aging, (b,f) 950 °C solution + double aging, (c,g) 1000 °C solution + double aging, and (d,h) 1050 °C
solution + double aging.
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Figure 9. Vickers microhardness (a) and ultimate tensile strengths (b) of IN718 deposits in the
as-sprayed and heat-treated conditions.

The tensile strength was measured on as-sprayed and heat-treated samples. Figure 9b
shows the tensile strengths of the as-sprayed and heat-treated coatings. The tensile strength
of the as-sprayed coating is around 196 MPa. The heat-treated coatings show a large
increase in the ultimate tensile strength of approximately 2 to 3 times higher than that of
the as-sprayed coating. Among all the heat-treated samples, the S950 + DA sample has the
highest tensile strength of around 798 MPa, while the S1050 + DA sample has the lowest
tensile strength of around 620 MPa, which can be attributed to multiple combined factors.
First, heat treatments lead to enhanced diffusion at the particle boundaries, which could
significantly improve the ultimate tensile strength of the IN718 samples. Secondly, the
5950 + DA sample has smaller grain sizes compared to the S1000 + DA and 51050 + DA
samples, which results in a higher ultimate tensile strength for the S950 + DA sample
according to the Hall-Petch effect. Thirdly, the S950 + DA sample has less 4 and MC carbide
phases compared to the S900 + DA sample.

4. Conclusions

In this study, IN718 powder was successfully deposited by the cold spray process, and
post-process solution and aging treatments were applied. The following conclusions have
been drawn from our work:

(1) Solution and aging treatments could enhance diffusion among the deformed parti-
cles and lower the porosity level of the cold sprayed IN718, thus significantly improving
the ultimate tensile strength.
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(2) After solution and aging treatments, considerable heavy element segregations
within the interdendritic regions dissolved into the y matrix. The dendritic structures
transformed to equiaxed grains caused by the recrystallization occurring during the heat
treatment process.

(3) Carbides and &-phase precipitates were present within the IN718 specimen after so-
lution and aging treatments at 900 °C and 950 °C. When the solution temperature increased
to 1000 °C, the quantities of the precipitations were significantly reduced, and the plate-like
d-phase transformed to a spheroidal 6 phase. The grains grew coarser with the increase in
solution temperature, and twin boundaries were present in the 51050 + DA samples.

(4) The tensile strength of the CS IN718 deposits were controlled by multiple combined
factors. With proper solution and aging treatments, the mechanical properties of the heat-
treated CS IN718 deposits could be comparable to the bulk IN718 fabricated by casting
and forging.
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