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This study investigates the post HT conditions required
to produce Inconel 718 parts via cold spray additive
manufacturing that meet functional performance standards.
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he cold spray technique has recently emerged as an addi-

tive manufacturing method for producing free-standing

parts in addition to its use in repair and coating appli-

cations. Manufacturing relatively hard alloys such as
Inconel 718 remains challenging and requires careful optimization
of process parameters and post-heat treatment (HT) conditions. This
work investigates the optimal post-heat treatment procedure for cold-
sprayed Inconel 718 parts, focusing on both temperature and dura-
tion of the heat-treatment process. Cold-sprayed parts are initially
heat-treated at 968°C, 1,066°C, and 1,200°C for 1 hour, followed by a
conventional aging procedure. Results indicate that heat treatment
at 1,200°C reduces porosity and enhances ductility in tensile tests.
Furthermore, to assess the effect of HT closer to the material’s melt-
ing point, samples are heat-treated above 1,200°C. Further analysis
of the HT temperatures reveals that heat treatment at 1,260°C yields
the lowest porosity values and shows strong potential to meet manu-
facturing standards.

INTRODUCTION

Efficient ways to manufacture metallic structures with flexible topol-
ogies and sustainable processes have become a highly popular topicin
recent years. Thermal spray technologies have advanced significantly,
allowing for the deposition of materials and coatings with precise
geometric and mechanical properties. Cold spray (CS) essentially
exemplifies the extreme end of thermal spray techniques allowing
material deposition at temperatures well below their melting points.
Primarily emerging as a coating technique [1,2], CS deposition has
gradually been recognized as an additive manufacturing and repair-
ing technology owing to its unique capabilities [3,4,5,6]. CS can be
regarded as a high-speed manufacturing process capable of produc-
ing free standing parts without size limitations, applicable to a wide
range of materials, including aluminium [7,8] and titanium [9,10],
nickel alloys [11,12] and compositions of different materials [13,14].

In CS process, aregulated driving gas is used as the main source of
motion for powder to be accelerated and sprayed over a building plate.
Compressed gas (typically nitrogen or helium) is heated and mixed
with the powder that runs through a powder feeder. The mixture is
delivered to a de Laval-type (convergent-divergent) nozzle to acceler-
ate the mixture to supersonic speeds up to 1,200 m/s [15]. Particles
are then sprayed onto a metal substrate using a robot arm to control
the deposition speed and the geometry of the part. The deposition of
material solely occurs due to the high-kinetic energy impact of par-
ticles, leading to plastic deformation and bonding between powder
particles or particles and substrate [16,17,18|.

The inherent advantage of the CS technique lies in its operational
characteristic of low process temperatures. Despite the heating of
the driving gas, CS additive manufacturing (CSAM) is conducted at
temperatures lower than the melting point of the materials involved,
ensuring the metal powder remains in a solid-state form. The nature

of the process prevents detrimental structural changes, enabling the
deposition of oxygen-sensitive materials with minimized thermal
effects. Crystal structure and phase compositions can be preserved
for a wide range of powder materials and shapes. CS process enables
the fusion of dissimilar metals for engineering of multi-material parts
with combinations of superior properties such as strength, corrosion,
and wear resistance [19,20].

Such advantages make CS process an important manufacturing
alternative for nickel-based alloys such as Inconel series — special
nickel-based super alloys designed for high strength-high tempera-
ture applications and chemically aggressive environments such as
gas turbines and nuclear reactors. It is an expensive material due to
application specific properties and largely manufactured by a com-
bination of special melting techniques, such as vacuum induction
melting (VIM), and forging methods that are combined with precise
heat treatment (HT) and machining operations. CS has gained atten-
tion as an alternative manufacturing technique for Inconel alloys in
recent years [21,22,23]. The high-deposition efficiency, low porosity,
and minimal thermal distortion achieved through the CS process
demonstrate significant potential to prevent material waste from
conventional machining operations and reduce carbon emissions.

Cold-sprayed parts in their as-sprayed condition are practically
unusable due to quasi-brittle behavior and poor surface quality result-
ing from the severe plastic deformation-driven deposition process.
This commonly necessitates post HT and surface finishing procedures
[18] to ensure the parts meet functional requirements. Additionally,
the process parameters need to be tailored to specific metal powder
to achieve minimum porosity and maximum deposition efficiency.
Critical particle velocity required to reach sufficient bonding is
typically higher for Inconel or titanium alloys compared to softer
materials such as copper or aluminum alloys. These factors further
complicate the deposition process with CS for Inconel 718. Several fac-
tors contribute to reducing the porosity of cold-sprayed parts in their
as-sprayed condition. The choice of driving gas significantly affects
both the mechanical properties of parts in their as-sprayed and heat-
treated states [24,25]. Nitrogen is commonly selected as the driving
gas due to its cost-effectiveness, whereas CS with helium results in
lower porosity parts at lower gas pressures, attributed to the increased
kinetic energy of powder particles for Inconel 718 [26]. Additionally,
microforging-assisted deposition [27], involves the addition of hard
steel particles to the powder mix to further forge the Inconel particles
and enhance plastic deformation. This method can reduce porosity
by up to 0.17%. Nevertheless, post HT procedures are still necessary
to restore ductility in these low-porosity samples.

Numerous studies have investigated the effects of post HT on
cold-sprayed samples [28,29,30,31]. For cold-sprayed Inconel 718,
post HT is typically performed at temperatures between 800°C and
1,200°C to enhance the metallurgical bonding and reduce porosity
[21,23,26,27,32], though some studies have explored treatments at tem-
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peratures exceeding 1,200°C [11,33]. HT at approximately 1,200°C for
1 hour has been reported to result in a significant increase in ductil-
ity with only a slight reduction in strength, while increasing the HT
temperature to 1,250°C appears to reduce porosity further. Still, there
is no solid consensus on the optimum HT conditions for cold-sprayed
Inconel 718 to produce high-quality parts, especially for treatments at
temperatures near the alloy’s melting point, which remain underex-
plored. This study aims to address this gap by examining the effects
of various post-HT conditions and aging process on the porosity, duc-
tility, and hardness of cold-sprayed Inconel 718 samples. Samples are
characterized in terms of microstructure, final porosity, ductility, and
hardness values after different heat treatment and ageing procedures.

METHODOLOGY

Cold spray additive manufacturing

CS additive manufacturing (CSAM) processes are carried out with
the TKF-9000 cold spray equipment manufactured by Titomic. CS
is performed onto aluminum tubes with a diameter of 50 mm and
length of 150 mm as shown in Figure 1. The final part diameter is 80
mm. The manufacturing strategy involves using a zig-zag toolpath,
where the cylindrical part rotates while the CS robot traversed back
and forth in a zigzag pattern, first from A to B, then from B to
A, with A and B representing opposite ends of the part. A total
of 80 passes are made to complete the sample. Inconel 718 pow-
der is sourced from Tekna company. The average powder particle
diameter is 17.86 pm, with a particle size distribution of D10 =7.08
pm, D50 = 15.80 pm, and D90 = 36.18 pm. The SEM micrograph of
the Inconel 718 powder is shown in Figure 1, illustrating that the
particles exhibit high sphericity, with a notable presence of satel-
lite particles measuring less than 3 pm in diameter. CS process

parameters include:
) Propelling gas: Nitrogen (Ny).
> Gas pressure: 5 MPa.
> Gas temperature: 950°C.
» Nozzle standoff distance: 30 mm.
) Carrier gas flow rate: 200 SLM.
> Stepover spacing: 2 mm.
) Surface speed: 500 mm)/sec.

Heat treatment and aging procedures

Post HT and aging processes are applied to the as-sprayed parts. Initially,
Inconel 718 parts are subjected to heat treatment at temperatures
of 968°C, 1,066°C, and 1,200°C for 2 hours in a muffle furnace, fol-
lowed by cooling in open air. This process aims to enhance ductility,
reduce porosity, and recrystallize grains from the dendritic structure.
Subsequently, the parts undergo an aging procedure at 720°C for 8
hours, followed by furnace cooling to 620°C and held for another 8
hours. Finally, the parts are air-cooled to room temperature. The aging
treatment follows the AMS 5663 standard. Furthermore, as-sprayed
parts are heat-treated at a temperature closer to the melting point of
the Inconel 718 alloy. Heat treatment is performed at 1,230°C, 1,260°C
and 1,290°C for 2 and 4 hours to further decrease the porosity of the
parts. No aging is applied to these samples. Tensile testing is not per-
formed for these trials since these samples are too small for standard
testing; thus, only porosity and hardness measurements are performed.

Microstructural characterization

The grain size and porosity measurements are carried out using opti-
cal images taken with a Olympus BX53M optical microscope from
20 different locations following ASTM E112-12 and ASTM E2109-01
standards. These measurements are then averaged and reported.

Figure 1: Cylindrical part with cold-sprayed Inconel 718 sections (a) SEM micrographs of the Inconel 718 powder under (b) 1,500x and (c) 250x maghnification.
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968°C
2.14

As-sprayed

Porosity [%] 2.49

1066°C
2.02

HT at temperatures of 968°C, 1,066°C, and
1,200°C following CSAM are shown in Figure

1200°C
1.59

Table 1: Porosity values of samples subject to different HT conditions.

| As-sprayed

Figure 2: Optical microscope images of cold sprayed Inconel 718 samples in as-sprayed and different HT

conditions.

For porosity measurement, voids are marked with a different color
and porosity and calculated by an image analysis based on the area
percentage of voids. Additionally, porosity uniformity in both the
transverse and longitudinal directions relative to the cold spray
gun scanning direction is checked, and no significant variations
are observed, confirming the uniformity of porosity throughout
the samples. Cold-sprayed Inconel 718 is further characterized for
grain morphology and phase distributions. In order to evaluate and
compare these characteristics in detail, a scanning electron micros-
copy (SEM) is conducted by a Thermo Fisher Scientific Quanta 650
field emission gun scanning electron microscope (FEG-SEM). Grain
structure, secondary phases, and porosities are examined by SEM
after etching with oxalic acid for 15 seconds.

Mechanical characterization

Heat-treated parts are sectioned with a coolant-assisted diamond wheel
mounted in a phenolicresin, then ground and polished. Samples are cut
using wire EDM (electrical discharge machining) from the sectioned
cylindrical parts. Tensile tests are performed according to the ASTM E8/
E8M-13 standard using an Instron 3382 universal testing machine ata
constant speed of 5 mm/min. An extensometer over a gage length of 50
mm is used for all tensile tests. Hardness measurements are performed
according to ASTM E384 standard using an EmcoTest DuraScan-20 test-
ing machine with 200 g (HV 0,2) for 5 seconds.

Results and discussion
The microstructures of samples in as-sprayed condition and after

2.In as-sprayed condition, samples exhibit a
dendrite structure, a distinctive structure
of crystals as metals solidifies, as shown in
Figure 2. The dendrite structure is typically
formed during the manufacturing of pow-
der (e.g. [31,34]) and preserved after CS. The
particle boundaries that form during the CS
process are visible, indicating particles are
not fully bonded and the parts show brittle
behavior in this condition as demonstrated
extensively in the literature. Additionally,
voids typically remain in the triple junctions
where multiple particles contact one another.
The porosity is measured to be 2.49% in as-
sprayed condition in agreement with the pub-
lished data [11,30,33] for cold-sprayed Inconel
718. Significant reduction in porosity and
further bonding of the material is achieved
with the HT process. During the HT process,
solid-state diffusion occurs between the par-
ticles, similar to the sintering mechanism.
This diffusion facilitates the transformation
of the dendritic structure into newly recrys-
tallized grains, which effectively reduces
the porosity. The porosity is reduced up to
1.59% as shown in Table 1 with HT at 1,200°C.
Recrystallization occurs after HT at all three
temperatures, with new grain sizes observed
to be at 1-2pm after 968°C, 5-10um after
1,066°C and 15-20pm after 1,200°C.

The results of tensile testing for the heat-
treated samples are illustrated in Figure 3. It
is clear from the data that the ductility of
the samples increased proportionally with the rise in heat-treatment
temperature peaking at about 16%, accompanied by a decrease in
yield stress. However, despite these variations, the ultimate strength
of the components remains relatively consistent, typically hovering
around 800 MPa. In Figure 3, test results after aging treatment is
demonstrated. Experiments are repeated three times for each HT.
All specimens reached a similar level of yield stress and hardening
capacity, with those heat-treated at 968°C being the least strong and
ductile. The level of porosity before the aging treatment has a direct
impact on ductility, with specimens heat-treated at 1,200°C achieving
the highest ductility, exhibiting 8% elongation at fracture.

Hardness measurement results are depicted in Figure 4 through
the thickness of the CS deposit. Values are found to be between 450-
550 HV for CS sample in as-sprayed condition. After HT, hardness
reduced below 350 HV except at the outer surface. As the HT tem-
perature increased, the hardness values are further decreased with
more homogeneous distribution through the thickness, indicating
an inhomogeneous microstructure of the material in as-sprayed state.
After the aging treatment, hardness of the samples reached about 450
HYV for all three HT temperatures.

A further analysis of microstructure, phases, and their distribu-
tion are conducted by SEM for the heat treated at 1,200°C and aged
sample. Figure 5 shows micrographs at 20K and 60K magnifications.
Gamma prime (y') precipitates are formed in the grain interiors and
delta phases are formed at the grain boundaries after the aging pro-
cess. Similar precipitate morphology can be observed with Inconel
718 alloy produced by conventional methods. Furthermore, gamma
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Figure 3: Engineering stress vs. strain response of the heat-treated cold-sprayed samples (a) before and (b) after aging.

double prime (y") precipitates with plate-like structures and 60-70
nm in size are formed. A not fully bonded interface can be observed
in the SEM image as well.

Heat treatments at temperatures exceeding 1,200°C is performed,
with the results presented in Table 2. For HT at 1,290°C, only the
2-hour results are available, as equipment limitations prevented
completion of the 4-hour treatment. A notable decrease in porosity
is observed with increasing temperatures compared to the 1,200°C
treatment, achieving a minimum porosity of 0.25% at 1,260°C after
2 hours. Extending the treatment duration from 2 to 4 hours does
not yield significant changes in porosity or hardness. Additionally,
no further reduction in porosity is observed at 1,290°C compared
to the results at 1,260°C. The hardness of samples HT at 1,230°C and
1,260°C is comparable to those HT at 1,200°C, while a greater varia-
tion in hardness is observed at 1,290°C, potentially due to partial
melting of the material.

Figure 6 compares the strength and ductility outcomes of cold-
sprayed Inconel 718 samples from current research with results
available in the literature. The data from this work focuses on the
sample heat-treated at 1,200°C, both before and after the aging pro-
cedure. Notably, this sample shows the highest strength among all
compared examples, with a significant amount of elongation prior
to fracture. Furthermore, to the best of the authors’ knowledge, this
study is the first to report tensile testing results for convention-
ally aged cold-sprayed Inconel 718. Two literature examples [26,27]
represent furnace-cooled samples, which exhibit a microstructural
change and small ¢ precipitates to form resembling a short aging
process27. It is important to note the process parameters and heat
treatment (HT) conditions vary noticeably among the samples in
Figure 6. An outlier in ductility is observed for a sample heat-treated
at 1250°C for 1 hour [11], highlighting the potential for optimiz-
ing HT conditions to significantly enhance the mechanical proper-
ties of cold-sprayed Inconel 718 parts. This agrees with the current
findings and emphasizes the opportunity for further improvement
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Figure 4: Hardness values through the thickness of the cold-sprayed parts.

in both ductility and strength through precise fine-tuning of HT
parameters.

CONCLUDING REMARKS

This study investigates the post HT conditions required to produce
Inconel 718 parts via cold spray additive manufacturing that meet
functional performance standards. Selecting optimal post-HT condi-
tions is essential to achieving cold-sprayed parts with practical prop-
erties. In the as-sprayed state, parts exhibit a dendritic microstruc-
ture with visible particle boundaries. Post-HT processing leads to
recrystallization of the crystal structure, significant porosity reduc-
tion, and enhanced metallurgical bonding. Samples heat-treated at
1,200°C and subsequently aged demonstrate the highest strength
value compared to those reported in the literature with considerable
amount of ductility (8%). Analysis of HT conditions above 1,200°C
reveals that porosity as low as 0.25% can be achieved, with 1,260°C
for 2 hours identified as the optimal HT condition. These findings

Temp. (°C) Duration (h) Porosity (%) Hardness (HV) Duration (h) Porosity (%) Hardness (HV)
1230 2 0.62 250-270 4 0.70 250-270
1260 2 0.25 220-250 4 0.30 220-250
1290 2 0.29 210-360 - - -

Table 2: Porosity and hardness levels for heat treated samples at 1,230°C, 1,260°C, and 1,290°C for 2- and 4-hour durations.
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Figure 5: SEM images of cold-sprayed Inconel 718 samples at (a) 20,000x and (b) 65,000x magnification.
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Figure 6: Strength and ductility results for the cold sprayed Inconel 718
samples. AMS5383 and AMS5662 data [35].

indicate that CSAM Inconel 718 parts treated under these conditions
have the potential to closely match the mechanical properties of
conventionally manufactured counterparts while preserving the
unique advantages of additive manufacturing.
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