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Abstract In the cold gas spray process, deposition of
particles takes place through intensive plastic deformation
upon impact in a solid state at temperatures well below
their melting point. The high particle impact velocities and
corresponding peening effects can lead to high compres-
sive residual stresses in cold spray coatings. This can be
advantageous with regard to mechanical properties as
fatigue life and hence, cold spray is an ideal process for
repair applications. In this study, INCONEL 718 particles
were cold sprayed by using nitrogen as propellant gas. The
deposited coatings with different thicknesses were char-
acterized using electron microscopy techniques to study
grain refinement and precipitates in the coating. In addi-
tion, depth-resolved residual stress measurements have
been performed by the incremental hole drilling method.
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The residual stress depth profiles in the coatings indicate
compressive residual stresses of several hundred MPa
which are hardly influenced by the coating thickness. In
addition, large compressive stress levels are found in sur-
face-near regions of the substrate due to the grit blasting
process. Furthermore, a post-heat treatment analysis was
performed to investigate its influence on residual stresses
and bonding strength. These findings are used to develop a
consistent explanation of the dependence of strength values
on thickness.

Keywords Cold gas spraying - Electron microscopy -
INCONEL 718 - Incremental hole drilling method -
Residual stress

Introduction

Cold gas spraying has become an important thermal spray
process with numerous applications (Ref 1-3). A huge
number of different materials reaching from pure metals to
alloys and composites have been successfully deposited by
this process reaching low porosity levels (Ref 4). The basic
deposition mechanisms have been identified as a confined
deformation, the so-called adiabatic shear instability,
which leads to a removal of oxide scales, good intermixing
and finally mechanical bonding of the deposited particles
even without melting (Ref 5). This bonding mechanism
implies that only in a certain process window, the depo-
sition is efficient. Typically, the velocity of the particles at
the impingement on the substrate has to be above a so-
called critical velocity v, otherwise the adiabatic shear
instability will not be efficient (Ref 6). If the velocities
become too high, erosion of the substrate will take place
(Ref 5). The critical velocity is typically reduced with an
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increase in particle temperature. The deposition of high-
strength alloys often needs the preheating of the particles to
reach the critical velocity. Meanwhile, systems with pre-
heating of the propellant gas above 1000 °C are available.

As the cold spray deposition allows the manufacture of
dense, metallic layers at moderate substrate temperatures
and also rather low particle temperatures, a low oxygen
uptake and hence high purity of the deposits results even
for sensitive materials (Ref 7). In addition, the fast impact
leads to the generation of compressive stress levels in the
coatings (Ref 8), which are typically beneficial for the
mechanical properties as fatigue. Hence, the process is
rather ideal for repair applications and many efforts have
been made in this direction (Ref 9, 10). For the repair
application, INCONEL 718 is an interesting material as it
is often used in aircraft components (Ref 11). Several
investigations have been made on the deposition of
INCONEL 718 by cold spray processes (Ref 12-14)
demonstrating that INCONEL 718 parts can be success-
fully manufactured by cold spray. In a recent publication,
additions of a martensitic stainless steel have been used to
obtain high-density coatings (Ref 15). Further recent work
shows that the manufacture of highly dense INCONEL 718
coatings by the cold spray process is possible especially by
using high pressures up to 7 MPa and high propellant gas
temperatures of 1000 °C (Ref 16). Also high tensile
strengths of up to 133 MPa could be obtained. In contrast
to our paper, no discussion on coating thickness, stress
levels, and microstructural features especially phase eval-
uation is given.

A very recent publication (Ref 17) on cold gas sprayed
INCONEL 718 focuses on the optimization of the spray
process. It also covers residual stress profiles in these
coatings, and the results will be compared to our results.

The determined compressive residual stresses in the
coatings might lead to an impact on the coating’s perfor-
mance. In Ref 18, a reduction in adhesion strength of cold
sprayed coatings with increasing coating thickness was
found and explained with the increasing stored energy in
thicker coatings which promote failure. However, in this
paper, it was not shown if the microstructure of the coat-
ings changed with coating thickness and had an additional
influence on this finding. In order to better understand the
origin of the drop of strength with coating thickness,
coatings with three different thickness values have been
prepared in the present investigation and characterized in
depth with respect to microstructure and residual stress
state.
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Experimental Procedures
Sample Preparation

For the coating manufacture, a powder based on the
INCONEL 718 composition (Oerlikon-Metco, Troy, MI,
USA) with spherical morphology, and a mean particle size
of 14 um was used as feedstock powder [more details are
found in Ref 19]. Figure 1 reveals the details of the
microstructure of the powder used in this study. The bright
contrast corresponds to interdendritic regions where Nb is
preferentially segregating due to the fast cooling rate dur-
ing the gas atomization process used for the powder
manufacture. It should be mentioned here that the powder
contained a certain amount of additional nickel-aluminum-
rich phase. This addition corresponds to a patent applica-
tion filed by Oerlikon in which the blending of a softer,
shear-deformable, secondary-phase metal and/or metal
alloy in a nickel- or iron-based material for the deposition
of a dense coating is claimed (Ref 20). As will be seen
later, this phase is visible in the microstructure of the
coatings.

The substrates for all tests were disk shaped with 25 mm
in diameter and a thickness of 5 or 6.5 mm. The substrates
were grit-blasted with commercially available alumina grit
with an average particle size of 420-600 pm and a pressure
of 2.5 bar prior to deposition.

In additional experiments, this pressure was identified as
an upper pressure limit to guarantee a negligible amount of
Al,O5 particles at the interface. However, still some
loading with alumina was observed, an internal investiga-
tion showed that other surface preparation techniques as
laser ablation can avoid that with even improved bonding.
In this investigation, only the more established technique
grit blasting was used. The average substrate roughness of

Fig. 1 SEM (BSE) image showing a cross section of the used IN718
powder
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Fig. 2 SEM micrographs of the
thin (a), medium (b), and thick
(c) coatings
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Fig. 3 Tensile strength of the cold sprayed coatings as a function of
thickness. In addition, the strength after annealing at 500 °C, 1 h, is
given for the medium thickness coating

R, (= 3.1 um) was evaluated by using an optical pro-
filometer (Model CT350T, cyberTECHNOLOGIES
GmbH, Germany).

For the deposition of the cold sprayed INCONEL 718
coatings, a CGT-Oerlikon-Metco Kinetics® 8000 high-
pressure cold spray system equipped with the standard
water-cooled D-24 de-Laval-type converging—diverging
nozzle was used with only nitrogen as propellant gas. The
inlet gas pressure and the temperature were 4 MPa and
950 °C, respectively. The stand-off distance from the
nozzle exit to the substrate surface was 60 mm. A spray
angle of 90° was used for the coating deposition. More
details are given in Ref 21. Coating thickness was varied
by varying the number of deposition passes using 1, 2, and
4 passes.

® ()

Characterization Methods

Coating adhesion test was performed on a tensile rig as in
the standard test method DIN EN ISO 6892-1 (Ref 22). A
tensile load was applied to bonded cylindrical slugs, using
a constant rate of 1 mm/s, until fracture occurred, and the
amount of force required for separation was recorded.
Adhesion strength was determined as the maximum load
divided by the cross-sectional area of the specimen. The
coated specimen was examined after failure, and failure
mode was identified, if the coating failed internally (co-
hesive failure), the coating separated from the substrate
(adhesive failure), or the coating remained intact with the
substrate and the epoxy between specimen and slug failed.
For each thickness, three samples were tested.

The residual stress depth profiles within the coatings and
the substrates were evaluated using the incremental hole
drilling method (Ref 23-25). For the application of the
incremental hole drilling technique, a blind hole is incre-
mentally drilled into the material while the strain release on
the surface is measured using strain gauges. From the
measured strain relaxations, the corresponding residual
stresses are calculated on the basis of calibration data and
the material elastic constants. The incremental hole drilling
was carried out using a self-constructed drilling device and
a TiN cement carbide tool with a nominal diameter of
1.6 mm. The strain relaxations were determined using
strain gauge rosettes of type CEA-06-062UM-120, while
each individual strain gauge was connected to a carrier
frequency amplifier, type Picas, by Peekel Instruments
GmbH (Bochum, Germany) via a half bridge (Wheatstone
bridge) circuit with temperature compensation. In addition,
in one case, the residual stress depth profile was determined
by x-ray diffraction according to the sin“y—method (Ref
26). The residual stress depth distribution was determined
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Fig. 4 Stress profile of the three as-sprayed (thin a, medium b, thick c) and the annealed (d, 500 °C, 1 h) coating

by reapplication of x-ray stress analysis on the newly
generated surface after defining successive electrochemical
layer removal. The x-ray residual stress analysis was car-
ried out for the {220}diffraction lines of the y-Ni phase
using 15 tilt angles i/ in the range between — 60° <
< 60° using V-filtered CrKa-radiation. The primary beam
was masked by means of a 2-mm pinhole collimator. On
the secondary side, a 4-mm slit was used in front of the
scintillation counter. As x-ray diffraction elastic constants,
literature data for bulk INCONEL were used.

Coating morphologies were investigated by scanning
electron microscopy (SEM, Ultra 55, Zeiss-Germany).
Further, microstructural studies were made using SEM and
TEM at Ruhr University of Bochum. Specimens for SEM
investigations were prepared using a Hitachi IM400PLUS
cross-section polisher operating at 4 kV. Jeol JSM-7200F
instrument operating at 15 kV was applied for imaging and
collecting EDX and EBSD data. TEM imaging was per-
formed using a FEI Tecnai Supertwin F20 equipped with
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high-angle annular dark field (HAADF) detector and
operated at 200 kV. TEM samples were prepared using FEI
Helios Nanolab G4 CX focused ion beam system (FIB)
operated at 30 kV.

Annealing was performed in a vacuum furnace at
500 °C for 1 h.

Results and Discussion

Figure 2 reveals microstructures of the three specimens
with coating thickness of 73, 211, and 350 pm, respec-
tively. The density of all the coatings is high, and porosity
levels are low. As discussed later, the dark phases are due
to the NiAl additions to the INCONEL 718 particles.
Furthermore, a rather high number of cracks appear at the
interface. One reason for these cracks are—although a
rather low pressure for grit blasting was used—the com-
parably high amount of alumina particles at the interface
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Fig. 5 Mean residual stress in the coatings and at the peak location in
the substrate for the coatings with different thicknesses for the as-
sprayed (open symbols) and the annealed (500 °C, 1 h) condition
(closed symbols). The dotted line indicates a linear fit of the stress in
the coating, and the solid lines connect the symbols showing the stress
at the peak location

with initiate cracks at this location. These cracks will also
lead to a reduction in the adhesion strength.

In Fig. 3, the results of adhesion strength measurements
are presented. All coatings in the as-sprayed condition
failed at the interface substrate/coating. Although the
results show a rather large scattering range, a tendency of
reduced strength with increased coating thickness is visi-
ble. As stated in the introduction, similar results were
found in Ref 18. In addition to the as-sprayed condition,
also the strength of the coating with a medium thickness is
given after annealing at 500 °C for 1 h. A clear increase in
strength can be observed. Furthermore, the failure mode
changed, as the failure now occurred in the glue, indicating
that the actual adhesion strength is probably even higher.

For the as-sprayed coatings and the annealed one, the
residual stress depth profile has been measured with the
incremental hole drilling method, and the results are shown
in Fig. 4. Sigma 1 and sigma 2 indicate the two principle
stress components for the in-plane stress state.

As an important result, it should be stated that both hole
drilling method and XRD analysis gave very similar results
as shown in Fig. 4(d). These findings certainly underline
the reliability of the hole drilling method. Deviation occur
at the very surface, which is due to the fact that (1) the
incremental hole drilling method is less sensitive in the
very surface-near region and (2) thermally sprayed coat-
ings show a rather large surface topography, which makes
it rather difficult to find the zero depth value.

The residual stress depth distribution for the as-sprayed
coatings shows compressive residual stress values within
the coatings. Compressive residual stress in cold spray

coatings is typically found due to the fast impinging of the
particles on the substrate (Ref 8). In the coatings using 2
(medium-layer thickness, Fig. 4b) and 4 (thick, Fig. 4c)
passes, one can observe an increase in the compressive
residual stresses at the surface which might be attributed to
the consecutive layer and stress buildup as described in Ref
27. This should give a higher stress level at the surface. The
highest compressive residual stresses were observed near to
the interface to the substrate, i.e., within the surface of the
substrates. This is a result of the grit blasting prior to the
deposition (Ref 28). The TEM investigation shown later
confirms the massive change of the microstructure in this
region. Deeper within the substrate, the residual stresses
are reduced and are expected to reach tensile values far
away from the interface to compensate for the compressive
residual stresses in the coatings and the substrate surface.
After the heat treatment (Fig. 4d), the residual stress in the
coating practically disappeared; however, the residual
stress values at the surface of the substrates remained. A
summary of the residual stress evaluation is shown in
Fig. 5 using mean stress values for the coatings. The mean
stress levels in the coatings are quite close, varying
between about 120 and 200 MPa. So no systematic influ-
ence of the thickness is visible. The highest compressive
stress level is found for the coating with the medium
thickness. The heat treatment reduces the stress to nearly
zero. Stress levels at the surface of the substrates induced
by the grit blasting were much higher between 230 and
370 MPa and remained rather unchanged during heat
treatment.

Also in Ref 17, stress profiles in cold sprayed INCONEL
718 coatings have been made by XRD and layer removal.
The used propellant gas pressure was with 50 bar higher,
temperatures were 800, 900, and 1000 °C. The compres-
sive stress levels are between 150 and 400 MPa, quite close
to our results. Rather no systematic influence of the tem-
perature is found. However, in contrast to our observation,
an increase in the stress level is observed with an increase
in distance from the surface in contradiction to the model
prediction in Ref 27. Also no distinct compressive stress
peak close to the substrate surface was found. That might
be related to the heating of the substrates to 100 °C during
the grit blasting.

In order to get a better insight in these results, further
SEM and TEM investigations of the samples have been
performed. First, a substrate has been analyzed after grit
blasting (Fig. 6a, b, and c). As it is known from the liter-
ature, a massive deformation takes place during the grit
blasting process, which leads to the high compressive
residual stresses at the interface on the substrate surface
side. The ultra-fine-grained region formed during grit
blasting consists of grains smaller than 50 nm. These
grains are elongated in the direction perpendicular to the
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Fig. 6 Comparison of the grit-
blasted substrate and coated
substrate: (a) SEM micrograph
of the grit-blasted substrate
showing the location of the
TEM lamella and Ni3Nb
particles (white contrast)
strongly affected by the
accumulated strain, (b) BF-
TEM image of a typical Ni3Nb
particle present in the the grit-
blasted substrate and
corresponding diffraction
pattern (inset), (c) HAADF-
TEM micrograph revealing a
part of the deformed region at
the surface of the substrate.

(d) HAADF-TEM micrograph
showing the interface between
the grit-blasted specimen and
coated specimen (thinnest
coating). Dark rectangular
contrast particles at the interface
refer to the embedded alumina
particles

grit-blasted surface. There is also some indication that the
Ni;Nb particles are partially dissolved (smeared) during the
massive deformation (see inset in Fig. 6a). The zone
thickness massively influenced by grit blasting is nearly
20 pm in thickness.

Figure 6(d) shows, on the left side, the TEM image of
the thinnest coating. There are dark areas in the size range
of about half a micrometer surrounded irregularly by bright
phases. This microstructure can be explained by the
microstructure of the powder (see Fig. 1) in which Nb-rich
(bright) areas are surrounding the dendritic regions with
less Nb. Due to the cold spray process, these regions have
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highly
deformed grains

been deformed and the well-aligned structure in the powder
is destroyed. The part of the coating shown in Fig. 6(d) is
probably part of one former particle. As shown later in
EBD results, the particles are only deformed largely in a
shell region. This is indicated by the fine-grained, about
half a micron thick region of the coating close to the
interface, which is indicated by the alumina particles.

In Fig. 7(a), a SEM analysis of the thickest coating is
shown. The results are similar for the other coatings;
therefore, only one type of coating is shown here. Fig-
ure 7(a) represents a low magnification overview in which
the complete coating, substrate, and the interface are



J Therm Spray Tech

Fig. 7 SEM analysis of the sample with the thickest coating. (a) BSE
micrograph, (b) Al map, (c) Ni map, (d) EBSD image quality map
showing the presence of very fine grains in the outer region of the

Fig. 8 BSE micrograph
showing Al-Ni inclusion in the
IN718 coating and
corresponding EDX maps. Red
rectangle shows the region from
which a TEM lamella shown in
Fig. 10 was taken (Color

figure online)

shown. Corresponding element distribution maps (Fig. 7b
and c) clearly reveal the presence of regions enriched with
Al and Ni within the coating. These features are due to
additions of NiAl-rich phases in the spray powders to
improve the deformation behavior and hence the deposition
efficiency of the powder. Figure 7(d), (e), and (f) shows a
high-resolution EBSD data acquired from the coating. The

particles; (e) IPF Z map showing grain orientation and (f) Kernel
average misorientation (KAM) map revealing the degree of accumu-
lated strain (Color figure online)

Al-Ni-enriched "¢,

inclusion

maps reveal that the whole region is heavily deformed;
however, the center of the particles consists of larger and
less deformed grains. The color-coded IPF Z map (Fig. 7e)
shows the presence of low-angle grain boundary within the
particle, and the Kernel average misorientation map
(Fig. 7f) reveals that most of the strain is accumulated at
the fine-grained regions outside. This microstructure is due

@ Springer
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to the cold spray process in which only the periphery of
particles is heavily deformed, while the core remains rather
unchanged. During the spray deposition, dynamic recrys-
tallization can occur which leads to the observed fine grain
structure. This was also previously shown, e.g., in cold
sprayed Ni coatings (Ref 29).

Figure 8 reveals interesting features in the cold sprayed
INCONEL 718 regarding the nickel-aluminum-rich phase
added to the powder visible (see above). An inclusion
consisting of this phase is visible in the center of the figure.
Although it is expected that these additions give an
improved deformation behavior during cold spray, also
some cracks appear at the interface to the INCONEL 718
matrix, which might reduce mechanical properties. The
second interesting feature is the fine-grained microstructure
of the matrix. It is separated by bright contrast areas which
are probably the remainings of the interdendritic areas
present in the particles (see Fig. 1). EDX maps reveal that
these areas are highly enriched by Nb. These findings
correspond to the TEM investigation shown in Fig. 6.
Significantly different local compositions might result in
local stresses that explain the presence of some cracks.

Fig. 9 TEM investigation of the interface between the Al-Ni-
enriched inclusion and the material of the coating (a); Corresponding
EDX map showing bright segregation of Nb into former interdendritic
regions of the coating. No Nb is detected within the Al-Ni inclusion

Fig. 10 SEM micrographs of
the substrate—coating interface
showing the effect of the 1-h
annealing at 500 °C: (a) as-
sprayed; (b) after annealing

@ Springer

Figure 8 also shows that the cracks do not follow the Nb-
enriched GB’s.

A more detailed investigation of the interface between
the INCONEL 718 matrix and the Al-Ni-enriched inclusion
was made by TEM-HAADF investigation. Fig-
ure 9(a) shows such a micrograph. The micrograph only
partly confirms the already discussed results; at the inter-
face, the corresponding Nb EDX map (Fig. 9b) shows that
the Nb is strongly segregated into defined areas in the
coating. However, in contrast to the SEM results, in the
TEM investigation, no cracks are found at the interface;
instead, a good bonding is observed.

Figure 10 compares the microstructure of the interface
region coating/substrate in the as-sprayed state and after
annealing (1 h at 500 °C). It is clearly visible that the
grains of the coating significantly coarsened, while the
substrate does not change too much. This indicates that
recovery processes are already taken place at 500 °C in the
coatings which corresponds to the observed reduction in
the compressive residual stresses in the coating (Fig. 3). On
the other hand, the heat treatment did not lead to significant
changes in the grit-blasted region. A possible reason for
this clear difference between substrate and coating might
be the microstructural differences. Whereas in the substrate
clear indication of NizNb precipitates can be found, in the
coating, the Nb might only be segregated in solid solution
in interdendritic regions without formation of a hardening
phase. This is expected to lead to lower strength, and hence
easier relaxation in the coating area (Ref 30). The increased
mechanical properties of the substrate especially after the
grit blasting process might also lead to a lower deforma-
bility which might have a negative effect on the bonding of
the cold spray coating.

For the interpretation of the strength data, also the
quality of the interface is important. Compared to Fig. 10,
a lower resolution analysis by SEM is used to analyze a
larger area of the interface. Figure 11 shows the compar-
ison of the interface of a coating in the as-sprayed

<

e
. substrate
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Fig. 11 SEM micrographs of the interface region of coating (top) and
substrate (bottom), left as-sprayed, right annealed conditions (500 °C,
1 h). The dark lines are cracks, the larger black areas are remainings
from the grit blasting process (Al,O3), and smaller spherical features
are pores

condition and after annealing. In the as-sprayed condition,
cracks are found which indicate a not optimal bonding
between coating and substrate. As only a few cracks are
found in the coating itself, this might be related to the
substrate properties. As discussed before, the surface
region of the substrate shows highly deformed regions
which might influence the bonding due to adiabatic shear
instabilities as the deformability of both particle and sub-
strate is needed to obtain effective intermixing and for-
mation of sufficient bonding. In addition, also alumina
inclusions from the grit blasting process are present, which
are expected to further reduce the adhesion strength.

In addition to the microstructural investigations, also an
estimation of the interfacial toughness by a method pro-
posed by Chicot et al (Ref 31) has been made. As the
samples were embedded and additionally the coatings were
rather thin, no quantitative values can be determined.
However, a comparison of the different coatings showed a
rather high scattering of the interfacial toughness. This was
mainly attributed to the large and varying amounts of
alumina grits from the grit blasting process at the interface,
which promotes crack growth and reduce by that interfacial
toughness.

Depositing a thicker layer on the substrate also implies
that the propelling gases are longer in contact with the
substrate. In order to evaluate if that might have an effect
on the microstructure or the stress state simulations by
using the KSS software (Ref 32) have been made. The
results indicate that the propellant gas is only slightly
above 300 °C at the substrate location. This is not expected
to heat the substrate much above 300 °C and have a sig-
nificant effect on the coating characteristics. This also
corresponds with temperature measurements during the
deposition which confirm temperatures below 350 °C. In
addition, the simulation gave a compressive residual stress
state of — 192 MPa which is in rather good accordance
with the results presented here.

In conclusion, the findings support the assumption that
the energy release rate in the coatings is controlling the
adhesion strength. Therefore, annealed samples with low
residual stress levels showed high-strength values. Scat-
tering of the data is at least partially a result of the grit
blasting process, which turns out to have negative effects
on the bonding. In addition, it is worthwhile to mention that
the microstructure in the coatings is significantly different
compared to casted substrates, which are related to the
microstructure of the gas atomized powder.

Conclusions

INCONEL 718 was deposited on INCONEL 718 substrates
by cold gas spraying. The coating showed a reduced
adhesion strength with increasing thickness. As
microstructural features and also the residual stress depth
profiles were similar in the three investigated coatings, it
can be concluded that the increased energy release rate in
the thicker coatings leads to the reduced adhesion strength.
The scatter of the data was related to the grit blasting
process, as alumina grits are found at the interface in a
relatively unpredictable manner. In addition, the bonding to
the substrate might be negatively influenced by the high
deformation induced in the substrate due to the grit blast-
ing. Furthermore, the microstructure of the coating is
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significantly different from the substrate as NizNb precip-
itates are missing.

After a heat treatment at 500 °C for 1 h, the residual
stress in the coatings relaxed, whereas the residual stress in
the substrate remained. The reduced coating residual stress
led to a significant improvement of the adhesion stress.
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