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Abstract Cold spraying (CS) of high-strength materials,
e.g., Inconel®625 is still challenging due to the limited
material deformability and thus high critical velocities for
achieving bonding. Further fine-tuning and optimization of
cold spray process parameters are required, to reach higher
particle impact velocities and temperatures, while avoiding
nozzle clogging. Only then, sufficiently high amounts of
well-bonded particle—substrate and particle—particle inter-
faces can be achieved, assuring high cohesive strength and
minimum amounts of porosities. In this study, Inconel®625
powder was cold sprayed on carbon steel substrates, using
N, as propellant gas under different spray parameter sets
and different powder sizes for a systematic evaluation.
Coating microstructure, porosity, electrical conductivity,
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hardness, cohesive strength, and residual stress were
characterized in as-sprayed condition. Increasing the pro-
cess gas temperature or pressure leads to low coating
porosity of less than 1% and higher electrical conductivity.
The as-sprayed coatings show microstructures with highly
deformed particles. X-ray diffraction reveals that powder
and deposits are present as y-solid-solution phase without
any precipitations. The deposits show high microhardness
and compressive residual stresses, which is attributed to
work hardening and peening effects. The optimized
deposits reach almost bulk material properties and are thus
well suited for industrial applications.

Keywords additive manufacturing - coating
microstructure - cold spray - impact condition -
Inconel®625 - mechanical properties - residual stress

Introduction

In cold spraying (CS), feedstock powder is deposited onto
substrates in solid state without melting. Particles are
accelerated to supersonic speeds by high-pressure and
high-temperature gas via a de-Laval nozzle (Ref 1-5). If the
powder’s velocities upon impact are above a material-de-
pendent critical velocity, the transformation of kinetic
energy into strain and thermal energy causes the material to
undergo severe plastic deformation, leading to adiabatic
shear instabilities (ASI). In this process, oxide scales are
stretched and removed, and finally metallurgical bonding at
the interface or already deposited layer occurs (Ref 2, 6-9).
Any velocity in excess of the critical velocity, i.e., addi-
tional kinetic energy, will lead to a higher extent of ASI
and more heat generation, increasing the well-bonded
interface area and the tensile strength of the deposit.
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Correspondingly, the coating quality parameter #, defined
as the ratio of impact velocity (vimp) to critical velocity
(Veriv), has to exceed 1, and the bonded area between par-
ticle and substrate increases with increasing 5. Typically,
coating properties similar to those of bulk material are
already achieved for y—values around 1.5 (Ref 10), while
too high values of # could lead to hydrodynamic behavior
and material loss.

CS of Inconel®625 has raised the interest of both the
research community and industry. Inconel®625 is a nickel-
based superalloy that is widely used as a coating in aero-
space, energy, automobiles, maritime, chemistry, oil, and
gas industries in order to improve wear and strength,
enhancing surface properties of less expensive metallic
components (Ref 1, 2, 7, 8). Due to its high molybdenum
content, Inconel®625 is also a reasonable candidate for
seawater applications, which suffer from higher risks of
pitting and crevice corrosion (Ref 1).

Owing to the high strength and low deformability of the
Inconel®625 powder in gas-atomized condition (Ref 10),
and owing to the risk of nozzle clogging, the CS of this
material is still challenging. Successful deposition of
Inconel®625 coatings by CS has been previously reported
(Ref 2, 11-14), which shows the potential of CS
Inconel®625 for repair and surface enhancement. Since CS
enables deposition under lower energy consumption than
classic metal additive manufacturing processes such as
Selective Laser Melting (SLM) and higher deposition rates
of up to 14 kg/h (Ref 15), being about 3-times higher than
under Wire Arc Additive Manufacturing (WAAM), this
technique is an interesting alternative to conventional
additive manufacturing methods. In this context, building
structures like walls made up of high strength materials
such as Inconel®625 by CS were reported (Ref 16). In
other works (Ref 17, 18), CS was used to spray
Inconel®625 to repair metal components. The resulting low
porosity levels and high hardness values demonstrated the
good quality of the cold-sprayed Inconel®625 coatings and
showed that CS is a promising additive manufacturing
technique for repair applications of Ni-based superalloy
parts.

Most of the works have focused on microstructure
evolution and mechanical properties of deposits. Some
works investigated the effect of heat treatment on the
residual stress of CS coatings and reported that residual
stress in as sprayed state was not uniform and that heat
treatments could induce tensile stress due to the elimination
of porosities (Ref 1).

Wu et al. have deposited Inconel®625 coatings on
6061 aluminum alloy. The microstructure, mechanical and
tribological properties of the coatings were systematically
studied. The cold-sprayed Inconel®625 coatings had a low
porosity level and EBSD analyses revealed that grain

refinement occurred within the coatings and substrates
could be attributed to strain accumulation and fragmenta-
tion process (Ref 2). Neo et al. studied the effect of dif-
ferent spray stand-off distance (SoD) on particle velocity of
Inconel®625 during CS and reported that, there is an
optimum SoD (8 mm) for given process parameter sets,
which should ensure low porosity and high hardness given
in this study (Ref 3). Some authors (Ref 19-21) have used
different particle shapes of feedstock powder to demon-
strate that changing of gas pressure and temperature greatly
influences the particle velocity leading to less porous
coatings. As well, it is argued that spherical and smaller
particles provide better properties. Cavaliere et al.
demonstrated that the hardening effect of the coating
influenced the fretting behavior of the deposits using dif-
ferent particle dimensions (Ref 8). In another work, they
described the fatigue behavior of Inconel®625 CS coatings
and demonstrated that heat treatments have a beneficial
effect on fatigue crack retardation (Ref 22). Azarmi et al.
(Ref 23) investigated the elastic properties of Inconel®625
deposits that were cold gas sprayed onto aluminum sub-
strate and concluded that the dislocation density at the
grain boundaries is the major microstructural feature
affecting the Young’s modulus of cold sprayed coatings.
Reported stress—strain tests indicated 30% reduction of the
in-plane Young’s modulus of the coating as compared to
the bulk material. In another work, the inter-splat bonding
fraction of the coatings sprayed (at the impacting interfaces
of IN625 and IN718 in cold spraying) at different process
conditions was estimated through FEM simulations based
on the interface temperature and indicated an increase as a
function of stagnation temperature (Ref 24).

Despite the works reported for CS of Inconel®625 so
far, there is still a lack of understanding of the interplay
between process parameters (temperature and pressure),
powder size, and coating characteristics to achieve required
deposit properties. Since the process gas pressure and
temperature play a crucial role for the particle impact
velocity (Ref 6, 10), the influence of the pressure and gas
temperature on various properties of thick Inconel®625
deposits were addressed in detail in the present study with
respect to the concept of coating quality parameter #.

Materials and Methods
Powder Analysis

Commercial Inconel®625 powder produced by Ar-gas
atomization (PRAXAIR Surface Technologies, Indi-
anapolis, Indiana, USA) of three different particle size
distributions was used for cold spraying. The powder size
distributions (PSD) and morphologies were analyzed by
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laser diffraction (LA-910 Horiba, Kyoto, Japan) and by
scanning electron microscopy (SEM, Quanta 650, FEI,
Brno, Czech Republic) in SE (secondary electron) and
EBSD (electron backscatter diffraction) modes, respec-
tively. Structural analyses by x-ray diffraction (XRD) of
the as-received powder were performed by using a D8
DISCOVER x-ray diffractometer from Bruker (Billerica,
Massachusetts, USA). The chemical composition of the
powder was measured by energy-dispersive x-ray spec-
troscopy (EDS) from FEI (Brno, Czech Republic), inte-
grated into the used SEM. Single powder particle plastic
behavior and the corresponding compression strength were
determined by particle compression tests as described by
Assadi et al. (Ref 25) using a modified micro-indenter from
Zwick-Roell (Ulm, Germany) by applying a flat punch
diamond tip of 200 um diameter at a maximal load of 3 N.

Cold Spraying

Based on the experimentally measured UTS of the Inconel
feedstock powder as input data, the KSS-software (Kinetic
Spray Solutions GmbH, Buchholz, Germany) was used to
define the cold spray process parameter sets, i.e., Ty, and
P, with respect to attainable #-values according to the
well-known approaches from Schmidt et al. (Ref 26) and
Assadi et al. (Ref 20). Corresponding particle impact
conditions were calculated by considering the experimen-
tally determined particle size distribution (PSD) of the
received powder as well as physical data concerning den-
sity and specific heat of the feedstock material. Critical
velocities were calculated on basis of experimental data on
powder UTS and tabulated material data (melting tem-
peratures, density, specific heat).

Cold spraying was performed by using an Impact Spray
System 5/11 (Impact Innovations GmbH, Rattenkirchen,
Germany) with a 100 mm pre-chamber length, corresponding
toapowderinjection at 128 mm upstream of the nozzle throat,
and a commercial nozzle of type “SiC-OUT1” (Impact
Innovations, Rattenkirchen, Germany) with an expansion
ratio of 5.6 was employed. Nitrogen was used as propellant
and as carrier gas. In order to correlate the corresponding
particle impact conditions to attainable coating properties, the
gas temperature (Tg,s) and pressure (Pg,) were varied in a
range from 800 to 1100 °C as well as from 40 to 50 bar,
respectively. For the coarse and the fine powder sizes, only
selected parameter sets were applied. Table 1 summarizes the
cold spray conditions and calculated coating quality param-
eters (1) for the different mean particle sizes Dsy,.

The parameter set with T, = 1000 °C and Pg,s = 50 bar
was considered as reference condition (ref.) in this study.
During primary parameter variation, the powder feed rate by
disk rotation speed, the spray stand-off distance (SoD) and
the line traverse gun speed were kept fixed at 2 rpm
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Table 1 Calculated particle impact temperatures and velocities as
well as n-values for applying different spray parameters to varied
powder sizes

P,bar T,°C V,,mls T,°C Vg mls Dsp pm n

50 800 618 559 667 33-middle  0.95
50 900 673 638 630 33-middle  1.02
50 1000 655 717 591 33-middle 1.11
50 1100 672 796 549 33-middle  1.22
40 900 614 643 628 33-middle  0.99
40 1000 630 722 598 33-middle  1.07
50 1000 694 650 656 25-fine 1.06
50 1000 605 769 532 45-coarse  1.14
50 1100 618 852 488 45-coarse 1.27

Bold values illustrate significant changing parameter during this study

corresponding to 28.9 g/min (to prevent the particle collision
& nozzle clogging), 20 mm and 250 mm/s, respectively.
S235-structural steel substrates with dimensions of
70 mm x 50 mm x 3 mm were grit-blasted with #200
mesh alumina particles at room temperature by using a
pressure of 6 bar and at an impact angle of 45° before starting
the CS deposition. It should be noted that the deposition had
to be interrupted every ten layers for grit blasting to clean the
nozzle and to avoid nozzle clogging. For this, a second
powder feeder loaded with Al,O5 with the trade name EK-
180 (Wiwox, Erkrath, Germany) was used. Such refreshing
of the nozzle was performed at a spray gun position suffi-
ciently far away from the part in front of the exhaust system
to avoid any influence on the already deposited material. The
full deposits were processed as a sequence of 35 layers and
built up in a minimum thickness of 1.9 mm to ensure
dimensions that allow the machining of micro-flat tensile
(MFT) test samples with 1 mm thickness.

Characterization Methods

The electrical conductivity measurements of deposits (og)
were carried out according to the ASTM-Standard E1004
on grinded-surface samples (finish with 1000 SiC grit size)
by using a Sigmascope SMP10-HF device and an ES40HF
sensor (Helmut Fischer, Sindelfingen, Germany). A coating
thickness of > 1 mm and a frequency of 1250 kHz should
ensure that influences from the substrates are avoided.

For preparing coating cross sections, deposited samples
were hot mounted in a conductive resin and polished using
standard metallographic techniques down to OPS (oxide
polishing suspension, 0.05 pm) as the final finish. Coating
microstructures were analyzed by using an optical micro-
scope (OM) of type DMRM (Leica, Germany) with the
Axion-Vision analysis software and a scanning electron
microscope of type Quanta 650 (FEI, Brno, Czech
Republic).
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Microhardness was measured in through-thickness
locations on the polished cross section using a universal
hardness testing machine of type ZHUO0.2 (Zwick/Roell
Instruments, Germany) at room temperature with Vickers
indenter under a load of 2.95 N (HV3), using a dwell time
of 10 sec. Data on the crystallographic structure of the as-
sprayed samples were obtained by x-ray diffraction (XRD)
by using an instrument of type D8 DISCOVER Bruker
(Massachusetts, USA) and applying Cu-k, radiation.
Micro-strain and lattice parameters were calculated with
TOPAS-64-V6 from Bruker, which is a fitting-based soft-
ware for crystal analysis.

The residual stress analyses of the coatings were deter-
mined by the incremental hole-drilling method using a
PRISM system from Stresstech (Rennerod, Germany),
which is based on electronic speckle pattern interferometry
(ESPI) that provides high-quality full-field displacement
data for accurate residual stress calculation. For all per-
formed measurements, holes of 2 mm in diameter and
1 mm in depth were drilled incrementally. Four determined
residual stress measurements were averaged to have suffi-
cient statistics.

Micro-flat-tensile (MFT) tests were performed in order
to determine mechanical properties of the deposits. For the
preparation of MFT test samples, the deposit material was
sprayed onto flat substrates and cut into desired test sample
geometries (L x W x H: 30 x 5 x 1 mm; gauge length
9 mm) by electro-discharge erosion by setting the gauge
direction and thus later the applied force parallel to the
spray lines. Details of the specimen geometry (Fig. 1a) as
well as an overview image of one of the Inconel®625
samples after testing (Fig. 1b) are shown in Fig. 1. In
deviation to the standard for tensile testing, the experi-
ments were performed using a load-controlled procedure
with a fixed strain rate of 0.25 x 107> 1/s and were carried

Rs

(a)

(b)

Fig. 1 Dimensions and geometry of the MFT samples according to
DIN EN ISO 6892-1 with 1 mm thickness (a), and macro-view of the
Inconel®625 sample after testing (b)

out on a 5-kN electro-mechanic universal testing machine
of type Z100 (Zwick/Roell, Ulm, Germany) at an
increasing force rate of 2 N/sec till the complete fracture of
the sample. The strain and elongation were optically
recorded by a CCD camera of type videoXtens and ana-
lyzed by the commercially available software testXpert,
both from Zwick/Roell (Ulm, Germany).

Results
Powder Microstructures and Properties

Morphologies and particle size distribution (PSD) of the as-
received Inconel®625 medium-size powder as obtained
from SEM and optical microscopy (OM) are presented in
Fig. 2. Well separated spherical morphology with some
small satellite particles is shown in Fig. 2(a). The PSD
shows a maximum population at 32 um and displays a
unimodal and narrow distribution with djo = 28 pm,
dso = 33 um, and dyg = 38 um, without undesired fine
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Fig. 2 Particle size distributions (a) and typical SEM- and OM-
micrographs of the Inconel®625 powder feedstock showing the
morphology (b), (c), (d)
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fractions (<10 pum) (Fig. 2a-b). Micrographs of powder
cross sections in Fig. 2(c)-(d) reveal cellular dendrites with
side branches due to the high undercooling during rapid
solidification in the gas atomization process. Nb segrega-
tion in interdendritic (gray) regions was confirmed by EDS.

In order to compare the influence of the powder size on
the coating’s properties, two additional powder batches,
denoted as fine and coarse powder, from the same producer
were used with PSDs of — 29 4+ 20 um and — 53 4 41
pm, respectively.

Figure 3 shows the results of the experimentally deter-
mined UTS values for the different powder sizes. The
results indicate a decrease of the UTS with increasing
particle sizes.

According to the results from individual particles com-
pression tests, the as-received powder has a mean UTS of
1512 4+ 122 MPa, which is about 55% higher than that of
soft-annealed Inconel®625 bulk material (957 MPa) (Ref
27).

Coating Microstructures

Typical cross section micrographs of as-sprayed deposits
are shown in Fig. 4. Deposits are dense with rather low
porosity (less than 2%), without cracking or delamination
at the interface to the substrate. As illustrated in Fig. 4, the
size and amount of porosities and micro-cracks are inver-
sely proportional to the increasing x-value associated with
increased process gas temperature (Fig. 4a-f).

According to Fig. 4(g)-(h), basic features of the powder
microstructures after etching the polished-cross-section,
such as dendritic or grain refined areas, were also observed
inside the deformed particles. However, they are mostly
elongated due to the particle deformation, as shown in
Fig. 4(g). According to that, the overall particle deforma-
tion is rather high, despite of the high mechanical strength
of the as-received powder. As observable in Fig. 4(h), close
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Fig. 3 Experimentally determined UTS values of the used
Inconel®625 as a function of particle size
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Fig. 4 Optical (left column) and SEM (right column) cross-sectional
micrographs of cold-sprayed Inconel®625 deposits in the as-sprayed
condition, using a gas temperature of 800 °C (a), 1000 °C (c) for the
reference coating, and 1100 °C (e), as well as middle sections of the
coatings at higher magnification (b), (d), (f). Etched cross sections of
the ref. coating are shown in (g) and in (h) at higher magnification,
which indicate particle boundaries (g) and the deformed particle (h)

to interparticle boundaries, highly elongated grains are
observed by locally obtained high degrees of deformation.
According to this figure, the microstructure of a deformed
particle comprises highly deformed regions and less
deformed ones, corresponding to peripheral and interior
regions of the particle, respectively. These micrographs
also reveal the presence of some pores and non-bonded
interfaces located at the particle—particle interfaces.
Figure 5 compares the middle section of the deposits, as
produced using different powder sizes and the reference
spray parameter set. These micrographs reveal that the size
of the micro-porosities tends to be larger with increasing
the powder size. Figure 5(d) and (e) shows etched
microstructures for coatings on basis of the coarse powder
size in order to reveal microstructural feature with respect
to particle deformability (compare Fig. 4g and h). In the
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Fig. 5 Optical and SEM cross-
sectional micrographs of cold-
sprayed Inconel®625 deposits in
the as-sprayed condition by
using the ref. parameter set
using 1000 °C and 50 bar for
fine (a), medium (b), and coarse
(c) powder sizes. An etched
cross section of the deposit on
base of the coarse powder is
shown at higher magnification
in (d) and (e), which indicate
particle boundaries (d) and the
deformed particles (e)

case of the coarse powder (Fig. 5d, e), particle deformation
appears as more homogeneous, resulting in more rather
uniform microstructure than within the coatings on basis of
the medium size (Fig. 4g, h). Moreover, it can be seen that
the deformation gradient from the interior region of the
deformed particle toward the peripheral area (Fig. Se) is
less than that of the medium powder (Fig. 4h).

Figure 6 compares the XRD patterns of the as-sprayed
reference sample and the as-received Inconel®625 powder.
Eight peaks were identified that correspond to (111), (200),
(220), (311), (222), (400), (331), (420) lattice planes, which
are characteristic of the solid solution fcc y-phase. The
XRD pattern of the as-received powder shows peak-
asymmetries and already large Full Widths at Half Maxi-
mum (FWHM). This could be due to the micro-segregation
in the interdendritic region of primary dendrites as obtained
under the high solidification rate in the gas atomizing
process.

10 pm
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10 ref. coating
=
S g ] Inconel®625 powder
2
Z 6. (200)
= @20 3113022 (331) (420)
=
= 4 \JL_L A A (400)

2 -

. - )\ ) sl

30 50 70 90 110 130 150

20

Fig. 6 XRD pattern of the Inconel®625 feedstock powder as well as
the reference coating

In comparison with that of the initial powder, the XRD

pattern of the reference deposit shows broader peaks with
larger FWHM. This can be explained by additional elastic
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strains due to strain hardening and high dislocation densi-
ties, here being recorded as crystal defects. The peak-
asymmetries of the initial powder are retained in the
structures of the as-sprayed reference coating. The asym-
metry can be interpreted as superimposed effect, here
grains with different chemical composition and thus dif-
ferent lattice constant. Hence, in order to represent the
matrix and the partitioning effects, two separate phases
were detected and considered by TOPAS software during
the analysis of XRD data of powder and deposit. Using
TOPAS software, microstrains were calculated for the two
phases. The results reveal microstrains of 0.562 x 107>
and 1.920 x 10> within phases 1 (matrix) and 2 (parti-
tioning) of the as-received powder. Within the reference
coating, microstrains are higher with 1.78 x 107> (phase
1, matrix) and 3.86 x 10_3, (phase 2, partitioning), indi-
cating the increase in dislocation density by work harden-
ing.3.3 Coating Properties

With respect to coating properties, correlations between
data of calculated coating quality parameters # attained
under different process conditions and obtained porosities,
electrical conductivities, cohesive strengths (UTS), micro-
hardness (HV0.3), and residual stresses are illustrated in
Fig. 7, 8,9, 10, 11, 12.

Figure 7 shows the average electrical conductivity and
reveals a direct correlation with the n-values, for high-end
conditions approaching the bulk reference value. However,
the comparison to hot rolled material should be treated with
care. Dynamic recrystallization during the hot rolling and
formation of carbides, y” precipitations and & phases could
contribute to electron scattering and reduced electron
mobility, and thus comparatively low electrical conduc-
tivity (Ref 28, 29). In consequence, the bulk conductivity
can be reached and may be even surpassed in case of CS
deposits. Such is reached by using the finer powders
already at rather low n-values. The difference in conduc-
tivities between coatings on basis of fine and coarser
powders could be attributed to local defect densities and
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Fig. 7 Correlation between electrical conductivities and y-values
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Fig. 9 Correlation between UTS and n-values attained in CS of
Inconel®625 powder
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Fig. 10 Correlation between micro-hardness and #-values

amounts of well-bonded internal interfaces. However, also
different amounts of regions that are subject to dynamic
recrystallization and thus fewer scattering centers must be
considered.

The mean deposit porosities by using different powder
feedstock sizes are illustrated in Fig. 8 and demonstrate a
steady decrease with increasing #. For 7 > 1.1, porosities
of less than 1% are reached. The decrease in porosity with
increasing impact conditions by means of particle velocity
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Fig. 11 Residual stress profile CS at 50 bar, SoD 20, 250 mm/s

measured using the hole drilling
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anisotropy (CS direction: Y)

and temperature can be explained by attained larger
amounts of deformation and overall strain, ensuring better
adoption to local surface topographies.
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Figure 9 shows the experimentally determined coating
strengths for different process conditions. For deposits on
basis of the medium and coarse size powders, the data
demonstrate that the average UTS directly scales with the
n-values. Interestingly, the UTS of the material deposited
with the fine powder does not fall onto the line. At same 7,
the recorded UTS is much higher than the one from the
deposits sprayed with the other two powder batches (at the
reference parameter set, # is even higher for the coarser
powders). The maximum UTS of approximately 700 MPa
corresponds to about 58% of the strengths given in wrought
bulk material (approx. 1200, 957 MPa for annealed
Inconel®625 (Ref 27)).

Figure 10 summarizes the obtained mean hardness data.
The microhardness of the deposits tends to increase slightly
with increasing #. In accordance with literature, this might
just reflect the trend of decreasing porosities (Ref 30) as
already shown in Fig. 8. The higher amount of porosity is
due to the lower amounts of induced plastic deformation of
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particles at lower y-values. Less work hardening in addi-
tion causes lower microhardness of the coatings.

Figure 11(a) and (b) illustrates the results on residual
stress measurements obtained using the hole drilling tech-
nique. The measurements were performed at 4 locations in
the middle of the sprayed area. By using a tool diameter of
2.0 mm, it was possible to obtain the residual stress profiles
up to half deposit depth (1 mm). The obtained results
depict a non-uniform depth-resolved residual stress profile,
where the residual stresses gy, along the CS line direction
are slightly higher than the residual stresses in the y-di-
rection, oy,. The sprayed specimens at different tempera-
ture indicate that highest compressive and tensile residual
stresses are obtained at depths of approximately 0.15 and
0.2 mm, respectively (Fig. 11a). It should be noted that the
highest values of the obtained tensile and compressive
residual stresses of approximately + 60 and — 200 MPa
are smaller than the yield strength of the as-annealed bulk
material (460 MPa) (Ref 27). It can be seen that the state of
the residual stress changes with changing the process gas
temperature. Nevertheless, changing the pressure does not
influence the trend of generated residual stresses (Fig. 11b).

Since the residual stress profiles, apart from surface
effects, show almost no significant gradients over deposit
thickness, conditions at one defined depth from surface can
be used for a more general comparison. Figure 12 shows the
development of residual stresses with r-values at a depth of
150 pm below the top surface. The stresses are recorded
parallel (y-direction) and perpendicular (X-direction) to the
spray lines in cold spraying. At low -values, compressive
residual stresses are obtained for both directions. With
increasing #, the absolute values of compressive stress
decrease and even show transitions toward tensile stress
conditions. However, due to the different slopes of the stress
development for the two directions, the transition to tensile
stresses is obtained at individually different #-values.

The differences between the two components of residual
stresses gy, and oy, in Fig. 12 give clear evidence for
residual stress anisotropies (AGanisotropy = Oxx-Oyy)- These
stress anisotropies increase with higher # values, which are
here associated with a higher degree of deformation but
also higher deposit temperatures.

Coating Fractography

Figure 13 summarizes the OM (a, b) and SEM images (c, d,
e) of fractured surfaces of the reference deposit after MFT
testing (medium size powder, CS with 50 bar, 1000 °C).
According to Fig. 13(a) and (b), deposit failure is domi-
nated by growth of one main crack (white arrow). How-
ever, details of the cross section could reveal the presence
of a secondary crack (red arrow) that finally did not lead to
failure. The waviness of the fracture surface corresponds to
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the dimensions and shapes of splats within the coating, thus
reflecting the internal microstructure and respective
defects. This indicates that the crack growth direction
mainly follows the splat interfaces.

Figure 13(c), (d) and (e) shows details of the fracture
surface in top view and allow to distinguish between
ductile and brittle features. According to the overview in
Fig. 13(c), more than half of the fracture surface has a
smooth topography, which more or less captures the shapes
of individual spray splats of the deposit. These smooth
areas are surrounded by rather rough topographies with
individually different plastic deformation features ranging
from dimples by ductile failure to rupture of barely
deformed (strain hardened) areas.

The prevalent brittle behavior with a strain to failure of
about 0.8% and limited traces of plastic deformation during
the test could be explained by crack nucleation at defects,
such as porosities and non-bonded interfaces, and respec-
tive growth and bridging to next potential crack nuclei.
More details on the nature of failure can be derived from
Fig. 13(d), (e), allowing to distinguish between low
deformability rupture and ductile dimple failure.

Influences by spray conditions and, respectively, obtained
deposit strengths on fracture topographies are captured in
Fig. 14 by comparing coatings of different quality and
strength according to the lowest the highest # from the range
of this study. The comparison shows that the amount of
dimple features increases with the n-value, indicating trends
of changing fracture modes from brittle to brittle-ductile.
Smooth splats and cleavage can be prominently seen on the
fracture surface of the deposit processed here with lowest i
(=0.95). On the contrary ductile dimple or low deformability
rupture features cover more than half of the fracture surface
for the deposit manufactured with largest n (= 1.27).

Discussion

Due to the gas atomized nature and production conditions
of the Inconel®625 powder, the structure revealed the
presence of a solid solution and a supersaturated Y-phase
with micro-segregation of Nb and Mo within interdendritic
regions. The fine dendritic and cellular (refined)
microstructure observed in Fig. 2(a) and (c) results in an
about 50% higher UTS as compared to values of annealed
bulk material. As a result, v, is higher, and impact con-
ditions are not sufficient to reach the # > 1.5 regime as
needed for obtaining bulk like properties within the
deposits (Ref 31). In consequence, the extent of ASI and
associated well-bonded areas with excellent particle—par-
ticle and particle—substrate bonding are lower than expec-
ted by estimations on basis of bulk property data.
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Fig. 13 Fractography analysis of the as-sprayed reference coating
with OM micrographs of cross section in (a) and (b) and detailed top
view SEM analyses of surface topographies in (c), (d) and (e). The
inserts describe white arrow: main crack, red arrow: secondary crack,

Furthermore, micro-defects in the coating are more likely
to occur.

The dependence of UTS over particle size (Fig. 3) can
be explained by the higher cooling rates of smaller particles
and thus higher undercooling during solidification (Ref 25).

(i): porosity, (ii): non-bonded interface, (iii): highly deformed area
with fine microstructure, (iv): dimples after fracture, (v): smooth splat
with limited deformation

According to the Hall-Petch relation, attained smaller
internal grain sizes could be a major reason for the higher
powder strengths, in addition to the partitioning during
dendrite growth.
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Fig. 14 Fracture surfaces of the
as-sprayed coatings after failure
in MFT testing; (a) for the
largest n: 1.27, (b) for the
smallest 7: 0.95. The inserts
describe (i): dimples, (ii):
smooth splat with limited
deformation

As given in Fig. 4, all deposits are rather dense with
porosities less than about 2%. This is attributed to sufficient
plastic deformation during CS, as visualized in Fig. 4(g).
Overall high degrees of deformation allow to adopt to local
topographies as observed for powder compaction (Ref 32).
Associated local metallurgical bonding is caused by
occurring adiabatic shear instabilities (ASI) under high
strain rates and thermal softening. However, the high
velocity impact during CS also introduces a variety of
microstructural features that influence deposit properties.
The particles experience large strains and strain rates dur-
ing impact condition, that lead to work hardening in the
vicinity of ASI. Due to the severe plastic deformation and
the associated temperature rise, dynamic recovery and
dynamic recrystallization may take place and can cause
grain-refined regions (Fig. 4h) (Ref 21). Microstructures
with bimodal grain sizes in CS deposits, as shown in
Fig. 4(h), are therefore attributed to heterogeneous defor-
mation strain and local temperatures showing steep gradi-
ents from the contact areas toward the interior regions of
the spray splats (Ref 33). It may be assumed that the vol-
ume fraction of smaller crystallites is lower than that of
coarser crystallites. This may lead to a systematic overes-
timation of average grain size and some underestimation of
microstrain in evaluation of peak broadening in XRD by
full width at half maximum of the peaks. Nevertheless, the
deposits show larger micro-strains than the as-received
powder, in agreement to literature, indicating increased
defect densities due to deformation (Ref 14).

As indicated in Fig. 4(a), (c) and (e), impact of the first
layer of particles causes more plastic deformation to the
much softer S235 substrate, generating an interface with
deep craters on substrate sides with less deformation by
particles than found within the coating. Similar statement is
given in literature (Ref 21). Differences in coating
microstructures could be derived from the n-concept. In
agreement to reported data (Ref 22), higher process gas
temperatures should lead to reduced amounts of porosity
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due to the increase the particle deformation as showed in
Fig. 4(a)-(f).

As considered in the n-concept, particle sizes could have
several influences on deposit properties. On the one hand,
the critical velocity is roughly decreasing with increase
powder sizes. On the other hand, smaller particles by their
smaller mechanical and thermal momentum reach higher
velocities but lower temperatures than larger ones. How-
ever, in addition local temperature distributions could play
a role for interface deformation. The cooling rate of the
particle in the free jet decreases with increasing the powder
size due to lower surface-to-volume ratios (Ref 21).

As illustrated in Fig. 7, 8, 9, 10, electrical conductivity,
residual porosity, cohesive strength (UTS), and micro-
hardness tend to improve with increasing 7. This indicates
that the n-concept can be used to predict and estimate the
quality of cold-sprayed Inconel®625 deposits. According to
the proposed equation to calculate v (Ref 34, 35),
increasing T, decreases v and subsequently increases #
as the ratio between Vin, and v. In addition, particle
velocity increases as Tg,s and/or Py, increase. As a result,
the ability of a particle to undergo plastic deformation as
well as flattening during impact is directly related to 7.
Furthermore, the fraction of non-bonded interfaces is
reduced under higher impact conditions (Ref 36). Since the
type of analyses not distinguishes whether internal inter-
faces are just compressed or metallurgically bonded, the
increase in HVO0.3 is mainly attributed to lower porosities
attained by CS at higher # values.

The above descriptions hold well for the medium and
coarse size powders. However, in case of the fine feedstock
powder, obtained properties with respect to conductivity
and UTS of deposits are better than predicted. This may be
attributed to higher impact velocity and kinetic energy
attained by smaller particles, which might play a more
important role for bonding than the higher temperatures of
larger ones. The topic of finding respective descriptions by
considering individual size dependent deformation features
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and deposit fracture mechanics is currently under investi-
gation. In view of impact velocities and kinetic energies
dominating ASI formation, the higher UTS as well as
higher electrical conductivity of the deposits produced at
reference conditions using the fine powder can probably be
attributed to the higher extent of well-bonded interfaces. In
addition, smaller micro-pore sizes and thus potential crack
nuclei sites could contribute to lower stress concentration
and better fracture toughness. Despite of the higher UTS of
deposits processed with the fine powders, Fig. 9 shows that
all coatings show lower UTS than the bulk material. The
maximum obtained UTS of as-sprayed coatings is 26%
lower than that reported for as-annealed Inconel®625
plates. Neglecting work hardening effects, this means that
minimum one-fourth of internal particle interfaces was not
bonded. In order to reach bulk like properties, post-treat-
ments are needed to in order to reduce the number and sizes
of non-bonded interfaces. Respective results are topic of
current studies and an up-coming publication.

By the nature of impact, obtained stress states in cold
spraying are so far mainly considered as compressive,
similar to those reached by shot peening (Ref 37). This
comparison holds as long as secondary influences are
negligible. The results of deposit residual stresses from
Fig. 12 indicate that the intrinsically compressive peening
stresses of the cold-sprayed Inconel®625 deposits are
superimposed by tensile contributions. The superimposed
tensile stresses could be attributed to temperature gradients
within the deposit. Accordingly, higher local temperatures
and thus steeper gradients under the spray spot due to
higher parameter sets and corresponding # values would
result in more tensile stress contributions, in accordance
with literature (Ref 1, 38). Apart from that, the temperature
gradients also depend on local cooling rates under the heat
input of the gas jet and impinging particles.

Particularly the heating and cooling conditions and
associated temperature gradients could help to explain the
observed stress anisotropies between parallel and perpen-
dicular directions to the spray line trajectories. In order to
supply more information on temperature distributions
during the cold spray process, thermocouples were placed
in different positions within the substrate close to surface.
Respective results demonstrated that temperature gradients
inline to the trajectory direction are lower than in vertical
direction to the scanning line. Thus, higher surface tem-
peratures and associated differences in thermal shrinkage
and tensile contributions may explain the stress anisotropy
in x- and y-direction for larger 5 values.

The fracture surface of the as-sprayed reference coating
given in Fig. 13 shows a high amount of smooth areas due
to de-cohesive fracture and scarce appearance of dimple
features, thus explaining the brittle failure behavior at a
strain to failure of 0.8% and limited traces of plastic

deformation. Fracture mainly occurs at inter-particle
boundaries, with only few traces of trans-splat or ductile
dimple failure at well-bonded interfaces. The brittleness of
the deposit is thus due to weak inter-splat bonding. The
cold spray parameter sets determine the spread of metal-
lurgical bonded areas by ASI and thus determine the pro-
portion where ductile dimple features could be observed in
tensile part failure. As given in Fig. 14, the amount of
dimple features indicating well-bonded splats increases
with increasing n-value. Higher amounts of well bonded
ductile areas within the interfaces then determine the
overall deformation behavior (Ref 31, 38) and thus deposit
strength. However, potential growth of crack nuclei at non-
bonded interfaces then also depends on local deformation
behavior, work hardening and microstructures along the
splat boundaries.

Conclusions

This study demonstrates the influence of cold spray
parameters and powder sizes on the microstructure and
mechanical behavior of thick cold-sprayed Inconel®625
deposits. First, it can be summarized that cold spraying of
Inconel®625 at high parameter sets and 5-values leads to
dense deposits with close to bulk properties. No phase
transformations and no oxidation are observed in the cold-
sprayed deposits. Porosities were below 2% and could be
reduced to less than 1%. Electrical conductivity, porosity,
ultimate tensile strength, and microhardness show a good
correlation with the calculated n-values and, respectively,
increased cold spray parameter sets. The microstructure
and homogeneity of particle deformation depend on parti-
cle size. An increase in UTS and decrease in porosity are
due to larger fraction of well-bonded areas and can be
influenced by the particle size, as well. At same parameter
sets, the use of fine powder proves advantages for reaching
a higher UTS of the deposit than attainable by using
coarser sizes. The differences are attributed to better inter-
particle bonding. Residual stresses are dominantly com-
pressive, but superimposed by tensile contributions that
increase with impact conditions and other influences on
temperature gradients and thermal history. The obtained
residual stress anisotropies are here mainly attributed to
temperature gradients and higher maximum surface tem-
peratures under increased the n-parameters. The failure
mode of the fractured deposits is mainly brittle. Never-
theless, the amounts of well-bonded splats as well as
dimple features increase with the n-values. It can be
assumed that respective heat treatments could reduce
amounts of non-bonded interfaces by recrystallization
restore properties of respective material. Thus, in summary,
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cold spraying appears as suitable for fabricating coatings as
well as thicker deposits of Inconel®625.
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