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Abstract Cold spray has been developed recently to be
used as an additive manufacturing technology in order to
fabricate bulk components. Residual stresses are known to
build up in coatings made by cold spray; therefore, cold
spray additive manufacturing (CSAM) is also expected to
generate residual stress in bulk parts and components, and
that residual stress can lead to shape distortions or com-
ponent cracking. The residual stress analysis has been
applied to some generic sample shapes, a thick patch
deposit and a vertical wall, produced by CSAM out of Ti
powder. The residual stress mapping has been achieved
using neutron diffraction technique and analyzed within a
modeling approach. The analysis allowed it to be deter-
mined as to what were the major contributions into the
overall stress field and to establish the main sources of the
residual stress, providing an analytical tool for prediction
of the residual stress buildup in more complex shapes.
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Introduction

The majority of cold spray applications and research
studies in the recent years have been focused mostly on
production of coatings of different kinds, usually on flat or
cylindrical surfaces (Ref 1). Especially when coatings are
thin, such as in many corrosion protection applications, the
extension into more complex surfaces is not extremely
challenging and the approach is very similar to surface
painting, though in this case with metal “paint,” metal-
lization. More problems and challenges occur when thick
deposits and complex 3D shapes are under consideration.
Probably due to this, much lesser attention is paid to
adopting the spraying technique to less trivial applications
that can be called cold spray additive manufacturing
(CSAM) (Ref 2-4). Among such applications are (1) the
surface repair and dimensional tolerance restoration that
deals with addition of material to the existing part instead
of partial loss of the original material and (2) production of
complex 3D parts by spraying that are fully made of the
sprayed material. In both cases, the technological chal-
lenges are great because these require development of
complicated robotic systems with strong support from the
basic understanding of the cold spray process with multiple
and intertwined processing parameters. These include gas
pressure and temperature, nozzle geometry, powder type
and characteristics, feed rate, traverse speed, traverse tra-
jectory, spray angle, etc. As a result, all the above affect the
properties of the final product, which are supposed to be
optimized for specific applications. Also, depending on
application, the most important properties can be fatigue
properties, hardness, mechanical strength, porosity, duc-
tility, machinability and it occurs that the residual stress is
one of the characteristics that is intertwined with the above
mechanical properties and it is directly related to the
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structural integrity and overall performance of the products
made by cold spray.

The topic of residual stress is not new in CS research.
However, previously, the studies of the (residual) stress
analysis were focused on different scale levels and briefly
can be categorized as following.

(1) A splat scale (that can be called microscopic level)
was in the focus due to fundamental problem of the
splat bonding and deposit forming mechanism
reflected in many seminal studies (Ref 5-7), just to
cite few. The residual stress, as well as the related
yielding, plastic deformation phenomena, were inte-
gral part of the studies since it was essential for
understanding of the cold spray deposition mecha-
nism. This microscopic level of understanding is
expressed in numerous single-splat deposition sim-
ulations (Ref 8, 9). Such simulations, especially
multi-particle ones (Ref 10, 11), show that the
residual stress pattern development within splats is
very complex temporally and spatially; the stress
develops due to complex interaction of temperature-
and time-dependant localized plasticity that can
compete with stress relaxation mechanism due to
temperature effects and/or defect structures. Overall,
for multiple-particle deposits, the residual stress on
microscopic level is highly oscillating reaching
locally the yield point of material (Ref 8, 9, 12).

(2) In the scale of thin coatings (that can be called
mesoscopic), the average (coherent) effect of stress
distribution results in the concept of the deposition
stress, the stress that is associated with an infinites-
imal thin layer of material, which, nevertheless,
contains many particles. Averaged over the ensem-
ble of many particles, all localized oscillations
disappear giving some moderate value of deposition
stress. This concept of deposition stress is the basis
for many, if not all, analytical deposition models
(e.g., Ref 13, 14), as well as experimental studies
(Ref 12). It is usually accepted and frequently stated
that deposition stress in CS coatings is compressive
(Ref 15).

(3) In the scale of large deposits manufactured by CS
(that can be called macroscopic), stress can have
complex three-dimensional distribution, depending
on shape, deposition strategy, sizes, etc. Although on
the mesoscopic level the same deposition stress at
work, when this concept is applied for 3D objects
made by CSAM, the role of the deposition stress
might be much obscured. This can be illustrated with
a simple example. While the residual stress and the
deposition stress are essentially the same for thin
coatings (this is the basis of the Stoney’s approach

(Ref 16), for multilayered deposition of thick
coatings the residual stress and the deposition stress
are not the same. Although deposition stress can be
the same for each individual layer, the residual stress
is not constant, it has through-thickness distribution
and even sign of the residual stress might be
different for different layers. Obviously, going from
the one-dimensional system of (infinite) coatings to
arbitrary three-dimensional objects or arbitrary
shapes and sizes can be challenging conceptually
and experimentally.

While the formation of residual stress in CS coatings (on
flat and cylindrical surfaces) is more or less understood
(Ref 12, 14, 17), the amount of the experimental data on
residual stress analysis in 3D parts is very limited. How-
ever, applying combined knowledge of residual stress
formation in coatings and principles of stress distribution in
3D objects, some general predictions can be made in cases
of not very complicated shapes/geometries. The goal of the
present paper is to make bridge from the meso- to
macroscopic scale and to demonstrate how concept of the
deposition stress developed for coatings can be applied for
samples of more general geometries.

Experimental

Samples: Materials and Spraying Conditions
and Characterization

A commercially available CP titanium powder of grade 4
was used to spray samples for this study. The average
particle size was 27 um, while the powder size distribution
and particle morphology are presented in Fig. 1(a).

A cold spray system (CGT KINETIKS 3000) with
converging/diverging (de Laval) nozzle was used for direct
fabrication of the Ti structures for this study. The nozzle
geometries were 51.2 mm converging section, 2.7 mm
throat diameter, 70.3 mm diverging section and 8.3 mm
exit diameter. The nozzle was made of tungsten carbide.
The deposition was carried out at 24 bars pressure and
800 °C spray temperature, with N, as carrier gas. These
parameters were chosen in relation to maximum capacity
of the CGT KINETIKS 3000 cold spray system and in
order to achieve the maximum particle velocity needed for
deposition of a dense and low porosity material. The nozzle
was mounted on a robotic arm to precisely control the cold
spray supersonic jet motion during deposition. The trans-
verse speed of the robotic arm was 80 mm/sec, and standoff
distance was 45 mm. The overall procedure was almost is
all details identical to the reported earlier (Ref 18, 19).

Two samples were produced using CS.
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Fig. 1 (a) Scanning electron micrograph of the CP titanium powder used in this study and (b) microstructure of the cold-sprayed CP titanium

Fig. 2 Two CS samples in
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(1) A CP titanium coating was sprayed onto stainless
steel substrate

(2) A CP titanium wall or bar was sprayed on Al
substrate using a mask positioned between the
nozzle and substrate to obtain a dumbbell shape
deposit. For the purpose of stress analysis in the
central cross section, the sample can be referred as a
Ti bar deposited on an Al baseplate.

The final shapes and dimensions of the samples are
reported in Fig. 2.

The microstructure of the sprayed Ti is shown in
Fig. 1(b) and has a typical flattened splat or fish scale
pattern. The mechanical characterization was focused on
obtaining the elastic modulus, which is important if mod-
eling of the stress state is attempted. Thus, a rectangular
specimen was extracted from the bulk of the deposited
material (approximate dimensions 40x5x2 mm®) and the
Young’s modulus was determined using the impulse
excitation technique (IET) accordingly to the ASTM
standard E1876, which relies on measurements of the
normal frequency. With the given sample dimensions, the
value of the Young’s modulus was 68 GPa (for solid Ti, the
bulk value is ~ 116 GPa) with statistical uncertainty less
than 1%.

@ Springer

Neutron Residual Stress Measurements Strategy

With two different sample geometries and dimensions, the
measurement strategies in the two cases were different and
based on the following considerations regarding the
expected stress state and required spatial resolution.

(1) The coating sample is a typical representative of a
system that very accurately abides to the plane-stress
condition. The applicability of the plane-stress condition in
coated samples has been demonstrated practically but
above that has a strong theoretical basis from the elasticity
theory. First, the normal stress component (normal to the
surface) is exact zero on both surfaces of the coated sam-
ple, g33 = 0. (Here, x; is the through-thickness dimension,
while x; and x; are the in-plane coordinates.) Second, the
condition for changing of o33 in the through-thickness
direction is determined by the existence of the gradient of
other stress components stated by the following equation of
equilibrium for the normal component:

0 0'336.)(3 = — (6 0'136.7(1 + 0 6236}(2).

Thus, with uniform samples in x; and x, dimensions (no
gradient), there must be no gradient of the o33 in the
through-thickness direction. As a result, the plane-stress
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condition holds true through the whole thickness of a
coated sample.

Of course, this condition breaks when location is close
to the edge of a sample with large gradients in x; and x,
dimensions.

Furthermore, when the spraying of particles is perpen-
dicular to the surface, it is expected that symmetry of the
process is reflected into the stress state of the sample. Thus,
the normally expected stress state has the isotropic in-plane
symmetry therefore the equal-biaxial stress state, || = 2.
This assumption is not valid anymore when spraying is
done under certain tilt angle to the surface, and in this case,
a biaxial stress state is rather expected, 1; # »,. Therefore,
depending on the exact production conditions, the residual
stress state is characterized by a one-dimensional, through-
thickness dependence of one or two in-plane stress com-
ponents that should be reconstructed from the measured
strains.

(2) The bar sample represents a more difficult case. In
general, it is expected that stress field is 3D, but limiting
ourselves to a central transverse cross section (Fig. 2b)
because its symmetry can provide some simplification.
Three principal directions are the longitudinal (L), trans-
verse (T) and normal (N) components, though locally (e.g.,
in the areas close to corners) they are not the principal
directions anymore. For practical characterization, it is
required to measure three normal components in the 2D
cross section.

While these three components are allowed to have cer-
tain distributions from general elasticity theory point of
view, due to large difference in dimensions some approx-
imations might be contemplated. For example, 3.4 mm
wall thickness can be considered as thin wall in comparison
with longitudinal dimension of 40 mm; therefore, the
transverse stress component is expected to be very weak
(and it is exactly zero on the vertical walls) in comparison
with the longitudinal one. A similar consideration regard-
ing the normal component can also suggest that this com-
ponent is going to be weak. Essentially, if looking at the
cross section, the stress field in the deposit is supposed to
be one-dimensional with only dependence along wall
height. Nevertheless, our measurement strategy did not
involve any of these simplifying assumptions and three
normal stress components were determined in the central
2D cross section in order to prove or disprove the above
considerations.

The stress distribution in the Al baseplate central cross
section is expected to be more complex with through-
thickness and transverse dimension dependence. To mea-
sure this field in any full manner would require too much of
neutron beamtime. Only one central line was measured for
control purposes and, nevertheless, that provided sufficient

additional information to characterize and validate our
numerical stress modeling attempts.

Experimental Procedure

Neutron diffraction residual stresses measurements have
been taken using the stress diffractometer KOWARI at the
ANSTO OPAL research reactor (Ref 20). The instrument is
equipped with Si(400) monochromator with changeable
take-off angle that allows choosing a neutron wavelength
accordingly to measured material.

(1) Coating sample. For through-thickness strain mea-
surements in the middle part of the coating sample, a gauge
volume with dimensions 0.5x0.5x20 mm? was used. The
use of the match-stick gauge volume elongated in the in-
plane dimension allows full utilization of the planar sample
geometry for maximizing the overall volume of the scat-
tering material while maintaining the 0.5 mm through-
thickness resolution. With 5 mm® overall gauge volume,
the count rate is sufficiently high for determining strain
with typical statistical uncertainty of 5 x 107> within a
reasonable measurement time. For materials like steel, it
usually translates into 10 MPa uncertainty of the stress
values. The exposure times were ~ 2 minute per position
for the measurements in the Fe substrate and ~40 minutes
per point for the Ti coating. Such big discrepancy is due to
big difference in the neutron scattering properties of Fe and
Ti: diffraction intensity of Ti is approximately 10 time
smaller, while background is 10 times larger. Additionally,
the cold spray materials have significant effect of peak
broadening that further decrease the overall accuracy of the
strain measurements and increase the measurement time.

The strain measurements in the steel substrate were
taken using y-Fe(311) reflection with a neutron beam
wavelength of 1.54 A, while Ti(103) reflection and wave-
length of1.89 A were used for strain measurements in Ti
coating. The choice of different wavelengths was stipulated
by requirement of providing approximately 90°-geometry
for the both reflections that investigated, i.e., y- and o-
Fe(211) with the diffraction angles being 90° and 82°,
respectively.

The strain measurements were taken in many through-
thickness positions covering the entire sample thickness.
The 0.5 mm spacing between points was chosen to be
proportional to the overall thickness of 9.5 mm and gauge
volume size of 0.5 mm. The strain measurement locations
were determined from surface intensity scans (entry
curves) to accuracy better than 0.03 mm.

Despite the prediction that equi-biaxial stress state was
most likely expected, two in-plane directions and one
normal direction were measured in order to reconstruct two
in-plane stress principal components under the assumption
of plane-stress condition as discussed above.

@ Springer
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A “substrate only” sample was also measured with the
same measurement protocol to quantify the pre-existing
stress distribution in the substrate material due to produc-
tion. It was subsequently subtracted from the coated system
stress data so that the stress represents residual stress that is
generated by the cold spray process only.

(2) Bar sample. Stress investigations were performed
using a wavelength of 1.665 A using take-off angle of 79°
that put the AI(311) reflection close to the optimal 90°-
geometry, while Ti(103) reflection is at ~80°. A cube-like
gauge volume of dimensions 1x1x1 mm® gauge volume
was used to scan across central transverse cross section of
the sprayed Ti bar with dimensions 3.4x5.4 mm (width x
height) as well as for through-thickness scan of the Al
substrate of 2.8 mm thickness. All measurements were
taken with fully submerged gauge volumes. Strain accu-
racy of 100 pstrain was achieved against a data acquisition
time of ~ 10 minutes per measurement point for Al and
~40 minutes per measurement point for Ti. Measurement
locations were determined from surface entry curves to
accuracy better than 0.05 mm. Measurements of three
principal directions were taken to reconstruct three prin-
cipal stress components in assumption of the constant d,.

For stress calculations from the measured strain in all
cases, the isotropic elastic diffraction constants were used.
They were evaluated in accordance with the material and
(hkl) indices of the reflection from the corresponding single
crystal elastic constants using IsoDEC program (Ref 21).
After the calculations of the stress components, they were
checked to insure the fulfillment of the available stress
balance and boundary conditions.

Fitting Experimental Stress profiles with Analytical
Models

The experimental stress profiles and maps are often mis-
leading and confusing. For example, it is common to find a
statement that cold spray generates compressive residuals
stress. Although this is usually correct for the most surface
layer of deposited material, there might be some interior
layers of cold spray that are under tension; thus, this
statement requires more accurate formulation and inter-
pretation. Second, the magnitude and distribution of the
residual stress always depend on the dimension of the
sample and, for example, coated samples sprayed to dif-
ferent thickness will demonstrate different stresses. Not
only the dimensions of the substrate but also the substrate
material (or more precisely, the elastic and thermal prop-
erties of the substrate) that also plays a role in formation of
the residual stress profiles. For example, the Young’s
modulus of a substrate would be associated with amount of
elastic constraint provided by the substrate in respect to the
coating. Thus, the stress values in the experimental data

@ Springer

represent a rather complex convolution of the substrate and
coating material properties, dimensions and geometries
with inherent parameters that are characteristic of the spray
process and its truly attributes. The general approach to de-
convolute different parameters of the elastic system is to
model stress fields, analytically or through FEM, with
explicit expression of the dimensional and material prop-
erties parameters. Due to complexity of the stress calcu-
lations for bodies of arbitrary shape, only an FEM approach
can be recommended in general. However, in the case of
our given simple sample geometries, a much easier ana-
lytical solution approach is attempted in the following
ways.

(1) The coating sample was treated through use of the
layer deposition model developed by Tsui & Clyne (Ref
13). This approach was tested and applied multiple times to
stress analysis of coatings made by different techniques
(Ref 22, 23), including the cold spray coatings (Ref
12, 24, 25). It is based on the one-dimensional stress dis-
tribution analysis of the coating-substrate system, which
allows an analytical solution. This model gives an empir-
ical description of the coating-substrate system with only
two fitting parameters (while assuming that all thermal,
elastic and dimensional properties of the coating and sub-
strate are known):

(a) The deposition stress Gq4. It is characteristic of the
spray process; its sign and magnitude are determined
by the spray process physical parameters (the main
ones are particle temperature and velocity) as well as
plastic properties of the sprayed material; it can be
tensile (quenching) or compressive (peening).

(b) The thermal mismatch Agy. It accounts for the
discrepancy in the thermal expansion coefficient
(CTE) between materials of substrate and coating,
Agy, = AaAT, where AT is the temperature drop by
at the end spraying process, while Aa is a difference
in CTE. If the temperature is well monitored (known
AT) and the materials CTE’s are also known (then
known Aa), this parameter can be also fixed
reducing the whole problem to one-parameter fitting.

Using this parametrization, the experimental through-
thickness profiles can be fitted and these two parameters,
o4 and Agg, can be extracted. Based on this approach,
separate contribution into the final stress state can be
quantified and then factorized.

(2) The bar sample poses more complex elasticity theory
problem with potentially three nonzero stress components
and 2D stress distribution in the sample cross sec-
tion. However, with certain simplification, the same
approach based on the same parametrization can be
applied. We can consider the same two parameters:
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(a) The deposition stress G4 to characterize the spray
process, and

(b) The thermal mismatch Agy to accounts for the
thermo-elasticity part if CTE’s of the coating and
substrate materials are different.

However, the deposition model must be reassessed.
While the layer deposition model deals with the case of a
free-standing substrate, which is allowed to bend and
deform during the deposition process, the more appropriate
model for the additive manufacturing of a thin wall (or bar)
is to consider a fixed substrate on which the wall was is
deposited and only then the substrate bending constraints
are released. This kind of scenario was considered and
quantitatively validated on a similar additively manufac-
tured thin-wall sample made by SLM (selective laser
melting) (Ref 26). Assuming the wall to be thin eliminates
the necessity of the transverse component to be analyzed—
it should be very close to zero across the wall. However,
this approximation depends on exact dimensional charac-
teristics and at least requires an experimental verification,
which has been done in this study.

Performing the above analysis allows parametrization
and separation of different aspects of the CS process in its
connection to the observed residual stress distribution.
Also, the geometrical factors, such as thickness or material
of substrate, can be eliminated and stress distribution can
be reduced to few (one or two) parameters fully charac-
terizing the elastic system and its stress field. In our case,
those characteristic parameters, when extracted, allow to
compare the deposition process for two samples despite
their different geometries and dimensions. Furthermore,
based on this parametrization approach, some prediction or
recalculation of stress field can be made to the systems of
wider class of sample geometries.

Results

(1) Coating sample. The results of through-thickness
measurements of the two orthogonal directions are shown
in Fig. 3 that demonstrates that the stress state of the
sample is truly equi-biaxial, as was anticipated. Due to this,
the two components were averaged and the averaged
experimental profile was fitted with the model discussed in
section 2.4 and this treatment resulted in a good agreement
demonstrated in Fig. 4.

As discussed in section 2.4, the two fitting parameters
were the deposition stress G4 and the thermal mismatch
Agy,, whose numerical values are 64 = — 15+17 MPa and
the thermal mismatch Agy = 20004200 pstrain. This
thermal mismatch value corresponds to a temperature drop

400

- Fe substrate Ti coating

300 3
200 s

100 T
[ ]

0 ®

T [ ]

100 | go® -
18

'200 | ‘ T ‘ T ‘ T T ‘ T ‘ ‘
6 5 4 -3 -2-101 2 3
through-thickness position, mm

[ ]
Q.,

in-plane stress, MPa

Fig. 3 Experimental check of residual stress equal-biaxiality for the
cold-sprayed Ti/Fe coated sample (Fe stands for stainless steel here).
Two orthogonal stress components (red and blue) were measured
independently
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Fig. 4 Through-thickness stress distribution in the cold-sprayed Ti/
Fe coated sample (Fe stands for stainless steel here). The experimen-
tal data (symbols) are fitted with a model (lines)

of AT ~ 250°C, evaluated from the known CTE of steel
and Ti.

For the purpose of the numerical comparison of the two
terms to the total stress profile, the decomposition of the
overall stress profile is shown in Fig. 5. The figure clearly
demonstrates that the total stress results mostly from the
thermal mismatch between Fe substrate and Ti coating,
while the deposition stress has a magnitude approximately
10 times smaller.

(2) The bar sample. The experimental stress maps of the
three orthogonal components in the Ti deposit part are
shown in Fig. 6. The maps interpretation must take into
account that the experimental uncertainties are ~25 MPa.
Having this in mind, is should be accepted that the trans-
verse and normal components have not demonstrated any
statistically significant dependence and can be approxi-
mated as zeros (a much more accurate measurement is
required to see possible effects for the two components). In
contrast, the longitudinal component showed clear varia-
tion as a function of the height, while through-wall
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Fig. 6 Experimental maps of three stress components measured in
the bar sample central cross section

variation did not exhibit any statistically meaningful
dependence.

Thus, based on the statistical analysis of 2D stress maps
data, the whole dataset was reduced to a single longitudinal
component through-height dependence shown in Fig. 7,
where the through-thickness profile on Al substrate is also
added. The reduced 1D stress profile was also treated
within the model approach described in chapter 2.4, and
results of fitting the model into the experimental data are
shown in the same figure as well. The same way as for the
coated sample, the relative contributions of the two fitting
model parameters / terms are shown in Fig. 8, where cor-
responding numerical values are Agy, = 2200+250 pstrain

@ Springer

-200‘\:(‘\‘\‘\“\‘\‘\‘ -20 TTT T T T T I T T ]
6-5-4-3-2-1012 3 6-5-4-3-2-10123
100 :
Al baseplate Ti deposit
©
o
=
73
n
g
?
'200 T LN L L

2 -1 0 1 2 3 4 5
through-thickness position, mm

Fig. 7 Through-thickness stress distribution in the cold-sprayed Ti/
Fe coated sample. The experimental data (symbols) is shown in
comparison with a model (lines)

and o4 = -20 MPa. With known CTE of Al and Ti, the
temperature drop can also be evaluated as AT ~ 150°C.

The same way as for the coated sample, mutual com-
parison of the two terms and contribution into the total
stress profile is illustrated in Fig. 8. Similarly to the case of
the coated sample, the dominating term here is the thermal
mismatch (due to the CTE difference between Al substrate
and Ti deposit), with contribution from the deposition
stress approximately 10 times smaller. The fact that in both
cases the thermal mismatch is 10 times greater than the
deposition stress is rather a coincidence.

Discussion

With two given generic sample geometries, the results
suggest that in terms of residual stress development, an
attention must be paid on matching the CTE of the
deposited material and the substrate material. With
inevitable elevated spraying temperature (AT in the range
of 100°C to 250°C), any significant difference in CTE, say
Ao, ~ 5x107° (as in case of Ti and Fe or Ti and Al) can
result in a thermal mismatch stress with magnitude of
several hundred MPa. In our case, the thermal mismatch by
chance was approximately the same for the both samples,
though the temperature drop was somewhat different, AT
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Fig. 8 Decomposition of the 100 —
stress profile into two
contributions, the thermal
mismatch stress (first term) and
the deposition stress (second
term). Note the change of the
scale (factor of 10) for the
second term
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~ 250°C for the coated sample and AT ~ 150°C for the
bar sample. The difference in temperature conditions is
most evidently due to the presence of the mask during
deposition of the bar sample that played the role of a heat
shield and reduced amount of the hot gas coming to the
sample.

The overall stress profiles for both studied samples are
dominated by the thermal mismatch stress, which in its
effect is about one order of magnitude larger than the effect
from the deposition stress, the second source of the residual
stress. Since thermal mismatch for both studied systems
has liner stress response and distribution, this was observed
experimentally and can be match with the analytical
approach.

This thermal mismatch stress can be easily eliminated
by a choice of the substrate/baseplate with the same CTE as
the CS powder. Also, this term can be eliminated by cutting
off the substrates, as almost all AM samples are assumed to
be removed from the baseplate, but until this can be done
the accumulated stresses might have already develop some
cracking in the sample; thus, this approach might not be
always reliable. In addition to that, it should be taken into
account that inappropriate cutting methods can case yet
another contribution to the overall residual stress field.
Mechanical cutting is known to produce a tensile residual
stress on the cut surface, and this method should be avoi-
ded. The best practice in AM techniques such as SLM is
the EDM wire cutting (electric discharge machining) that
reduces to minimum such negative impact.

In conditions of this study on CP titanium, the CS
process by itself generates very mild compressive deposi-
tion stress, approximately — 20 MPa. A similar deposition
stress value of -15 MPa was also obtained in Ti coatings
sprayed in slightly different spraying conditions (Ref 12).
Compressive stress of a moderate magnitude on surface' is

! “Compressive stress on surface” mentioned above is technically
incorrect use of term because there is no stress on surface (or interface
for that matter), and it is always “compressive stress in the
infinitesimal most surface layer of material” because stress is a bulk
quantity. However, this “jargon” term is used below for the sake of
tradition (coming from the surface x-ray measurement) and
compactness.

considered to be beneficial because compressive stress does
not induce crack formation or crack propagating even
though some localized defects can be present on the sur-
face. At the same time, mild compressive stress on surface
inevitable must be balanced by tensile stress in the inner
parts of an AM part. However, when compressive surface
stress is mild the balancing tensile stress inside is most
likely to be of lesser absolute magnitude and, unless some
inner defects are present, cannot be considered as bigger
risk factor in comparison with tensile stress on surface.
Therefore, potentially CS is a suitable candidate for AM
technique from the residual stress point of view. However,
CS can induce tensile deposition (and/or surface) stress.
This happens when for the purpose of more efficient
deposition of the plastically hard material the spraying
temperature is too high. One example of the CS operating
in the thermal spray regime is Ti sprayed at 1100 °C and 50
bar pressure that demonstrate tensile (quenching) deposi-
tion stress (Ref 27). Another example of CS system that
generated tensile (quenching) stress is high-strength duplex
stainless steel that was sprayed by CGT KINETICS 4000 at
800 °C and 35 bar pressure. Because tensile stress facili-
tates development of the surface cracks, the CS regimes
that generate tensile deposition stress are not desirable
from the structural integrity viewpoint.

For the given two samples fabricated with a unidirec-
tional spraying perpendicular to the surface, the micro-
mechanical stress formation mechanisms were the same
leading to almost identical deposition stress. The geometry
factor led to the fact that these two generic sample
geometries formed different stress states on the surface, the
equal-biaxial in one case and uniaxial in the other.
Although these two stress states are simple and one-di-
mensional, the results can be generalized for some arbitrary
geometries and shapes that can potentially be produced by
CSAM. When operating in the AM mode, it is expected
that the surface stresses are to be approximately of the
value of the deposition stress if we consider any locally flat
piece of surface or less if we consider area close to sample
edges. This conclusion holds almost the same when we
consider unidirectional deposition or deposition under
different angles in respect to the sample coordinate system.
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In comparison, other AM techniques like SLM can
produce stresses with several hundreds of MPa with tensile
stress on the surface (Ref 28) that might cause cracking and
distortions during deposition or requires certain stress relief
heat treatment to eliminate large residual stresses.

Summary and Conclusions

Two deposits of CP titanium of different geometries were
manufactured by cold spray. One sample was a planar thick
coating, while the other was a rather thick wall deposit
(thick in comparison with the wall height) on the top of
baseplate. The residual stress states of the two samples
were experimentally determined by the neutron diffraction
technique, and despite difficulties of measuring titanium,
the resultant accuracy was sufficient to analyze the exper-
imental results quantitatively applying relevant parametric
models. It was demonstrated that in the both cases the
residual stress was mainly formed through thermal mis-
match mechanism, due to the CTE difference between
substrate (baseplate) and deposited CT titanium. In both
cases (coincidently), this effect was approximately 10
times larger than the deposition stress, which was slightly
compressive, approximately — 20 MPa. The former can be
eliminated by selecting substrate (baseplate) material with
the same CTE (same material) or simply cutting off the
substrate (baseplate). The latter, the deposition stress,
cannot be eliminated by selection of the substrate material,
thus, it is to be in the focus of AM technology. The mag-
nitude and the sign of the deposition stress, — 20 MPa, are
determined by the spraying conditions and the CS system
used in this study, but can be changed by varying the
temperature—pressure parameters of the CS process.

Although two simple sample geometries were studied,
the results demonstrate the dependence of the sample
geometry on the residual stress state. While the compres-
sive stress accumulated on the surface in conjunction with
a zone of tensile stress in the inner volume of a sample is a
common feature in the both cases, a change in the sample
geometry leads to the transition in the stress state from
equal-biaxial to uniaxial .

CSAM of this study demonstrated that it is potentially
an advantageous technique from the point of view of stress
analysis. It forms slightly compressive stress on surface
(— 20 MP in this study for Ti) which is generally beneficial
because of its ability to prevent crack formation and crack
propagation and build up much lesser magnitude of the
residual stress in comparison with other AM techniques,
e.g., SLM. Also, while in our study the deposition stress
(surface layer generated stress) is mildly compressive,
there are some regimes when CS can produce tensile
deposition stress that should be avoided.

@ Springer
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