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In this study, two types of indentation experiments were performed on metallic (Ni-5%Al) coatings
prepared by cold spray, high velocity oxy-fuel and air plasma spray. In the first type, spherical tips were used
with increasing loads, and subsurface deformation was observed using a modified bonded interface tech-
nique. In the second type, cyclic loading was imposed with a sharp tip, and tip displacement was contin-
uously recorded. Results suggest that cold spray coatings are brittle under contact loads in their as-sprayed
condition, and that they exhibit a size effect that is quite different from those of the other coatings. That is to
say, heterogeneities in mechanical behavior exist not as much on the single particle level as expected, but on
a much larger scale of order 100 microns. This is attributed to long unbonded regions between particles, in a
coating of otherwise high density. Fracture mechanics arguments support this hypothesis.
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1. Introduction

Cold sprayed (CS) coatings are fabricated via the
acceleration and impact of powder particles onto a target
substrate. CS deposition does not involve the in-flight
melting of particles; bonding is achieved by dissipation of
kinetic energy to localized melting. For this reason, CS has
advantages over other thermal spray (TS) processes in
that oxidation does not occur, and >99% dense coatings
are formed (Ref 1-3). In addition, quenching and thermal
stresses are minimal, so coatings may be fabricated to high
(2-3 mm) thickness without debonding. CS materials have
been demonstrated for a wide range of metals, ceramics,
and cermets (e.g., Ref 4-11), and microstructures appear
dense and homogeneous in all cases, making this a
potential alternative for many thick film applications.

The properties of CS materials relative to their bulk
counterparts have not been fully characterized and are not
predictable given process parameters as input. Further, it
is not known how feedstock material properties affect
coating behavior, and no general coating properties have
been ascertained, for �metals� for example. This is due to
the complex nature of interparticle bonding that is still
poorly understood. Models and experiments have indi-
cated that an adiabatic shear instability exists in local

regions of interparticle contact upon impact, where the
high rates of plastic strain cause sufficient heating for
melting, and thus bonding (Ref 12). In the models, a
critical velocity (Vc) exists, below which particles will not
bond, but simply land, and in some cases, rebound com-
pletely. Thus, although CS coatings may be close to fully
dense, they may not be fully bonded. This has been dem-
onstrated in a number of investigations on mechanical,
thermal, and electronic properties (Ref 13, 14). Although
the specific contributions to, e.g., elastic modulus, thermal
conductivity, and electrical conductivity have not been
separated, qualitatively CS materials are known to behave
as composites (e.g., Ref 14) of bulk material and inter-
faces. However, a number of questions remain unan-
swered, in particular regarding the inelastic behavior of CS
materials—information that is critical for wear and/or
machining processes, as well as providing insight into the
nature of interparticle bonding. Some investigations have
been performed on large-scale tensile specimens of CS
metals, to measure ductility and ultimate tensile strength
under monotonic loading (Ref 15). These have shown that
a short heat treating cycle usually improves ductility sig-
nificantly, via particle work hardening recovery and pre-
sumably interparticle sintering. However, connections to
tribological mechanisms that impose localized compres-
sive loading cannot be made using these techniques.

Contact-based methods, i.e., hardness/indentation tests,
are more closely correlated to the inelastic behavior
observed under tribological loading. In addition to this, it
could be argued that the loading mode during such tests
allows greater access to (i) the progression of inelasticity
and (ii) spatial heterogeneities in mechanical behavior.
However, the disadvantages to indentation include the
following: (a) difficulty in characterizing the subsurface
deformed region, (b) �averaging� of anisotropic or hetero-
geneous behavior under such compressive and multiaxial
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loading, and (c) lack of significant damage or material
removal. Considering (c), this makes the test less sensitive
to microstructural changes than, for example, a wear or
scratch test. In this study, these concerns are addressed
with the application of two new indent-based techniques
for the characterization of a metallic CS system, Ni-5%Al.
In the first one, a modified bonded-interface technique
was used to image subsurface deformation under inden-
tation testing of TS materials and ceramics (Ref 16, 17)
and imaged the precise region of subsurface inelastic
strain by recourse to optical microscopy and scanning
white light interferometry. The optical microscopy
revealed subsurface cracking, and the interferometry
showed the spatial extent of inelastic strain fields,
regardless of mechanism. In the second technique, low
frequency (0.2 Hz) cyclic indentation and continuously
monitored tip end-displacement, allowing detection of
gradual or discrete inelastic events was performed. Results
from CS materials were compared to those for (same
feedstock) coatings deposited via air plasma spray (APS)
and high velocity oxy fuel (HVOF) processes, and bulk
materials, where applicable.

Note that in this paper, the term �inelastic� is used to
denote any behavior beyond an elastic limit (cracking,
dislocation flow, splat sliding, compaction, etc.); the term
�plastic� would be perfectly acceptable but is often erro-
neously associated with dislocation flow. Thus �inelastic�
avoids confusion. Where appropriate, the mechanism of
inelasticity is specified.

2. Materials and Methods

2.1 Coatings & Characterization

Ni-5%Al pre-alloyed feedstock was deposited via APS,
HVOF, and CS processes, specific conditions of which are
described in the literature (Ref 13). The Ni-5%Al feed-
stock was Metco 2008NS with mean particle diameter

of 45 lm. Coatings were deposited on low-carbon steel
substrates that were pre-roughened with grit blasting. APS
and HVOF coatings were deposited using Sulzer Metco
(SM) Plasma Technik (PT) F4 and DJ2700 spray guns
(Sulzer Metco, Switzerland), respectively. APS process
had particle velocity of 121 ± 19 m/s and temperature
2340 ± 126 �C and HVOF had particle velocity of
621 ± 111 m/s and temperature 1819 ± 167 �C (Ref 13).
CS samples were prepared in Sandia National Laborato-
ries, Albuquerque, NM, with an independently developed
de Laval Type spray system (review Ref 18). In all three
coatings, the final coating thickness was about 2 mm.
Elastic modulus was 105 ± 17 GPa, 172 ± 17 GPa, and
110 ± 31 GPa for APS, HVOF, and CS, respectively
(Ref 13).

2.2 Modified Bonded Interface Technique

Figure 1 shows a schematic of the modified bonded
interface (MBI) technique. Samples were prepared into
sandwich assemblies, which consisted of cutting samples in
cross-section with a diamond wheel, and then polishing
opposite faces with up to 0.5 lm Al2O3 suspension. Faces
were then held together using cyanoacrylate glue and a
mechanical press. The assembly was indented (at the
interface) with a 1/800 (3.175 mm) diameter spherical WC-
Co indenter under five different loads of 50, 100, 200, 300,
and 500 N (Mitutoyo AVK-C2). Indentations were at
least 5 mm apart. After unloading, faces were separated
and optical micrographs were taken in cross section. Note
that in such a bonded interface preparation, the faces are
not in perfect contact, and in fact there is a several micron
separation; this separation has been shown to remain
Hertzian if contact diameter 2a is large enough (Ref 19,
20). Nevertheless, the separation allows submicron �bul-
ging� to occur into the gap—and if this remains after
unloading, it may be interpreted as inelastic deformation.
Precise measurement of this is difficult using optical
or SEM methods, so scanning white light interferome-
try (NewView 600, Zygo Corp. Newfield CT) was used.

Fig. 1 Schematic of modified bonded interface technique. Coating/substrate specimen is cut, and opposing cross sections and top surface
are polished. Cross sections are glued and pressed together, and spherical indentation is carried out on the seam. After indentation, the
glue is dissolved and subsurface deformation may be observed (e.g., Ref 19). Poisson effects cause material to �bulge� into the seam
between faces (black arrows in right schematic); if deformation is inelastic, these bulges will persist after unloading, and can be measured
under scanning white light interferometry
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The depth profile of the 2-dimensional scanned cross
section was modified to produce a binary image. The
threshold value was set to 0.5 lm, so any region with a
height greater than this was considered deformed and set
to ‘‘1’’ in the image, and vice versa set to ‘‘0’’ for unde-
formed regions. In this way, the bright zone of an image

was denoted as inelastically deformed. This technique was
tested with bulk low-carbon steel specimens, and the
experimentally determined inelastic zone compared very
closely with FEM models (Fig. 2) (Ref 21). All coatings in
this study were examined using this technique.

2.3 Microdynamic Impact/Fatigue (MIF) Test

The MIF experiments have been described in detail
elsewhere (Ref 22, 23), but salient points and resulting
protocols are presented here. A cube corner tip (nomi-
nally sharp for our size scale) was imprinted into the
tested specimen to a maximum load (either 100 mN or
500 mN) and tip displacement was recorded. After 5 s at

Fig. 2 (a) FEM mesh used to model spherical indentation (Ref
21); Input properties were E = 210 GPa, ry = 500 MPa. (b) Con-
tour of accumulated inelastic strain in a cross section of mate-
rial—gray area represents a value greater than zero. (c) Results
of MBI experiment on low-carbon steel, showing inelastic zone
with similar shape to FEM result. Both model and experiment
are shown for a 1/80 0 indenter tip, under 500 N load

Fig. 4 Cross-sectional polished and etched SEM micrographs of
coatings: (a) HVOF, (b) CS, and (c) APS

Fig. 3 SEM micrographs of the powders used in the experi-
ments
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maximum load, the tip was retracted out of the specimen
to a distance 40 lm above, and held for 1 s. Following this,
the tip was repeatedly impacted into the specimen at a
velocity of approximately 45 lm/s, to maximum load, held
for 5 s, then unloaded. Cycling persisted for 1 h (approx.
300 cycles) and tip displacement was recorded at a rate of
1/s. Five tests were performed on coatings deposited by all
three methods. Indentations were performed 500 microns
apart, as determined by machine software.

3. Results

3.1 Microstructural Characterization

Figures 3 and 4 show SEM of powder feedstock and
coating cross sections, respectively. Features are

typical—HVOF (4a) shows less oxidation than APS (4c),
and both display a lamellar structure. The CS (4b) appears
fully dense, with little oxidation (black marks). These
coatings are identical to those reported in ref (Ref 13), and
full characterization appears there.

3.2 Modified Bonded Interface

Figure 5 shows the converted binary images of sub-
surface deformed regions for CS, APS, and HVOF
materials under different loads. Contact diameter 2a was
between 150 and 600 lm, resulting in contact pressure of
0.8 to 3 GPa. Note that the shape of the inelastic zone in
APS evolves into what is expected for a bulk, homoge-
neous isotropic metal undergoing von Mises dislocation
flow (see Fig. 2). At the lowest loads, regions of inelas-
ticity are on splat size scale. Similar results are seen in

Fig. 5 Converted-to-binary images for coatings under different indentation loads. Bright regions indicate inelastic deformation.
Coatings are labeled on the images
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HVOF, except the latter exhibits more anisotropy, in that
in-plane expansion is confined. For the CS, the inelastic
zone grows and is very similar to the APS results, espe-
cially at 200 and 300 N. However, at 500 N the shape is no
longer symmetric, indicating local regions of inelastic
deformation. To confirm this was not an effect of a tilted
indenter tip, the 500 N load was repeated four times and
results are shown in Fig. 6; the inelastic zones in all cases
exhibit asymmetric shape, and minimal similarity with
each other. Figure 7 shows optical cross-sectional images
of the deformed regions, correlating to the interferometry
observations. APS and HVOF coatings show high con-
trast, and localized, symmetric deformation near the
contact region. CS coatings under the same magnification

show clear fracture between particles, and the deformed
region does not grow in the same manner as the other
two; it shows distinct regions of cracking, away from the
contact zone, as shown by arrows. In addition, the region
loses symmetry at higher loads. Figure 8 shows higher
magnification images of all three coatings in the contact
region, displaying significant cracking in the cold spray
coatings.

3.3 MIF Test

Figure 9 shows a plot of impact penetration depth vs.
number of cycles for 100 and 500 mN loads on the CS
materials, compared with conventional HVOF and APS

Fig. 6 Inelastic deformation in CS under 500 N loading for different cases. Note the lack of similarity between deformed regions. �Left
Side� and �Right Side� describe both sides of the seam that was indented
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materials. Each curve represents five independent cycles
on the coatings. Figure 10 shows evolution of impact
depth with the first few cycles. The following are the
salient features:

(1) Within a few hundred cycles, the tip reaches a con-
stant saturation depth under the repeated loading for
all coatings. Upon reaching saturation depth, there
was no sudden increase in penetration depth during
the course of the impact cycles in HVOF or APS,
indicating that no fast brittle event occurred that was
detectable by this system.

(2) For some cases (high impact load) CS showed dis-
continuities, indicating fracture events.

(3) For the lower impact loads (100 mN max), the HVOF
exhibited the highest resistance to deformation, and
the APS exhibited the least. This was observed from
the first impact event (Fig. 10) through saturation
(Fig. 9). Some data spread was seen, but the overall
rank remained the same.

(4) For the higher impact loads (500 mN max), the
HVOF exhibited the highest resistance, but the CS
showed a large spread in tip depth, both at the first
impact event, and at saturation.

4. Discussion

Results from all tests indicate that the CS materials in
this study (Ni-5%Al) are brittle in their as-sprayed con-
dition. Such behavior has been observed, of course, in a
number of other metallic CS systems, under tensile
(Ref 15) and wear testing (Ref 24). In addition, high res-
olution microscopy images in the literature have con-
firmed high dislocation density corresponding to work
hardening upon impact (Ref 25). Finally, the ductility of
sprayed metals and intermetallics across a range of pro-
cesses is known to be lower than that for bulk-annealed
counterparts, due to the existence of defects (e.g., Ref 13).
Indentation tests have been performed on Ni-5%Al

Fig. 7 Optical micrographs of coatings under different indentation loads. Note the localization of damage in APS and HVOF, as
expected. CS materials exhibit cracking far away from the contact region (e.g., white arrows). Black dots are pull outs from polishing
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coatings to produce contact stress-strain curves, and the
inelastic mechanical properties of CS were found to lie
between those for HVOF and APS. CS interfaces are
weaker than those in HVOF, but this has not been
quantified, nor the mechanisms fully explored. The former
issue is due to the experimental difficulty in isolating splat
interfaces for meaningful data extraction. Nevertheless
the results from this study allow some further discussion of
the mechanisms, presented here.

First, the CS materials in this study exhibit an unex-
pected size effect, that is to say, heterogeneity in
mechanical behavior (i.e., local weak regions) is not

apparent on the length scale of single or several splats, but
more so at much larger length scales. This appears to be
different from typical sprayed coating behavior, in which
homogeneity emerges when more than several splats are
sampled (Ref 26). These results can be rationalized by
considering the differences in bonding between particles,
and the intrinsic properties of the particles themselves.

APS and HVOF have similar bonding characteristics.
Particles are molten when they impact, creating a metal-
lurgical bond (a simplified statement but sufficient for this
discussion). The impact of fluid on substrates with signif-
icant topography leads to interlamellar porosity. Flatten-
ing ratio in these processes is high, so no significant cracks
exist that lie in the spray direction; one may approximate
that the longest vertical cracks that exist would be of order
splat thickness (1 micron). However, globular pores exist
as a result of, e.g., fluid instabilities during spreading (e.g.,
review Ref 27). Splats solidify quickly, and grain size is of
order 100-1000 nm, giving higher yield strength than well-
annealed bulk values. In contrast, in CS, particles are solid
upon impact, and if any metallurgical (diffusion-based)
bonding occurs, it is due to local heating from adiabatic
shear instabilities, in regions of rapid strain (Ref 12).

Fig. 8 Ni-5%Al cross-sectional SEM micrograph of indenta-
tion-induced subsurface damage of (a) APS, (b) Cold Spray, and
(c) HVOF

Fig. 9 Plot of impact depth versus cycle for (a) 100 mN and (b)
500 mN maximum load
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Although the existence of metallurgical bonding in CS
materials is still being debated, it has been shown in
models that it would occur at splat �corners� and extend
inward. The spatial extent of bonding is dependent upon
modeling assumptions, and is experimentally unknown. In
their well-cited models, Assadi et al. assert that critical
velocities would lead to a 15-20% surface area bonding,

but this has not been confirmed (Ref 12). Price et al. heat-
treated Cu-Al CS materials, and inferred bonding fraction
from intermetallic formation. Their values were closer to
40% surface area bonding for single particles on substrates
(Ref 28). In CS, significant flattening does not occur, and
impacted particle height is still of the order of initial
particle size. This leaves an unbonded region between
splats with length of the order of particle diameter D. (In
the present study, D ~ 45 lm.) A similar, vertical crack
length appears between particles, and this has been shown
indirectly in the literature (Ref 14). Finally, another major
difference is the overall density; CS coatings are typically
greater than 99% dense, with few or no globular pores.

The apparently consistent mechanical response,
regardless of test location on the smaller scale can be
addressed by considering the high density of CS materials;
indentations in different regions will contact splats, with
no underlying pores. Thus, compliance and hardness will
be consistent regardless of location. APS and HVOF
coatings, as is known, exhibit high variation in small-load
indentations due to the aforementioned pores, and this
variation disappears as a larger volume is sampled.

At higher sampling volumes, it seems inelasticity is
dominated by the interfaces. Indentation imposes a mul-
tiaxial stress state on a specimen—for the most part
compressive, but the highly localized pressure gradients
manifest themselves as shear stresses, of the order of
average indentation pressure pave. It is clear from the
optical micrographs (Fig. 7, 8) that inelasticity in the CS
materials under indentation proceeds (at lower loads) via
shear sliding at the large interfaces between particles.

In addition, photos suggest a significant friction com-
ponent to the deformation. This can be demonstrated in
the top three CS panels in Fig. 7. Under 50 and 100 N
loading, interfacial sliding has occurred, but in contrast to
APS and HVOF this is not directly under the contact tip,
but rather at a significant distance beneath the surface. It
is hypothesized that this is due to the high normal pressure
near the tip that would increase the shear stress necessary
to slide interfaces. (Note that HVOF and APS display
similar characteristics in that inelasticity is observed at a
short distance beneath the indenter tip. In the case of
HVOF, very little interfacial sliding occurs, and inelas-
ticity is presumably dominated by dislocation motion. This
would presumably occur at the highest shear stress value,
which occurs beneath the tip, at a distance of approxi-
mately 0.7a (Ref 29). In APS, inelasticity occurs in part via
densification, and would thus occur in regions of highest
pressure.) The CS assertion is sensible in the context of
interfacial sliding; if cracks are a few nm thick (i.e.,
undetectable under SEM) and particles are of the order
10-50 microns in size, then small compressive strains
(0.01%) in the particles would correspond to compressive
deformation of 1-3 nm, giving significant gap closure/
asperity contact. In APS/HVOF, interfaces are typically
bonded, and pores have a lower aspect ratio (more
rounded), so the effect of normal stress would not be as
significant, as it would not lead to significant pore closure.

At higher loads, heterogeneous inelasticity of CS occurs
(Fig. 5, 7). This can be explained via simplified fracture

Fig. 10 Plot of impact depth versus cycle for the first few cycles
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mechanics arguments. Neglecting higher order terms and
geometric constants, the criterion for fast fracture is that
applied stress intensity factor KII reaches material fracture
toughness KII-C. KII is given by the formula

KII ¼ r1
ffiffiffiffiffiffi

pa
p

where r¥ is the applied far field stress and a is the crack
length. KII-C of CS Ni5Al is not known, but if perfect
metallurgical bonding is assumed, then regions around the
splats should exhibit values approaching 30 MPa

ffiffiffiffiffi

m
p

: This
value is perhaps an overestimation, as CS particles are
severely work-hardened during impact, and the interme-
tallics could be expected to have lower toughness.
Assuming crack lengths of the order of particle diameter
(45 lm) then the far field stress required for fast fracture
(not interfacial sliding) is of the order 1-2 GPa. This value
is an approximation and is also dependent upon crack
orientation, splat ductility, etc. Stresses of this magnitude
are approached in the indentations of 300 N or greater in
these experiments, and fracture is clearly observed in
nearly all of these cases (Fig. 5, 7), leading to the asym-
metry in the inelastic zone. Such behavior is not observed
in APS and HVOF because such available defects do not
exist. In the case of the multiple indents, the quasi-brittle
nature of the CS materials is again shown, and fracture
clearly favors the interfaces between particles.

The assertions in the preceding paragraph are sup-
ported by the impact tests (Fig. 9, 10) that show an
increased data spread in the CS materials with increased
impact load. APS and HVOF do not exhibit such an
effect, and display no brittle events as the tests progress.
Note that as these were dynamic tests, the effective
�contact� dimensions could be significantly larger than
indicated by the tip displacement, due to the propaga-
tion of elastic waves. However, the exact magnitude of
wave dissipation cannot be calculated from these
experiments.

One important implication of this work is the potential
damage under contact conditions; under medium contact
loads (100-400 MPa), surface examination would not
reveal the extent of subsurface cracking, delamination,
etc., and perhaps cause overestimation of tribological
performance. It would be interesting to see how this
behavior changes for more (e.g., Al) or less (cermet)
ductile materials.

5. Summary and Conclusions

In this study, modified indentation techniques were
introduced to explore the inelastic behavior of metallic
(Ni-5%Al) CS coatings over different size scales. This
material exhibits quasi-brittle behavior, similar to other
CS materials in as-sprayed condition. Inelasticity is dom-
inated by the interfaces, to the extent that the material
exhibits heterogeneities in mechanical behavior on a scale
far above the several-splat length.

The following characteristics of inelasticity were
observed for this material:

(1) In all experiments on CS, a spatially heterogeneous
material response was exhibited on size scales of
several hundred microns, with homogeneous response
below this scale. This is in stark contrast to most
sprayed materials that show homogeneous response
above the several-splat size scale.

(2) Damage shows that cracking in CS materials does not
occur where predicted from contact mechanics theory,
and indicates that such behavior may be pressure-
dependent.

(3) Under cyclic (fatigue) contact loading, CS materials
are more brittle than APS and HVOF.

(4) In CS, results suggest incomplete bonding between
particles, with crack length of the order of particle
size. This assertion was supported by simple fracture
mechanics arguments. In addition, under indentation
loading it was asserted that interfacial toughness could
be dependent upon applied normal pressure.
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