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Manufacturing and Compressive
Deformation Behavior of High-Strength
Aluminum Coating Material Fabricated
by Kinetic Spray Process
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The compressive deformation behavior in the thickness
direction of a kinetic-sprayed pure-aluminum layer
whose thickness is ~15 mm was investigated. The yield
strength of coating material was 200 MPa, and a unique
strain softening phenomenon occurred even at room
temperature. Due to the initial severely deformed
structure of the kinetic-sprayed coating material based
on the results of microstructure analysis, the production
of high-strength metal bulk materials using kinetic spray
processes was deemed possible.
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Kinetic spraying (cold spraying) is the process
through which powder is deformed and deposited using
high impact velocities (300 to 1200 m s�1) of metal
powder particles at relatively low temperatures to form
coating layers. Through the process, coating layers show
superior properties such as high density, low oxide
content, high bond strength, and high hardness.[1]

The mechanical properties of kinetic-sprayed coating
layers are mainly assessed using methods such as
hardness, nanoindentation,[2] and bending tests.[3] None-
theless, all the aforementioned methods are designed to
assess the mechanical properties of local regions of
coating layers made to have relatively thin thickness;
they have limitations in showing the representative
mechanical properties of coating layers. In particular, in
the case of kinetic spraying that forms coating layers
through high-speed particle deformation, the coating
layers are likely to have the anisotropy of mechanical
properties. Hall et al.[4] and Gartner et al.[5]

manufactured kinetic-sprayed coating layers and
reported the tensile properties of the coating layer in
directions perpendicular (along the surface) to those of
spraying. As a result of this, they showed the possibility
of bulk materials forming by using the kinetic spray
process. But the mechanical properties of kinetic-
sprayed layers in their thickness directions are consid-
ered more important in applying kinetic spray processes
as bulk forming processes. The results of related studies
have yet to be reported for any material.
Therefore, this study sought to manufacture a thick,

pure aluminum coating layer through the kinetic spray
process to evaluate the compressive properties of the
coating layer in the thickness direction and to investi-
gate related deformation behavior. The possibility was
considered as a promising process for processing bulk
materials.
In this study, coating layers were made using powder

manufactured by Kojundo Chemical Laboratory Co.
(Saitama, Japan) The powder stock consisted of around
3- to 5-lm-sized grains with average size of 18.74 lm and
irregular oval shapes made of 99.9 wt pct Al. A kinetic
spraying system (Kinetics 3000, Cold Gas Technology
GmbH, Ampfing, Germany) was utilized for manufac-
turing the coating layer. A de Laval-type converging-
diverging MOC nozzle with a round outlet was used with
distance of 30 mm from the point of the nozzle to the
substrate. During the kinetic spray coating, helium
was used as carrier gas, the gas temperature was 623 K
(350 �C), the gas pressure was 1.1MPa (11 bar), the gun
speed was 20 mm/s, and the powder was deposited onto
Cu substrates (room temperature). The kinetic-sprayed
coating layer was used to conduct the compressive tests in
thickness directions at room temperature. The coating
layer was secondarily machined for tests (wire cutting,
central part of the coating), and the resultant specimens
used were cylindrical, measuring F5 mm and 7 mm in
height. Compressive tests were conducted using Instron
4485 (Instron Corporation, Norwood, MA) at a strain
rate of 1 9 10�3 s�1 (friction effects were compensated
using graphite sheets and lubricant). After the tests, the
deformed structures of the coating layer were examined
through electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM) observations
following deformation. as the as-sprayed and deformed
coating layers were hot mounted using carbon fillers.
These coating layers were mirror polished using diamond
paste and then polished using a 0.04 to 0.05-lm colloidal
silica (CS) suspension to obtain clearly the patterns
occurring in several dozen nm thicknesses from the
surfaces. The EBSD mapping data were corrected using
a threshold angle of 5 deg tomake thedatamore accurate;
this was performed only once to prevent severe data
distortion. Specimens for TEM observation were
obtained from an as-sprayed and deformed coating layer
having a diameter of 3 mm. Disks measuring approxi-
mately 200 lm were mechanically polished by dimpling
equipment to a thickness of approximately 20 lm. Final
thinning to electron transparency was realized by the ion
millingmethod. TEMobservationswere performed using
a Hitachi H-7650 (Hitachi, Ltd., Tokyo, Japan) micro-
scope operating at 100 kV.
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As a result, a pure-Al coating layer with dimensions
of 50 mm long, 20 mm wide, and 15 mm thick could be
obtained (Figure 1(a)). The 15-mm-thick coating layer
as shown in the figure has not been reported in previous
studies. The microstructure of the as-sprayed pure-Al
layer is shown in Figure 1(b). The Al particle was
deformed to be elongated perpendicularly to the direc-
tion of powder spraying; the porosity of the coating was
found to be very low at 0.08 pct, and few defects such as
oxide were detected.

Figure 2 shows the observation result of the micro-
structure of the as-sprayed Al coating layer using
EBSD and TEM. Based on the results of the EBSD
analyses (Figure 2(a)), the manufactured coating layers
showed distributions of particles and grains of irregular
sizes and shapes (bimodally grained). Particles appear-
ing in large sizes were elongated such that their sizes
were similar to the initial average powder size. In
addition, relatively small grains (that had never been
detected in the initial powder) were observed in the
surroundings of those large particles. Assadi et al.[1]

and Bae et al.[6] suggested that in kinetic spray
processes, when particles flying at high speeds collide
with the substrate or other particles, thermal boost-up

zones (TBZ) will be formed on the particle/substrate or
particle/particle interfaces due to adiabatic shear insta-
bility (ASI), thus resulting in bonded interfaces. The
very small grains as mentioned above are deemed to
appear because TBZs are formed in interparticle areas
as a result of collisions between powder particles when
kinetic-sprayed coating layers are formed. In other
words, the Al particles deformed due to a high-speed
impact get thermal energy so that the grain refinement
phenomenon occurs.[2,7,8] The results of TEM obser-
vation in interparticle areas showed approximately 200-
nm-sized grains (black arrows in Figure 2(b)). By
observing the grain boundary shapes of these fine
grains (white arrow), a polygonization mechanism that
can occur in severely deformed structures due to
thermal energy could be seen as published by
McQueen.[9] Meanwhile, intertwined, high-density
deformation dislocations (white circle) could be iden-
tified in the TEM observation of the insides of particles
that are not greatly affected by thermal energy during
deposition (Figure 2(b)). The aforementioned results
are similar to those observed when metals such as
pure Al are deformed due to high speeds at room
temperature.[10,11]

Fig. 1—Macroimage of kinetic-sprayed thick pure-Al coating layer (a) and microstructure (b) of the layer (OM).

Fig. 2—EBSD analysis (a) and TEM observation (b) results of kinetic-sprayed pure-Al coating layer.
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Figure 3 shows the thickness directional compressive
deformation curve of the pure-Al coating layer manu-
factured through the kinetic spray process. The kinetic-
sprayed coating material showed a yield strength of
200 MPa, which is very high considering the fact that
the yield strength of general bulk Al is around 60 MPa
to 80 MPa. This value is also higher compared to pure-
Al materials (170 MPa to 185 MPa) having nanosized
or submicrosized grains made using equal-channel
angular pressing (ECAP), which is one of the severe
plastic deformation processes.[12,13] Severe plastic defor-
mation processes are generally applied to strengthen
metals. The ECAP process reportedly causes relatively
uniform plastic deformation throughout subject speci-
mens.[13] On the other hand, coating materials made
through kinetic sprays are considered advantageous
because severe plastic deformation may occur on every
small particle at very high-speed impact. Accordingly,
although the microstructures of kinetic-sprayed coating
materials are irregular (nanosized grains and higher-
dislocation density in every particle as shown in

Figure 2), they can show stronger plastic-deformed
structures compared to the ECAP process. Given the
aforementioned results, the manufacture of bulk mate-
rials using the kinetic spray process is considered to have
high potential as a new process to make high-strength
metal materials.
Another unique behavior observed in the kinetic-

sprayed pure-Al material compressive curve (Figure 3)
is the sustained occurrence of a strain softening phe-
nomenon following some initial strain hardening after
the yield point. Occurring at room temperature, such a
strain softening phenomenon is not observed in general
for Al materials, although it has been reported in some
ECAP materials that have been subjected to severe
plastic deformation processes.[12] Figure 4 shows the
observation result of deformed microstructures of
kinetic-sprayed coating materials after compressive
tests. In comparing the results of EBSD analysis after
deformation (Figure 4(a)) with that of as-sprayed coat-
ing materials before deformation (Figure 2(a)), the grain
sizes were found to have become more even and smaller
in general through compressive deformation. The aver-
age sizes of the grains after deformation were around
~500 nm, which is similar to or slightly larger than the
sizes of the fine grains observed in the interparticle areas
prior to deformation. The microstructures after defor-
mation were examined using TEM (Figure 4(b)). Dislo-
cation densities were observed to have decreased
remarkably throughout the specimens. When the
boundaries of the grains that were formed after defor-
mation were examined more carefully (Figure 4(b)), the
grain boundaries were found to be smooth unlike those
observed in the as-sprayed state.
The softening phenomenon occurring during the

deformation of metals is generally known to be due
mainly to the dynamic recrystallization or dynamic
recovery of the materials. Because the compressive tests
were conducted at room temperature, the sizes
(~500 nm) of grains observed through EBSD or TEM
are considered too large to be the result of recrystalli-
zation. And the grains cannot easily grow additionally

Fig. 4—EBSD analysis (a) and TEM observation (b) results of compressively deformed Al coating material.

Fig. 3—Compressive deformation curve of kinetic-sprayed pure-Al
layer with strain rate of 10�3/s and macrographs of the initial and
the deformed sample.
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at room temperature. The strain softening phenomenon
occurring in this study is considered to be attributable
mainly to dynamic recovery. In relation to this, as
shown in Figure 4(a), some grains were found to be
elongated, too, albeit slightly. Inoue et al.[14] suggested
that the aforementioned slightly elongated fine grains
described above could appear if the initial deformation
of grains and a dynamic recovery phenomenon occurred
simultaneously in pure Al during compression.[14]

The particles experience severe plastic deformation
while kinetic spray coating layers are being manufac-
tured. In this case, plastic deformation occurs very fast
because of the characteristics of the kinetic spray
process. Even if recovery occurs in interparticle areas,
it may do so in a relatively short time; hence, it induces
the irregular shapes in the observed fine grain bound-
aries of the kinetic-sprayed coating layer. On the other
hand, if kinetic-sprayed coating materials are addition-
ally compressed at low deformation rates, stable
dynamic recovery is considered to occur for a relatively
long time, and smooth grain boundaries as shown in
Figure 4(b) may appear.

This study was aimed to manufacture a thick alumi-
num coating layer by using a kinetic spray process and
investigated its mechanical properties along the thick-
ness direction. Kinetic-sprayed pure aluminum (thick-
ness of ~15 mm) showed superior compressive strength
(~200 MPa) than that of ECAP (severe plastic defor-
mation process) material. According to the results
above, this study confirmed that it was possible to
manufacture metal bulk materials using the kinetic
spray process, showing higher strength than the existing
severe plastic processed materials. Moreover, a unique
strain softening phenomenon was observed for the
deformation of kinetically-sprayed coating materials. It

was determined that the manufacture of bulk materials
using the kinetic spray process is considered to have
high potential as a new process to make high-strength
metal materials.
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