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Abstract Vacuum kinetic spray (VKS), also called aerosol
deposition method, is a spray process that makes it possible
to fabricate dense ceramic films at room temperature.
Although the deposition rate of VKS is better than con-
ventional ceramic coating processes, the deposition prop-
erties are still poor for industrial use. In this respect, this
work investigates the role of particle size on the deposition
behavior by blending two alumina powders having differ-
ent sizes. It results in suggestions for increasing the
deposition efficiency and rate. The microstructure and
mechanical properties of films revealed that nanosized
particles directly took part in deposition and participated in
increasing the deposition rate despite the low adhesion
between crystallites. In contrast, relatively large submi-
cron-sized particles mainly contributed to the coating
consolidation via severe friction, which strengthened the
fragment bonding. Submicron-sized particles also were
indirectly deposited as crystallites after sufficient frag-
mentation. Therefore, it is suggested that the deposition
behavior and film properties in VKS can be controlled by
adjusting the mixing ratio of two alumina powders with
different particle size ranges.
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Introduction

The vacuum kinetic spray (VKS) process, which is also
referred to aerosol deposition method (ADM), has been
highly regarded as a ceramic film technology. By using this
process, it is possible to make a thin or thick ceramic film
even at room temperature without any binder. Usually,
dense ceramic film can be deposited on various types of
substrate (metal, ceramic, and polymer) and various cera-
mic materials can be selected as a feedstock powder. In
addition, the film growth rate is relatively high compared to
conventional ceramic thin-film fabrication techniques.
Because of these advantages, various researches have been
performed for many applications (Ref 1-3).

Unfortunately, this process has been unacceptable to
industrial field due to the low deposition efficiency which
was reported to be around 0.1% (Ref 4). Also, when
compared to a similar particle spray deposition processes,
like thermal or kinetic spray (of cold spray), the deposition
rate of VKS of 1-3 pm/min is still very insufficient. Due to
these limitations of deposition characteristics, utilization of
the VKS process has been limited to fabrication of rela-
tively thin films or sometimes patterns of less than several
microns thin (Ref 2, 3). Therefore, if the poor process
efficiency is overcome, this deposition technique to be
further applied over a wide range of industrial fields will be
possible, such as thick ceramic coating, thick 2D pattern-
ing, or 3D printing.

In the VKS process, ceramic powders of submicron size
are used and the particles fly and impact with a high
velocity of ~ 600 m/s (Ref 5, 6). Unlike the kinetic spray,
the preheat treatment of powder and process gas usually
does not exist. Thus, the kinetic energy of the particles is
the only source of the bonding. Many studies indicated that
particles are deposited via plasticity and fragmentation.
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Finally, a film of nanocrystallinity with a flattened shape
microstructure is formed (Ref 7-9).

Like other spray-coating processes, the feedstock parti-
cle size is critical for successful deposition of dense cera-
mic film in VKS. Because it is well known that the process
window of VKS for ceramic particles is quite narrow, to
reveal the proper particle size range has been an issue.
J. Akedo once selected a spherical o-Al,O5 ultrafine par-
ticle with average particle size around 50 nm as a feedstock
material. The result indicated that the film had pressed-like
structure and easily delaminated even by a low external
stress (Ref 2). D. Lee et al. also used three different types
of Al,O; powders with average particle size of 0.5, 3.6, and
3.9 um. They reported that the deposition rate was
decreased and film roughness was increased, with
increasing particle size (Ref 10, 11). J. Exner et al. per-
formed a broad range of experiment using 14 types of
different Al,O; powders with different sizes. From their
results, the particles with high deposition rate generally
were hard to form the strongly bonded and uniform film
(Ref 12). Recently, L. Wang et al. conducted the research
that dealt with the two Al,Oj3 particles with size of 80 and
400 nm. They also mentioned that the deposition rate was
higher in case of the smaller particle (Ref 13). Through the
above-mentioned studies, one can expect that the several
tens of nanosized particles are good candidates for
achieving higher deposition efficiency. The authors, how-
ever, also insisted that the film manufactured by those
particles usually had poor adhesion. Considering that the
room-temperature impact consolidation (RTIC) is essential
for good substrate—particle or particle—particle intimacy, it
is expected that those particles cannot transfer sufficient
impact energy to the particle itself and pre-deposited par-
ticles. On the other hand, it was revealed that when the
submicron-sized particles were used as a feedstock powder,
a dense film was fabricated and consolidation phenomena
were observed on the surface. It is clear that the deposition
behavior of particles with different sizes is quite different.
In our point of view, powders used in VKS usually have
some size distribution from nanometers to micrometers.
Thus, in an actual situation, the complex deposition phe-
nomena may coexist. Unfortunately, there has been no such
research in VKS that dealt with the bimodal state of
powders so far.

Based on this situation, we focused on the reason of
deposition characteristics and film mechanical properties.
Bimodal feedstock powders were manufactured by
blending two different sized Al,O; powders with various
ratios. The roles of particle depending on their sizes are
discussed, and the change of the deposition rate, effi-
ciency, and film properties were analyzed. These results
are crucial to understanding the particle deposition
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process and improving the deposition characteristics of
VKS process.

Experimental Method
Material Preparation

In this research, two kinds of Al,O3 powders with signifi-
cantly different sizes were selected. The first one was a
nanosized primary particle (1015WW, Nanostructured and
Amorphous Materials, Inc.), while the second one had a
submicron size (AL-160SG3, Showa Denko), as shown in
Fig. 1(a) and (b), respectively (for convenience, each
powder is denoted as nano- and submicron Al,O; in this
study). Nano-Al,O5; is comprised of 90% o- and 10%
v-phases, whereas submicron Al,O3 is 100% o-phase.
Figure 2(a) and (b) shows the primary and secondary
particle size distributions of each powder, where the sec-
ondary size indicates the agglomerated size of the powder.
The primary and secondary particle sizes were measured
by using image analyzer software (Image-pro plus 4.5) and
the particle size distribution (PSD, Malstersizer 3000,
Malvern), respectively. Nano-Al,O5; had average primary
and secondary sizes of 0.028 and 1.21 ym (Do of
0.066 pum and Dgq of 3.18 pum), respectively. On the other
hand, the submicron powder had average primary and
secondary sizes of 0.31 and 0.95 pm (D;q of 0.354 pum and
Doy of 1.58 um), respectively. It is indicated that both
types of powders have agglomerated state. Especially,
nano-Al,O5; had an extremely larger secondary size than
the primary size due to severe agglomeration resulting
from the high surface energy despite sufficiently drying
them at 130 °C in a vacuum dryer for several hours prior to
the deposition experiments. Because two powders have
similar average secondary particle size, it can be assumed
that the particle impact velocity of particles is also similar.

To investigate the deposition behavior according to
blending ratio, the two Al,O; powders were blended at a
certain ratio. In the first trial, to observe the overall depo-
sition behavior, submicron and nano-Al,O; were blended
at ratios of 0:100, 25:75, 50:50, 75:25, and 100:0. For
convenience, each blended powder is denoted as NO, N25,
N50, N75, and N100. Then, in the second trial, to optimize
the powder mixture ratio for thick film fabrication con-
sidering the film mechanical properties, each powder was
blended at ratios of 90:10 (N90), 95:5 (N95), and 100:0
(N100). The blending ratio and notations of all powders are
summarized in Table 1. Additionally, soda lime glass with
dimensions of 75 x 25 x 1 mm® was chosen as the sub-
strate material. All substrates and coatings were cleaned by
ultrasonication for 5 min in ethanol to remove
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Fig. 1 FE-SEM micrographs of the powder morphologies: (a) nano- and (b) submicron Al,O; powder

(a) 40
i— Nano ALO,
%57 —— Submicron Al,0,

30 A

25 -

20

15

10 A

Volume fraction (%)

5 4

0

T T

0.0 0.2 0.4 0.6 0.8 1.0
Primary particle size (um)

(b) 20 —
i— Nano ALO,
L

—~ 15 o

O\O

c

Kl

B 10

g

y“—

)

£

3 5

&)

>

0

T T T T T T T T T
00 05 10 15 20 25 3.0 35 40 45 50
Secondary particle size (um)

Fig. 2 (a) Primary and (b) secondary particle size distributions of nano- and submicron Al,O3 powders

Table 1 Blending ratios of the
two powders

First trials Second trials

Blended powder notation NO
Submicron Al,O3, wt.% 0
100

Nano Al,Os3, wt.%

N25 N50 N75 N100 NS0 N95
25 50 75 100 90 95
75 50 25 0 10 5

contamination on the surface before and after the deposi-
tion experiments and totally dried.

Vacuum Kinetic Spraying Conditions

Each blended powder was deposited using the VKS process
(Fig. 3). Firstly, each powder was input into an aerosol
chamber, and then, it was aerosolized by chamber vibra-
tion. The deposition chamber was evacuated up to
6.0 x 1072 Torr by rotary and booster pumps, after which
helium gas, as the process gas, flowed and carried the
aerosol particles to the deposition chamber. The particles
were accelerated to around 600 m/s as measured in the
previous report (Ref 5). Due to the difficulty of pressure
control and nozzle change during the deposition

experiments, the gas flow rate was adjusted to control the
particle velocity in the VKS process (Ref 2, 5). In this
study, the gas flow rate was set to 10 L/min to investigate
the deposition behavior depending on the blending ratio.
The following process variables are listed in Table 2. The
deposition rate and efficiency of VKS were calculated by
Eq | and 2. The substrate, as-coated sample and powder
hopper weight were measured before and after VKS coat-
ing to calculate the coating and used powder weight using
an electronic scale.

Average coating thickness (um)
Total coating time (min)

(Eq 1)

Deposition rate (fm/min) =

@ Springer
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Fig. 3 Schematic image of the
vacuum kinetic spraying system
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Table 2 VKS parameters for the deposition of bimodal powders

Powder materials Nano and submicron Al,O3
Substrate Soda lime glass

Gas flow rate, L/min 10

Working distance, mm 10

Carrier gas He

Gas pressure, MPa 0.6

Traverse speed, mm/s 1

Scan length, mm 20

Passes, # 10

Starting pressure, Torr 6.0 x 1072

Coati ight
Deposition efficiency (% ) = Use;?)(l)l\])vg d;ezfeigl(f) ©
x 100

(Eq 2)
Characterization of the Powder and Coating
To observe the powder morphology, and cross-sectional

microstructure of the coating, a field emission scanning
electron microscope (FE-SEM, SIGMA, Carl Zeiss) was
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used. The coating profiles were measured by a surface
profiler (Dektak XT, Bruker). The coating density was
estimated by Eq 3 and 4. To measure the coating width and
length, the image analysis software (Image-pro plus 4.5)
was used.

Coating weight (g)

. . 3
Coating density (g/om”) = Coating volume (cm?)

(Eq 3)

Coating volume (cm3) = coating width x length
x thickness

(Eq 4)

The nanohardness and elastic modulus were assessed
using a nanoindenter XP (MTS, Oak Ridge, TN) with a
Berkovich tip. The indenter displacement was set to
500 nm, and the data were averaged over 10 measure-
ments. In addition, a scratch tester (RB311 SKECH, RnB
Co. Ltd.) was used to measure the adhesive bonding
strength of each film according to ASTM C1624-05 (Ref
14). In the test, a Rockwell C-type diamond stylus with a
conical shape indenter with an angle of 120° and a radius of
200 pm was used. The average value of 3 trials was con-
sidered as the adhesive strength. The detailed experimental
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method can be readily found in our previous papers (Ref
15, 16).

Results and Discussion

Deposition Behavior Depending on Blending Ratio
of the Two Powders

Figure 4(a) and (b) shows pictures of the deposits fabri-
cated using the blended powders from NO to N100 before
and after ultrasonication, respectively. In Fig. 4(a), it is
clearly observed that as the ratio of nano-Al,O; increased,
the particles were likely to be simply piled up, which is
known as a pressed compact, but did not make a dense film
(Ref 2). Although the form was heaped to several mil-
limeters, it was easily peeled off even by a weak external
stress such as ultrasonication, as observed in the NO, N25,
and N50 samples in Fig. 4(b). In addition, because the
simple deposited form was very porous and easily detached
during the scratch test, the bonding strength could not be
measured, and in this regard, it is difficult to be practically
applied as a ceramic film. Thus, it is considered that there
is a minimum percentage of submicron particles required to
maintain sufficient adhesion. However, as the fraction of
submicron Al,O;5 increased, the deposited form became
thin and dense with a change of color and transmittance. It
is thought that the change is correlated with the impulse
resulting from successive particle impacts, considering that

(b)

Y~

the film was darkened as the particle velocity increased in
VKS. In other words, the microstructure of the coating is
gradually damaged by impacts with crystallite size reduc-
tion (boundary fraction increase), defects and lattice strain,
amorphization, and non-equilibrium stoichiometry, which
affects the transmittance and color (Ref 17). In this respect,
it is considered that inflight submicron particles imparted a
higher impulse than nanoparticles in spite of their similar
high impact velocities (similar average size of secondary
particles) (Ref 5).

To confirm the change of the microstructure, the cross
sections of the N25, N50, and N75 specimens after unl-
trasonication were observed, as shown in Fig. 5. In
Fig. 5(a)-(c), it is worth noting that a thick coating was
formed even with only 10 passes. In the pictures, the
coating thickness appears to increase as the submicron
particle fraction increased. However, this is because the
probability of delaminated regions is higher in case of high
fraction of nano-Al,03;. When the nano-Al,O3 content was
higher, the coating was easily peeled off during the sam-
pling process. Especially, the loss of N25 and N50 coating
was greater than N75 as also shown in Fig. 4. This means
that as the quantity of nano-Al,O; increases, a thick coat-
ing can be readily formed with low the bonding strength.
On the other hand, it can be speculated that the quantity of
submicron powder is related to the bonding strength con-
sidering delamination during ultrasonication in Fig. 4.

Figure 5(d)-(f) shows higher-magnification images of
Fig. 5(a)-(c). In the figures, two points are worthy of

-

(=)~

INLOO

Fig. 4 Film shapes of each blended powder (a) before and (b) after ultrasonication
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Fig. 5 FE-SEM cross-sectional micrographs of the deposited forms fabricated using (a, d) N25, (b, ) N50, and (c, f) N75 blended powders [(a)-
(c) low-magnification images and (d)-(f) higher-magnification images of regions in (a)-(c), respectively]

notice. First, relatively large fragments were more fre-
quently found in the layer with a high fraction of nano-
Al,O3, as marked by the white dashed circles, while the
size decreased as the amount of submicron powder
increased. As a result, it can be speculated that particle
fragmentation occurred more severely as the fraction of
submicron Al,O; increased. Considering that nano- and
submicron particles impacted on the substrate with similar
impact velocities, it is thought that nanoparticles sup-
pressed the fragmentation of submicron particles as soft
material in a composite coating of ceramic and polymer did
(Ref 18). In a previous research, Park et al. mentioned that
nanoparticles were not easily fragmented due to their high
surface energy, and instead, they underwent elastic/plastic
deformation. In addition, some of the kinetic energy was
consumed to break the inter-particle bonding among
nanoparticles in an agglomerated form, rather than particle
fragmentation (Ref 5, 9). In other words, in blended pow-
ders, nanoparticles play a role of shock absorption in place
of submicron particles, which helps to preserve the sub-
micron Al,O; from fragmentation. Second, evidence of
densification was observed in the layer fabricated using
N75 powder, as marked by the white arrows in Fig. 5(f). It
is believed that this evidence was generated by severe
friction among the deposited particles. Considering that the
densified surface was usually found when using a relatively
high fraction of submicron particles, it seems that the
densification was attributed to severe friction which results
from the high-velocity impact of large particles. As a
result, it is hypothesized that large particles contribute to
consolidation via friction-induced densification at the

@ Springer

interfaces. In this respect, the tendency of bonding
strengthening depending on the fraction of each particle
size is in good agreement with the results of detachment
after ultrasonication shown in Fig. 4.

Figure 6 shows the top view of each deposited form in
Fig. 5. As shown in Fig. 6(a)-(c), the surface became
roughened as the fraction of nanoparticles increased, which
is in good agreement with the particle size effect observed
in a previous study (Ref 5). In addition, it was clearly
observed that larger fragments were observed on the sur-
face more frequently as the amount of small particles
increased, as confirmed in Fig. 6(d)-(f). Considering the
fact that the fragments remained on the surface after
ultrasonication, it seems that the fragments were slightly
attached there despite weak bonding. However, it is
thought that as the impact of large particles is frequent, the
large fragments undergo further fragmentation, and
simultaneously, the friction occurring among particles
becomes severe, leading to densification such as the
tamping effect. Therefore, even though the content of large
particles increased, the surface became rather smooth. In
this regard, it is anticipated that the film microstructure and
bonding strength can be controlled by adjusting ratio of the
two powders with different particle sizes.

Thick Film Formation and Densification

Figure 7 shows the cross-sectional FE-SEM micrographs
of the thick Al,Oj films fabricated using the N90, N95, and
N100 powders. Figure 7(d)-(f) shows higher-magnification
images of Fig. 7(a)-(c). Similar with the first trial, the
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Fig. 6 FE-SEM micrographs of the morphology of the deposited forms fabricated using (a, d) N25, (b, e) N50, and (c, f) N75 blended powders
[(a)-(c) low-magnification images and (d)-(f) higher-magnification images of regions in (a)-(c), respectively]

(a) T ok (b)

(©)

Fig. 7 FE-SEM cross-sectional micrographs of thick Al,O3 films fabricated using the (a, d) N90, (b, ) N95, and (c, f) N100 powders [(a)-
(c) low-magnification images and (d)-(f) higher-magnification images of regions in (a)-(c), respectively]

cross-sectional microstructures were changed as the ratio
of Al,O3 powder was varied. When the amount of nano-
Al,O5 was relatively higher (N90), intact submicron par-
ticles were clearly observed and the boundaries between
particles were obvious. In case of N95 coating, although
some submicron particles were still intact, deformed sub-
micron particles were greatly increased and boundaries
between nanoparticles became faint. As only submicron
Al,O3 was used, the crystallites and its boundaries were

undistinguishable. Some flattened particles and traces
shows that the relatively dense coating was deposited by
strong impulse.

The thickness significantly increased from around 2.3 to
69.9 um as the fraction of nano-Al,O5 increased from O to
10%, as shown in Fig. 8. The deposition rates were
determined to be 0.688 um/min (N100), 7.087 pm/min
(N95), and 20.979 pm/min (N90). The increase in the
deposition rate in this research is notable because, in
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Fig. 8 Coating thicknesses with different blending ratios

general, it is in the range of 1-3 pm/min (Ref 1, 2).
Additionally, the deposition efficiencies were roughly
estimated to 0.126% (N100), 1.064% (NO95), and 2.154%
(N90). The efficiency of the N90 powder is very mean-
ingful because as far as we know, the deposition efficiency
in the VKS process has been limited to around 0.1% and it
has been widely accepted that is difficult to surpass 1%
(Ref 4). The reason for great increment of the coating
thickness is still unclear; however, it is obvious that nano-
Al,O5 particles are easily attached and stayed on the sur-
face of the substrate or pre-deposited layer. It is carefully
expected that the high surface energy of nanoparticles
induced the bonding. But, this bonding is so weak that the
mechanical properties of film are poor (it will be discussed
later in this paper). The coating density was measured to
3.74 g/em® (N100), 3.03 g/cm® (N95), and 2.01 g/cm’
(N90). When the density of fully dense Al,O3 was 3.95 g/
cm3, as the amount of nano-Al,O5; addition increased, the
density of coating was decreased up to 51% of its bulk
density. Consequently, it can be concluded that the depo-
sition rate and efficiency can be controlled by the combi-
nation of different particle sizes and the coating density can
be changed.

Figure 9 shows the film morphologies fabricated using
N90, N95, and N100. In Fig. 9(a)-(c), it can be confirmed
that the surface became significantly smoothened in com-
parison with the morphologies of N25, N50, and N75
shown in Fig. 6. Although not completely fragmented parts
were still observed, it seems that most particles were
fragmented well at the other regions consisting of
nanocrystalline fragments. Another interesting point is the
evidence of plasticity. In Fig. 9(e)-(f), a flattened surface
appeared and the interface between fragments became
blurred as the interfaces were indistinguishable. As
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mentioned above, this is attributed to the friction-induced
densification generated by the impact of large particles.
Because of this, the previously deposited fragments
underwent fragmentation with plasticity (Ref 7). Moreover,
considering that it is possible for nanoceramic particles to
be plastically deformed, after a particle is sufficiently
fragmented, the generated nanofragments consume the
excessive kinetic energy by plastic deformation (Ref 19).
Figure 10 displays various evidences of the consolida-
tion phenomena through which the consolidation process
can be presumed. In Fig. 10(a), a large crater was observed
(N25), which may be generated via a process in which a
large particle is impacted with high velocity and it is stuck
in the weakly deposited nano-Al,O; (shock absorption
effect), as marked by the pale red arrow. Then, it falls out
leaving the crater without sufficient bonding. When the
fraction of sub-Al,O5 increased (N75), the dent evidence
was remarkable. It is clearly observed that the fragments
underneath the craters were tamped at the dent region, as
marked by yellow arrows in Fig. 10(b). After sub-particles
were sufficiently used, the fragmentation became distinct
and the surface was severely tamped, as the original par-
ticle is indistinguishable in Fig. 10(c). In the figure, it
appears that nano-Al,O; stayed just on the surface without
strong bonding. When using 100% sub-Al,O5 particles, a
smooth surface with indistinguishable interfaces was
formed by sufficient friction, as shown in Fig. 10(d).
Thereby, a dense microstructure with a smooth surface, a
typical VKS film shape, is achieved (Ref 2, 9, 15).

Film Mechanical Properties and Bonding
Consolidation

As confirmed in Fig. 4, the pressed compact form was
easily detached even by ultrasonication, but when
exceeding a 75% ratio of submicron Al,Oj, it can endure
weak external stress (N75 in Fig. 4). This is important for
applying ceramic films or patterns in industrial fields.
Figure 11(a) represents the change of adhesive strength
depending on the powder blending ratio. Clearly, as the
fraction of submicron Al,O5 increased from 90 to 100%,
the adhesive strength of the film increased from 12.89 N to
26.68 N. In the case of adhesion, the anchoring layer effect
needs to be considered. In VKS, an anchoring layer plays
an important role for film adhesion (Ref 2, 20). The layer
formation is generally related to the initial particle impact
at the beginning of deposition with surface erosion of the
substrate. In addition, the anchoring layer is affected by the
impact velocity and the impulse (substrate gained) as well
as the material combination between the powder and sub-
strate (Ref 5, 21, 22). In this study, assuming that the used
substrate material and the impact velocity were the same,
the anchoring layer formation and its effect were
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Fig. 9 FE-SEM micrographs of the morphology of the films fabricated using (a, d) N90, (b, e) N95, and (c, f) N100 blended powders [(a)-
(c) low-magnification images and (d)-(f) higher-magnification images of regions in (a)-(c), respectively]

Fig. 10 FE-SEM micrographs of the evidences of the consolidation phenomena: (a) crater (N25), (b) consolidation (N75), (c) insufficient
consolidated surface (N90), and (d) dense morphology resulting from sufficient impact-induced consolidation (N100)

determined by the impulse caused by the initial particle
state, which is either a dense and bulk shape (submicron
Al,O3) or a porous and agglomerated shape (nano-Al,O3).
Depending on the powder state, the impulse that the sub-
strate gained was different, in spite of a similar impact
velocity (Ref 5). Consequently, as the fraction of sub-

particles increased, the impulse increased, by which the
adhesive strength was improved.

In addition to adhesion, the cohesive bonding strength
(among fragments) is also an important factor to prevent
film delamination within the coating layer. Fig-
ure 11(b) demonstrates the nanohardness and elastic
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Fig. 11 The (a) adhesive strength and (b) nanohardness and elastic modulus of the films fabricated using N90, N95, and N100 powders

modulus of the films fabricated using N90, N95, and N100.
It was obviously confirmed that the nanohardness and
elastic modulus gradually decreased from 13.12 to 2.3 GPa
and from 111.89 to 32.14 GPa, respectively, as the ratio of
nano-Al,O3 was increased from 0% (N100) to 10% (N90).
Although, in general, the elastic modulus represents the
atomic bonding strength, it is thought that the low elastic
modulus indicates weakened bonding among fragments
because the strength among fragments was estimated to be
lower than among atoms. Moreover, even though films
fabricated by the VKS process usually show slightly
deteriorated properties because they consist of a
nanocrystalline phase and shock-induced damage, the
densification process is essential to strengthen the bonding
among fragments (Ref 7, 8). Overall, mechanical properties
of Al,O5 coatings were degraded as the addition of nano-
Al,Oj3 increased. This can be proved through the calculated
density, microstructure of coating as mentioned above. Due
to nanoparticles, a coating with more open structure was
formed, and the bonds between crystallite and the coating—
substrate were weakened. These results correspond well
with the result of L. Wang et al. They also fabricated the
Al,O5 film with different particle sizes using vacuum cold
spraying (VCS) which is almost similar process with VKS.
As already mentioned in Introduction, the nano- and sub-
micron-sized Al,O3 particles were selected as feedstock
materials. The nanohardness data showed that the submi-
cron Al,O5 film had an around 7.8 Gpa; however, the nano-
Al,O3 film only reached an average of 3.5 GPa. The
authors also stated that the nanoparticles with agglomer-
ated form could absorb some part of the impact energy (Ref
13). Thus, it can be proposed that the mechanical properties
of the VKS coating are closely related to the density of the
coating. Usually, as the film density increases, the hardness
of film increases.
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The Role of the Particle Size in the Deposition
Process

Based on the evidence obtained from the analysis of the
microstructure and mechanical properties, the role of parti-
cles with different sizes in VKS deposition is discussed in
this section. Figure 12(a)-(i) schematically shows the
deposition behaviors depending on the use of only (a)-
(c) nano-, (d)-(f) submicron, and (g)-(i) blended particles. In
the case of only using nanoparticles, the particles were
severely agglomerated with each other (Fig. 12a), and thus,
when impacting onto the substrate, a considerable portion of
the impact energy (impulse) is spent breaking the agglom-
erated form into primary particles (Fig. 12b). In other words,
the agglomerated form creates an effect of shock absorption
itself at the time of impact. In addition, since primary
nanoparticles have a very high surface energy, they are not
further fragmented and just consume the remaining energy
in elastic/plastic deformation (hardly fragmentation).
Therefore, the bonding among nanoparticles is achieved by
only a low friction energy at the interfaces of the particles
without new (activated) surface energy occurring during
fragmentation (Fig. 12b). We believe that the low cohesive
bonding can be ascribed to the lack of surface energy with
low friction energy. Moreover, the impulse that the substrate
gains is also low because of the energy consumed in particle
breaking. Thus, the anchoring layer is not properly formed,
which makes the adhesion low. As a result, the nanoparticles
can be directly deposited without additional fragmentation,
by which the probability of particle loss (no participation for
deposition) decreases and the deposition efficiency increa-
ses. In contrast, a porous coating layer is formed due to
inadequate bonding energy resulting from the low activated
surface energy and/or friction energy, leading to a low
bonding strength (Fig. 12c).
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Fig. 12 Schematic illustration of the particle deposition process using (a)-(c) only nanosized particles, (d)-(f) submicron-sized particles, and (g)-

(i) blended particles

On the other hand, the case of only using sub-particles is
significantly different from that of nanoparticles, as shown
in Fig. 12(d)-(f). The particles cannot be directly deposited
themselves. At the initial stage of particle impact, the par-
ticle undergoes dynamic fragmentation alongside shock-in-
duced plasticity (Ref 7, 8), during which a high interfacial
friction energy and activated surface energy occur
(Fig. 12e). This process is repeated by subsequent particle
impacts. Thus, the energy transferred to bonding is accu-
mulated as deposition proceeds. In this deposition mecha-
nism, the particle is not deposited itself, but the small
fragments after sufficient fragmentation are deposited
(indirect deposition). From previous researches, the size of
fragments in the coating layer is usually in the range of
5-20 nm (Ref 1, 2). In this respect, we conclude that for
strong bonding in VKS, the size of fragments should be
sufficiently small with sizes of up to several or several tens
of nanometers. Thereby, a high activated surface energy and
interfacial friction energy by fragment plasticity occur and
are transformed to bonding energy. Nanosized fragments
can be plastically deformed, such as nanospheres (Ref 19),
by which interfacial friction is generated. That is, the
nanosized fragment is not the output of the deposition

process, but a prerequisite for strong bonding among frag-
ments in VKS. Furthermore, the impulse to the substrate is
high compared to nanoparticles and the friction between the
substrate and particle is severe considering the dynamic
fragmentation process. Therefore, an anchoring layer is
formed with sufficiently strong adhesion. Consequently, a
strong bonding strength is achieved by the anchoring layer
(adhesion) and dense microstructure (cohesion) (Fig. 12f),
by which the mechanical properties are improved. However,
it is considered that the probability of generated fragment
loss is very high in this indirect deposition, and thus, the
deposition efficiency is deteriorated.

When blended powder is used, nano- and submicron
particles play different roles in deposition, as shown in
Fig. 12(g)-(i). At the beginning of deposition, nanoparti-
cles are directly deposited via breaking the bonding among
primary particles. Although they weakly adhere on the
surface, a large portion of them take part in deposition.
Then, submicron particles impact onto the deposited
nanoparticle stack and the interfacial bonding among
nanoparticles is consolidated by severe friction occurring
from the high impulse of submicron particles (tamping
effect) (Fig. 12h). Furthermore, deposited nanoparticles

@ Springer
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absorb the shock energy generated by the impact of the
sub-particle and suppress fragmentation of submicron
particles (shock absorption effect) (Fig. 12h). That is,
nanoparticles contribute to a high deposition rate and
efficiency, where they are first deposited by themselves
with a relatively low loss of particles. Secondly, they help
to preserve sub-particles from fragmentation, which
decreases the loss of fragments of submicron particles. On
the other hand, submicron particles play roles of anchoring
layer formation and bonding consolidation. Thus, the
deposition behaviors and mechanical properties can be
controlled using the respective characteristics of nano- and
submicron particles.

Based on the results obtained herein, it is believed that
the particles in a powder play different roles depending on
their size. In general, one kind of powder is usually used in
VKS. In addition, a manufactured powder usually has a
certain particle size distribution. Due to technical difficul-
ties to precisely separate particles based on their size, a
powder has an average submicron size in reality, and
therefore, it is important to control the size distribution to
achieve a proper deposition rate (or efficiency) with
properties for application. In addition, a bimodal powder
can also be a good candidate to improve the deposition rate
(or efficiency). Although further optimization is needed to
maximize the film properties, the findings in this research
are very crucial to overcome the problem of a low depo-
sition efficiency and widen its application to various fields,
including thick ceramic films, three-dimensional printing,
and ceramic bulk fabrication.

Conclusion

In this study, the role of particles with different sizes in
vacuum Kinetic spraying was investigated using different
blended powders with various ratios. Due to the small size
of nano-Al,O;3, the particles could be deposited directly
without additional fragmentation, thereby greatly increas-
ing the deposition rate and efficiency of the system. On the
other hand, submicron Al,O5; induced an intense impulse
on the substrate and particles, resulting in anchoring layer
formation and densification of the coating. This enhanced
the cohesion and adhesion of the coating system. Thus, it
was demonstrated that nanoparticles were mainly involved
in deposition phenomena which build up the coating and
submicron particles contribute to anchoring layer forma-
tion and consolidation during the process. Because the
VKS coating is fabricated by complex phenomenon of the
bimodal state powder, it is emphasized that the proper
distribution of the feedstock powder is critical in deter-
mining the film microstructure and properties.
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