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The vacuum kinetic spray (VKS) method is a relatively advanced technology by which thin and dense
ceramic coatings can be fabricated via the high-speed impact of submicron-sized particles at room
temperature. However, the actual bonding mechanism associated with the VKS process has not yet been
elucidated. In this study, AlN powders were pretreated through ball-milling and heat-treatment pro-
cesses in order to investigate the effects of microstructural changes on the deposition behavior. It was
found that ball-milled and heat-treated powder with polycrystals formed by partially aligned dislocations
showed considerably higher deposition rates when compared to only ball-milled powder with tangled
dislocations. Therefore, in the VKS process, the deposition behavior is shown to be affected by not only
the particle size and defect density, but also the microstructure of the feedstock powder.
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1. Introduction

The fabrication of ceramics usually requires a high
temperature process due to the high melting point of the
materials. Such a requirement increases the manufacturing
costs and limits the shape of the products. In addition,
oxidation or damage resulting from a high temperature
treatment degrades the quality of the finished product.
These problems seriously hinder the application of ceramic
materials in various industries, specifically in fields that
require miniaturization of devices such as electro-ceramic
components, optical components, semiconductors, and
microelectromechanical systems (Ref 1, 2). Furthermore,

in conventional techniques such as sputtering (Ref 3),
metalorganic chemical vapor deposition (Ref 4), ion beam
enhanced deposition (Ref 5), or sol-gel processing (Ref 6),
the deposition rate is comparatively slow and some
stresses are caused during processing, which makes the
fabrication of ceramic films inefficient.

The vacuum kinetic spray (VKS) technique, also called
aerosol deposition method or vacuum cold spray, is a rela-
tively advanced and very attractive technology by which
thin or thick ceramic films can be fabricated at high depo-
sition rates and at room temperature. In addition, the
formed structure has a very dense coating layer, and the
process cost is comparatively low (Ref 7-10). Thus, VKS
technology has been researched for the fabrication of var-
ious products, including piezoelectric devices (Ref 11-13),
dye-sensitized solar cells (Ref 14-16), solid oxide fuel cell
(Ref 17-19), and artificial bone (Ref 20, 21). The principle of
the VKS process is based on the impact of particles accel-
erated by a pressure gap between the deposition chamber
and the aerosol chamber. In general, submicron-size cera-
mic powders are used and the resulting coatings have a
nanocrystalline structure. It is mainly hypothesized that, in
the VKS process, bonding occurs by the fracture or plastic
deformation of particles (Ref 7, 9, 22-26). However,
detailed bonding mechanisms have not yet been elucidated.

In this study, powders were pretreated through
ball-milling and heat-treatment procedures so as to
investigate the effects of microstructural features on the
deposition behavior during the VKS process. These
pretreatments caused changes in the defect density, the
formation of dislocations, and the crystallinity for each
powder. As a result, different deposition behaviors and
several crucial microstructural features were observed,
through which fracture aspects induced by the micro-
structures and the consequential bonding mechanisms
were discussed.
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2. Experimental Method

2.1 Material Preparation

Aluminum nitride powder (Shineso Co. Ltd., China)
with a purity of 99.5% was used as a feedstock material. In
order to investigate the effects of microstructure on the
deposition behavior in the VKS procedure, ball-milling
and heat-treatment processes were conducted (Ref 7, 28,
29). For the ball-milling, the powder was first mixed with
zirconia balls of various sizes in a weight ratio of 1:15 and
then ball-milled for 5 h at 250 rpm in an ethanol envi-
ronment (denoted as BM5h). A heat-treatment was also
conducted at 800 �C for 4 h in an Ar atmosphere after the
ball-milling (denoted as HT5h) (Ref 28, 29). These pre-
treated powders were dried for several hours and a silica
glass substrate with a size of 76 9 26 mm2 and 1 mm
thickness was cleaned before the coating experiments. The
detailed experimental conditions are shown in Tables 1
and 2.

2.2 VKS Coating

AlN coatings were deposited via the VKS process, as
schematically shown in previous study (Ref 7); the specific
conditions are listed in Table 3. A convergent-barrel type
slit nozzle with an orifice of 5.0 9 0.5 mm2 was used to
accelerate the particles with helium process gas at a
pressure of 0.6 MPa and a flow rate of 6 L/min. The
standoff distance and gun transverse speed were fixed at
8 mm and 1 mm/s, respectively. The coating process began
when the pressure of the deposition chamber was at
6.0 9 10�2 Torr, and the pressure was maintained around
9.8 9 10�2 Torr during the deposition procedure. To
examine the deposition rates in each coating case, 1, 5, and
10 spraying passes were performed. The powder feed rates
of BM5h and HT5h powders were estimated as about
3.908 and 4.053 mg/s, respectively.

2.3 Characterization of Powder and Coating
Microstructure

The powder morphology, coating surface, and cross-
section of the samples were observed using a field emis-
sion scanning electron microscope (FE-SEM, JSM-6330F,
Japan), while the particle size and coating thickness were

estimated with Image-Pro Plus software. The phase of the
powder was examined using x-ray diffractometry (XRD,
D/MAX-2500, Rigaku, Japan). The specimens used in
imaging the coating cross-section were prepared by
focused ion beam (FIB, FB-2100, Hitachi, Japan) tech-
niques, and the microstructure of the powders and coat-
ings were investigated using a high resolution transmission
electron microscope (HR-TEM, Tecnai G2 F30 S-Twin,
Netherlands) operated at 300 kV. To examine the crys-
tallinity of the microstructure, selected area electron dif-
fraction (SAED) and fast Fourier transformation (FFT)
patterns were acquired and analyzed using appropriate
software (DigitalMicrograph, Gatan).

3. Results and Discussion

3.1 Characteristics of Each Powder

The morphology of each powder is shown in Fig. 1. The
as-received powder (denoted as AR) had a size of around
6.41 lm and a hard agglomerated shape consisting of
micron-sized primary particles (Fig. 1a). However, as
confirmed in Fig. 1(b), the particles were fractured during
the ball-milling and thus, the particle shape became rela-
tively irregular and faceted. Moreover, the powder size
decreased significantly from a mean size of 6.41-0.68 lm
with a decrease in the size range, as confirmed in Fig. 2(a).
After the heat-treatment, the powder morphology was
similar to the case of BM5h, and the size did not change
considerably (0.76 lm), as shown in Fig. 1(c) and 2(a).
Thus, it was expected that the BM5h and HT5h powders
were more appropriate for use as a coating when com-
pared to the as-received powder because the particle size
is a very important factor for successful deposition in a
VKS system (Ref 7, 9).

To investigate the effect of structure on the deposition
behavior, the phase of each powder was examined by
XRD; the results are shown in Fig. 2(b). The findings
revealed that the initial wurtzite structure of the powders
was preserved even after the powder pretreatment.

To distinguish between the microstructural features of
BM5h and HT5h, each powder was examined using
HR-TEM. A TEM micrograph of a BM5h particle with its
SAED pattern is shown in Fig. 3(a). The pattern indicates
the existence of a single crystal, a result that was con-
firmed with HREM images of the particle, as shown in
Fig. 3(b). The areas A and B in Fig. 3(b) show not only
the same lattice orientation, but the FFT pattern, which

Table 1 Ball-milling process parameters

RPM (rotation per minute) 250
Environment Ethanol
ZrO2 ball:powder, wt.% 15:1
Time 5 h

Table 2 Heat-treatment process parameters

Environment Ar
Temperature 800 �C
Temp change rate 10 �C/min
Time 4 h

Table 3 VKS coating parameters

Nozzle type Slit nozzle
Carrier gas He
Gas pressure 0.6 MPa
Consumption of carrier gas 6 L/min
Standoff distance 8 mm
Pressure in deposition chamber 9.8 9 10�2 Torr
Pass number 1, 5, 10
Gun traverse speed 1 mm/s
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indicated that the particle consisted of a single crystal or
had a coarse grain.

In contrast to the BM5h powder, the SAED pattern of
HT5h showed a ring pattern representative of a poly-
crystal, as shown in Fig. 4(a). In addition, three grains
were observed with different lattice orientations, and FFT
patterns in Fig. 4(b), although the figure was a very small
part of Fig. 4(a). Thus, it was considered that the heat-
treatment affected the microstructural features of the
samples. Figure 5 illustrates the changes caused by the

pretreatment, including the formation and evolution of
defects: (a) as-received powder has only a few defects; (b)
during the ball-milling, the powder is fractured and many
defects are generated in a tangle formation due to severe
ball impacts (Ref 25, 27); (c) the defect density then
decreases by recovery and dislocations are partially
aligned, resulting in the formation of subgrains during
heat-treatment; (d) perfect subgrains are formed by sub-
grain boundaries where dislocations are aligned. At this
point, the recovery phenomenon is terminated. Although
the melting temperature, 2200 �C, and recrystallization
temperature (Ref 30) are significantly higher than the
heat-treatment condition, 800 �C, it was thought that the
high internal energy state induced by ball impacts served
to lower the recovery temperature. As a result, imperfect
subgrains were formed, resulting in a ring-shaped SAED
pattern that indicates the presence of a polycrystal.

3.2 Deposition Behavior

The deposition behaviors of different pretreated pow-
ders are shown in Fig. 6; the abscissa and ordinate axes
signify the number of passes and the coating thickness,
respectively. As mentioned above, the as-received powder
was not appropriate for VKS coating because it was too
coarse to transform into an aerosol state (6.41 lm) and not
enough defects were present for fragmentations upon
impact. Thus, it was considered that a sufficient amount of
new surfaces, which was thought to be a thermodynami-
cally unstable state, was not created. As a result, a film was
not formed even though up to ten passes were carried out
in the coating process. However, when the BM5h powder
was used, coatings with thicknesses of ~2-7 lm were suc-
cessfully deposited, as confirmed in Fig. 7(a). Such a result
may be attributed to the fact that the powder had a proper
size range in which a relatively large amount of particles
was able to become an aerosol state, compared to the case
of AR, and thus, take part in the deposition. In addition,
when compared to the as-received powder, the numerous
defects generated in BM5h by ball-milling allowed the
particles to be fragmented, whereby new and unstable
surfaces were easily created. In the case of HT5h, the
deposition thicknesses were dramatically increased to
~12-25 lm, as shown in Fig. 7(b). Considering the notion
that defects make fragmentation occur more easily, this
thickness trend seems to come not from the defect density,
but microstructural differences between BM5h and HT5h.

When BM5h powder was used, the deposition tendency
was in agreement with that general observed for VKS
coatings, i.e., the coating thickness increased with the
spraying pass number. However, in the case of HT5h, the
film thickness increased steadily up to five passes, but then
fell. Such a phenomenon is not clearly understood and
more experiments are needed to investigate this deposi-
tion behavior.

3.3 Microstructural Features of Each Coating

SEM images showing the surface morphology of each
coating made with BM5h powders (denoted as BM5h

Fig. 1 FE-SEM micrographs of AlN powder: (a) as-received,
(b) ball-milled for 5 h, and (c) ball-milled for 5 h and heat-
treated at 800 �C for 4 h
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coating) and HT5h powders (denoted as HT5h coating)
are displayed in Fig. 8(a), (c) and 8(b), (d), respectively.
The dashed-boxed regions in Fig. 8(a) and (b) were
magnified and are shown in Fig. 8(c) and (d), respectively.
The surface of the HT5h coating was relatively rough
when compared to that of the BM5h coating, as illustrated

in Fig. 8(a) and (b). In the high-magnification micrograph,
a tamped-shape surface was observed for the BM5h
coating (Fig. 8c), whereas several nano-sized fragments
were observed at the surface of the HT5h coating
(Fig. 8d). Such fragments caused the surface of the HT5h
coating to be rough, and it is inferred that the HT5h

Fig. 2 (a) Powder size distribution and (b) XRD patterns of as-received and pretreated powders

Fig. 3 (a) TEM micrographs of a powder ball-milled for 5 h (inset is a SAED pattern), and (b) HR-TEM image of a particle with FFT
patterns

Fig. 4 (a) TEM micrographs of a ball-milled and heat-treated powder (inset is a SAED pattern), and (b) HR-TEM image of a particle
(insets are FFT patterns)
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particles were more severely fragmented. On the other
hand, it is thought that the tamped-shape surface observed
in the case of the BM5h coating came from the fact that
the particles were not sufficiently fractured, which induced
a tamping effect on the surface (Ref 10, 23, 24). Thus,
large-size fragments were observed in Fig. 8(c).

TEM cross-sectional micrographs of each coating are
shown in Fig. 9. Each coating showed a polycrystalline
SAED pattern; such patterns are often associated with
VKS coatings. A distinct difference between BM5h in
Fig. 9(a) and HT5h in Fig. 9(b) was the fraction of dark
and bright contrast. Thus, the cross-section of each coating
was examined in high-magnification TEM mode so as to
focus on each contrast region.

The dark contrast region of the BM5h cross-section is
shown in Fig. 10(a). The dashed-boxed region in
Fig. 10(a) was magnified and is displayed in Fig. 10(b). It
was confirmed that the dark contrast region was com-
prised of several nano-sized grains with random orienta-
tions. In contrast, very coarse grains were observed in the
bright contrast region, as shown in Fig. 10(c) and con-
firmed in Fig. 10(d) and (e). That is, the lattice orienta-
tion, and FFT pattern in Fig. 10(d) and (e), denoted by the
right and left dashed-boxed regions in Fig. 10(c), were
almost identical, although the lattice and pattern were
shifted slightly by defects or nano-sized cracks. As a result,
in the case of the BM5h coating, the contrast difference in
the TEM micrographs was generated by the formation of
grains with various orientations.

The cross-section of the HT5h coating is displayed in
Fig. 11(a). As mentioned above, the dark contrast region
of the BM5h coating consisted of nano-sized grains with
random orientations. Similarly, the dark contrast region of
the HT5h coating was also composed of nano-sized grains
with irregular orientations, as shown in Fig. 11(b), which is
a high-magnification image of the dashed-boxed region in
Fig. 11(a). However, in the case of the HT5h coating, a
relatively higher dark contrast fraction was observed, as
illustrated in Fig. 9(b). In other words, a larger fraction of
nano-grains was formed in the HT5h coating and thus, it
is inferred that the HT5h particles fragmented more
severely. In the bright contrast region of the HT5h coat-
ing, the region in which the crystallinity was comparatively
well-preserved was found, as shown in Fig. 11(c) and
confirmed from the FFT pattern displayed in Fig. 11(d).

Fig. 5 Schematic illustration of defect formation in (a) as-received, (b) ball-milled, (c) imperfectly recovered, and (d) completely
recovered particles

Fig. 6 Deposition behaviors of different pretreated powders
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Based on the above findings, it is believed that the
HT5h particles are fragmented more efficiently and
severely, which in turn allows for a more effective depo-
sition. Because the main difference between the BM5h
and HT5h particles was the crystallinity, it is rational to
assume that the distinct deposition difference of the two
different particles come from this crystallinity difference.
When each particle impacts the substrate, cracking takes
place and the cracks dissipate their energy for propagation
because of the resistance resulting from the new surfaces
that are created. In the case of BM5h, the particle was
single crystal and, defects were irregularly formed and
tangled, as illustrated in Fig. 5(b). Thus, this type of defect
formation is not effective for crack propagation, and the
cracks must consume a great deal of their energy across

the grains, leading to transgranular cracking. In addition,
the crack propagation behavior, like hardening, can be
disturbed by defect formation. As a result, in the BM5h
coating, large fragments on the coating surface and a
tamped-shape surface were observed due to incomplete
fracture, as shown in Fig. 8(c). Thus, coarse grains were
also observed in the coating layer, as illustrated in
Fig. 10(c).

In contrast to BM5h, dislocations were reduced and
partially aligned in HT5h, as depicted in Fig. 6(c). From
previous research (Ref 31), it is known that crack behavior
is affected by the grain size, especially as the size reaches
under several microns. Schematic images of the crack
propagation mode induced by the grain size are shown in
Fig. 12. The fracture mode for ceramics with relatively

Fig. 8 Surface morphology of coatings using (a) only ball-milled powders, and (b) ball-milled and heat-treated powders, and (c), (d)
higher magnification image of the dashed-boxed region in (a) and (b)

Fig. 7 Cross-sectional SEM micrographs of coatings formed using (a) only ball-milled powders and (b) ball-milled and heat-treated
powders
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larger grains is generally transgranular fracture (Fig. 12a),
but the mode can be changed to intergranular fracture as
the grain size decreases (Fig. 12b). Therefore, it is inferred
that, although the subgrains of the HT5h particles are not
perfect, dislocation alignment played a significant role in

the direction of the crack propagation (Ref 32, 33). Con-
sequently, the particles were able to be shattered more
easily than the case of BM5h, which was observed as the
shape of a higher fraction of the nano-sized grain and
the dark contrast region in the HT5h coating layer in

Fig. 10 HR-TEM cross-sectional micrographs of a coating made with powder ball-milled for 5 h: (a) dark contrast region, (b) higher
magnification image of the dashed boxed region in (a), (c) bright contrast region, and (d), (e) higher magnification images of the left and
right dashed-boxed regions in (c)

Fig. 9 TEM micrographs of coating cross-sections for (a) ball-milled powders and (b) ball-milled and heat-treated powders
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Fig. 12 Schematic illustration of the crack propagation path in the case of (a) relatively large grains and (b) fine grains

Fig. 11 (a) HR-TEM cross-sectional images of ball-milled and heat-treated powder coatings: (a) dark contrast region, (b) higher
magnification image of the dashed boxed region in (a), (c) single grain region, and (d) the FFT pattern of the single grain
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Fig. 9(b). Furthermore, finer fragments were observed on
the surface in Fig. 8(d), and single grains (relatively larger
than nano-grains) which were previously subgrains existed
in the coating, as illustrated in Fig. 11(c) and (d).

4. Conclusion

In this study, three types of powders, as-received, ball-
milled for 5 h (BM5h), and ball-milled for 5 h and heat-
treated at 800 �C for 4 h (HT5h), were used to form a
coating on a glass substrate in order to investigate the
effect of microstructural features on the deposition
behavior. The powder particle size decreased and many
defects were generated during ball-milling. However,
some defects in the powder were recovered, and disloca-
tions were partially aligned, resulting in a polycrystalline
structure. The important features of each powder and
coating may be summarized as follows:

In the case of BM5h powder, it consisted of single
crystals or comparatively large grains. However, after
heat-treatment, the density of defects was reduced and
dislocations were partially aligned. As a result, polycrys-
tals were formed in HT5h powder by the recovery process.
This distinct microstructure difference resulted in the
coating deposition rate in VKS system. That is, the HT5h
coating was not only obviously thicker but also had a
higher fraction of the dark contrast region consisting of
smaller nano-size grains than the case of BM5h coating. In
addition, it is observed that finer fragments observed on
the HT5h coating surface and significant larger grains
observed in the BM5h coating layer. Based on these
observations, it is inferred that in the case of HT5h, the
particles were more efficiently fragmented by the aligned
dislocations, which finally resulted in higher deposition
rate. Thus, it is concluded that the deposition behavior is
affected not only by the particle size and defect density,
but also by the microstructure of the feedstock powder in
the VKS process.
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