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Abstract: Powder charges of micron-size Ni and Al,O; were utilized to deposit nano-structured Ni—Al,O; composite coatings on an
aluminum plate fixed at the top end of a milling vial using a planetary ball mill. Composite coatings were fabricated using powder
mixtures with a wide range of Ni/Al,O; mass ratio varying from 1:1 to plain Ni. XRD, SEM and TEM techniques were employed to
study the structural characteristics of the coatings. It was found that the composition of the starting mixture strongly affects the Al,O3
content and the microstructure of the final coating. Mixtures containing higher contents of Al,O; yield higher volume fractions of the
Al,O5 particles in the coating. Though Ni—Al,O; composite coatings with about 50% of Al,O; particles were successfully deposited,
well-compacted and free of cracks and/or voids coatings included less than 20% (volume fraction) of Al,O; particles which were
deposited from powder mixtures with Ni/Al,O; mass ratios of 4:1 or higher. Moreover, mechanical and metallurgical bondings are
the main mechanisms of the adhesion of the coating to the Al substrate. Finally, functionally graded composite coatings with

noticeable compaction and integrity were produced by deposition of two separate layers under identical coating conditions.
Key words: metal matrix composite; Ni—Al,O; graded coating; structural characterization

1 Introduction

Metal matrix composite (MMC) coatings reinforced
with ceramic particles have received significant attention
due to their relatively low cost and easy production by
electro co-deposition technique. A large variety of
particles, mainly oxides and carbides, with a wide range
of particle size have been successfully co-deposited in
diverse metal matrixes. MMC coatings with uniform
dispersion of ceramic particles, significantly enhance the
hardness and wear resistance compared to the metal
itself [1,2].

Functionally graded materials (FGM) are newly-
developed types of engineering materials whose
characteristics such as composition and/or structure
gradually alter, leading to changes in their properties.
The change in the characteristics could take place
gradually or occur in a discontinuous stepwise way.

FGMs can reduce the delamination and spalling of the
coatings [3—5].

Graded or non-graded Ni—Al,O; composite coatings
have been the topic of many researches. In these
composites, nickel is a corrosion-resistant metal and
Al O; particles with high hardness increase the wear
resistance of the composite. Hence, Ni—Al,O; composite
coatings are often used in applications requiring wear
and corrosion resistance [6,7]. Ni—Al,O; coatings are
mainly produced by -electrodeposition [1,8] or cold
spraying methods [9,10]. However, the former is more
frequently used to deposit graded coatings [11].

Compared to other methods for the fabrication
of MMC coatings such as physical/chemical vapor
deposition (PVD/CVD), the electrodeposition method
features more homogenous distribution of reinforcements,
reduced waste materials and the capability of continuous
processing [12]. Nevertheless, the electrochemical route
suffers from limitations such as agglomeration, group
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deposition and the sedimentation of particles (especially
at nano size) which make it difficult to produce
composite coatings with a uniform dispersion of
particles [11,13].

Mechanical coating (MC) technique which is a
combination of mechanical alloying (MA) and surface
mechanical attrition treatment (SMAT) processes has
been widely used to produce different types of coatings.
Strong bonding between the coating and substrate at
room temperature and atmospheric pressure are the most
outstanding merits of the MC method [14,15]. However,
limitations such as size and shape of the substrate might
limit its industrial applicability.

Planetary ball mills have been vastly employed for
the deposition of various metallic [16,17], inter-
metallic [18,19], ceramic [20] and composite [21]
coatings. Milling balls [22,23], the container sidewall
[24,25], small loaded samples in the vial [18,19] and
fixed plates at the top lid of the vial [20,26] have been
investigated as different target substrates.

According to the literatures, there is no systematic
study on the mechanical deposition of Ni—AlLO;
nanocomposite coatings, either graded or non-graded
ones, using any type of apparatuses commonly used in
MC technique such as a planetary ball mill. Hence, in
this research we aim to study the effects of Ni/Al,O;
mass ratio in the initial charge on the microstructural
properties of the produced coatings applied on an
aluminum substrate fixed at the top end of the milling
vial in a planetary ball mill. It is well known that
mechanically deposited coatings feature a gradient of
structural and mechanical properties through the
thickness of the coating. Nevertheless, these gradient
features could be intensified by applying two separate
layers with different chemical compositions to improve
their mechanical and structural characteristics compared
to non-graded coatings. Therefore, in this study, the
feasibility of the fabrication of the graded composite
coatings will also be studied.

2 Experimental

A schematic illustration of the coating set up is
shown in Fig. 1. Commercially prepared pure Al plate
with a thickness of 3 mm, a microhardness of HV s 75
and an average roughness (R,) of 0.5 um was fixed at the
top end of the milling vial. Before the coating process,
the surface of each substrate was cleaned ultrasonically.
As-received Ni (Inco, Canada, >99.5%, ~10 pum) and
a-Al,O; powder (USA, >99.5%, ~0.3um) were used as
the coating materials. Powder mixtures with different
Ni/Al,O; mass ratios of 1:1, 2:1, 4:1, 8:1 and 16:1 were
prepared. In addition, Ni powder was also tested
to produce a plain Ni coating. Details of sample

compositions are listed in Table 1.

The deposition process was carried out in a
planetary ball mill (P5/4, Fritsch) using a steel jar of
100 mL, operated at a fixed sun-disc rotation speed of
350 r/min for 4 h. In all coating treatments, half of the
vial was filled with an equal number of 6- and 8-mm
diameter bearing steel balls. The ball-to-powder mass
ratio (BPR) used for all coating experiments was 30.

Top lid

Substrate

Steel vial

Fig. 1 Schematic presentation of coating setup used in this

research

Table 1 Compositions of starting Ni—Al,O; powder mixtures
used in this study

Sample code Ni/Al,O; mass ratio w(Ni)/%  w(Al,03)/%
NAl 1:1 50 50
NA2 2:1 66.7 333
NA4 4:1 80 20
NAS 8:1 88.9 11.1
NA16 16:1 94.1 59

Ni 0 100 0

The phase composition of the coatings was studied
by X-ray diffraction (XRD) technique using a
PANalytical, X’Pert Pro MPD machine with Cu(K,;:K,»)
radiation (4=1.5418 A). XRD patterns were labeled
according to JCPDS file numbers 04-0787, 04-0850 and
046-1212 for Al, Ni and a-Al,O; phases, respectively. A
qualitative phase analysis of the measured powder
diffraction patterns was obtained using the PDF-2
database (ICCD, 2006) in combination with the program
MATCH! [27]. For Rietveld refinement, the TOPAS 4-2
program [28] was used. The whole pattern Rietveld
refinement was applied to the X-ray diffraction patterns
of the obtained coated samples to overcome the problems
made from the presence of the several overlapping peaks.
Furthermore, to overcome difficulties and limitations of
other methods of microstructural analysis and to consider
all the benefits of the whole profile fitting methodology,
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Rietveld’s powder structure refinement procedure based
on pseudo-Voigt (pV) profile fitting function was
adopted in the present study. The cross-sectional
microstructure of the coatings was studied using a VEGA
II TESCAN scanning electron microscope (SEM)
equipped with energy dispersive X-ray spectroscopy
(EDS) system. The volume fraction of the Al,O; particles
in the coatings was calculated from the mass fraction
obtained by EDS. Transmission electron microscopy
(TEM) observation was also carried out using a LEO
912AB with an operating voltage of 120 kV.

3 Results and discussion

3.1 Visual and SEM observations

After the coating process, photographs of the coated
Al substrates were prepared. Typical pictures of some of
the coatings are shown in Fig. 2.

It is clearly seen that all coatings have a relatively
even appearance. Although, circular rings resulting from
the material accumulation, are observed on the surface of

some of the coatings (Figs. 2(c) and (d)). These rings are
presumably created by the shearing force exerted by the
ball collisions on the already-deposited coating layer and
consequently the plastic flow of coating material [26].
This phenomenon is common for the coatings produced
from the Ni-rich powder mixtures.

Cross-sectional microstructure of the coatings was
studied by SEM and the images are shown in Fig. 3. As
can be seen from Figs. 3(a) and (b), the composite
coatings produced from powder mixtures with Ni/Al,O4
mass ratios of 1:1 and 2:1 have an average thickness of
(24+4) um and (40+7) pm, respectively, which are
significantly lower compared to the other coatings with
average thicknesses of (85+£10) um. More importantly,
some cracks were observed in the coatings deposited
from the alumina-rich mixtures (Figs. 3(a) and (b)).
These cracks which exist either at the top or bottom layer
of the coating could substantially affect the properties of
the coating. It seems that there is an optimum value for
the Ni/Al,O3 mass ratio of the initial charge above which
coatings with acceptable microstructural and mechanical

Fig. 2 Photographs of coatings produced from powder mixture containing different Ni/Al,0; mass ratios of 1:1 (a), 4:1 (b), 16:1 (c)

and plain Ni (d) (Diameter of Al substrate is about 50 mm)
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Coating

Substrate

Fig. 3 Cross-sectional SEM images of composite coatings produced from mixtures with different Ni/Al,O; mass ratios: (a) 1:1;

(b) 2:1; (c) 4:1; (d) 8:1; (e) 16:1; (f) Plain Ni

properties are yielded. According to the results obtained
in the present research, Ni—Al,O; composite coatings
should be prepared from the mixtures with Ni/Al,O3
mass ratios of 4:1 or greater. No solid conclusion could
be made on whether this optimum mass ratio is similar
for all metal matrix composites produced by the MC
technique. The probable difference between the optimum
values might be attributed to different conditions of the
coating process and the nature of the reinforcement
particles. In the line with this argument, diverse
behaviors of various ceramic particles in a similar matrix
material have been reported by other researchers [29].

It is worthwhile mentioning that the ball collisions
have induced plastic deformation in the aluminum
substrate. As can be seen in Figs. 3(a)—(f), the roughness
of the substrate at the coating/substrate interface has
significantly increased, leading to the enhancement of
mechanical interlocking between the coating and
substrate. As proposed by other researchers [15,30],
mechanical bonding is almost the main bonding
mechanism for mechanically coated soft substrates such
as aluminum. Nevertheless, there is an evidence of
metallurgical bonding which will be discussed later.

Adequate compaction of the coating and strong
bonding between the coating/substrate and ceramic
particles/metal matrix are crucial factors affecting
the performance of the composite coatings. High-
magnification SEM images obtained from the coatings

produced from mixtures containing different Ni/Al,O;
mass ratios are shown in Fig. 4. It can be clearly seen
that in the case of coatings produced from a charge with
a Ni/Al,O; mass ratio of 2:1 (Fig. 4(a)), the coating layer
could be roughly divided to two separate regions:

1) The beneath layer adhered to the substrate with
obvious intermixing of metallic Ni and ceramic alumina
particles. Strong bonding between the coating and
substrate and more importantly the matrix and
reinforcement can be concluded.

2) The top layer consisting of Ni and Al,O; particles
with a significantly lower density of Ni particles
compared to the beneath one. It is clearly seen that there
is a relatively high degree of voids in this layer implying
lower adhesive and cohesive strength (lower integrity).

On the other hand, it is well known that ball
collisions with already-deposited layer during the coating
process, lead to a higher compaction of the outermost
layers compared to the innermost ones. This
contradiction could be interestingly interpreted by the
amount of soft metallic component. As mentioned
previously, there is a critical value for the Ni/Al,03; mass
ratio in the initial charge above which coatings with
desirable microstructural and mechanical properties
could be fabricated. This might be further verified by the
cross-sectional image (Figs. 4(b) and (c)). By increasing
the Ni content in the starting powder mixture, the
integrity of the coating increases remarkably. Figure 4(d)
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Fig. 4 High magnification cross-sectional SEM images of composite coatings produced from mixtures with different Ni/Al,O; mass

ratios: (a) 2:1; (b, d) 4:1; (c) 8:1

shows the interface between the coating/substrate and
Al,O; particles/Ni matrix. It can be seen that Ni particles
are compactly cold-welded, forming a continuous matrix
with well surrounded Al,O; particles. More importantly,
there is no crack/void at the interface of the Al,O;
particles/Ni matrix as well as the coating/substrate,
indicating an acceptable adhesive and cohesive strength.

The distribution of Al,O; particles in the Ni matrix
was examined by elemental distribution map (Fig. 5).
Al O; particles are uniformly distributed in the Ni matrix
anticipating promising functional characteristics. It
should be noticed that the homogeneous distribution of
reinforcement particles in the matrix is one of the most
crucial factors regarding the fabrication of composite
coatings. This is a quite challenging issue especially
when nano- or submicron-sized ceramic particles are to
be incorporated into a metallic matrix by commercialized
fabrication methods such as electrodeposition one.
Nevertheless, several mechanical and chemical routes
have been suggested to prevent the agglomeration or the
group deposition of small particles in either bath or
coating [31].

In order to determine the amount of incorporated
ALO; particles in the composite coatings, the cross

section of the coatings was examined using EDS
technique. The volume fraction of the incorporated Al,0;
particles has been calculated and shown in Fig. 6.

It seems that there is a progressive linear relation
between the mass fraction of Al,O; in the powder
mixture and the volume fraction of Al,O; in the coating.
It is worth noticing that composite coatings with high
amount of Al,O3 particles (more than 30%, volume
fraction) could be produced using mechanical coating
technique, although their performance due to the lack of
the structural integrity is in doubt.

The masses of the aluminum substrate and steel
balls, before and after each coating trail were measured
using an electronic balance. As expected, the masses of
the substrate and balls increased after each test, but
different patterns were observed when comparing all
samples. The results are presented in Fig. 7.

It is evident that the rate of the mass gain for either
substrate or ball increases as the Ni content of the
powder mixture increases. Besides, there is a big jump in
the mass gain from Ni/Al,O; mass ratio of 2:1 to 4:1
which is in good agreement with the increasing coating
thickness shown previously (Fig. 3). Both plate-like soft
Ni and angular hard Al,O; particles can strongly adhere
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Fig. 5 Cross-sectional SEM image (a) of Ni—Al,O; composite coating produced from mixture with Ni/Al,O; mass ratio of 4:1

accompanied by elemental maps of Ni (b) and Al (c)
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to the available surfaces in the grinding media including
the milling vial, balls and substrate. Deformed metallic
particles with high surface area can adhere strongly to
bare or already-coated surfaces. Al,O; particles, in the

form of either sole particles or Ni—Al,O; composite ones,
might also adhere to the grinding media, especially those
with lower hardness such as an aluminum substrate. On
the other hand, mechano-reactor based vibration
chambers and planetary ball mills cannot provide
sufficient energy for the dense compaction of ceramic
particles [20]. Consequently, in AL,Os-rich coatings there
is a high density of cracks and pores in the coating layer
or at the coating/substrate interface which facilitates the
fracture of the just-deposited layer. That is why the mass
gain of the substrate and milling balls in trails using
AlLyOs-rich powder mixtures (Ni/Al,O; mass ratios of 1:1
and 2:1) is smaller compared to that of other trails. By
increasing the Ni content in the powder mixture
(Ni/Al,0; mass ratio of 4:1 and higher), the amount of
the Ni in the coating also increases. Consequently, the
integrity (cohesion) of the deposited coating layers on
grinding media is enhanced in such a way that they can
withstand the energy transferred by the collision of
flying balls. Most probably, the kinetic energy of
collisions is consumed for the further compaction of
already-deposited layers instead of initiation and
propagation of cracks and subsequent fracture.

3.2 Phase and structural analysis

The peaks in the XRD patterns of the obtained
coatings were revealed and indexed. According to the
Rietveld refinement, the broadening of peaks for Ni and
Al is related to the reduction in the crystallite size.
Furthermore, preferred orientation was observed in
produced coatings. Figure 8 shows the X-ray diffraction
patterns, the best fit profile obtained by the Rietveld
refinement and the difference pattern of the coatings
prepared from powder mixtures with Ni/Al,O; mass
ratios of 1:1, 2:1, 4:1, 8:1, 16:1 and plain Ni.

Table 2 shows the results of Rietveld refinements
of the XRD patterns corresponding to the produced
coatings.
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Fig. 8 XRD patterns of coatings produced from different mass ratios of Ni/Al,Os: (a) 1:1; (b) 2:1; (c) 4:1; (d) 8:1; (e) 16:1; (f) Plain

Ni

Due to the small amount of a-Al,O; present in the
coatings produced from mixtures with Ni/Al,O; mass
ratios of 8:1 and 16:1, only Ni and Al are characterized
while for other coatings, all three compounds (Ni, Al and
AL O3) are observed. It is worth mentioning that the
results of Rietveld refinements for the Al,O; phase are
not shown in Table 2.

According to the Rietveld refinements, by
increasing the amount of the Ni powder in the starting
mixture, the crystallite size of Ni increases from 87 to

147 nm and the strain decreases from 0.9 to 0.47. Since
coating parameters were kept constant for all coating
trials, it is expectable that by increasing the amount of
the Ni in the starting powder mixture and consequently
in produced coatings, a similar amount of kinetic energy
is transferred to a greater amount of Ni. Consequently,
less plastic deformation would occur, leading to the
larger crystallite size and smaller microstrain of the Ni
matrix. Similar variation trend is also observed in the
crystallite size and microstrain of the Al substrate. Much
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Table 2 Results of Rietveld refinements of XRD patterns corresponding to samples prepared from mixtures with Ni/Al,0; mass

ratios of 1:1, 2:1, 4:1, 8:1, 16:1 and plain Ni (D is crystallite size, w is mass fraction, ¢ is microstrain, a is lattice parameter, R, is

weighted profile R-factor and GOF is goodness of fit)

D/nm W% &% alA

Szgige Ni Al Ni Al Ni Al Ni Al R GOF
NAI 87.2 122.0 38.4 42.23 0.895 0.00065 3.53 4.051 0.03231  1.768

NA2 91.0 131.2 53.96 27.52 0.729 0.00064 353 4.050  0.03313  1.942

NA4 1029 1482 78.48 15.48 0.687 0.00043 354 4053 0.04041  2.432

NA8 1347 1583 88 12 0.609 0.00159 3.55 4.051 0.04038  2.428

NAl6 1386  168.7 92.64 7.36 0.596 0.00132 357 4052 0.03237 1.928
Ni 146.6  217.6 88.71 11.29 0.467 0.00133 356 4053 0.03890 2377

smaller strain values of Al substrate compared to Ni are
because the milling energy is mostly applied to the Ni
and Al,O; powders by direct collision and it has less
influence on the Al substrate plate. Moreover, Ni and
AlLO; are in powder state and powders compared to
plates can receive and undergo much more strain due to
their lower bonding energy, therefore, Al which is in the
form of a plate has a higher resistance to deformation.
However, based on the results of Rietveld refinement,
one may conclude that in all of the coated samples, there
is a preferred orientation in Ni and/or the Al substrate
(Fig. 9).

According to Fig. 9, the preferred orientation for Ni
(Figs. 9(a) and (b)) and Al (Figs. 9(c)—(e)) are shown. As
seen in Fig. 9(a), the observed pattern is lower than the
calculated best fit profile, indicating that less crystals are
in the direction of (002) while in Fig. 9(b), the observed
pattern is higher than the calculated best fit profile,
indicating preferred orientation in the direction of (111).
Therefore, it can be understood that the milling
procedure resulted in the preferred orientation from (002)
to (111) for Ni. Furthermore, for the Al substrate a
similar behavior is seen. As shown in Fig. 9(c), the
observed pattern for the (111) is lower than the
calculated best fit profile by Rietveld refinement, while
for the (311), the calculated best fit profile is lower than
the observed pattern (Fig. 9(d)). This shows that the
milling procedure results in the preferred orientation of
Al from (111) to (311). To obtain high quality and
accurate results, the Rietveld refinements were done
considering preferred orientation. For example, the (111)
peak for Al is shown in Fig. 9(e).

According to Table 2, the lattice parameter of Ni
matrix varies between 3.53 A and 3.57 A. The change in
the lattice parameter of the Ni coating would be an
evidence of supporting the formation of Ni(Al) solid
solution caused by ball collision and establishment of the
metallurgical bonding between Ni matrix and Al
substrate. The atomic radii of Ni and Al are 124 and
143 pm, respectively. Lattice parameter of Ni is also
3.524 A. It is quite expectable that the diffusion of large

Al atoms into the Ni lattice leads to the expansion of Ni
cell and consequently the increment of Ni lattice
parameter. Moreover, it is seen in Table 2 that the higher
the amount of the Ni in the coating is, the greater the
lattice parameter of Ni is. Presumably, this is due to the
diffusion of higher amount of Al into the Ni matrix and
expansion of Ni unit cell which leads to the larger Ni
lattice parameters. Although the reduction of lattice
parameter under exerted compressive force by ball
collisions is expected, increase or no change in the lattice
parameters has been reported for coatings in which
diffusion and solid solution formation occur [20,32].

3.3 TEM observations

Figure 10 shows the TEM images from the
Ni—Al,O; composite coatings produced from a mixture
with a Ni/Al,O; mass ratio of 4:1. Black arrows in
Fig. 10(a), show some of the nanometric Al,O; particles.
Two AlL,O; particles embedded in Ni matrix are presented
in Fig. 10(b). As can be seen, even at a high-
magnification of TEM image, there is no sign of crack or
pore at the interface of the Al,O; particles and Ni matrix,
indicating the strong bonding between the constituents of
the coatings. Figure 10(c) presents the cold-welding
phenomenon between two large Ni particles. Because of
the severe deformation of Ni particles accompanied by
the large amount of the energy transferred by the
colliding balls, occurrence of the cold welding is quite
expectable.

3.4 Synthesis of functionally graded Ni—ALO;

composite coatings

In order to produce the graded coating, in the first
step, a Ni—Al,O; composite layer was deposited on an Al
substrate from a powder mixture with a Ni/Al,O; mass
ratio of 16:1, leading to the inclusion of 12.9% (volume
fraction) of AL,O; particles in the coating. In the second
step, the top layer with 21.6% (volume fraction) of Al,O3
particles was deposited from a mixture with a Ni/Al,O;
mass ratio of 4:1. The processing parameters such as
BPR, rotation speed and time for each coating stage were
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Fig. 9 Observed patterns and calculated best fit profiles for Ni (a, b) and Al (c—e) peaks in XRD pattern of coated sample using

powder mixture with Ni/Al,O; mass ratio of 2:1

Fig. 10 TEM images of coating produced from powder mixture with Ni/Al,0; mass ratio of 4:1: (a) Some of nanometric Al,O;

particles; (b) Crack- and pore-free interface between Al,O; particles and Ni matrix; (c) Cold-welding phenomenon between two large

Ni particles (pointed by arrows)

set as 30, 350 r/min and 4 h, respectively. Figure 11
shows the cross-sectional SEM images of the coating at
low and high magnifications.

Figure 11(a) clearly shows that the first layer
(Ni/Al,O; mass ratio 16:1), with a high compaction
degree, has strongly adhered to the soft Al substrate
mainly by mechanical bonding. Moreover, though the
coating time for the deposition of both layers is identical,
the first layer (thickness (51£8) pum) is significantly

thicker than the second one (thickness (14+2) pum). The
SEM image with a higher magnification taken from the
interface of the two layers (Fig. 11(b)) presents that these
layers are well adhered to each other presumably due to
the same matrix material of both layers. Furthermore,
there are some embedded Al,Oj; particles at the interface
of the first and second layers which could deteriorate the
homogeneity of the interface region and consequently the
cohesion strength of the coating.
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Figure 12 shows the elemental line analysis of the
graded coatings. The concentration of Ni gradually
decreases from the first to the second layer while those
of Al and O vary with an opposite trend.

N0 um™

e -

Fig. 11 Cross-sectional SEM images of graded coating at
low (a) and high (b) magnifications

Ni
Al
M/W ,
20 40 60 80 100

Reading point number

Layer 11§

Fig. 12 Line analysis of produced graded coating through
coating thickness

4 Conclusions
1) Nano-structured Ni—Al,O; composite coatings

with different amounts of homogeneously incorporated
AL O; particles were mechanically deposited on the Al

substrate fixed at the top end of the vial in a planetary
ball mill. It was found that to produce a well compacted
Ni—AlL,O; composite coating, there is a critical value of
4:1 for the Ni/Al,0; mass ratio in the initial charge above
which AL,O; particles are tightly surrounded by the Ni
matrix. Though inclusion about 50% (volume fraction)
of the Al,O; particles was achieved in this research, it
was found that coatings containing more than 20%
(volume fraction) Al,O; suffer from poor compaction
and integrity due to the presence of cracks and pores
either through the coating thickness or at interface of the
coating/substrate. Moreover, it was found that by
increasing the amount of the Ni in the starting powder
mixture and consequently in the deposited coating, the
crystallite size of the Ni also increased.

2) We also successfully fabricated a graded
composite coating consisting of a low-Al,O; layer
beneath and an Al,Os-rich one at the top. Structural
analysis revealed that mechanical coating technique
(MCT) is capable of fabricating a compact graded
coating. Although the MCT suffers from the limitations
such as the size and the shape of the substrate to be
coated, the results of the current research can shed light
on the potential applications of this method for the
fabrication of graded coatings.
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