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Abstract

Yitria-stabilized zirconia (YSZ)/AL,O; composite coatings with a compositional gradient along the film cross-
section were deposited on a nickel-based superalloy by electrophoretic technique and subsequent multi-step
sintering route. Aluminium powder was used to reinforce the YSZ matrix by the in situ formation of alumina
during the sintering procedure. The electrostatic interaction between particles in suspensions was evaluated
through zeta potential and particle size analyses. Then, electrophoretic deposition (EPD) on Inconel 718 elec-
trodes was carried out by employing three well-dispersed suspensions, including nanostructured YSZ with 0,
30 and 50 wt.% Al particles. XRD characterization indicated that tetragonal zirconia, monoclinic zirconia and
alumina mainly existed in the coating after sintering at 1150 °C. Surface morphology and cross-sectional views
of each layer were characterized by field emission scanning electron microscopy (FE-SEM). The elemental map
analyses of the energy dispersive X-ray spectroscopy (EDS) technique confirmed that the YSZ content increases
gradually across the sample cross-section. The mean thickness of the coating was about 200 um. Particle size
analysis by FE-SEM indicated that the majority of quasi-spherical YSZ particles on the surface had the size in
nano-range dfter sintering at 1150 °C.
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I. Introduction FGMs can reduce the magnitude of the thermal stresses,
suppress the plastic flow and cracking and improve in-
terfacial bonding, provided that the graded microstruc-
ture is thermo-mechanically stable during loading [6].

One of the techniques to prepare planar FGMs is elec-
trophoretic deposition (EPD). It allows forming a con-
tinuous compositional gradient by controlling the pow-
der composition in the suspension from which particles
are deposited on one of the electrodes. This technique
has the advantages of simplicity, fast deposition rate,
cost-effectiveness, good uniformity and no requirement
of the particular shape of the substrate, which leads to
a close-packed powder compact that needs sintering to
achieve a fully dense deposit [7]. Therefore, EPD is
a convenient technique for the controlled assembly of
nanoparticles, thus, being a versatile processing tool to
obtain self-standing nanoscale films and nanostructured
coatings [8,9].

Two well-recognized strategies for toughening ce-
ramics are to deflect or to shield growing cracks by us-
ing secondary phases such as particles [1,2] and to in-
troduce high residual compressive stresses by forming
a laminate ceramic composite [3,4]. A possible solution
for applying these strengthening mechanisms is to pro-
duce functionally graded materials (FGMs). Based on
size and scale, the FGMs could be classified in the form
of coatings that are applied to the surface of the mate-
rial to improve their surface properties, or they could
be in the form of bulk material, in which its properties
are changing across the whole volume of the material
[5]. The controlled modifications of the composition in
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Thermal barrier coatings (TBCs) act as the ther-
mal insulator to reduce the heat transfer to substrates;
thereby, they can play an essential role in protecting
metallic parts used at high operating temperatures such
as gas turbines, while increasing the turbine inlet tem-
perature (TIT) [10]. Improvement in power output and
thermal efficiency of the gas turbine significantly de-
pends on the increase of TIT [11,12].

Different types of coatings, such as Y,O,-stabilized
7Zr0O, (YSZ) [12-14], alumina-based (Al,O,) [15-17]
and rare-earth pyrochlores with A3*B3*O, structure
such as lanthanum zirconate (La,Zr,0,) [10,18] are cur-
rently considered as TBCs. However, YSZ coatings, due
to having excellent toughness, high mechanical and ero-
sion resistance, high melting point, low thermal conduc-
tivity, and relatively high thermal expansion coefficient,
have attracted the increasing attention of scientific com-
munities in the last few decades for applying thermal
barrier coatings [12,13,19]. Al,O5-based ceramics offer
high hardness, lower strength and a high elastic modu-
lus [20]. The combination of high hardness and Young’s
modulus of the Al,O; with the additional toughening ef-
fect provided by the ZrO,, has been reported to lead to
an increase in the flexural strength and fracture tough-
ness of coatings [21]. During the last decade, YSZ-
Al,O; composite coatings have been considered to im-
prove the lifetime of TBC [22]. Keyvani et al. [23] re-
ported that YSZ-Al,O, composite coating presented a
better hot corrosion resistance than conventional YSZ
coating.

A zirconia/alumina FGM has been of great inter-
est, mainly to enhance the tensile strength and fracture
toughness of the produced composite [24]. Sarkar et al.
[25] prepared functionally gradient composites of YSZ
and Al,O, by EPD using suspensions based on commer-
cially available micro-powders. A single-layer compos-
ite deposit with 3-6 mm in thickness was obtained by
starting from the YSZ suspension, and a stream of the
Al, O, suspension was slowly and continuously injected
into the bottom of the EPD bath. Kirbiyik et al. [26] pro-
duced Al,O,/CYSZ functionally graded thermal barrier
coatings by atmospheric plasma spraying (APS) pro-
cess on three substrates of aluminium, Inconel 625 and
stainless steel. Both aluminium oxide and ceria-yttria
stabilized zirconia powders used as ceramic top coat-
ing were in the scale of micro-particles. Liu et al. [27]
investigated the preparation of a functionally graded
YSZ/Al,0;, coating onto the surface of a YSZ substrate
by a dip coating method. YSZ, layered YSZ-alumina
and functionally graded YSZ-alumina TBC coatings
were deposited by Saremi and Valefi [28] via atmo-
spheric plasma spraying using agglomerated nanopow-
der. It was found that functionally graded YSZ-Al,O,
coatings had the improved performance in terms of ten-
sile strength, thermal shock resistance and oxidation re-
sistance compared with layered YSZ-Al,O; coatings.
Pantoja-Pertegal et al. [19] prepared EPD suspensions
for the coating of stainless steel substrates by dispers-
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ing 3 mol% yttria stabilized zirconia (3YSZ) powders in
two different solvents, namely isopropanol and acetone.
The average particle size of the powders synthesized by
sol-gel was in the range of 10-12um [19]. However,
despite previous research, limited experimental studies
have been conducted on nanostructured TBC (NTBC)
while offering conflicting data [14].

Inconel 718 is a high-strength metal and one of
the nickel-based superalloys extensively utilized in the
aerospace industry for the hot sections of gas turbine en-
gines [29]. Therefore, its coating is of great importance
for such applications.

One major challenge of the EPD process is to achieve
quality by preventing the formation of cracks due to
changes in temperature during the drying and sintering
of ceramic coatings. Due to the melting and oxidation of
aluminium and subsequent in situ formation of alumina
during the sintering of composite, the process of deposit
compaction and bonding can be promoted at relatively
low temperatures, which in turn can affect service re-
liability and mechanical integrity [30] and lead to the
formation of crack-free composite coatings [31].

The commonly used sintering temperatures of more
than 1200 °C may damage the metal parts and also lead
to high production costs [32]. In order to overcome these
disadvantages of high sintering temperatures, reaction
bonding by Al is suggested [31]. The addition of Al to
the green form composites can promote the sintering
of the ceramic coatings at relatively low temperatures.
The volume shrinkage due to the sintering can be com-
pensated by the volume expansion due to the oxidation
of aluminium in the green form coatings eliminating
cracking of the coating and a dense ZrO,/Al,O, coating
can be obtained [31,32]. These FGM composites may
have applications in the extreme thermal shielding for
Inconel 718, and the strong joining of YSZ ceramics to
metallic substrate through the help of a metal such as
the AL

The main aim of the current work is thus to charac-
terize the properties of nanostructured YSZ/Al,O; com-
posite TBC with gradient structure made onto Inconel
718 by electrophoretic technique and to overcome the
limitations of EPD for creating high thicknesses as well
as sintering of YSZ at a low temperature through reac-
tion bonding by Al.

I1. Experimental

2.1. Fabrication of graded composite coating

The starting materials applied in this study were: zir-
conia stabilized with 3 mol% yttria (3%YSZ, >99%, the
average particle size of 50 nm, Jiaozuo Huasu Chemical
Co. Ltd, China) as the coating material, aluminium pow-
der (>99.5%, PMC, Iran) as the source for in situ for-
mation of aluminium oxide and a sintering aid, iron (III)
oxide (Fe,05, >99.5%, Alfa Aesar, UK) as another sin-
tering aid and iodine (Merck, Germany) as adjuster of the
particles surface charge in suspensions or dispersant.
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In the first step, the aluminium powder in the as-
received form was subjected to milling for 10 h to make
a finer powder, using a ball mill with a rotation speed
of 200 rpm under an argon atmosphere at room temper-
ature. The container was made of hardened steel and
the balls used in this process were made of stainless
steel. The total weight ratio of balls to powder was 1:15.
Stearic acid (2 wt.%) was utilized as a process control
agent (PCA) to prevent excessive cold welding of pow-
der particles.

Thereafter, 20 ml of ethanol (>99%, Sigma-Aldrich)
and acetyl-acetone (ACAC, > 99%, Sigma-Aldrich)
mixture with a volume ratio of 1:1 was prepared. The
YSZ nanoparticles and aluminium powder with differ-
ent weight ratios, 0.001 g iodine (0.5 g/1) and iron oxide
were dispersed in the prepared mixture to produce sus-
pensions with YSZ/AI total concentration of 20 g/l. In
order to prevent agglomeration, the resulting suspension
was agitated on a magnetic stirrer apparatus for 45 min
and then placed in an ultrasonic bath with a frequency
of 35kHz for 15 min.

The EPD cells contained two Inconel and stainless
steel electrodes (with dimensions of 10 x 10 mm?) at the
distance of 10 mm. Electrodes were submerged parallel
to each other in suspension. Stainless steel was used as
the anode material, whereas the cathode electrode was
made of Inconel 718 sheets having 2.5 mm thickness.
Before coating, the metallic substrates were washed
with detergent and distilled water, degreased with ace-
tone and then dried in air at room temperature. Elec-
trodes were connected to different DC power supplies
to generate the driving power required for each layer
formation. Three suspensions with different amounts of
YSZ and Al (YSZ, YSZ-30 wt.% Al and YSZ-50 wt.%

YSZ

Substrate

Figure 1. Schematic of achieved functionally graded thermal
barrier coating

Al) were prepared to produce the thermal barrier FGM
coating and the deposition process for each suspension
was consecutively performed by changing the voltage,
while the values of all other EPD parameters were taken
as constant. The first layer was obtained from YSZ-
50 wt.% Al suspension, whereas the third layer was pure
YSZ (Fig. 1). The detailed description of the prepara-
tion conditions for three suspensions is summarized in
Table 1.

After drying of each layer, the obtained green graded
coating was subjected to heat treatment procedure con-
sisting of three steps. In the first step the dried coat-
ing was heated to 660 °C at a rate of 2°C/min in air
and held for 3 h at this temperature to start melting of
Al [34]. Aluminium melting increases connections be-
tween particles and refines bonding strength, which in
turn leads to the suppression of the crack propagation in
the coating. This event was followed by the oxidation of
aluminium and the subsequent formation of Al,O; as a
secondary phase [33]. To increase the formation of alu-
mina, the oxidation procedure was repeated so that the
alumina formed in the first step was partially separated
from the aluminium particles surface due to the cooling
and shrinkage of aluminium. Thus, in the second step of
heating, previously formed alumina particles can oper-
ate as heterogeneous nucleation sites for the formation
of more alumina [34-36]. In the third step, the FGM
coating containing Al,O, phase was heated to 1150 °C
at a rate of 2 °C/min and kept for 4 h to increase the ad-
hesion and density of the coating. After each step, the
coated substrate was allowed to cool down to ambient
temperature.

2.2. Electrophoretic mobility

The mobility of particles in suspension can be de-
termined by the Henry equation, where electrophoretic
mobility (i) is dependent on the zeta potential of the
particles (¢), the dielectric constant of the suspending
medium (€) and the viscosity of the suspension (77), as
follows [37]:

2¢-&9- ¢

H= 37
where g is the vacuum dielectric permittivity and f is
the Henry coefficient, which is a function of the product
of particle radius () in suspensions and the thickness of
the electric double layer. For a state where the double
layer is thin in comparison with the particle size, the
Henry equation can be expressed approximately by the
Smoluchowski’s mobility formula [38,39]:

f )

_ €8¢
n
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Table 1. Amounts of starting materials and conditions utilized for the deposition of different suspensions

Suspension YSZ [g/l] Al[g/1]) 1,[g/]) Fe,O4[g/l]) Voltage[V] Time [s]
YSZ 20 0 0.5 0.16 65 300
YSZ-30 wt.% Al 14 6 0.5 0.16 45 240
YSZ-50 wt.% Al 10 10 0.5 0.16 25 180
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2.3. Characterization

In order to evaluate the surface morphology and
cross-section view of the coating, the field emission
scanning electron microscopy (FE-SEM) images were
captured on a Mira3 Tescan (Brno, Czech Republic).
Coating morphology was probed by FE-SEM in both
in-beam secondary electron and back-scattered electron
modes. The coated sample was cut using wire cut elec-
trical discharge machining to examine the microstruc-
tural characteristics of the cross-section surfaces using
the secondary electron images of FE-SEM. The elemen-
tal contents of prepared composites were evaluated by
energy dispersive X-ray spectroscopy (EDS) combined
with FE-SEM.

The deposited coating was characterized by X-ray
diffraction (XRD, Philips PW 1730 by using Cu-K, ra-
diation) to identify the crystalline phases. Zeta potential
and particle size of the suspensions were measured em-
ploying a Zeta seizer HS 3000 electrophoretic light scat-
tering instrument (Malvern Ltd, UK). The thermal be-
haviour of the Al powder was monitored by DTA/TGA
(differential thermal analysis/thermo-gravimetric analy-
sis) up to 800 °C with a heating rate of 5 °C/min.

ITI1. Results and discussion

3.1. Particle size and {-potential measurements

The colloidal stability of the particles has a signifi-
cant influence on the deposition rate and the final mi-
crostructure of the coatings [8,40]. Previous studies
have demonstrated that well-dispersed particles are nec-
essary to produce densely packed deposits [31]. There-
fore, Al powder was milled before dispersion, and the
size and morphology of the particles before and after
milling are shown in Fig. 2. A distinct powder morphol-
ogy changed from quasi-spherical to fragmented, irreg-
ular and flake-like particles as a result of milling. The
decrease of the particle size of the milled Al powder is
also evidenced but with an inclination to agglomeration.
Due to the hardening of the particles, they are prone to
the phenomenon of particle fracturing and subsequent
refinement.

Ethanol and acetyl-acetone mixture with a volume

SEMMAG 100ke | SEMWT5OK
- 1550mm

Date(midhy): 10/12/20 | View field: 144 pm

Figure 2. SEM images of samples of pure aluminium
powder: (a) before milling and (b) after 10 h milling
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ratio of 1:1 was used to prepare the suspensions even
though it is known that the disadvantage of using a non-
aqueous medium is that the particles are more difficult to
stabilize [37]. Therefore, the suspensions were prepared
by adding iodine as a suspension stabilization agent to
help disperse powders and reduce flocculation. The in-
fluence of iodine as a stabilizing agent on the surface
charge was evaluated. The change of the zeta potential
(¢) of the EPD suspension and the average size distri-
bution of the particles are plotted versus the amount of
iodine added to the suspension (Fig. 3). When iodine
concentration was changed from 0 to 0.5 g/, the zeta
potential of the suspension increased up to the maxi-
mum value of 45.7mV. On the other hand, the average
particle size distribution was simultaneously reduced to
the minimum of 232 nm, which is noticed to be the op-
timum point [41].
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Figure 3. Column chart of zeta potential and average size
distribution of particles as functions of iodine added to the
suspensions containing the mixture of ethanol-acetylacetone

The initial increase in zeta potential ({) with iodine
addition can be attributed to the adsorption of formed
H* ions onto the surface of the particles. These positive
ions are generated by reactions between I, and acetyl-
acetone as well as I, and ethanol [30,42,43]. H" con-
centration seems to increase with an increment in the
amount of iodine, and becomes excessive when iodine
concentration exceeds 0.5 g/l. By increasing H* above
its optimum value, the surface charge of particles sat-
urates and the free positive ions that are formed carry
some electrical charge, and the corresponding zeta po-
tential declines. Therefore, interparticle electrostatic re-
pulsive force decreases when iodine concentration is
not optimum. Consequently, the colloidal stability is
reduced and agglomeration of particles is induced [8,
44-46].

3.2. Thermal analysis of aluminium

To understand the behaviour of aluminium powder
during sintering, the powder was subjected to DTA/TG
thermal analyses and the results are illustrated in Fig. 4.
The DTA graph displays an exothermic peak at 638 °C
that corresponds to the melting point of aluminium, then
an endothermic peak at 690 °C which is associated with
the oxidation of aluminium. The TG curve indicates
the gradual weight gain from room temperature up to
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Figure 4. DTA/TG of the Al powder after milling for 10 h

638 °C. Due to the fineness of the aluminium particles,
they gradually absorb oxygen and react with oxygen
from the air and the weight of the powders increases
until it reaches the point of 638 °C. Above this tempera-
ture, molten Al quickly reacts with oxygen and strongly
oxidizes and forms alumina. This corresponds to the
exothermic peak and a very steep slope can be seen up
to 800 °C.

With regard to TG trace, Al oxidizes faster at higher
temperatures which will eventually increase the surface
roughness. Therefore, the results of DTA/TG curves
suggest that the green zirconia/Al composite coating
should be kept at 660 °C during sintering for some time
so that the aluminium present in the coating can slowly
be oxidized. Furthermore, at the melting temperature of
aluminium, the melt has a chance to diffuse into holes
and porosity of the coating, and consequently, the den-
sity of the coating will increase before significant oxi-
dation.

3.3. Formation of FGM structure

The electrophoretic deposition method is less costly
and more flexible in comparison with the conventional
coating techniques for the application of thermal barrier
coatings [47]. However, by this method, the thickness of
the coating is usually limited to a critical size of 100 um,
which is a restriction for the preparation of thick coat-
ings such as thermal barrier coatings (with a thickness
of about 200—400 um) [48].

In this work, in order to overcome the electrical resis-
tance of non-conductive deposits and provide a suitable
thickness for the application in TBCs, after each step of
the layer formation, the voltage was increased (voltage
is an effective parameter in controlling the thickness of
the coating). The applied voltage can be written as [47]:

EO = AEcathade + AEdeposit + AEsuspension + AEanode (3)

where AEcathodea AEanodea AEdeposit and AEsuspension are
the voltage drops caused by the polarization of the cath-
ode and anode and the resistance of deposit and suspen-
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sion, respectively. The velocity of particle motion (v) is
given by the following equation [37]:

v=p-E 4)

where E is the intensity of the electric field and u is the
electrophoretic mobility of the particles. According to
Eq. 4, increasing the voltage adds the intensity of the
electric field, which in turn increases the velocity of the
particle’s motion [37]. As a result, the thickness of the
coating increases.

As deposition proceeds, the increased resistance of
the coating drops the voltage in the deposit, while re-
ducing the voltage drop in the suspension. This leads to
a reduction in the mobility of the suspended particles
driven by the electric field and subsequently decreases
the accumulation rate of particles for the formation of
an additional layer. By utilizing a gradient voltage rather
than a constant voltage, the deposition rate of particles
can be maintained at a constant and moderate value [47].
As a result, the coating microstructure may be obtained
as uniform and densely packed.

In order to compare the kinetics of layer formation,
weights of a single layer obtained by different prepared
suspensions under three applied voltages (25, 45 and
65 V) were also individually measured. Figure 5 com-
pares the variation in the weight of a single-layer coat-
ing over time with respect to the change in the compo-
sition of suspensions at various electric potentials.

0.08
—=-YSZ-50 wt.% Al (25 V) \
0.07 { ——YSZ-30 wt.% Al (45 V) |
. —-YSZ (65 V)
L 0.06 1
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=
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&
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Figure 5. Simultaneous effect of suspension composition and
applied fields on the deposit weight of a single-layer
coating versus time

Due to the high surface area of nanoparticles, the con-
centration of electrolyte in the suspension is increased
and the zeta potential drops. Consequently a lower de-
position rate is expected for suspensions with higher
amount of YSZ nanoparticles [49]. Moreover, a more
considerable amount of free ions that may be formed
in these suspensions will carry some electric charge,
which in turn can lead to a decrease in the deposition
rate of YSZ [42]. Therefore, it is expected that depo-
sition yields decrease with the relative amount of YSZ
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Figure 6. XRD patterns for FGM coating: a) green dried
coating and b) after sintering

nanoparticles. Nevertheless, as shown in Fig. 5, the driv-
ing force for the electrophoretic deposition is added by
increasing the voltage which originates from Coulom-
bic forces applied to the suspended particles within the
suspension [50].

3.4. XRD analysis

One major challenge of the EPD process is the sinter-
ing of coatings, which is necessary to achieve a stable
layer with good mechanical properties. Figure 6 shows
the XRD patterns of the FGM sample before any sinter-
ing and also after sintering at 1150 °C. The XRD pat-
tern of the created green coating indicates the presence
of peaks ascribed to zirconia and aluminium phases. It
can be seen that the deposited sample before sintering
contains a tetragonal phase as well as a slight amount
of monoclinic phase of zirconia [51]. The appearance
of the NiAl phase can be assigned to intermetallic com-
pounds of bond coat on Ni-based superalloy substrates
[52,53].

SEM MAG: 900 x | Cut: BSE
WD 11.99 men BE: T.00
View feld 231 pm | Date(miciy): 083017

50 pm

D3 = 6606 N

L

The XRD results confirmed the transformation of the
starting Al phase into the final Al,O, phase and the for-
mation of the YSZ-Al,O, composite after the sinter-
ing. Even though some of the peaks overlapped, it ap-
pears that some small amount of Al phase is present
in the sintered sample, possibly since the aluminium
has not been wholly oxidized yet. More alumina may
be expected to be formed with an increase in sintering
temperature [54]. However, this is limited by the tem-
perature stability of Inconel 718 applied as substrate
[55,56]. Furthermore, the oxidation of aluminium and
phase transformation to crystalline alumina could be in-
tensified by adding nanosized alumina particles as nu-
cleation seeds [35]. In addition, it seems that the rise in
temperature has influence on partial removal of yttrium
from the zirconium oxide and results in the formation of
higher amount of monoclinic zirconia (m-ZrQO,) due to
the martensitic phase transformation [57].

3.5. Microstructural analysis

Figure 7a illustrates a low-magnification transverse-
section FE-SEM micrograph of a typical FGM coating
after sintering. The three smooth and crack-free TBC
layers fabricated by different steps of the electrophoretic
process are evident. It can be observed that the first layer
formed at a voltage of 25V has a thickness of about
53 um, the second layer created at a voltage of 45V has
a thickness of about 70 um and the third layer made at a
voltage of 65V has a thickness of 78 um. Accordingly,
based on Eqgs. 3 and 4 and by using the increased volt-
age at each step, the deposit resistance was overcome.
Hence, by applying these voltages, the thickness of the
coating has reached the thickness required for a TBC.

In-beam secondary electron detector enables us to
observe extraordinary sharp surface details and high-
lights topography. In this way, Fig. 7b shows the sur-
face morphology of the FGM coating through a high-
magnification micrograph, which reveals that the YSZ
nanoparticles predominantly exist in the final layer. The
occurrence of necking between particles is due to the

D4 = 217.32 nm £

ok N 2
r{ D1 = 19888 nmt

8 @D o 5> rant

WD 4.99 mm

View field: 2.08 pm | Date{midly): TUZR1T

Figure 7. FESEM micrographs of: a) cross-section and b) surface morphology of graded YSZ/Al,O; composite coating
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Figure 8. FESEM images and typical EDS spectra of selected area at the cross-section of FGM coating: a) first, b) second and
¢) third layer

(a) (b) (c) (d) (e)

Figure 9. The elemental EDS mapping pattern from a cross-sectional view (thickness) of the FGM coating: a) Zr (blue),
b) Y (red), ¢) O (orange), d) Al (green) and e) Fe (pink)

sintering and diffusion that have been driven by the de-
sire of the particle to minimize the energy [58].

3.6. EDS analysis

In order to demonstrate the formation of the FGM
coating, the elemental composition of each layer was
characterized by EDS spectra of the selected area, as
represented in Fig. 8. Based on the results of the EDS
obtained from the cross-section of each layer, it is ob-
served that the weight percent of aluminium gradually
reduces from the first to the third layer while zirconium
amount increases, as expected.

To understand the distribution of the elements along
the thickness direction, EDS mapping is displayed in
Fig. 9. It is evident that blue, red, orange, green and
pink dots related to the Zr, Y, O, Al and Fe elements, re-
spectively, exist at the cross-section area of the coating.
According to elemental distribution presented in Fig. 9
it is observed that the amount of aluminium in the first
layer of the coating is higher than that in other layers. In
contrast, the zirconium content in the third layer is the
highest. The presence of Fe can be attributed to Fe, O,
added to EPD suspension as a sintering aid. However,
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there is probability that Fe diffuses from the substrate
into the bottom layer of the coating [59].

It can be also seen (Fig. 9d) that aluminium exists in
the form of agglomerates. The non-homogeneous dis-
tribution of Al element in the bottom layers may be
caused by the difference in the electrophoretic mobility
(u) of Al and YSZ particles in suspension which were
obtained as 0.903 and 0.581 cm?/Vs, respectively. Ac-
cording to previous studies, the higher electrophoretic
mobility of Al makes it easier to move and deposit
on the electrode. In the second layer, due to the lower
aluminium content in the suspension and coating, the
agglomeration is less pronounced. Furthermore, in the
early stages of layer formation, the particles that have
more mobility are deposited faster, and thereafter de-
pletion of these particles in suspension occurs, and con-
sequently, the amount of these particles for layer forma-
tion declines as the deposition proceeds [60]. In addi-
tion, to form the first layer, a composite suspension con-
taining a high concentration of Al (micron-sized) parti-
cles and YSZ (nanoparticles) was made. As the thick-
ness of the electrical double layer reduces around the
micron-sized particles, zeta potential approaches zero
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Figure 10. Line scan of EDS analysis along a cross-section of
FGM coating

and the electrostatic repulsion forces between these par-
ticles decrease and eventually cause the particles to stick
together and deposit [41,61,62].

Figure 10 represents the line scan of EDS analysis
performed in twenty points along a single line. The gen-
eral trend of changes indicates that by moving away
from the substrate, the amounts of Zr were found to in-
crease gradually across the cross-section of the coating
while the Al element value decreased. The appearance
of the peaks on the graph may be due to the agglomer-
ate formation in some regions. In fact, achieving stable,
non-agglomerated suspensions is particularly difficult if
nanosized powders are used because remarkable inter-
facial interactions lead to a strong agglomeration ten-
dency [63,64]. Moreover, the application of an electric
field favours the tendency for agglomeration, and con-
sequently, rapid sedimentation of the suspended partic-
ulates takes place [19,46].

IV. Conclusions

Suspensions including different amounts of nano-
sized YSZ along with Al particles as the secondary
phase and reactive bonding agent were co-deposited
consecutively on Inconel 718 substrate. Three-layer
YSZ/Al, O, coating with a compositional gradient (con-
centration of YSZ increased gradually from the sub-
strate to the surface) was successfully obtained by using
a multi-step electrophoretic technique followed by sin-
tering. To prepare the functionally graded thermal bar-
rier coating with desirable thickness, the fabrication of
each layer was performed by changing the voltage and
suspension composition, while keeping other EPD pa-
rameters constant. Thus, the first, second and third lay-
ers reached thicknesses of about 53, 70 and 78 um, re-
spectively.

XRD analysis indicated that tetragonal zirconia,
monoclinic zirconia and alumina are main phases in the
coating sintered at 1150 °C. However, a small amount of
Al phase is also present in the coating, possibly since it
has not been fully oxidized. The EDX mapping patterns
revealed the presence of Zr, Al, Fe, O and Y elements,

while Al content in the first layer of the coating is higher
than that in other layers. In contrast, the zirconium con-
tent in the third layer is the highest.

The obtained results suggested that EPD is an effec-
tive method for fabricating functionally graded TBCs
with suitable thicknesses at lower sintering tempera-
tures. For the formation of FGM with more layers, the
use of ultra-fine aluminium particles and the addition of
nanosized alumina particles as nucleation seeds can be
accounted for future trends of this investigation.
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