
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se
http://dx.doi.org/

nCorrespondin
E-mail addre

(R. Ghasemi).
Ceramics International 39 (2013) 8805–8813
www.elsevier.com/locate/ceramint
Comparison of microstructure and mechanical properties of plasma-sprayed
nanostructured and conventional yttria stabilized zirconia thermal

barrier coatings

Reza Ghasemin, Reza Shoja-Razavi, Reza Mozafarinia, Hossein Jamali

Department of Materials Engineering, Malek-Ashtar University of Technology, Shahinshahr, Isfahan, Iran

Received 5 April 2013; received in revised form 18 April 2013; accepted 19 April 2013
Available online 7 May 2013
Abstract

The main goal of this paper was to evaluate and compare the microstructure and mechanical properties of plasma-sprayed nanostructured and
conventional yttria stabilized zirconia (YSZ) thermal barrier coatings (TBCs). To this end, NiCrAlY bond coat, nanostructured, and conventional
YSZ coatings were deposited on Inconel 738LC substrate by atmospheric plasma spraying (APS). The mechanical properties of the coating were
evaluated using nanoindentation and bonding strength tests. The microstructure and phase composition of the coating were characterized by field
emission scanning electron microscopy (FESEM) and X-ray diffractometry (XRD). The nanostructured YSZ coating contained both nanosized
particles retained from the powder and microcolumnar grains formed through the resolidification of the molten part of the powder, whereas the
microstructure of the conventional YSZ coating consisted of columnar grain splats only. The phase composition of the as-sprayed nanostructured
coating consisted of the non-transformable tetragonal phase, while the conventional coating showed the presence of both the monoclinic and non-
transformable tetragonal phases. The results of nanoindentation and bonding strength tests indicated that the mechanical properties of the
nanostructured coating were better than those of the conventional coating.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Plasma-sprayed thermal barrier coating system is widely used
in turbine engines to allow a higher turbine entry temperature
(which increases the thermal efficiency of the gas turbine) or to
achieve a lower substrate temperature [1–4]. The TBC system
consists of a superalloy substrate, bond coat layer, and a heat
insulating ceramic top coat layer [5,6]. The bond coat typically
consists of MCrAlY, where M is a metal such as Ni and/or Co.
The primary role of the bond coat in a TBC system is to provide
good adhesion between the metal substrate and the ceramic top
coat, while giving good oxidation protection to the underlying
substrate alloy [7–9]. Zirconium oxide (ZrO2, Zirconia) coatings
were commonly used as the top coat because of low thermal
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.04.068

g author. Tel.: +98 3125225041; fax: +98 3125228530.
sses: r_ghasemi@mut-es.ac.ir, reza.ghasemi65@gmail.com
conductivity, high temperature stability in oxidizing and com-
bustion atmospheres, and the high coefficient of thermal
expansion [10–12]. A thermally grown oxide (TGO) is formed
at the interface between the bond coat and ceramic top coat due
to high temperature oxidation of the bond coat. The TGO
consists of aluminum oxide, at least initially [13–15].
Two basic process technologies now widely adopted to

deposit thermal barrier coatings are plasma spraying or
electron beam physical vapor deposition (EB-PVD).
EB-PVD is often favored over plasma deposition for TBCs
on turbine airfoils since it applies a smooth surface of better
aerodynamic quality with less interference with cooling holes.
However, the widely used plasma spray process has benefits,
including a lower application cost, an ability to coat a greater
diversity of components with a wider composition range, and a
large installed equipment base [16–18].
The mechanical properties of a coating depend on several

factors such as (i) spray process and its parameters, (ii) properties
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of the particles, especially their morphologies and (iii) micro-
structure of the coating and their anisotropic character [19,20].
Also, quality and further performance of a TBC are strongly
dependent on the adhesion between the coating and the substrate
[21,22]. Therefore, considering mechanical properties and adhe-
sive strength is essential to improve the reliability and lifetime
performance of the APS-TBC system. Nanoindentation test is a
novel technique that has been adopted by some researchers
recently to evaluate the mechanical properties of coatings system
[23–26]. A widely used and accepted adhesion test is the tensile
adhesion test according to the ASTM-C633 standard [21,22,27].

In recent years, studies on the characterization of nanos-
tructured coatings have become an active field of academic
research and industrial application because of the extraordinary
properties of nanostructured coating when compared to the
conventional coating. It was reported that nanostructured YSZ
coatings had low thermal conductivity [4,28], high coefficient
of thermal expansion [29,30], and excellent mechanical
properties [1,31] when compared to YSZ conventional coat-
ings. Therefore, nanostructured TBCs are expected to provide
better performance than the conventional coatings. Even
though the study of nanostructured YSZ coatings is not new
and there are a lot of reports in literature, but some interesting
results are obtained in this paper.

In this study, nanostructured and conventional YSZ TBCs
were prepared using the atmospheric plasma spraying process.
The microstructure, phase composition, and mechanical proper-
ties of the plasma-sprayed nanostructured TBCs were investi-
gated and compared with those of the conventional TBCs.
Fig. 1. FESEM micrographs of starting powders: (a) NiCrAlY powder,
(b) conventional YSZ powder, (c) agglomerated nanostructured YSZ powder
particle and (d) particle of (c) observed at a higher magnification, showing
individual nanosized YSZ particles.
2. Materials and methods

2.1. Material

A Ni-based superalloy (Inconel 738LC, the composition of
which is summarized in Table 1) was used as the substrate
material. Before thermal spraying, the substrate surface was
grit-blasted with alumina abrasive powder of 24 mesh, under a
pressure of 5 bar and a distance of 10 cm. The surface was then
cleaned with acetone and preheated using negative transferred
arc to provide optimum substrate bonding to the coating.
A commercially available NiCrAlY powder (AMDRY 962,
Sulzer Metco Inc., USA) with nominal composition of
Ni–22Cr–10Al–1.0Y(wt%) was used for spraying the bond
coat of TBCs. The spherical powders were gas atomized and
the particles size was 56–106 mm, as shown in Fig. 1(a). Two
kinds of nanostructured and conventional YSZ powders were
used as feedstock for the top coat. The conventional YSZ
powder was Metco 204NS (Sulzer Metco, Westbury, NY) with
nominal composition of ZrO2–8 wt%Y2O3 and the particles
Table 1
Chemical composition of Inconel 738LC.

Element Cr Co Mo W Al Ti Ta Nb C B Zr Ni

wt% 16.00 8.50 1.75 2.60 3.40 3.40 1.70 0.009 0.11 0.01 0.05 61.58
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size was 11–125 mm, as shown in Fig. 1(b). The nanostruc-
tured powder used for top coat consisted of commercial ZrO2–

7 wt%Y2O3 (Nanox S4007, Inframet Corp., Farmington, CT)
spherical particles with size ranging from 15 to 150 mm in
diameter, as shown in Fig. 1(c). Also, as shown Fig. 1(d), this
powder consisted of agglomerated nanosized particles.

2.2. Air plasma spraying

The plasma spraying was carried out using a Metco A3000S
atmospheric plasma spray system with F4-MB plasma gun
(Sulzer Metco AG, Switzerland). The feedstock powders were
fed with Twin-system 10-C. A mixture of gas argon and
hydrogen was used as the working gases for forming plasma.
Ar stabilized arc inside a nozzle and H2 provided increased
enthalpy and higher plasma temperature. Also, Ar gas was
used as the carrier gas for transferring the powder particles of
the powder supply to the plasma torch. During spraying, the
substrate and coatings were cooled using compressed air. The
spraying parameters are listed in Table 2.

2.3. Bonding strength test

The as-sprayed coatings were subjected to bonding strength
using ASTM-C633 standard test method for adhesion or
cohesion strength of thermal spray coatings. The method
involved fastening the sample covered to the sample uncoated
using SW 2214 epoxy adhesive (3M Scotch-weld, bond
strength �70 MPa), which was self-adhesive at 140 1C for
2 h. Then samples were loaded with a loading rate of 5 mm/min
until fracture and the corresponding fracture stress were recorded.
The final value represented the average value of 5 samples
sprayed with the same parameters.

2.4. Nanoindentation test

Nanoindentation test is a useful method to study Young's
modulus (E) and hardness (H) of the coatings. Nanoindentation
test was carried out on polished cross-section using a
Nanoindentation Compact Platform with Berkovich indenter.
The maximum load was 10 mN in the experiment, loading rate
was 20 mN/min, unloading rate was 20 mN/min, and dwell
period at maximum load was 30 s.
Table 2
Parameters of plasma spraying.

Parameter NiCrAlY Conventional
YSZ

Nanostructured
YSZ

Current (A) 600 500 600
Voltage (V) 75 80 72
Primary gas, Ar (SLPMa) 65 35 35
Secondary gas, H2

(SLPM)
14 12 10

Carrier gas, Ar (SLPM) 2.3 2.6 3.5
Powder feed rate (g/min) 40 20 18
Spray distance (mm) 120 120 120

aStandard liter per minute.
2.5. Specimens characterization

The phase compositions of YSZ powders and the as-sprayed
coatings were analyzed by an X-ray diffraction XRD (D8
ADVANCE, Bruker, Germany) using CuKα radiation
(λ¼0.15406 nm) produced at 40 KV and 40 mA. The ana-
lyzed range of the diffraction angle 2θ was between 201 and
901, by step width of 0.031 and a time per step equal to 1 s.
The morphology of NiCrAlY and YSZ powders and the
microstructure of coatings were determined using field emis-
sion scanning electron microscope (FESEM, S-4160, Hitachi,
Japan), which operated under low accelerating voltage condi-
tions. The surface roughness (Ra) of YSZ coating was
measured by a Mitutoyo Surftest profilometer (Mitutoyo SJ-
201P, Japan) with a cut-off length of 800 mm and a measure-
ment length of 4 mm. The roughness reported was the average
of five values scanned from different areas on the coating
surface.

3. Results and discussion

3.1. Coating microstructure

The FESEM of polished cross-section of the as-sprayed
conventional coating is shown in Fig. 2(a). It is composed of a
230725 mm thick YSZ top coat and a bond coat with
the thickness of 190725 mm. It can be seen that no visible
stratified structure is observed in coating layers, indicating
the better structural integration of the TBC system. The
interface between the ceramic and bond coat is rough. This
surface includes small, almost free standing peninsular metal
deposits which penetrate relatively deeply and are surrounded
by ceramic. This feature creates angles and pockets that
promote mechanical interlocking between the ceramic and
the bond coat [32,33].
Fig. 2(b) shows the FESEM image of the microstructure of the

as-sprayed conventional coating found in fractured cross-section.
It can be seen that there are typical lamellar structures with
columnar grains which enclose transverse microcracks and
porosity. In the thermal spraying process, the powder particles
are completely melted in the transit between the injection point
and the substrate surface. The molten particles then strike the
substrate surface, where they are flattened and solidified to form
splat. In fact, molten particles acquire the same lenticular shape
over previously piled-up solidified splats. So the coatings develop
a lamellar structure parallel to the interface. The lamellae exhibit a
characteristic columnar structure formed by directional solidifica-
tion at the cooling rate [32,34,35]. Also, the presence of intra-
splat crack, inter-splat crack, voids, and pores within the splat is
shown in Fig. 2(c). The formation of intra-splat cracks in the splat
structure is due to the disability of the particles to contract
independently from their neighbors during the solidification
process. However, adhesion among the splats is significantly
different from that with the metallic substrate, inter-splat crack
form at the splat boundaries because of the relatively weak
adhesion [32,36–38]. The presence of the inter-splat crack has a
significant effect on the TBC thermal conductivity and thermal



Fig. 2. FESEM micrographs of (a) polished cross-section of TBC with
conventional YSZ top coat, (b) fractured cross-section of conventional YSZ
coating and (c) columnar grains within the splats.

Fig. 3. FESEM micrographs of (a) polished cross-section of TBC with
nanostructured YSZ top coat, (b) top surface of the nanostructured coating
and (c) partially molted zone of (b) at a higher magnification.
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shock resistance [39,40]. The presence of voids and pores is due
to the lack of complete overlap of adjacent splat and entrapment
of the air during the plasma spraying [36,41].

Fig. 3(a) shows the FESEM image of the polished cross-
section of the as-sprayed nanostructured coating. It can be seen
that the density of top coat for nanostructured TBCs is
significantly higher than that of the conventional TBCs.
According to the image, the cracks and pores in nanostructured
coatings are relatively finer and fewer. This can be attributed to
the refined grains of nanostructured coating and the increasing
toughness [42]. Fig. 3(b) presents the surface morphology of
the as-sprayed nanostructured coating, showing two kinds of
structure. One is the continuous molten phase, similar to the
conventional as-sprayed coating, and the other is non-molten
and partially molten phase that retains the nanostructure of the
starting powder. The surface roughness (Ra) of nanostructured
coating was about 9.20 mm, which was significantly bigger
than that of conventional coating (7.12 mm) at the same
conditions, because partially molten particles involved in lower
deformation impact the surface as compared to fully molten
particles [36,43,44]. The melted zone of the top coat surface
contains microcrack networks that are due to primary cooling
stresses developed when the deposited particles are cooled
from above the melting temperature to the substrate contact
temperature. It relates to the increase of the roughness of the
nanostructured coating [32,34]. Fig. 3(c) shows the non-melted
and partially molten zones of Fig. 3(b) at a higher magnifica-
tion, similar to the starting powder.
Fig. 4 shows the fractured cross-section of nanostructured

YSZ coating at two magnifications. It can be seen from Fig. 4
(a) that there are two kinds of structures in the coating. One is
that microcolumnar grain structures in the coating evolved
from the resolidification of the molten part of the powder. On
the other hand, the nanosized powder in the coating results



Fig. 4. FESEM micrographs of (a) fractured cross-section of nanostructured
YSZ coating and (b) non-molten nanoparticles within coating at a high
magnification.
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from non-molten or partially molten part of the powders
bonded by the molten part [45–47]. Fig. 4(b) shows that the
initial nanostructure of powder remains in the coating. This
zone is called nanozone. It can be seen that the morphology of
the nanozone is similar to the morphology of the nanostruc-
tured YSZ powder (Fig. 1(d)). Nanozone is porous because the
molten part of agglomerated partially molten particles is not
fully infiltrated into non-molten core during thermal spraying.
The presence of nanozone in the coating affirms the nanos-
tructured coating. In order to maintain nanozone in the coating,
it is necessary to avoid full melting of nanostructured
agglomerated feedstock particle during the thermal spraying.
Accordingly, the spraying parameters were optimized to
partially melt the powder particles during plasma spraying.
Also, the size of powder particles is very important. The coarse
particles in low temperature region plasma plume tended to
partially melt with an unmelted core due to its large mass and
volume. The small powder at relatively high temperature was
fully melted [32,34].

3.2. Phase analysis

Fig. 5 shows the X-ray diffraction patterns of the conventional
and nanostructured YSZ powders and as-sprayed coatings.
According to XRD patterns shown in Fig. 5(a), the conventional
feedstock exhibits the presence of non-transformable tetragonal (T′)
phase of zirconia with a small amount of monoclinic phase. The
conventional coating predominately consisted of a non-
transformable tetragonal phase, but very weak diffraction peaks
of monoclinic phase could be detected from coating. During
plasma spraying, there were some partially molten particles
forming the small amount of monoclinic phase. It should be noted
the T′ phase is typically of plasma sprayed zirconia, which is
formed due to quenching of droplets at the substrate. The
non-transformable tetragonal phase can be distinguished from the
transformable tetragonal phase (T) with respect to the martensitic
transformation to the monoclinic phase of zirconia [32,48,49]. It
can be seen from Fig. 5(b) that there was no new phase in the
coating and no clear difference of the diffraction pattern between
the nanostructured YSZ powder and the as-sprayed coating was
observed. So both powder and coating consisted of non-
transformable tetragonal phase. The formation of T′ phase in the
nanostructured coating may be due to two factors: (i) the YSZ
coating fabricated from nanostructured powder contained only T′
phase, because the molten part of powder, due to rapid cooling,
formed T′ phase and non-molten part retained the T′ phase; (ii) the
Y2O3 content of YSZ was high enough, around 10 wt%, to
increase the stabilization of the ZrO2 high temperature phase upon
cooling. So phase diagram of the ZrO2–Y2O3 (Fig. 6) was the
certification for the expression [32,50–52].
3.3. Bonding strength

The bonding strength test described here is similar to ASTM-
C633 method. The tensile strength is obtained from the division
of the maximum load applied at rupture by the cross-section
area. The adhesion strength of the coating is given if the failure
occurs at bond coat – substrate or top coat – bond coat interface.
The cohesive strength of the coating is given if rupture is
completely within the coating [19,53]. Two modes of failure
were observed in this test, as shown in Fig. 7(a) failure in the
glued joint between steel bar and top coat (Fig. 7(a and b)
failure in the top coat – bond coat and bond coat – substrate
interface (Fig. 7(b)). The results of the first failure mode are
disregarded. The results and mode of coating failures in the test
are described in Table 3. The most important mechanism of
sprayed coatings adhesion is mechanical interlocking of the
splats to roughness of the substrate. Epitaxy is the second
mechanism that can occur if the sprayed material has the same
or similar crystal structure [19,21,32]. Hence, the bonding
strength between the cognate splats (cohesive strength) is higher
than the non-cognate splats (adhesion strength). Accordingly, it
can be seen from Fig. 7(b) that, generally, the coating failure
location is at the interface between bond coat and top coat. This
means an adhesive failure.
The nanostructured TBC exhibits an average bonding

strength approximately 1.5 times higher when compared to
the conventional TBC. The higher bonding strength of the
nanostructured TBC, as compared to the conventional TBC,
can be attributed to the coating microstructure. In conventional
TBC, cracks extend to the splat boundaries without any
hindrance. For nanostructured TBC with a bimodal micro-
structure, crack propagation could be interrupted by the non-
molten or partially molten particles (nanozone), thereby
increasing the bonding strength of the nanostructured coating
[27,47,54].



Fig. 5. XRD patterns of powder and coating of (a) conventional and (b) nanostructured YSZ.

Fig. 6. Yttria–zirconia phase diagram.

R. Ghasemi et al. / Ceramics International 39 (2013) 8805–88138810
3.4. Mechanical properties

Hardness and elastic modulus are two important parameters
which help to evaluate mechanical properties of TBC for their
durability. Fig. 8 shows load–displacement (P–h) curves
obtained from conventional and nanostructured coatings.
Table 4 summarizes the maximum value of the three items
of the penetration depth, hmax, measured at peak load, Pmax.
The slope of the curve, dP/dh, upon unloading, is indicative

of the stiffness, S, of the contact. This value generally includes
a contribution from both the material being tested and the
response of the test device itself. The stiffness of the contact
can be used to calculate the reduced Young's modulus Er:

Er ¼
1
β

ffiffiffi

π
p

2
S
ffiffiffi

A
p ð1Þ

where the correction factor β¼1.034 is for a Berkovich tip,
and A is the actual contact area in terms of contact depth that
can be expressed as

A¼ 24:5h2c ð2Þ
The reduced modulus, Er, is related to Young's modulus, Es,

of the test specimen through the following relationship from
contact mechanics:

1
Er

¼ ð1−ϑ2i Þ
Ei

þ ð1−ϑ2s Þ
Es

ð3Þ

Here, the subscript i indicates a property of the indenter
material and the ϑ is Poisson's ratio. For the diamond indenter



Table 3
Coating systems adhesion and failure location in ASTM-C633.

Sample Strength bonding Mode of fracture

Conventional
coating

Nanostructured
coating

Conventional
coating

Nanostructured
coating

1 28.25 40.28 b b
2 12.20 31.04 a b
3 22.05 45.00 b b
4 21.30 18.30 b a
5 26.80 36.16 b b
Mean
value

24.60 38.12 – –

Fig. 7. Fractured surface of a TBC system after bonding strength test,
(a) failure in the glued joint and (b) failure in the top coat-bond coat interface.

Fig. 8. Load versus indentation depth for indentation (a) conventi
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tip, Ei is 1140 GPa, and the ϑi is 0.07. Poisson's ratio of the
specimen ϑs is 0.3.
In the nanoindentation experiments, the hardness is usually

derived from

H ¼ Pmax

A
ð4Þ

where A is the actual contact area that can be obtained from
Eq. (2) [55–58].
The hardness, H, and the Young's modulus, E, were

determined from each measured unloading curve. As can be
seen, the scatters in the resultant H and E were significantly
large: H of conventional and nanostructured TBC varied from
5.874 to 11.001 and 5.531 to 16.019 GPa, respectively, and E
of conventional and nanostructured TBC varied from 106.71 to
188.29 and 85.233 to 202.94 GPa, respectively. The large
scatters may be attributed to the difference between the load
microstructural features in the locality of each indentation
position [58]. By computing the average value, the elastic
modulus values of nanostructured and conventional TBCs are
161.49 GPa and 141.66 GPa, and the hardness values of
nanostructured and conventional TBCs are 11.64 GPa and
8.38 GPa, respectively.
As we know that hardness is usually defined as resistance to

penetration, deformation, scratching and erosion and it reflects
the splat-to-splat cohesion of thermal spray coating [59], the
higher hardness of the nanostructured TBC, as compared to the
conventional TBC, can be attributed to the coating micro-
structure. In nanostructured TBC, the presence of non-molten
phase increases the resistance to deformation. Therefore, by
controlling the microstructure, it would be possible to control
the durability of TBC. This can be done by using controlled
porosity, segmentation, micro-cracking, and residual stress.
Splat-splat cohesion, microcracking, can also play a role in the
elastic modulus of TBC. The higher bonding strength (splat–
splat cohesion) of the nanostructured TBC, as compared to the
conventional TBC, leads to increasing elastic modulus of
nanostructured TBC [25,58,60].
onal YSZ coating and (b) nanostructured YSZ coating.



Table 4
Summary of the best-fit values of nanoindentation test.

Sample hmax (nm) S¼dp/dh (mN/nm) hc (nm)

Conventional coating Nanostructured coating Conventional coating Nanostructured coating Conventional coating Nanostructured coating

1 260.66 207.21 0.1597 0.1760 212.53 162.29
2 209.81 194.13 0.2668 0.1568 181.37 145.85
3 302.54 320.37 0.1617 0.1382 256.61 265.59
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4. Conclusion

In this study, microstructure, phase composition, and mechanical
properties of nanostructured and conventional TBCs were inves-
tigated systematically; some important results can be summarized
as follows:
1)
 The nanostructured as-sprayed coating possessed a lamellar
structure consisting of nanosized particles retained from the
powder and microcolumnar grains formed through the
resolidification of the molten part of powder, while the
microstructure of conventional coating consisted of colum-
nar grain splats.
2)
 The results of XRD revealed that nanostructured coating
only consisted of the non-transformable tetragonal phase,
whereas the conventional coating consisted of the non-
transformable tetragonal and monoclinic phases.
3)
 The presence of non-molten particles (nanozone) in the
nanostructured coating could improve the bonding strength
of TBCs.
4)
 Nanostructured TBCs had a hardness and Young's modulus
higher than of those the conventional TBCs due to
structural stability.
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