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bstract

SZ/Al2O3 micro-laminated coatings were successfully prepared on the surface of MCrAlY substrates by means of electrolytic deposition and
icrowave sintering. The as-prepared YSZ/Al2O3 coatings were characterized by high-resolution field emission SEM and XRD. Laminated

tructures of alternate YSZ and Al2O3 layers were observed in the coating with the phase composition of Y2O3 stabilized t-ZrO2, �-Al2O3 and
-Al O . High-temperature cyclic oxidation test at 1000 ◦C in air was also performed to investigate the oxidation and spallation resistance of such
2 3

oatings on MCrAlY substrates. The results indicate that such coatings exhibit not only excellent oxidation resistance but also good spallation
esistance under thermal cycling due to the structure of multi-sealed Al2O3 layers and the preferable high-temperature mechanical properties
nduced by the designed laminated composite structures, respectively.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

MCrAlY coatings (M = Ni, Co or Ni and Co) have been
idely used as bond coat (BC) beneath a ceramic top coat in

hermal barrier coating (TBC) systems for oxidation protection
f the underlying superalloy part since 1970s.1 It is generally
ccepted that the growth rate, morphology, microstructure and
dherence of the aluminum-based thermally grown oxide (TGO)
cale which forms on the BC surface during high-temperature
ervice is of crucial importance for TBC life.2 However, after
ong term exposure and thermal cycling, the TGO is prone to
racking and spallation due to the thermal expansion mismatch
etween the oxide and the metallic substrate which may finally
ead to the destructive failure of the ceramic top coat.3 In order
o circumvent such a drawback, it is an effective way to add a
ransition layer to limit to the maximum possible extended oxy-
en diffusion and improve the interface state between MCrAlY

nd the ceramic top coat.

Layered ceramic composites have been proposed as an
xcellent design to enhance the strength reliability of ceramic

∗ Corresponding author. Tel.: +86 010 62332715; fax: +86 010 62332715.
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allation resistance

omponents as well as to improve their fracture toughness by
eans of energy release mechanisms, such as crack deflection

r crack bifurcation.4–6 Ho and Suo7 found that there is a crit-
cal thickness for the constrained brittle layer bonded between
ougher substrates under residual and applied stresses during the
nvestigation of tunneling cracks (such a crack initiates from an
qui-axed flaw, confined by the substrates, tunneling in the brit-
le layer) and below the thickness, no tunneling cracks occurred
egardless of the size of original cracks. So decreasing the thick-
ess of layers is very helpful to suppress crack extension.

As an effective way to synthesize nanometer/submicrometer
lms or coatings, electro-deposition has the advantages of sim-
ler process and lower cost compared to other manufacturing
outes such as, for example, Chemical Vapor Deposition (CVD)
r Physical Vapor Deposition (PVD) thin film processes. As
arly as 1993, He et al.8,9 developed the electrochemical method
o fabricate oxide coatings or films, such as Al2O3, ZrO2 and

2O3, etc. Yao et al.10,11 prepared ZrO2/Al2O3 micro-laminated
oatings employing the same method. But the densification of
he coating was not so satisfactory under conventional sintering.

ompared with conventional sintering, microwave sintering is
novel technique that has gained considerable attention owing

o its distinct advantages, such as fast and volumetric heating,
nhancement in densification and selective heating of specific

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.010
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egions or phases in a mixture or composite.12–14 In microwave
intering, electromagnetic waves interact with the ceramics,
eading to volumetric heating through dielectric losses. Such a
olumetric heating may result in ceramics with a more uniform
nd fine-grained microstructure over conventional sintering.
ver years, various structural ceramics and composites such

s CeO2–ZrO2, Y2O3–ZrO2, and Al2O3 have been successfully
ynthesized by microwave sintering.15–17

In the present study, YSZ/Al2O3 micro-laminated coatings
ere prepared on MCrAlY substrates by electro-deposition and
icrowave sintering processes. The influence on the oxidation

nd spallation resistance of MCrAlY substrates was also investi-
ated and mechanisms accounting for such effects are discussed.

. Experimental procedure

Micro-laminated coatings were deposited onto surfaces
f MCrAlY substrates by cathodic electrolytic deposition.
.1 mol/L Zr(NO3)4·5H2O with 8 mol% Y(NO3)3·6H2O solu-
ion in absolute ethanol and 0.1 mol/L Al(NO3)3·9H2O
olution in absolute ethanol were used for electro-deposition.
ll reagents were analytically pure from Beijing Chemical
eagents Company (Beijing, China). The deposition pro-
ess was conducted under constant current of 5 mA/cm2.
he electrochemical cell comprised a cathodic MCrAlY sub-
trate (15 mm × 10 mm × 3 mm) centered between two parallel
raphite counter electrodes (25 mm × 15 mm), one electrode
ith 15 mm form the other. The nominal composition of
CrAlY alloy is Ni–32Co–20Cr–8Al–0.5Y given by the smelt-

ng manufacturer. All surfaces of sample were ground to #1500
brasive paper (Ra = 3.14 �m), followed by ultrasonic cleaning
ith ionized water and ethanol. The deposition time was 60 s for

ach layer and pre-heat treatment after each deposition was per-
ormed in air at 300 ◦C for 30 min. YSZ and Al2O3 layers were
eposited on all the surfaces of the substrate alternately dur-
ng electro-deposition. The final laminated coatings were then
mbedded in graphite powder and the samples were then sin-

ered by microwave at the measured temperature of about 900 ◦C
or 20 min. The microwave frequency was 2450 MHz and the
verage power of the microwave furnace was 900 W. A hydro-
tatic pressure of 5 MPa was applied on the graphite powder and
ample during microwave sintering.

a
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t
i
m

Fig. 1. FE-SEM images of YSZ/Al2O3 micro-laminated coatin
eramic Society 31 (2011) 79–84

High-temperature cyclic oxidation test at 1000 ◦C was car-
ied out to assess the influence of micro-laminated coatings on
xidation and thermal cyclic spallation resistance of the sub-
trates. Quartz crucibles were used to accommodate different
amples. The samples and quartz crucibles were measured in
eight at the beginning using the electronic balance with an

ccuracy of 100 �g and were then exposed to the condition of
igh-temperature oxidation for a period of 10 h. After that, the
amples were removed from the furnace, cooled to room tem-
erature by natural cooling with the cooling rate of about 1 K/s
nd reweighed to obtain the mass gain of the oxidized samples
nd mass loss of the stripped samples before they were put back
o the furnace again. The cyclic oxidation lasted for 200 h. The
ata weighed in milligram were then divided by the surface area
f corresponding samples in square centimeter to plot the kinetic
urves.

Si substrate was adopted to observe the cross-section mor-
hology of YSZ/ZrO2 micro-laminated coating due to its
lectrical conductivity and brittle fracture characteristic. The
ross-section and surface images of the coating were charac-
erized by high-resolution field emission SEM. Phases of the
repared coatings and oxide scales formed after oxidation were
oth analyzed by X-ray diffraction (CuK�, λ = 0.15406 nm, step
ise of 0.02◦, continuous scanning). In order to avoid the forma-

ion of cracks in the vicinity of the coatings during mounting, Ni
rotective coatings were deposited onto the oxidation samples
y electroless plating.

. Results

.1. Characterization of YSZ/Al2O3 micro-laminated
oatings

Fig. 1 shows the cross-section and surface morphologies of
SZ/Al2O3 micro-laminated coatings obtained by means of

lectro-deposition and microwave sintering. Fig. 1a presents six
lternate layers of YSZ and Al2O3 which is consistent with depo-
ition process and the average thickness of each layer is 100 nm,
pproximately. The interfaces between layers are not enough dis-

riminated but no flaws or cracks can be obviously detected in
he coating. Two main reasons may be responsible for the blurry
nterfaces. For one thing, the coating is prepared by wet chemical
ethod, complicated processes such as dehydration, transforma-

gs via microwave sintering: (a) cross-section; (b) surface.
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Fig. 2. XRD spectra of YSZ/Al2O3 micro-laminated coat

ion and diffusion may come up during sintering process. For the
ther thing, each layer of the coating is so thin that it may be close
o the resolution limit of scanning electron microscopy (about
nm under 10 kV). Fig. 1b illustrates the surface morphology
f micro-laminated coatings. Due to microwave sintering, the
oating is very compact and composed of nano-particles with
he size of about 40 nm. Compared with such coatings prepared
hrough conventional sintering,10,11 the laminated coatings sin-
ered by microwave sintering are much denser. In particular, no

icro-holes can be detected at the resolution of the picture.
Fig. 2 shows the XRD spectra of YSZ/Al2O3 micro-

aminated coatings on stainless steel substrates after pre-heat
reatment of each layer at 300 ◦C and subsequent microwave
intering of the laminated coating, respectively. Due to the thick-
ess of micro-laminated coating much lower than the penetration
epth of X-ray diffraction (5–10 �m on the condition) strong
iffraction peaks of the substrate are identified. Besides that,
here are only peaks corresponding to the substrate for coating
ubmitted only to pre-heat treatment. It means that no crys-
allization process of ZrO2 and Al2O3 occurred after pre-heat
reatment of each layer at 300 ◦C during the preparation pro-
ess (Fig. 2a). Then after microwave sintering under pressure
or 20 min, phase transformations took place and Y2O3 sta-
ilized t-ZrO2, �-Al2O3 and �-Al2O3 were identified in the
icro-laminated coatings after crystallization (Fig. 2b).

.2. High-temperature cyclic oxidation test of YSZ/Al2O3

icro-laminated coatings on MCrAlY substrates

Fig. 3 displays the results of cyclic oxidation test at 1000 ◦C

n air for 200 h. It can be seen from Fig. 3a that all samples
oated with six layers of single-phase YSZ (6Z), Al2O3 (6A) or
SZ/Al2O3 (3ZA) micro-laminated coatings greatly improved

he resistance of MCrAlY substrate to high-temperature oxi-

W
c
t
T

a) pre-heat treatment at 300 ◦C; (b) microwave sintering.

ation. Among the three laminate coatings, single-phase YSZ
oating has relatively bad oxidation resistance owing to ZrO2
eing an oxygen ion conductor with good oxygen diffusion
bility and to the formation of cracks (see Section 3.3) and
ingle-phase Al2O3 coating shows a severe spallation dur-
ng thermal cycling due to its thermal expansion mismatch
8.0 × 10−6 K−1 for Al2O3 and 17 × 10−6 K−1 for Ni-based
uperalloy at 1000 ◦C) with the alloy substrate. In contrast,
SZ/Al2O3 micro-laminated composite coatings exhibit the
ptimal protection effects against oxidation and thermal cyclic
pallation with less than 0.5 mg/cm2 mass gain and 0.1 mg/cm2

pallation mass.

.3. Characterization of samples after high-temperature
yclic oxidation test

Surface morphologies of samples after oxidation at 1000 ◦C
re shown in Fig. 4. The blank sample shows a relatively rough
urface with needle-like and whisker morphologies which are
he typical morphology of �-Al2O3.18,19 Cracks can be identi-
ed both on the single-phase YSZ coating and Al2O3 coating
nd cracking is particularly severe with regard to the Al2O3 coat-
ng, which is consistent with the spallation curve. Compared
ith single-phase YSZ and Al2O3 micro-laminated coatings,

he surface of YSZ/Al2O3 composite coatings is much flatter
nd crack-free, as shown in Fig. 4d.

Fig. 5 shows the cross-section micrographs of samples
fter oxidation at 1000 ◦C for 200 h. Here, thermally grown
xide (TGO) of blank sample after oxidation is comparatively
hicker and contains through-thickness microcracks and voids.
ith regard to the samples with YSZ and Al2O3 single-phase
oatings, their TGO are thinner than the blank sample but
hrough-thickness microcracks also develop in the TGO layer.
he deposited Al2O3 coating is not clearly visible in Fig. 5c due
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Fig. 3. Oxidation kinetic curves of samples with different micro-laminated coatings: (a) mass gain versus time; (b) spallation mass versus time (Z: 1 layer of YSZ;
A: 1 layer of Al2O3, the same below).
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Fig. 4. Surface morphologies of samples af

o its similar composition with TGO. Compared with the sam-
les mentioned above, the sample with YSZ/Al2O3 composite
oating has extremely thin and compact TGO layer. However,
he laminated structure of composite coating is not identified as
hown in Fig. 5d due to the element diffusion from the substrate
o the coating and in the coating itself during high-temperature
yclic oxidation.

Fig. 6 shows the XRD analysis of samples with different
icro-laminated coatings after oxidation at 1000 ◦C for 200 h.
trong diffraction peaks of MCrAlY alloy substrate are detected
wing to the thin thickness of micro-laminated coating and TGO.
ll of the samples exhibit the �-Al2O3 phase and the blank
ample also contains a certain amount of �-Al2O3 which corre-
ponds to the analysis in Fig. 4a. Besides, Y2O3 stabilized t-ZrO2
s also identified in the YSZ and YSZ/Al2O3 micro-laminated
oatings.

t
a
d
t

idation: (a) blank; (b) 6Z; (c) 6A; (d) 3ZA.

. Discussion

.1. Mechanisms for the improvement of high-temperature
xidation resistance

It is known that dense and defect-free �-Al2O3 layer is con-
idered to be the most effective diffusion barrier in protecting
lloy substrates from oxidation owing to its extremely low oxy-
en diffusion coefficient (about 1 × 10−23 m2/s at 1300 ◦C).20

s a result, it is widely used in oxide ceramic coatings. Fig. 7
hows the model of oxygen diffusion in the micro-laminated
SZ/Al2O3 coating. Multi-sealed Al2O3 layers are formed in
he composite micro-laminated coatings. In spite of ZrO2 being
n oxygen ion conductor, the coating can suppress the inward
iffusion of oxygen to a certain low degree and finally reduce
he oxidation rate of substrate under high temperatures.
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Fig. 5. FE-SEM cross-section micrographs of sam

.2. Mechanisms for the improvement of spallation
esistance under thermal cycling

It has been demonstrated that multilayered composite ceram-
cs are an alternative choice for the design of structural ceramics
ith improved fracture toughness, strength and reliability.

t is found that the laminated system exhibits an excellent

racture toughness which is higher than twice the value deter-
ined for the monolithic material.21 The reason is that the

aminated ceramics have good flaw tolerance and crack resis-
ance. It can reduce the crack driving force at the crack

ig. 6. XRD spectra of oxidation samples with different micro-laminated coat-
ngs: (a) blank; (b) 6Z; (c) 6A; (d) 3ZA.

i
e

F

fter oxidation: (a) blank; (b) 6Z; (c) 6A; (d) 3ZA.

ip by means of energy release mechanisms, such as crack
eflection or crack bifurcation.22 With regard to the current
aminated system, since ZrO2 exhibits a coefficient of thermal
xpansion (11–13 × 10−6 K−1) close to the one of the metals
14–17 × 10−6 K−1) and better fracture toughness than Al2O3,
he YSZ/Al2O3 laminated composite structure can relax thermal
tress generated during high-temperature cycles.
As mentioned in literature, thermal stresses generated dur-
ng cooling due to the difference in coefficients of thermal
xpansion between the substrate (metal) and the layer (oxide)

ig. 7. Model of oxygen diffusion in YSZ/Al2O3 micro-laminated coatings.
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of Al2O3–ZrO2 laminates designed with external or internal compressive
layers. J Eur Ceram Soc 2008;28:1575–83.
4 J. Gao et al. / Journal of the Euro

an be expressed as follows:

Ox = −EOx(αOx − αM) �T

(1 − ν)(1 + 2 tOxEOx/tMEM)
, (1.1)

here αM and αOx are the (assumed constant) linear coeffi-
ients of thermal expansion for metal and oxide, respectively,
M and EOx are the apparent Young modulus for metal and
xide, respectively, and tM and tOx are the thicknesses for metal
nd oxide, respectively. �T is the temperature difference across
ooling and ν is the Poisson ratio. In cases where the oxide is
ery thin relatively to the thickness of the metal, the last term in
he denominator of Eq. (1.1) can be neglected, yielding to:

Ox = −EOx(αOx − αM) �T

1 − ν
. (1.2)

Note that in the laminated YSZ/Al2O3 composite coating,
composite is less than EAl2O3 and αcomposite is larger than αAl2O3 .
s mentioned above, thermal expansion coefficients of Al2O3

nd YSZ are lower than that of metal, so the thermal stresses
enerated in the YSZ/Al2O3 composite coating are relatively
ower than that in single-phase Al2O3 coating.

Therefore, the improved fracture toughness and lower ther-
al stresses generated during cooling induced by the design

f YSZ/Al2O3 micro-laminated composite coating result in
he improved high-temperature mechanical properties and thus
mproved spallation resistance of MCrAlY alloy under thermal
ycling significantly.

. Conclusions

In this contribution, oxidation and spallation resistance of
icro-laminated YSZ/Al2O3 composite coatings on MCrAlY

lloys under thermal cyclic oxidation were investigated and fol-
owing conclusions can be drawn:

1) Dense micro-laminated YSZ/Al2O3 coatings were suc-
cessfully fabricated by means of electro-deposition and
microwave sintering processes.

2) Compared with single-phase YSZ or Al2O3 coatings,
YSZ/Al2O3 micro-laminated coatings are more conductive
to the resistance of MCrAlY substrate to high-temperature
oxidation and spallation.

3) Such protection effects result from the formation of multi-
sealed Al2O3 layers in the coating and the preferable high-
temperature mechanical properties induced by the design of
micro-laminated composite structures.
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