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Abstract To eliminate cracks and thermally grown oxide (TGO) in thermal barrier coatings (TBCs), the
functionally graded yttria-stabilized-zirconia (YSZ)/NiCrAlY coating by laser induction hybrid rapid cladding (LIHRC)
is investigated. The results show that the crack-free YSZ/NiCrAlY coating with good profile and gradual
microhardness can be obtained when laser scanning speed and powder feeding rate increase to 3200 mm/min and
90.63 g/min during LIHRC, respectively. The c¢-ZrO,, m-ZrO, and t-ZrO, phases in primary YSZ powder are all
completely transformed into the metastable t'-ZrO, phase. The fine, dense and dual-phase microstructure composed
of columnar dendrites is characterized by the gradual increase of YSZ content in the coating. Moreover, the interface
of consecutive layer disappears, which is different from ceramic layer-bond layer (i.e., double-layer) constituent of
TBCs formed during the individual laser cladding. After the isothermal oxidation, the metastable t’-ZrO, phase in the
LIHRC-formed functionally graded YSZ/NiCrAlY coating transforms into t-ZrO,, which can increase the oxidation
resistance of superalloy GH4169.
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1 Introduction

Yttria-stabilized-zirconia ( YSZ )-based thermal
barrier coatings ( TBCs) are widely used for thermal
protection of high temperature components in gas
turbine and diesel engines for propulsion and power
generation due to its low thermal conductivity and high
Generally, YSZ-based TBCs are

fabricated by plasma

chemical stability"’.
spraying and electron-beam
physical vapor deposition (EB-PVD). Plasma spraying
technique has many advantages such as mature
technology, convenient operation and high efficiency.
But YSZ-based TBCs produced by plasma spraying have
lamellar structure, many porosities and poor bonding to
substrate, resulting in an untimely spalling of YSZ-
based TBCs in service™ . Compared with plasma
spraying, EB-PVD can fabricate YSZ-based TBCs with a
columnar structure and relatively longer life, but has
high cost, complex operation and low efficiency™' . The
constituent of YSZ-based TBCs is

superalloy bond layer and ceramic YSZ layer. This

composed  of

double-layer constituent of TBCs often induces the
formation of thermally grown oxide (TGO) in the
interface of bond layer and ceramic layer under high
temperature, resulting in the failure of TBCs'".
Moreover, the ceramic YSZ layer easily suffers from
the spalling during thermal cycling due to their
significantly different physical properties of the bond
layer and the ceramic layer in the interface™ .

Being different from the common methods for
producing TBCs like plasma spraying and EB-PVD,
laser cladding can especially produce TBCs with fine

microstructure, low dilution and high bonding to

[6]

substrate™ . However, the common problems for laser

cladding such as cracks and low cladding efficiency
hinder FG-TBCs from wide application in industry” .
Additionally, TBCs produced by laser cladding are easy
to form a ceramic layer-bond layer (i.e., double-layer)
constituent. This double-layer constituent can induce
the ceramic YSZ thermal

layer to crack during

1) " The main reason is that the density of

cycling
NiCrAlY is much higher than that of YSZ particles and
that the violent stirring and convection are driven by

thermocapillarity™"’ . The ceramic YSZ layer susceptibly

grows at the top of coatings while the bond NiCrAlY
layer is formed at the bottom of coatings, which induces
to form the residual stress during rapid solidification. If
the residual stress is higher than the strength of
coating, crack originates and propagates in the coating.

To eliminate cracks of cladding layer and increase
cladding efficiency, laser induction hybrid rapid cladding
(LIHRC) has been put forward and well developed™® .
Moreover, the high laser scanning speed can also
reduce the time of the convection and stirring in the
molten pool during LIHRC™*, which can help YSZ
distribute in TBCs.

Accordingly . the double-layer constituent formed during

particles to homogeneously
the individual laser cladding can be eliminated during
LIHRC. In recent years, the functionally graded TBCs
(i.e., FG-TBCs) have also been investigated due to
their many unique characteristics such as the gradual
change in composition, microstructures and properties,
which can reduce the microstructure stress and improve

the crack sensitivity of TBCs™"!

. Moreover, compared
with the common double-layer constituent of TBCs, FG-
TBCs can eliminate the interface of ceramic layer-bond
layer and the formation of TGO to increase the lifetime
of TBCs. FG-TBCs have
significant attention in recent years. However, FG-
TBCs prepared by LIHRC have not been reported. The
emphasis of this paper is to characterize the functionally
graded YSZ/NiCrAlY coating prepared by LIHRC on

superalloy GH4169.

Therefore, attracted

2 Experiment

The ceramic powder is 8% (mass fraction) YSZ,
whose size is in the range of 30 ~65 ym. The bond
powder used is NiCrAlY superalloy (Niy, CryAl,,Y) with
a grain distribution of 40 ~ 70 pm, whose chemical
composition is listed in Table 1. The superalloy GH4169
with a dimension of 100 mm X 40 mm X 4 mm is used as
the substrate, whose chemical composition is also listed
in Table 1. The functionally graded YSZ/NiCrAlY
coating by LIHRC consisted of six cladding layers,
where the contents (mass fraction) of ceramic YSZ are
0%, 2%, 6%, 10% . 14% and 18% . respectively.

Table 1 Chemical composition of bond powder and substrate (mass fraction, %)

Material C Cr Al Y Ni Si Mn Mo Nb Ti Fe
Bond powder 0 20 8 0.4 Bal. 0 0 0 0 0 0
Substrate 0.03 19.0 0.57 0 52.3 0.05 0.03 3.06 5.07 1.00 Bal.
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The apparatus of LIHRC has been described in

detail in our previous paper-!. The following
parameters of laser induction hybrid processing are
adopted. Laser power used is 5 kW and scanning speed
is 1000~3500 mm/min. The power of induction heater
1s 30~ 80 kW and the operation frequency is 50 kHz.
The preheated average temperature of substrate is
varied from 973 to 1223 K by adjusting the power of
induction heater. The powder feeding rate is varied
from 20 to 150 g/min. The coating with large area is
prepared by multi-track overlapping LIHRC and the
overlapping rate is 50% . The height of single cladding
layer produced by LIHRC was in the range of 0.4~0.6
mm. Argon gas is used to minimize the surface
contamination of coating.

The coatings are separated from the substrate by
electric spark computer numerically controlled (CNC)
wire-cut machine to carry out the experiment of
oxidation resistance. An isothermal oxidation is carried
out in a tube furnace with a static atmosphere and
maximum operation temperature of 1573 K. Oxidation
tests are performed at 1273 K for 100 h. The weight
change of oxidized samples is continuously measured by
an electronic balance with an accuracy of 0.1 mg after a
chosen time of 10 h and air-cooled to room
temperature. X-ray diffraction (XRD) analysis is also
employed to characterize the formed oxide.

The specimens are also detected by dye penetrant
non-destructive testing (DPNDT) to show the presence
of porosity and cracks, and then cut, polished carefully
and etched by 10% HNO, + C,H;OH (volume fraction)
solution to reveal the microstructure, which is
examined in detail by using the optical microscope and
scanning electron microscope (SEM). XRD analysis is
performed by means of DSADVANCE diffractometer in
Bragg-Brentano  configuration to  analyze  the
quantitative phases in the coating (target. Cu, 40 kV,
30 mA). The microhardness measurement is performed
by a Vickers-1000 microhardness tester with a load of

1.96 N and a dwelling time of 20 s.

3 Results and discussion

To obtain the coating with low dilution and good
profile without cracks and porosity, the optimized
parameters are adopted as follows: 5 kW laser power,
3200 mm/min scanning speed, 4 mm spot diameter,

90.63 g/min powder feeding rate, 1173 K preheating

temperature, and 53° injection angle of powder nozzle
with the substrate. The
overlapping functionally graded YSZ/NiCrAlY coating

surface of multi-track
with a height of 3.2 mm has a relatively smooth surface
and good profile without cracks on superalloy GH4149,

as shown in Fig. 1.

Fig.1 Surfacemorphology of functionally graded
YSZ/NiCrAlY coating on GH4169.

Figure 2 shows the typical cross-section of multi-

track overlapping functionally graded YSZ/NiCrAlY
coating. It can be seen from Fig.2(a) that the coating
takes on a planar growth in the interface of coating-
substrate, followed by a thin cellular structure with a
thickness of 1 ~ 2 pm and the columnar dendrites
perpendicular to the surface of substrate. It is explained
by the following reasons. When the rapid solidification
starts by expitaxial growth from the molten NiCrAlY
bond, a constitutional undercooling is soon generated in
the interface of coating-substrate. As a result, the
planar solid-liquid interface becomes unstable, leading
to an initiation of columnar dendrite. The formation of
columnar dendrites can promote the absorption of
thermal strains and effectively deflect the transverse
cracks to hinder the propagation of cracks™ . So the
porosity and cracks detected by DPNDT are not found in
the coating.

As shown in Fig.2(b) , the interface of consecutive
layer in functionally graded YSZ/NiCrAlY coating
disappears. It is explained by the following reasons.
The previous layer is slightly remelted by heating
source of LIHRC. The solidification of the next layer is
initiated by epitaxial growth. Obviously, the nucleation
has not occurred, but the crystallographic orientation
and the structure of the previous layer are reproduced
during LIHRC [Fig. 2(c)]. It is noted that the bond
NiCrAlY and ceramic YSZ particles are completely
melted and solidify to form a fine, dense and dual-phase
microstructure during LIHRC. However, YSZ-based
TBCs by the individual laser cladding are susceptible to
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cracks in the near-interface zones of bond layer and YSZ

layer, leading to the spallation of coating™® . Compared

with the common double-layer constituent of YSZ-based

Coating

20 pm|

Substrate

TBCs by the individual laser cladding., the functionally
graded constituent can eliminate the fragile interface to
form the crack-free YSZ/NiCrAlY coating by LIHRC.

v
800 [im|

Fig.2 Morphology of functionally graded YSZ/NiCrAlY coating (a), (b) in the interface of coating-substrate and (c) in the

interface of consecutive layer.

The XRD profiles of primary YSZ powder and
coating are shown in Fig. 3. The cubic ZrO, (c¢-ZrO,)
and monoclinic ZrO, (m-ZrO,) predominate in the low 20
range (i.e., 27°~45"), where the tetragonal ZrO, (t-
7Zr0,) has a low intensity. Furthermore, the cubic ZrO,
with (331) and (420) peaks is detected, but m- and t-
ZrQ, phases are not found in a relatively higher 20 range
[Fig. 3 (b)]. The semi-quantitative analysis of the
primary YSZ powder by XRD shown in Table 2 indicates
that the primary YSZ powder is composed of c-ZrO,

graded YSZ/NiCrAlY coating is shown in Fig.3(c). It
can be seen that the coating consists of ¥ -Ni with a face-
centered cubic (FCC) structure and t'-ZrO, with a non-
transformable tetragonal structure. Their contents in
the coating are 82% and 18% (Table 2), respectively.
The ceramic YSZ particles can be completely melted
into liquid due to their high electrical resistivity, and
then martensitic-like transformation occurs during
LIHRC™ . Namely, c-ZrO, in the primary YSZ powder
is melted during LIHRC, and then transforms into the

metastable t'-ZrO, by a diffusionless and displacive

(58% , mass fraction), m-ZrO, (36%) and t-ZrO,
(6% ). After LIHRC, the XRD result of functionally mechanism, not transforming into monoclinic ZrO, .
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Fig.3 XRD profiles of primary YSZ powder and functionally graded YSZ/NiCrAlY coating. (a). (b) Primary
YSZ powder; (¢) functionally graded YSZ/NiCrAlY coating.
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Table 2 Phase contents in the primary powder and functionally graded coating (mass fraction, % )

Material c m t t'
Primary powder 58 36 6 0 0
Functionally graded coating 0 0 0 18 82

The previous result shows that the delamination
phenomenon and the interface of ceramic layer-bond
layer can be clearly observed in the individual laser
cladding coating due to low laser scanning speed and
large density difference between ceramic YSZ and bond
Ni-based alloy™®'. So it is very difficult to produce the
functionally graded YSZ/NiCrAlY

individual laser cladding. However, the time of the

coating by the

stirring and convection in the molten pool can be
significantly decreased due to very high laser scanning
speed (i. e., 3200 mm/min) during LIHRC. The
stirring and convection have no enough time to
contribute YSZ particles to float upward in the molten
pool. Therefore, the peaks corresponding to ¥ -Ni and
t'-Zr0, can be detected simultaneously in the coating
[Fig.3(c) ], showing that the coating has a mixed and
dense microstructure and is only composed of ¥ -Ni and
t'-Zr0, (Fig. 2) .

Figure 4 shows the microhardness profiles of
substrate (SUB), heat-affected-zone (HAZ) and every
cladding layer. The results indicate that the
microhardness of coating presents a graded distribution
and increases with an increase in cladding layer. For a
single cladding layer, the distribution of microhardness
has a homogeneous characteristic. The top layer (i.e.,
the sixth layer) has the highest microhardness. whose
average value is approximately up to 1136 HV,,. As
mentioned above, the content of ceramic YSZ increases
with cladding layer. The different crystal structures
such as ¢-ZrO, , m-ZrO, and t-ZrO, in the primary YSZ

powder completely transform into the metastable t'-
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Fig.4 Microhardness of functionally graded
YSZ/NiCrAlY coating.

ZrQ, accompanying with the molten NiCrAlY. The dual-
phase and dense microstructure is formed and the
metallic bond ¥ -Ni is reinforced accordingly. Moreover,
the microstructure is composed of fine columnar
dendrites and similar in all cladding layers due to rapid
heating and rapid solidification during LIHRC. The fine
and dual-phase microstructure can not only increase the
but also

microhardness of coating, improve the

toughness of coating™®. Therefore, the crack-free

YSZ/NiCrAlY
microhardness can be obtained by LIHRC.

coating with high and gradual

Figure 5 shows the oxidation kinetics of coating and
superalloy GH4169. It can be seen that the weight gain
of superalloy GH4169 is higher than that of NiCrAlY
coating and functionally graded YSZ/NiCrAlY coating by
LIHRC. The rate of weight gain for superalloy GH4169
is approximately reduced by 40 % when NiCrAlY coating
is produced by LIHRC. The Al,O, and NiCr,0, oxides
are formed on the surface of NiCrAlY coating after
isothermal oxidation [ Fig.6(a) ]. However, the weight
gain for superalloy GH4169 can be further decreased by
62 % when the functionally graded YSZ/NiCrAlY coating
is produced by LIHRC. The oxides such as t-ZrO,,
Al,O, and NiCr,0O, are formed on the surface of
YSZ/NiCrAlY
isothermal oxidation [ Fig. 6 (b)]. It indicates that the
functionally graded YSZ/NiCrAlY coating by LIHRC can

markedly increase the oxidation resistance of superalloy

functionally  graded coating  after

GH4169 during isothermal oxidation.

1.2 —0O—functionally graded YSZ/NiCrAlY coating

—O—NiCrAlY coating
1.0 —A—substrate GH4169
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2.5 Oxidation kinetics of coating and substrate
at 1273 K.
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Fig.6 XRD profiles ofcoatings after isothermal oxidation at 1273 K for 100 h. (a) NiCrAlY coating;
(b) YSZ/NiCrAlY coating

4 Conclusions

Thecrack-free YSZ/NiCrAlY coating with good
profile and gradual microhardness can be obtained when
the laser scanning speed and the powder feeding rate
are 3200 mm/min and 90. 63 g/min during LIHRC,
respectively. The different crystal structures such as c-
Zr0O,, m-ZrO, and t-ZrO, in the primary YSZ powder
completely transform into t'-ZrQ,. The fine and dense
microstructure presents a characteristic of the columnar
dendrites and is composed of dual phase ¥ -Ni and t'-
ZrO,. Moreover, the interface of consecutive layer in
the functionally graded YSZ/NiCrAlY coating by LIHRC
also disappears, which is different from the double-layer
constituent (i.e., ceramic YSZ layer-bond layer) by the
cladding. After the isothermal
oxidation, the metastable t'-ZrO, phase in the LIHRC-
functionally graded YSZ/NiCrAlY

transforms into t-ZrO, , which can increase the oxidation

individual laser

formed coating

resistance of superalloy GH4149.
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