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Abstract: Yttrium—aluminum garnet/yttria-stabilized zirconia (YAG/YSZ) double-ceramic-layer thermal barrier
coating (TBC) with NiCoCrAlY bond coating was deposited by atmospheric plasma spraying (APS) on Inconel 738
alloy substrate, and laser modification was carried out on the surface of YAG ceramic coating to improve the high-
temperature oxidation resistance of TBC. Then, isothermal oxidation tests were designed to study the high-temperature
oxidation and thermally grown oxide (TGO) growth behaviors of the as-sprayed (AS) and the laser modified (LM)
YAG/YSZ TBC. Results show that TGO thickness and structure of both AS-TBC and LM-TBC exhibit the similar
evolution trend, TGO thickness increases with the increasing of isothermal oxidation time, and TGO structure develops
from single Al,Os layer to the double-layer structure of upper mixed oxides and lower Al,Os. Because of the crucial
inhibition effect of the laser modification on oxygen permeation, the appearance time of mixed oxides in LM-TBC is
postponed, and the total TGO thickness of LM-TBC is reduced at the middle and final oxidation stages. The Al,Os layer
thickness proportion of total TGO in LM-TBC is always greater than or equal to that in AS-TBC at the same isothermal
oxidation time. Compared with the AS-TBC, the parabolic oxidation rate of LM-TBC is decreased by 18.42%.
Therefore, YAG/YSZ LM-TBC presents better oxidation resistance and lower TGO growth rate than AS-TBC.

Key words: thermal barrier coating; laser modification; double-ceramic-layer; oxygen permeation; thermally grown
oxide

(M=Ni and Co) bond coating as the oxidation-
resistant layer and superalloy substrate [5,6]. It is
hard for the conventional TBC to meet the ever-

1 Introduction

Thermal barrier coating (TBC) has been
widely used in nickel-base alloy turbine blades as a
protective layer to isolate thermal corrosion and
high-temperature oxidation [1,2], because of its
superior performances on oxidation, corrosion, and
heat resistance [3,4]. A typical TBC is normally
composed of yttria-stabilized zirconia (YSZ)
ceramic coating as thermal barrier layer, MCrAlY

increasing high-temperature working conditions,
since various complex and interactive failures
occurred in TBC during temperature load
process [7—9]. Especially, thermal growth stress
concentration and crack initiation in TGO bulges
induced by the rapid growth of thermal grown
oxide (TGO) layer, become the crucial factors to
cause TBC spallation and failure [10,11]. However,
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as the main product of TBC oxidation, TGO is an
inevitable oxides layer formed along the ceramic
coating/bond coating interface when TBC works at
high-temperature. Therefore, exploring the avenue
of inhibiting TGO formation and growth is
extremely urgent to TBC service life.

Oxygen plays the most important role in TGO
formation and growth, and ionic diffusion and gas
permeation are two major mechanisms for oxygen
transport from atmosphere to oxidation reaction
interface through YSZ coating. The more the
oxygen participates in oxidation reaction, the
larger the thickness of TGO layer generated [5].
Double-ceramic-layer TBC system greatly reduced
ionic diffusion of oxygen by an additional outer
ceramic coating over YSZ, because the additional
coating, mainly lanthanum zirconate (La,Zr,O,
LZO) and yttrium aluminum garnet (Y3AlsOi2,
YAG), acts as a good oxygen barrier for their
relatively low oxygen diffusivity. However, gas
permeation is usually the most harmful factor. FOX
and CLYNE [12] indicated that the oxygen flux
caused by gas permeation could be 6.6 times higher
than that of ionic diffusion at 1400 K. Although
atmospheric plasma spraying (APS) is one of the
best ceramic coating deposition technologies for its
higher efficiency and lower cost [13,14], serious gas
permeation of oxygen would occur in APS TBC.
Lamellar structure, which is inevitably produced by
the solidification process of APS particles [15],
provides sufficient channels for oxygen permeation.
On the other hand, some typical APS defects, such
as uneven surface with pores and protrusions, can
increase the oxidation reaction contact areas
between TBC and oxygen, further accelerating the
high-temperature oxidation reaction.

Oxygen resistance

More recently, laser technology has attracted
considerable attention for fabricating high-precision
and high-quality microstructures on a variety of
materials [16]. For example, femtosecond laser has
been used for generating polytetrafluoroethylene
(PTFE) film with unique coral-like micro/
nanostructures and stainless steel mesh with
large-area periodic nanoripple structures, for
obtaining the function of robust self-cleaning
passive  cooling and separation,
respectively [17,18]. Likewise, several studies have
been focused on design the unique TBC micro-
structures by laser modification for remedying
ceramic coating defects after APS deposition.
FREITAS et al [19] prepared a dense YSZ ceramic
layer with 40 pm in thickness by laser scanning, the
microhardness of laser-modified YSZ was higher
than that of the as-sprayed YSZ, and surface defects
were also reduced. XU et al [20] indicated that the
mass gain per unit area of scanned YSZ by low
energy density laser was smaller than that scanned
by high energy density laser during the cyclic
oxidation. Previous studies were mostly focused on
the effect of laser modification on microstructure
and cycle oxidation of TBC with single ceramic
layer, but investigations on how laser-modified
structure affects the TGO growth behaviors of TBC
with double ceramic layer were rare.

In the present work, the YAG/YSZ double-
ceramic-layer TBC was deposited by APS over the
NiCoCrAlY bond coating on the Inconel 738
substrates, then laser surface modification was
carried out, and thus the as-sprayed (AS) and the
laser-modified (LM) TBC were prepared, as shown
in Fig. 1. Moreover, isothermal oxidations of
AS-TBC and LM-TBC at 1100 °C were conducted

oil—water

Laser remolten layer

Outer ceramic coating
—

(aps)

layer YAG . . . YAG
nner ceramic coating
l—
Thermal resistance (APS)
layer YS7Z ' YSZ
Bond coating
< (D-Gun) —
NiCoCrAlY NiCoCrAlY

Substrate ———»

In 738 In 738

Fig. 1 YAG/YSZ TBC system: (a) AS-TBC; (b) LM-TBC
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to further clarify the effects of inhibiting oxygen
permeation on TBC high-temperature oxidation
performance and TGO growth behaviors.

2 Experimental

Nickel-based superalloy Inconel 738 substrates
were cut into circular pieces with size of
d254mm x3mm and then sandblasted. The
metallic powder of NiCoCrAlY (Metco, Ni—23Co—
17Cr—12A1-0.4Y), ceramic powders of YSZ
(Metco, 8 wt.% yttria-stabilized zirconia) and YAG
(Baijiaxiang Inc., yttrium aluminum garnet) were
employed as feedstock of bond coating, inner
ceramic coating and outer ceramic coating,
respectively. The morphology and particle size of
ceramic powders are shown in Fig. 2. The bond
coatings were deposited by the detonation spraying
facility (AIM—4]/1, Russia), and then vacuum heat
treatment at 1050 °C for 2 h were performed in the
tube furnace (GSL-1500X-50, China) in order to
get a thin ALO; layer as well as increase the
adhesion [21]. The ceramic coatings were prepared

Fig. 2 Morphologies and particle size distributions of
ceramic powders: (a) YSZ; (b) YAG

by the APS facility (GP-80, China), and the YAG
surface of AS-TBC was scanning remelted by the
fiber laser (IPG YLS-4000) to obtain LM-TBC. The
APS and laser scanning parameters are listed in
Table 1 and Table 2, respectively.

Table 1 Parameters of atmospheric plasma spraying [5]

Arc Arc Argon Hydrogen Spray
Coating current/ voltage/ flow rate/ distance/
A \Y% rate/ (L'min™") mm
(L-min™")
YSZ 650 60 60 5.5 80
YAG 650 55 50 6.5 85

Table 2 Parameters of laser scanning

Power/ Scanning speed/ Overlap rate/ Spot diameter/
W (mm-s™) % mm
300 50 50 3

The isothermal oxidation tests on AS-TBC and
LM-TBC specimens were performed in a muftle
furnace (KSL-1800X-A1, China) at 1100 °C for 25,
50, 100, 150, 200 and 300 h, and the heating and
cooling rates were both 10 °C/min. The oxidation
mass gains were calculated by a precision electronic
balance (0.1 mg in precision, Mettler Toledo), and
three specimens were tested for average value.

Surface and cross-section microstructural
characterizations of AS-TBC and LM-TBC were
evaluated by a scanning electron microscope (SEM,
Quanta FEG 450) with energy-dispersive X-ray
spectroscopy (EDS). Surface roughness was
observed by laser scanning confocal microscope
(LSCM, Zeiss LSM 800). Porosity and TGO
average thickness were calculated by Image-Pro
Plus 6.0.

3 Results

3.1 Microstructural characterization

Figure 3 shows the surface micrographs of
AS-TBC and LM-TBC. As shown in Fig. 3(a),
AS-TBC presents an uneven surface with pores and
protrusions as typical defects of APS, which are
caused by insufficient overlapping among the
adjacent molten droplets during the flattening
process of spraying particles [22]. Although such
uneven surface is positive on releasing thermal
stress and decreasing thermal conductivity [23],
higher roughness enlarges the oxidation reaction
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contact areas between as-sprayed layer and external
oxygen, further increasing the rates of high-
temperature oxidation reaction [24]. After laser
scanning, as shown in Fig. 3(b), LM-TBC presents
smooth surface with micropores, network cracks as
well as hexagonal grains with different sizes, which
are caused by insufficient gas escaping time,
shrinkage and relaxation of residual stress, and
diffuse reflection to the beam after laser irradiation,
respectively [25—28]. Note that LM-TBC can
achieve obvious lower surface roughness, which is
positive to reduce oxidation reaction contact areas
between laser remolten layer and external oxygen,
and further decreases the rates of high-temperature
oxidation reaction.
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Fig. 3 Surface morphologies of TBCs: (a) AS-TBC;
(b) LM-TBC

Figure 4 shows the cross-sectional micro-
graphs of AS-TBC and LM-TBC. As Fig. 4(a)
shows, AS-TBC is composed of outer ceramic
coating (YAG), inner ceramic coating (YSZ), and
bond coating (NiCoCrAlY), with the thicknesses of
(160£20), (160£20), and (110+20) um, respectively.
The YAG coating of AS-TBC has higher porosity
(9.43%) and obvious lamellar structure, as shown in

Fig. 4(b). As well known, such a microstructure is
in favor of oxygen permeation and negative to
high-temperature oxidation resistance of TBC.
LM-TBC has the same coating composition and
corresponding thickness to AS-TBC, except that the
outer ceramic coating (YAG) is composed of
as-sprayed zone and laser remolten zone, as shown
in Fig. 4(c). With the help of remolten compact
zone in LM-TBC, porosity of total YAG coating of
LM-TBC is decreased to 2.85%. Simultaneously,
obvious columnar structure and a few vertical
microcracks with the width of 1-2 um can be
observed in laser remolten zone, which are
attributed to directional solidification along the heat
flow direction and tension stress concentration
towards central area, respectively, as shown in
Fig. 4(d) [22].
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Fig. 4 Cross-sectional morphologies of TBCs: (a) AS-
TBC; (b) Lamellar structure in AS-TBC; (c) LM-TBC;
(d) Vertical microcrack and columnar structure in
LM-TBC

3.2 TGO formation and growth

Figure 5 shows the amplified TGO micro-
graphs of AS-TBC and LM-TBC isothermally
oxidized at 1100 °C for different time. After 25 h
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Fig. 5 Amplified TGO morphologies of TBCs oxidized at 1100 °C for different time

oxidation, a dense and black Al,O3; TGO layer
(~2.38 um) is formed along the NiCoCrAlY/YSZ
interface of AS-TBC, as shown in Fig. 5(a). The
EDS results of Points 1 and 2 in Table 3 indicate
that the AI** first diffuses to the interface and reacts
with O* to form the black Al,Os layer, and then
P-NiAl (grey patches) is surrounded by the
depletion zone of Al in bond coating. And it seems
that the less the AI*" participates in the oxidation
reaction, the more the S-NiAl is left in bond
coating, and the smaller the AI,O3 TGO thickness is
generated. Hence, the ALO3 TGO layer thickness
(~2.73 pm) of LM-TBC is larger than that of

AS-TBC, since there is almost no f-NiAl (grey
patches) left in bond coating, as shown in Fig. 5(b).
This indicates that more serious oxidation occurs in
LM-TBC at the initial oxidation stage.

With the isothermal oxidation time is extended
to 50 h, the bond coatings of AS-TBC and LM-TBC
present totally depletion zone of Al, as shown in
Figs. 5(c, d). This phenomenon demonstrates that
large amount of Al** in bond coatings is used for
generating AlLOs, the AlbO; TGO thicknesses of
AS-TBC and LM-TBC increased to 3.42 and
2.94 um, respectively, and the TGO thickness
increasing percentages are 43.70% and 7.69%
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compared with those of TBCs isothermally
oxidized for 25 h, respectively. Higher increasing
percentages indicate that the TGO growth rate of
AS-TBC is higher than that of LM-TBC during the
25-50 h isothermal oxidation period. Till to100 h,
the TGO thicknesses of AS-TBC and LM-TBC are
5.50 and 3.70 um, and the corresponding TGO
thickness increasing percentages are 60.82% and
25.85%, respectively. The lower TGO thickness
increasing percentage of LM-TBC indicates that
laser surface modification effectively decreases the
TGO growth rate at the middle oxidation stage.
After 100 h, as shown in Fig. 5(e), there is a very
small grey region appearing at the YSZ/Al,03 TGO
interface of AS-TBC, and the EDS result of Point 3
reveals that the grey region is mixed oxides which
are rich in Ni, Cr, and Co. Hence, the total AS-TBC
TGO consists of mixed oxides layer (~1.12 um) and
ALO; layer (~4.38 pm). The TGO morphology of
AS-TBC presents a double-layer structure although
the mixed oxides layer is very thin. However,
according to the TGO morphology and EDS result
of Point 4 in Table 3, the TGO structure of
LM-TBC still retains single Al,Os layer, as shown

in Fig. 5(f).

Table 3 EDS analysis result of different points in Fig. 5
(at.%)

Point Ni Co Cr Al O
1 51.6 9.3 4.6 33.1 1.4
2 37.8 25.1 253 9.8 2.0
3 9.4 7.5 7.5 31.8 43.8
4 0.2 0.3 0.1 48.0 51.5

After isothermal oxidization for 150 h, Fig. 6(a)
shows that the TGO of AS-TBC exhibits an
observable grey and black double-layer structure,
and the total TGO thickness is 8.33 um, which is
composed of mixed oxides (grey layer) of 2.62 um
and AlO; (black layer) of 5.71 um. However, the
LM-TBC TGO component is only caused by the
AP diffusion, without any other metallic element
indexed, so its TGO is still a single black Al,O;
layer with the thickness of 4.62 um, as shown in
Fig. 6(b).

After isothermal oxidization for 200 h, both
AS-TBC and LM-TBC present the same double-
layer structure: grey mixed oxides on the upper
and black ALO; on the lower, but with different

thicknesses and compositions, as shown in
Figs. 7(a, b). The thickness of mixed oxides and
AlO; are 4.38 and 4.77 um in AS-TBC, but 1.80
and 6.69 um in LM-TBC. The thickness of total
TGO and mixed oxides in AS-TBC is larger
than that in LM-TBC, and Al,Os layer thickness
proportion of total TGO in AS-TBC is obviously
lower than that in LM-TBC. The higher the AlOs;
proportion of TGO is, the stronger the ability to
insulate metallic cation diffusion is, so LM-TBC
possesses better protection effect on bond coating
than AS-TBC in the period of isothermal oxidation.
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Fig. 6 Amplified TGO morphologies of TBCs oxidized
at 1100 °C for 150 h: (a) AS-TBC; (b) LM-TBC

In order to further investigate the elements
distribution in AS-TBC TGO bulge site, EDS
line-scan profile was performed along the green line
in Fig. 7(a). The results show that across the total
TGO, from the top ceramic coating to the bottom
bond coating, there are four regions, i.e., the
ceramic coating (YSZ), the mixed oxides, the A,Os,
and the bond coating (NiCoCrAlY). In the region of
0—4.35 ym along x-axis, where the YSZ coating
locates, there is a lot of Zr element, a small amount
of Y and O elements. In the region of 4.35-9.40 pm
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Fig. 7 Amplified TGO morphologies of TBCs oxidized at 1100 °C for 200 h: (a) AS-TBC; (b) LM-TBC

along x-axis where the mixed oxides locate, Ni, Co
and Cr elements present a hump shape. In the
region of 9.40—14.25 pym along x-axis where the
Al O; TGO locates, Al and O amounts reach the
maximum and the amounts of other elements are
almost close to zero. In region of 14.25—18.10 um
along x-axis, the bond coating mainly consists of
Ni, Co, and Cr, and a small amount of Al and Y.
When the isothermal oxidation time is
extended to 300 h, as shown in Figs. 8(a, b), the
total TGO thicknesses of AS-TBC and LM-TBC
are 13.68 and 11.51 um, respectively. There are
intuitively more sharp interfacial fluctuations and
lager thickness of mixed oxides in AS-TBC than
those in LM-TBC. It should be noted that the inner
crack with length of 17.01 um is created in the
mixed oxides bulge zone of AS-TBC. The TGO
inner crack would accelerate the propagation of
horizontal cracks, leading to more serious oxidation
in AS-TBC, and ultimately induce coating
spallation [28]. As shown in Figs. 8(c, d), EDS
results exhibit that the grey region with porous
microstructure on the upper part is mixed oxide rich
in Ni, Cr, and Co (circled by a red dotted line), and

the black region with higher compactness on the
lower part is ALOs.

3.3 Evolution of TGO and YAG surface

A dense and continuous AlO; layer plays a
positive role on inhibiting the excessive growth
of TGO. Due to its slower growth rate, better
adhesion [29], and superior oxidation protection on
TBC at high temperature, Al,O; layer is the most
desirable oxide scale in TGO [30]. In order to
further clarify the Al,Oslayer growth processes of
AS-TBC and LM-TBC in Figs. 58, Fig. 9 is drawn
to evaluate the TGO composition and thickness in
the isothermal oxidation process.

As shown in Fig. 9, the Al>O; layer thickness
in LM-TBC (2.73 um) is larger than that in
AS-TBC (2.38 um) at the initial oxidation stage
(25 h) of isothermal oxidation. With extending the
isothermal oxidation time (50—300h), although
both the thickness of total TGO and the thickness
of mixed oxides in AS-TBC and LM-TBC are
increased, the thickness in LM-TBC is always
smaller than that in AS-TBC. Additionally,
the mixed oxides appear in AS-TBC after 100 h
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Fig. 8 TGO morphologies (a, b) and elements distributions (c, d) of TBCs oxidized at 1100 °C for 300 h: (a, ¢c) AS-TBC;

(b, d) LM-TBC

oxidation, but it is obviously postponed to 200 h
in LM-TBC. This indicates that the oxidation
reaction rate of LM-TBC is significantly decreased
compared with that of AS-TBC at the middle and

final oxidation stages.

As shown in Fig. 9, the Al>O; layer thickness
proportion of total TGO in AS-TBC is 100% till
being oxidized for 50 h, and then reduces to 79.64%,
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68.56%, 52.13% and 46.42%, after being oxidized
for 100, 150, 200 and 300 h, respectively. However,
the Al>O;layer thickness proportion of total TGO in
LM-TBC is 100% till being oxidized for 150 h, and
then reduces to 78.80% and 62.12% after being
oxidized for 200 and 300 h, respectively. It is
suggested that the Al,Os layer thickness proportion
of total TGO in LM-TBC is always greater than or
equal to that in AS-TBC in the entire isothermal
oxidation process. This phenomenon is beneficial to
decreasing TGO growth rate in LM-TBC, since the
bond coating metallic elements has the lowest
diffusion coefficient in Al,Os3 [22].

15
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3 Al O, thickness of LM-TBC M
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Fig. 9 TGO composition and thickness in AS-TBC and
LM-TBC

In order to evaluate the relationship between
ceramic coating surface morphology and TGO
growth rate, the surface morphology and roughness
of both AS-TBC and LM-TBC after 1100 °C
oxidation for 300 h were analyzed. Compared with
the original surface morphology of AS-TBC shown
in Fig. 3(a), more cracks with different sizes appear
on the YAG surface of ceramic coating after long-
time oxidation, as shown in Fig. 10(a). Moreover,
these cracks provide more and more permeating
channels of oxygen, leading to the continuously
accelerated oxidation reaction rate. As a result, the
YAG surface roughness of AS-TBC is significantly
increased. On the contrary, nearly all the original
network cracks of LM-TBC are healed during
thermal fatigue, as shown in Fig. 10(b). Compared
with the surface morphology before oxidation
shown in Fig. 3(b), the YAG surface without open
cracks obviously reduces oxygen permeating
channels in ceramic coating, and further postpones
the TGO growth in LM-TBC. On the other hand,

with the help of crack healing, the damage induced
by thermal stress is effectively decreased in
LM-TBC, so the oxidation reaction degree of
LM-TBC is much lower than that of AS-TBC.
By contrast, the YAG surface of LM-TBC only
undergoes a slight damage and its surface
roughness has little variation after oxidation. The
YAG surface roughness variation trends of AS-TBC
and LM-TBC are shown in Fig. 11.

Fig. 10 Surface morphologies of TBCs after oxidation at
1100 °C for 300 h: (a) AS-TBC; (b) LM-TBC
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Fig. 11 YAG surface roughness of AS-TBC and
LM-TBC after different isothermal oxidation time
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4 Discussion

4.1 TGO oxidation Kinetics

The oxidation kinetics curves of TBCs
indicated that the oxidation kinetics of AS-TBC and
LM-TBC exhibited a parabolic law [31], as shown
in Fig. 12(a). The oxidation mass gain of LM-TBC
was greater than that of AS-TBC only at the initial
oxidation stage, but always lower at the middle
and final oxidation stages due to its better high-
temperature oxidation resistance. Figure 12(b)
showed that the parabolic constant K, values of
AS-TBC and LM-TBC by fitting the kinetic curves
were 4.18 and 3.41 mg?-cm *-h™!, respectively. This
result illustrated that the parabolic oxidation rate of
LM-TBC was decreased by 18.42% compared with
that of AS-TBC.
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Fig. 12 Isothermal oxidation kinetics curves at 1100 °C
of TBCs: (a) Mass gain; (b) Parabolic constant K, fitting
4.2 High-temperature oxidation resistance
mechanisms
LM-TBC presented lower oxidation reaction

rate than AS-TBC, for its smaller total TGO

thickness, higher Al,Os layer thickness proportion
of total TGO, less oxidation mass gain, and lower
parabolic constants K, in the entire isothermal
oxidation process. The lower oxidation reaction rate
was resulted from less oxygen participated in the
oxidation reaction, namely less oxygen arriving at
ceramic coating/bond coating interface of TBC.

A schematic illustration of oxygen permeation
and TGO growth mechanism of AS-TBC and
LM-TBC at different isothermal oxidation stages
is shown in Fig. 13. In the process of isothermal
oxidation, external oxygen diffused through
ceramic coating and arrived at oxidation reaction
interface by gas permeation and ionic diffusion. The
diffusion of oxygen ions in AS-TBC should be
same as that in LM-TBC, since the two ceramic
coatings had the same materials and thickness,
only with different microstructures. Therefore, the
different gas permeation resulted from different
microstructures is a major principal concern.

As Fig. 13(a) showed, before isothermal
oxidation, AS-TBC and LM-TBC had the same
constitution and thickness of each coating, located
on left and right parts of the blue arrow, respectively.
The amplified microstructure characteristics of
YAG coating with the same thickness in AS-TBC
as-sprayed zone and LM-TBC laser remolten zone
were highlighted by green dotted rectangular frames
(Figs. 13(a-1) and (a-2), respectively). Remarkable
characteristics of AS-TBC were uneven surface
with many defects and lamellar structure, as shown
in Fig. 13(a-1), and LM-TBC had lower surface
roughness but with network cracks, vertical
microcracks and columnar structure, as shown in
Fig. 13(a-2).

As Fig. 13(b) showed, at the initial isothermal
oxidation stage less than 25 h, there were sufficient
O* diffusing into AS-TBC YAG coating through
the APS defects and lamellar structure of AS-TBC
(Fig. 13(b-1)), but intuitively more O* diffused into
LM-TBC YAG coating, since network cracks and
vertical microcracks of laser remolten zone
provided more open permeating channels of oxygen
(Fig. 13(b-2)). Then, different amounts of O* in
both TBCs continuously diffused into the untreated
YAG and YSZ coatings, but finally less O* could
arrive at the interface of ceramic coating/bond
coating, as shown in Figs. 13(b-3, b-4). This was
mainly attributed to the fact that most of oxygen
ionic diffusion was hindered by YAG coating due to
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its very low oxygen diffusivity (1072°m?%/s) [32].
After that, although the same oxidation reactions
occurred in  AS-TBC and LM-TBC: Al
preferentially participated in oxidation to form
Al,O3 which has the lowest Gibbs free energy in
TGO [33,34], more O* arrived at the oxidation
reaction interface of LM-TBC to form a larger
thickness of AlLO; in LM-TBC than that in
AS-TBC.

As Fig. 13(c) showed, at the middle isothermal
oxidation stage from 50 to 150h, AS-TBC
presented more uneven surface with obvious cracks
and looser lamellar structure (Fig. 13(c-1)), and
LM-TBC presented denser surface and cross-
section morphology due to the network cracks and
vertical microcracks began to heal (Fig. 13(c-2)).
The total thermal stress, which was originated from
isotropic thermal expansion misfit and anisotropic
TGO growth, was partly released by non-uniformed
strain of lamellar structure in AS-TBC and
cracks healing of laser remolten zone in LM-TBC,

respectively  [35,36]. Hence, the different
morphology evolutions mentioned above in
AS-TBC and LM-TBC could be observed.

Moreover, this denser surface and cross-section
structure of LM-TBC further limited oxygen
transportation by eliminating open permeating
channels of oxygen [37], and contributed to achieve
better oxidation resistance of LM-TBC in this stage.

According to second law of thermodynamics
and Gibbs free energy of oxides spontaneous
formation [38], the more the O* arrived at the
oxidation reaction interface, the more the AI**
diffused outward from bond coating to form Al,Os,
the less the AI*" leftin bond coating, and thus the
larger the thickness of Al,O3; TGO achieved. When
the AI** content in bond coating was below a level
of concentration and under sufficient partial
pressure of oxygen, other metallic elements would
spontaneously diffuse outward and react with O*" to
form NiO, CoO, Cr;0s, and spinels [39], such as
(Ni,Co)Al,O4 and (Ni,Co)Cr204. Therefore, larger
TGO thickness with double-layer structure could be
observed in AS-TBC, as shown in Fig. 13(c-3).
However, compared with AS-TBC, due to the fact
that less Al** was consumed in LM-TBC, the TGO
of LM-TBC still retained single AlOs layer, as
shown in Fig. 13(c-4).

As Fig. 13(d) showed, at the final isothermal
oxidation stage from 200 to 300h, AS-TBC

presented larger size cracks and looser structure
with the isothermal oxidation time extending. These
damaged surface and cross-section greatly helped
large amount of oxygen to easily permeate through
ceramic coating, leading to more serious damages
to AS-TBC (Fig. 13(d-1)). Conversely, the amount
of O?", which could arrive at the oxidation reaction
interface of LM-TBC, was greatly reduced than that
of AS-TBC at this oxidation stage (Fig. 13(d-2)).
This was attributed to the fact that the dense
remolten zone of LM-TBC closed most permeating
channels of oxygen by continuous healing the
network cracks and vertical microcracks. As a
result, the degree of oxidation reaction and damage
occurring in LM-TBC were rather limited at the
final oxidation stage, even though the total amount
of O? diffusing through ceramic coating increased
than before.

The excessive consumption of AI** led to Ni?*,
Cr** and Co*" in bond coating rapid diffusing
through Al,Os TGO to form mixed oxides, and
thus the double-layer TGO structure thickness,
especially mixed oxides thickness of AS-TBC
was greatly increased (Fig. 13(d-3)). And
correspondingly, less consumption of A’
contributed to mixed oxides thickness and
appearance time in LM-TBC smaller and later
than those in AS-TBC (Fig. 13(d-4)). Therefore,
LM-TBC obviously decreased oxidation reaction
rate and exhibited superior high-temperature
oxidation resistance than AS-TBC.

5 Conclusions

(1) Laser modification had crucial inhibition
effect on oxygen permeation, the total TGO growth
rate of LM-TBC is obviously slower than that
of AS-TBC during the isothermal oxidation
at 1100 °C, and parabolic oxidation rate of
LM-TBC (3.41 mg>ecm *h!') is decreased by
18.42% compared with that of AS-TBC
(4.18 mg>cm *h").

(2) With the isothermal oxidation time
extending, the TGO structure of both TBCs
develops from single AlOs layer to double-layer
of upper mixed oxides and lower AlOs;. But the
adverse mixed oxides appearance time and
thickness of AS-TBC are earlier and larger than
those of LM-TBC, and the AlLOs layer thickness
proportion of total TGO in LM-TBC is always
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larger than or equal to that in AS-TBC.

(3) Modifying the YAG coating by laser
scanning with a remolten layer microstructure is a
promising method to reduce permeating channels of
oxygen, inhibit TGO growth and can further
improve high-temperature oxidation resistance of
YAG/YSZ double-ceramic-layer TBC.
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