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Abstract: This work was attempted to modify the current technology for thermal barrier coatings (TBCs) by adding an additional
step of surface modification, namely, supersonic fine particles bombarding (SFPB) process, on bond coat before applying the topcoat.
After isothermal oxidation at 1000 °C for different time, the surface state of the bond coat and its phase transformation were
investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM) equipped with energy-dispersive X-ray
spectrometry (EDS), transmission electron microscopy (TEM) and Cr’* luminescence spectroscopy. The dislocation density
significantly increases after SFPB process, which can generate a large number of diffusion channels in the area of the surface of the
bond coat. At the initial stage of isothermal oxidation, the diffusion velocity of Al in the bond coat significantly increases, leading to
the formation of a layer of stable a-Al,O; phase. A great number of Cr** positive ions can diffuse via diffusion channels during the
transient state of isothermal oxidation, which can lead to the presence of (Aly¢Cry1),03 phase and accelerate the y—6—a phase
transformation. Cr’* luminescence spectroscopy measurement shows that the residual stress increases at the initial stage of isothermal
oxidation and then decreases. The residual stress after isothermal oxidation for 310 h reduces to 0.63 GPa compared with 0.93 GPa
after isothermal oxidation for 26 h. In order to prolong the lifespan of TBCs, a layer of continuous, dense and pure a-Al,O; with high
oxidation resistance at the interface between topcoat and bond coat can be obtained due to additional SFPB process.

Key words: thermal barrier coatings (TBCs); supersonic fine particles bombarding (SFPB); isothermal oxidation; Cr** luminescence
spectroscopy; dislocation density; diffusion channel
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1 Introduction

Thermal barrier coatings(TBCs) are widely used for
gas turbine and aero-engine to prevent the superalloy
from high temperature corrosion, which can result in an
improved component durability to enhance the efficiency
of engines, reduce fuel-consumption and prolong the
life-span of engines [1—3]. TBCs system usually consists
of a MCrAlY-based bond coat on the substrate, a
thermally insulating ceramic topcoat deposited by
atmospheric plasma spraying (APS) or electron beam
physical vapor deposition (EB-PVD) onto bond coat, and
a layer of thermally grown oxides (TGO) at the interface
between bond coat and topcoat during the thermal
exposure [4,5]. Atmospheric plasma spraying (APS),

spraying (VPS) and high velocity oxygen-fuel (HVOF)
spraying are prevailing deposition facilities of bond coat
at present. It is well-established that high efficiency and
low cost are the advantages of HVOF process [6—8].

Isothermal oxidation and thermal shock can be
considered two fundamental conditions [9,10], which are
in accordance with two states-continuous service and
abrupt brake in the aero-engine service. The interface
between bond coat and topcoat is commonly seen as the
most important region for the failure of TBCs [3,5,11]. In
particular, the element inter-diffusion may indirectly
form TGO after thermal exposure, which is beneficial to
the life-span of TBCs [12—15].

In recent years, surface modification for grain
refinement has been introduced into improving the
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overall performance by means of modification of surface
microstructures [16—18]. As shown in Fig. 1, supersonic
fine particles bombarding [19—21] is a new process using
supersonic air flow to carry large number of hard solid
particles bombarding on metallic surface with high
kinetic energy. Additionally, SFPB process can lead to
severely plastic deformation grain refinement owing to
repetitive bombarding on the metallic surface,
consequently metastable microstructure can be formed.
The surface microstructure of bond coat tends to become
grain refinement, and a large number of dislocations can
be generated [22—24]. So far, TBCs deposition using
additional SFPB process has been rarely reported. It can
be expected that modification of surface microstructure
for bond coat has an indirect effect on the phase
composition in TGO, as well as the adherence between
topcoat and bond coat.

In our work, HVOF process was used to deposit the
bond coat, and the surface microstructure of the bond
coat was modified subsequently using additional SFPB
process, ultimately 8% (mass fraction) yttria-stabilized
zirconia (8YSZ) was deposited on the bond coat by APS

process.
2 Experimental

The Inconel 718 superalloy (chemical composition
is listed in Table 1) discs (d25.4 mmx2.5 mm) were used
as the substrates, and a grit blasting machine was used to
make the substrates rough (pressure 0.8 MPa, sand type
150—180 pum, corundum). Subsequently, a mixture of
absolute ethyl alcohol and acetone solution was used to
clean the substrates. The NiCoCrAlY powder (Institute
of Metal Research, Chinese Academy of Sciences,
Shenyang) was taken in a high-velocity fluid fuel oxygen

facility (Tafa 5000 system, Praxair Inc., USA) operated
with aviation jet fuel and powder carrier gas Ar,
selecting oxygen as combustion-supporting gas. For 100
um-thickness bond coat deposition, a commercially
available Tafa Praxair 5000 spraying system was
operated with primary gas O, and powder carrier gas Ar
at 1950 and 12 SCFH, respectively (current 22.7 A,
voltage 103 V), with a spray distance of 380 mm in
terms of our previous study. The nominal composition of
NiCoCrAlY bond coat powders is listed in Table 2. The
additional step of SFPB process (74 um Al,O; powder)
instead of grit blasting operated according to the
following parameters: 1.3 MPa of the gun pressure, 10
mm of the distance of samples from the SFPB gun, 20
mm/s of lateral velocity, and 13.12 pm of surface
roughness in average of the surface of bond coat [22,23].
In order to eliminate the impurities of corundum and
expose the surface refinement microstructure of the bond
coat, ultrasonic cleaning equipment and electric drying
oven with forced convection were conducted. The
topcoat was deposited by APS facility (Tafa 3710 system,
gun SG—100, Praxair Inc., USA) to produce 200
pum-thickness topcoat using 8YSZ (Al-1075, Praxair Inc.,
USA) commercial powder. The pressures of primary,
secondary and powder carrier gas Ar, H, and Ar were
selected as 0.4, 0.2 and 0.2 MPa respectively (current
850 A, voltage 37 V), and the spraying distance from the
substrate was adjusted to 72 mm. In this study, both
HVOF and APS processes were programmed and
preformed automatically via the ABB robot. To study the
phase transformation of the bond coat after isothermal
oxidation, another part of specimens did not deposit
topcoat.

The specimens with bond coat were conducted in a
high temperature furnace at 1000 °C for 2, 40, 122 and
210 h, respectively, and other specimens with topcoat
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Fig. 1 Schematic diagram of supersonic fine particles bombarding process
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were taken out of the furnace after isothermal oxidation
for 2, 26 and 310 h respectively and then cooled to the
room temperature.

To identify the phase composition of the bond coat
after isothermal oxidation, we used a Rigaku Dmax/2500
diffractometer using Cu K, radiation (DMAX 2500,
Rigaku Inc., Tokyo, Japan). The FESEM (S—4800,
Hitachi Inc., Japan), a cold field emission electron
microscope equipped with an EDS analyzer (INCA,
Oxford Instrument Inc., England), was used to observe
the morphology of thermally grown oxides and analyze
the elements distribution on the surface of bond coat
after isothermal oxidation. Prior to depositing the topcoat,
the microstructure of bond coat that has been applied
additional SFPB process was also examined, using an
instrument of transmission electron
(EM—420, Philips, Netherland). Cr’*

acquired, wusing a high-performing
Ramanscope 2000 (Renishaw™,
Gloucestershire, UK) fitted with a motorized mapping

microscope
luminescence
spectra  were
Renishaw

stage to measure the frequency shift of alumina in TGO
after isothermal oxidation. The laser (He-Ne, 632.8 nm)
was focused at 15 positions along flat section of TGO
during the measurements and the laser spot size was set
as about 1 um.

Table 1 Nominal composition of Inconel 718 superalloy (mass
fraction, %)

Ni Cr Mo Nb Co Mn

50-55 17-21  2.8-3.3 4.75-5.5 1 0.35
Si Cu Al Ti Fe
0.35 0.3 0.2-0.8 0.7-1.15 Bal.

Table 2 Chemical composition of NiCoCrAlY powders (mass
fraction, %)

Co Cr Al Y Ni

20.8 17.3 11.5 0.6 Bal.

3 Results and discussion

3.1 Characterization of NiCoCrAlY bond coat after

isothermal oxidation

After isothermal oxidation for 40 h, two broad
bands at 43.23° and 74.17° with other relatively weak
peaks correspond to y-Ni, y'-NizAl, S-CoAl, a-ALO;,
(Aly9Cr1)20;,Co304 and spinel, as shown in Fig. 2. y-Ni
and y'-Ni;Al cannot be easily differentiated by XRD
patterns due to the same crystal system. It should be
noted that the presence of the precipitate y'-NizAl
originating from y»-Ni of {100} crystal plane is in
accordance with similar lattice parameter [10]. The
presence of a dominant phase represents three strong

peaks associated to the atomic planes (100), (200) and
(220).
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Fig. 2 XRD patterns of bond coat after isothermal oxidation

at 1000 °C for different time: (a) 2 h; (b) 40 h; (¢) 122 h;
(d)210h

At the initial stage of isothermal oxidation, a small
portion of nickel oxide and oxide of chromium are
formed, and then the alumina oxide can be found at the
interface between bond coat and topcoat, and a small
amount of spinel is formed subsequently due to the
chemical reaction [8]. In general, the formation of spinel
usually has a negative effects on the stable growth of
TGO, thus TBCs are likely to spall in the TGO area. The
high growth of spinel can be attributed to aluminum
depletion, indirectly leading to the failure of TBCs
[25,26]. Therefore, it is critical that the formation of
continuous, dense and pure a-Al,O; at the interface
between bond coat and topcoat may enhance high
temperature corrosion resistance [5]. It should be noted
that the initial presence of continuous, dense and pure
alumina (y-Al,O; [monoclinic, P2(3)] and a-AlOs
[thombohedral, R-3¢(167)]) in TGO can be attributed to
the increase of aluminum diffusion rate in bond coat via
SFPB process, as shown in Fig. 2(a) and Fig. 3(a).
However, a small amount of NiO can also be examined
by XRD patterns and SEM (marked in Fig. 3(a) and
EDX analysis in Fig. 3(b)) as a result of the reaction
diffusion (Ni and O%). It is expected that the phase
composition of TGO mainly consists of a-Al,O; after
isothermal oxidation for 122 h.

The metastable y-Al,O5 is formed in the initial 2 h
of isothermal oxidation, and then an amount of a-Al,O3
can be found when exposed to 1000 °C for 26 h,
eventually stable a-Al,O; as the main phase in TGO was
obtained. As seen in Fig. 5, the elements distribution of
bond coat after 122 h isothermal oxidation was analyzed
by EDS map. It can be proven that the surface of
oxidized bond coat mainly consists of Al and O, Ni is
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Fig. 3 FESEM image of oxide scale grown on surface of bond
coat after isothermal oxidation at 1000 °C for 2 h (a) and EDX
analysis of selected area (b)

10

HAN Yu-jun, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1629—-1637

much less, while Co and Cr show the least amount,
which indicates that Al and Ni tend to be selectively
oxidized. This result is consistent with the EDX analysis
in Fig. 4. Compared with the X-ray diffraction peaks in
Fig. 2(a), after isothermal oxidation for 40 h, as shown in
Fig. 2(b), p-CoAl, (Aly9Cry;),0;, Co30, and spinel
phases are formed due to alloy solution and diffusion
reaction. The presence of (AlyoCry),O; phase can be
attributed to the fact that a large number of Cr atoms
(The radius of Cr atom is larger than that of Al atom) can
be substituted for a portion of Al atoms, indirectly
leading to the rapid presence of stable a-Al,O;.

3.2 Analysis of thermal growth oxides of TBCs

In general, the alumina inclusion phase in TBCs has
been under a micro-thermal stress (phase transformation
of thermally grown oxide and topcoat) and a
macro-stress (thermal mismatch between TGO and YSZ
as well as temperature gradient induced thermal stress).
Cr’" luminescence spectroscopy (PLPS) can be used to
measure the residual stress in TGO, as shown in Fig. 6.
The spectrum of unstressed a-Al,O; shows lines R, and
R, (14432 cm™") from Cr impurity, and the frequency of
alumina shifts correspondingly if the alumina was
subjected to an uniform stress [27—30]. The frequency
shifts of alumina in TGO were measured 15 times, and

J Al Ni Ni Cr Ni
. 1
wgr CAOJ\CoﬁNI VLLA. Ao Roni
0 2 4 6 8 10 0 2 4 6 8 10
Energy/keV Energy/keV

Fig. 4 FESEM images of oxide scale grown on surface of bond coat after isothermal oxidation at 1000 °C for 122 h (a,b) and EDX

analysis of two selected areas “4” (c) and area “B” (d)
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Fig. 5 FESEM image and EDS map resulting from oxides grown on surface of bond coat after isothermal oxidation at 1000 °C for
122 h: (a) EDS map of Al; (b) EDS map of Co; (c) EDS map of O; (d) EDS map of Cr; (e) EDS map of Ni; (f) FESEM image

R, —2h
—26h

14200 14300 14400 14500 14600 14700
Wavenumber/cm™
Fig. 6 Typical Cr’" luminescence spectroscopy of TGO in

thermal barrier coatings after isothermal oxidation at 1000 °C
for2,26and 310 h

the typical results of Cr’" luminescence spectroscopy
measurement are illustrated in Fig. 6. In the linear elastic

regime, the change in frequency Aw is related to the stress
tensor by the following relationship [27,28]:

Av=1T,0, (1)

where Av is the frequency shift from the stress-free state;
11; is the piezo-spectroscopic tensor (7.61 cm “GPa);
Aoy is the stress tensor.

The residual stress that is subjected to isothermal
oxidation for 310 h is lower than that for 26 h by 0.3 GPa,
as shown in Table 3. It can be shown that the residual
stress increases at the initial stage of isothermal
oxidation and then reduces.

In general, the thermal cycling of TBCs depends
heavily on the growth rate of TGO as well as the spinel
content except other factors, which will be very likely to
spall from the Ni substrate if the thickness of TGO can
reach 10 um approximately [31,32]. As shown in Fig. 7,
after 2, 26 and 310 h of isothermal oxidation, the
thicknesses of TGO of different specimens reach 1.0, 2.0



1634 HAN Yu-jun, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1629—-1637

Table 3 Summary of thermally growth oxides and phase transformation in TGO measured by photoluminescence piezo-spectroscopy

Time of isothermal oxidation/h AD;/ cm ! & /GPa Main elements in TGO Main phases in TGO
-Al,O3 (thombohedral
2 44 -0.58 AL, O, Ni, Co 7-ALOs (thombohedral)
(46-1212)
26 -7.05 -0.93 Al O 7-Al,03, a-Al,0;
310 48 —0.63 ALO a-Al,O3 (monoclinic, P2(3))

(50-1496)

i represents 3 different times of isothermal oxidation, /=1, 2, 3.

Fig. 7 TGO in thermal barrier coatings after isothermal
oxidation at 1000 °C for different time: (a) 2 h; (b) 26 h;
(¢)310h

and 2.0 um, approximately. The growth kinetics of TGO
should be affected by the composition and the surface
state of the bond coat. Furthermore, XRD patterns and
Cr’" luminescence spectroscopy have clearly confirmed
that high growth rate of stable a-Al,O; leading to the
retard of spinel growth can have a significant effect on
the growth rate of TGO.

The presence of AlLO; originating from the
diffusion of Al element and ion O from the
environment and ceramic topcoat can be found to be in

accordance with the concentration peaks of Al and O at
the interface between TGO and topcoat, as shown in Fig.
8. It can be investigated that, compared with Al,O3, NiO
and Co03;041in TGO oxidized for 26 h are far less than in
specimens oxidized for 2 h, and the relatively decreased
contents of Ni, Co and Cr elements in TGO can show the
fact that Al,Oj; is the main phase in TGO. TOMA et al [7]
examined the oxidation process of bond coat
isothermally oxidized in air at the temperature ranging
from 950 °C to 1200 °C for 2.5, 5, 7.5, 10, 15 and 25 h.
After 25 h isothermal oxidation, the main phase of stable
0-Al,0O3 can be detected on the surface of bond coat
which is often found to have a carinate-like structure, but
only a small quantity of metastable y-Al,O; or §-Al,O5
was examined. After the HVOF deposition, in our

85 95 . 105 115 125
Distance/pm

) TGO
----- 0
— Al
-------- Cr
—Co
Ni
58 95 105 1i5 125

Distance/um

Fig. 8 EDS analysis of TGO in thermal barrier coatings after
isothermal oxidation at 1000 °C for 2 h (a) and 26 h (b)
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previous study we used SFPB process leading to the
surface grain refinement of bond coat, which could
generate a large quantity of crystal defects, such as
dislocations, twins and stacking faults [22]. It is well
established that dissipation and re-combination of
dislocations occur when dislocation concentration
increase to a certain degree, and the subgrains range
from 100 nm to 1000 nm [33] with high deforming
stored-energy. From the BF—-TEM images of bond coat
(applying SFPB process after HVOF deposition) shown
in Fig. 9(b), compared with Fig. 9(a), the dislocations in
y-Ni phase providing many diffusion channels can be
regarded as the reason that the diffusion velocities of Al,
Cr, Co and Ni atoms increase significantly. The physical
performance and diffusion behavior of Cr’', Co*, Ni**
and Y positive ions can play an important part in the
thermal stability of alumina. Compared with the radius of
APY, Cr*" has a similar radius, which results in
accelerating the phase transformation of y—a after
applying SFPB process, leading to the presence of
a-AlO; with close-packed structure [34,35]. As shown
in Table 4, metallic oxides such as Al,O; and Cr,0; get
the priority to be formed compared with CoO, NiO and
Y,05. Furthermore, prior to applying SFPB process, Cr

Fig. 9 BF-TEM images of bond coat: (a) HOVF process;
(b) SFPB process after HVOF deposition

Table 4 Correlation of standard Gibbs free energy at 1373 K
(elements used to NiCoCrAlY bond coat powder)
A1203 CoO NiO CI'203 Y203

Element

Standard Gibbs
free energy of
metallic oxides/
(kI'mol ™)

—1239.1 —-135.7 —-122.8 -769.6 —106.2

Table 5 Correlation of positive ion radius (elements used to
NiCoCrAlY bond coat powder)

Positiveion A" Co**

Ni2+ Cr3+ Y3+

Radius/nm  0.050  0.074  0.072  0.052  0.093

atoms have relatively lower diffusion coefficient, which
was increased indirectly. As a result, the stage of
steady-state of oxidation has been prolonged but the
transient state oxidation was decreased, indirectly
adjusting and controlling the amount of a-Al,O; in TGO.

4 Conclusions

1) The dislocation density significantly increases
after SFPB process, which generates a large number of
diffusion channels on the surface of bond coat.

2) At the initial stage of isothermal oxidation, with
the increase of aluminum diffusion rate in bond coat via
SFPB process, a layer of stable a-Al,O; is formed;
however, a small portion of spinel and NiO are formed
inevitably due to the reaction diffusion.

3) A great number of Cr’* positive ions can diffuse
via diffusion channels during the transient state of
isothermal oxidation, leading to the presence of
(Al9Cro.1),05 phase.

4) The results of Cr’* luminescence spectroscopy
show that the residual stress increases at the initial stage
of isothermal oxidation and then reduces.

5) After 310 h isothermal oxidation, continuous,
dense and pure a-Al,O; can be obtained in TGO.
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BEIRMALSR T X AR ESRELIT ARG

HEE 2, vhigs 1, THRDY, 2EP, mEg

1 REREE SRR TRE2ARE, KA R AT ALK =, KE 300072;
2. REAVRZE WBHUARE A K 8 st =, R 300072;
3. PERTRSE B2ERE, R 300300

W E: ARG AR R Z(TBCs) il # T 21 FEA b, 70 e b B2 W 2 R T, SR & ok 5 i B2 R (SFPB)
BARRL GE E R TPIR A o SR X S RATH T IU(XRD) $13f f T B IMBI(SEM). AEI(EDS). E5 T BAEE
(TEM)FIBEIX. Cr 98 i 6 i WF TR &5 2 (16 T 454 K H: 1000 °C I R AR AR o R 2 2 T Ao A 5 1 e 3
B, BT KEMR TP BOlE; 7EeiBE ey, widETh Al R0 Bos R R P e TR e T R — 218
SEM a-ALO; ;R FIREALBR S EL, K& Cr ' ilid SFPB P 3 B, i A (Al oCro 1),05, 1%IT %
BRI T y—0—a AHAE . EREAMHIIE, HEEERJZE TGO H sk 4N 158 2RI AR E WD 5 il
26 h 1 0.93 GPa #HLL, kel Ab 310 h (AR ) FEK S 0.63 GPa. {EFABRIRZN TGO FEH 3G 7 H—. 1%Lk
HFEM RATEEAGE T a-ALO;, XA T3t — D FE K ILAE I FH v o
KEBIR: ABRZ(TBCs)s ok i (SFPB); ik Cr ' 9oteil: (e, § ol
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