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Abstract

Thermal barrier coatings (TBCs) comprising of yttria stabilized zirconia (YSZ) ceramic top coat and CoNiCrAlY metallic bond coat have been

widely used in gas turbines. However, the developed oxides layer in the interface of the top and bond coats during thermal exposure of the TBCs

always results in the destruction of the system. In order to restrain the growth of oxides layer and improve the thermal shock resistance of TBCs, a

thin Al2O3 film was pre-deposited on CoNiCrAlY bond coat by physical vapor deposition (PVD) technology. After thermal exposure,

morphologies and phase compositions of the thermal growth oxides (TGO) layer in the conventional and pre-deposited Al2O3 film TBCs were

examined by scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS). The residual stresses in the coatings were

analyzed using micro-Raman spectroscopy (LabRam-1B). It was found that TGO layer formed in the conventional TBCs was mainly composed of

Al2O3, (Cr,Al)2O3 + (Co,Ni)(Cr,Al)2O4 + NiO (CSN), and (Cr,Al)2O3 + (Co,Ni)(Cr,Al)2O4 (CS), while in the treated TBCs, the formed TGO layer

appeared more uniform and compact. The CSN and CS clusters, which are normally considered as a weakness for TBCs, were greatly limited. The

residual stresses in the TBCs after thermal shock were also reduced by the deposition of Al2O3 film.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used as

protective coatings on hot section components in advanced

gas turbine engines to withstand increased inlet temperatures

and thus improve engine performance [1,2]. A typical TBC

system includes MCrAlY(M = Co and/or Ni) bond coat as

oxidation resistant layer and yttria stabilized zirconia (YSZ) as

thermal insulation top coat [3,4]. The top coat can reduce the

temperature of underlying superalloy in relation to the gas path

temperature owing to its low thermal conductivity, while the

bond coat enhances the adhesion of the top ceramic layer to the

metallic substrate and also provides oxidation and corrosion

protection to the substrate [5,6].

When exposed to high temperatures, bond coat can be

oxidized resulting in the formation of a thermally grown oxide
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(TGO) layer at the top coat/bond coat interface. The TGO layer

predominantly comprised of Al2O3 can provide protection of

the underlying substrate against further high-temperature

corrosion. However, upon cooling of the component from

high temperature, the thermal-mismatch strains develop within

the TGO layer [7]. The elastic energy associated with these

strains is the main driving force for failure of the coating

system. The strain energy normally increases with the thickness

of TGO layer [8]. With the thickening of the TGO layer,

internal stress increases and finally leads to the spallation

failure of TBCs [3,5,13]. Hence, failures of TBCs are often

correlated with a critical TGO thickness [9–11]. Recent

researches show that failure of some TBC systems occurred

when the TGO layer attained to a critical thickness in the range

of 3–10 mm [8,12].

Besides the thickness of TGO layers, chemical compositions

of TGO layer are also crucial for the failure of TBCs. The oxide

scales in TGO layers are not pure Al2O3, but also contain some

other oxides, such as NiO, Cr2O3 and spinel. Alumina exhibits

better anti-corrosion properties than other oxides at high
d.
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temperature because of its dense microstructure, good

adherence and low oxygen diffusivity [14]. Meanwhile, extra

stresses could be introduced by the mixture oxides in the top

coat/TGO interface. It is therefore crucial to induce the

preferential oxidation of Al over other elements to form the

more protective and adherent Al2O3 component in TGO layer.

One choice to enhance the oxidation of Al is to elevate the Al

content in the bond coat. However, the increase of Al in the

bond coat would reduce the toughness of the coating and

decrease its fatigue resistance.

Al2O3 is an oxygen barrier material and has been studied as

an additive in YSZ/MCrAlY TBC systems. It was reported

[3,15,16] that the addition of Al2O3 into YSZ could improve the

sintering resistance, reduce the thermal conductivity of the YSZ

coating, and mitigate the thermal expansion mismatch between

bond coat and top coat. Kobayashi et al. [17] deposited a dense

Al2O3 top layer on YSZ coating, and found the presence of

Al2O3 film reduced the infiltration of molten salt and resulted in

the improved resistance of TBCs against hot corrosion. It is

reasonable to deduce that a thin, dense Al2O3 film between

bond coat and top coat could retard the oxygen penetration in

thermal environment, restrain the growth of TGO layer and

control the chemical compositions of TGO layer. One of

appropriate approaches to obtain such an Al2O3 film is physical

vapor deposition (PVD). However, few researches were found
Fig. 1. SEM micrographs and EDS spectra of the CoNiCrAlY bond coat: (a) surface

film; (c) EDS of the selected zone in (a); (d) EDS of the selected zone in (b).
to focus on the effects of a pre-deposited Al2O3 film on TGO

layer growth in an YSZ/CoNiCrAlY TBC system.

In this study, a thin Al2O3 film was deposited between the

CoNiCrAlY bond coat and YSZ top layer. The growth of TGO

layer during thermal cyclic processes was monitored and the

crack propagations in the TBC system were analyzed.

2. Experimental

Commercially available CoNiCrAlY powder (Metco 995,

Sulzer Metco, Switzerland) with median size at 30 mm was

applied to prepare bond coat (BC) on nickel-based superalloy

(625, Yongfeng, China) with size of 2 � 10 � 20 mm by a

vacuum plasma spray (VPS) system (F4-VB, Sulzer Metco,

Switzerland). The coatings were deposited under modified

deposition parameters as shown in Table 1. The thickness of the

bond coat was about 150 mm. A thin Al2O3 film was deposited

by hollow cathode PVD (PIIIS-700, Shanghai Institute of

Ceramics, China) under the parameters tabulated in Table 2.

ZrO2–8 wt.%Y2O3 (YSZ) top coat (TC) were subsequently

prepared with an air plasma spray (APS) system (F4-MB,

Sulzer Metco, Switzerland) using commercial YSZ powder

(Metco 204NS, Suler Metco, Switzerland). A similar TBC

system without PVD Al2O3 film was prepared as comparison.
 morphology without PVD Al2O3 film; (b) surface morphology with PVD Al2O3



Table 1

Parameters of plasma spraying.

Parameters VPS bond coat APS top coat

Gas Ar (slpm) 50 35

Gas H2 (slpm) 9 9

Current (A) 720 550

Voltages (V) 64 66

Spray distance (mm) 275 90

Powder feeding rate (g/min) 43 22

Surrounding atmosphere pressure (Pa) 1 � 104 �105

Table 2

Parameters of PVD Al2O3 film.

Parameters Values

Vacuum degree (Pa) 5 � 10�3

Substrate bias (V) �100

Discharge current (A) 50

Time (min) 60
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Thermal cycle tests of the samples were performed using a

tube furnace. The heating time was 30 min at 1100 8C, and then

the heated samples were moved into water and dried by

compressed air. The microstructure and chemical composition

of the coatings were examined by scanning electron micro-

scopy (SEM, JXA-8100, JEOL Japan) equipped with energy

dispersive spectrometer (EDS, INCA ENERGY, UK).

The residual stresses of the coatings were analyzed using

micro-Raman spectroscopy (LabRam-1B, Dilor, France).

Determination of the residual stresses by Raman spectroscopy

is based on peak shifts of Raman bands due to stresses and

conversion of these shifts into stress values by the use of tensor

coefficients known as phonon deformation potentials or piezo-

spectroscopic coefficients. In polycrystalline materials, the
Fig. 2. Cross-sectional SEM images of the as-sprayed TBC sy
average stress tensor hsi is related to the shift DV of a given

Raman line by

hsi ¼ �bDV (1)

where DV = V � V0 and V0 is the position of selected Raman

line for stress-free sample. In other words, a linear relationship

between the applied average stress and the peak shift DV is

expected. In the present study, the strong Raman line with

V0 = 470 cm�1 was used for the determination of the residual

stresses and the variation of DV at 470 cm�1 was used to

represent the variation of residual stress in the TBCs.

3. Results and discussion

3.1. Microstructure of bond coat and TBCs

Fig. 1 shows the surface morphologies of the CoNiCrAlY

bond coat with and without PVD Al2O3 film. As shown in
stems: (a), (c) conventional; (b), (d) with PVD Al2O3 film.
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Fig. 1a, the CoNiCrAlY bond coat presented a rough and

uneven surface, which was composed of well-flattened splats

and partially-molten particles. After the deposition of Al2O3

film, no significant change was observed for the surface

morphology of the bond coat (Fig. 1b).

The EDS analysis (Fig. 1c and d) shows that the average

concentration of aluminum element on the surface of the bond

coat had an obvious increase after the deposition of Al2O3 film.

Elements of Cr, Co and Ni were also detected on both of the two

coatings. Although the Al2O3 film was too thin to prevent the
Fig. 3. Cross-sectional SEM images and energy dispersive spectra (EDS) of TBC sys

cross-sectional image of modified TBC system; (c) EDS analysis at point A; (d) E
EDS from detection of the elements beneath it, a reinforcement

of Al element could be obviously viewed from the results.

The cross-section micrographs of the YSZ/CoNiCrAlY

TBCs are shown in Fig. 2. As seen from Fig. 2a and c, the

coating showed lamellar structure which was the characteristics

of plasma spraying deposition [4]. A relatively high porosity

could be observed for the YSZ top coat, which was considered

to be helpful to the thermal insulation ability of the coating. The

bond coat exhibited a denser microstructure that could ensure

good protection of the substrate against thermal oxidation and
tems after 40 cycles: (a) cross-sectional image of conventional TBC system; (b)

DS analysis at point B; (e) EDS analysis at point C.
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corrosion. It also could be seen from Fig. 2a and c that the

ceramic top coat, bond coat and substrates were well connected

and the oxidation phenomenon was not noticeable. After the

deposition of PVD Al2O3 film in the TBC system, no additional

change of the coating microstructure could be observed (Fig. 2b

and d) since the film was too thin.

3.2. TGO layer growth

Microstructures and chemical compositions of the TGO

layer in the YSZ/CoNiCrAlY TBC after 40 thermal cycles, are

presented in Fig. 3. After high temperature service, TGO layer

developed at the interface of the top and bond coats in the both

TBC systems (as shown in Fig. 3a and b). In the TGO layer of

the conventional TBC system, besides Al2O3, mixed oxide

clusters appeared abundantly, which were comprised of

(Cr,Al)2O3 + (Co,Ni)(Cr,Al)2O4 + NiO (CSN), and (Cr,A-

l)2O3 + (Co,Ni)(Cr,Al)2O4 (CS) [5]. The existence of CSN

and CS in TGO layer is normally considered as a weakness for

TBCs [6]. The TGO layer was found more uniform and

compact in the modified TBC system as compared with the

conventional one. No CS cluster was found and the formation of

CSN was also significantly limited (Fig. 3b).

In the conventional TBC system, the concentration of

oxygen at the ceramic/bond coat interface was relatively higher

than the critical concentrations for the formation of all oxides of

metals which constituted the bond coat, owing to the inherent

porosity of the top coat and the high oxygen permeability of

YSZ [12]. Nonselective oxidation happened, and alumina, CSN

and CS formed at the ceramic/bond coat interface. As for the

TBC system with PVD Al2O3 film, the diffusion of oxygen

from the top coat to the bond coat was retarded, and the

concentration of oxygen at the ceramic/bond coat interface

became lower. Preferential oxidation of Al took place, and the

formation of CSN and CS clusters was limited.

Cross-sectional SEM images of TBCs after 137 thermal

cycles are shown in Fig. 4. The TGO layer in the conventional

TBC system obviously became dispersive, and some voids

appeared in the bond coat along the border of ceramic/bond
Fig. 4. Cross-sectional SEM images of TBC systems after 137 cycles: (a) cross-sect

TBC system.
coat interface, most of which collected at the regions connected

to CSN clusters, as shown in Fig. 4a. This made these regions

porous and decreased the resistant to crack propagation [5].

Some cracks paralleled to the TGO layer were found in the top

coat, which were also mostly associated with the CSN clusters.

While in the modified TBC system, a rather uniform and

compact TGO layer of predominantly Al2O3 was formed at the

ceramic/bond coat interface (Fig. 4b).

3.3. Element distribution in and near TGO layer

Figs. 5 and 6 exhibit the cross-sectional line scans for the

conventional TBC system before and after 137 thermal cycles.

The element of Al was mainly in the bond coat, while Zr, O and

Y were distinguished for the top coat, as indicated in Fig. 5.

After thermal cycles there were no substantial changes for the

Zr and Y elements, whereas the concentrations of O and Al

increased remarkably at the interface of bond coat/YSZ, which

revealed the presence of Al2O3 (Fig. 6). The shape of O

spectrum was nearly symmetrical (Fig. 6c), while Al exhibited

an asymmetrical spectrum where the intensity of the peak along

the bond coat side was obviously higher (Fig. 6b). It implied

that the higher peaks of Al arose from Al2O3 and the zone

corresponding to lower peaks was occupied by the other mixed

oxides, such as CSN and CS. In addition, the amount of Al

decreased in the internal zone of the bond coat which indicated

the Al-depletion phenomenon [18].

The cross-sectional line scan for the modified TBC system

after 137 thermal cycles in Fig. 7 shows that both of the Al and

O rich areas were symmetrical and with almost same peak

width. It implied that the oxides at the interface of bond/YSZ

were primary Al2O3, while the formations of CSN and CS were

mostly retarded. The rich areas of Al and O (Fig. 7b and c) were

much narrower than those for the conventional TBC system,

which meant the thickness of the TGO layer in the Al2O3/YSZ

system was much thinner than that on the conventional one,

suggesting that the growth of TGO layer was obviously

restricted by the pre-deposition of PVD Al2O3 film.
ional image of conventional TBC system; (b) cross-sectional image of modified



Fig. 5. Cross-sectional line scan images of the conventional TBC system: (a) SEM image; (b) Al; (c) O; (d) Zr; (e) Y line scans of (a).

Fig. 6. Cross-sectional line scan images of the conventional TBC system after 137 thermal cycles: (a) SEM image; (b) Al; (c) O; (d) Zr; (e) Y line scans of (a).
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3.4. Residual stresses in top coat

Figs. 8 and 9 show the Raman spectra obtained for YSZ top

coat in the conventional and modified TBC systems before and

after thermal cycles. Similar peaks (the meanings were listed in

Table 3 [13,19,20]) appeared in both of the spectra for the

conventional and modified TBC systems. Tetragonal phase was

found for the zirconia, while no evidence of monoclinic phase

was observed. After thermal cycles, the profile between 550 and
700 cm�1 decomposed to 620 and 640 cm�1 (Fig. 8b). The

band at 260 cm�1 became narrower after thermal cyclic testing,

which suggested that the oxygen vacancies decreased and the

compress stress in the coatings increased [21,22].

The spectral shifts DV (the band at 470 cm�1) in the

conventional and modified TBC systems are shown in Table 4.

From the change of DV, the variation trend of residual stresses

could be studied. It could be viewed that tensile stresses were

presented in the samples without thermal oxidation and



Fig. 7. Cross-sectional line scan images of the modified TBC system after 137 thermal cycles: (a) SEM image; (b) Al; (c) O; (d) Zr; (e) Y line scans of (a).

Fig. 8. Raman spectra of the conventional TBC system after different thermal cycles.
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transformed into compressive residual stresses after 10 cycles

of thermal shock testing. With the increasing of thermal cycles,

the compressive residual stresses increased. It also could be

distinguished that the residual stresses in conventional top coat

were obviously larger than that in the modified TBC system.

TGO layer usually possesses large residual compressive

stresses when it cools down to ambient temperature, because

of its thermal expansion mismatch with substrate [8]. During
the follow-up thermal cycles, stress relieving occurs and

usually accompanies with tensile stresses parallel to TGO/

ceramic layer interface that could lead to crack and spallation at

the interface. It is obvious that thicker TGO layer induces

higher residual stresses in top coat [4]. The formation of

uniform and compact TGO layer (Fig. 4) in the modified TBC

system was helpful to mitigate the residual stress in the YSZ

coat.



Fig. 9. Raman spectra of modified TBC system after different thermal cycles.

Table 3

Wave numbers, symmetries, structural phase assignments and vibration band of

YSZ.

Wave number

(cm�1)

Symmetry Phase

assignment

Vibration band

148 B1g T OI–Zr–OI and Zr–OI–Zr

258 A1g T Zr–OII

318 B1g T OI (or OII)–Zr–OI (or OII)

470 Eg T OI (or OII)–Zr–OI (or OII)

610 B1g T Zr–OI

641 Eg T Zr–OI

Table 4

Spectral shift DV of the band at 470 cm�1 in the YSZ top coat.

Cycles DV (cm�1) in

conventional

TBC system

DV (cm�1) in

modified TBC

system

0 2.83 2.04

10 �2.43 �0.20

40 �2.57 �2.22

137 �5.67 �4.95
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4. Conclusions

A novel thermal barrier coating (TBC) system with pre-

deposition of Al2O3 film on CoNiCrAlY bond coat was

developed. It was found that the morphology, thickness and

composition of thermally grown oxide (TGO) layer formed

after high temperature service were apparently changed. The

TGO layer became denser and more consecutive than that in the

conventional TBC. The phase composition of TGO was

predominantly Al2O3, and some other mixed oxide clusters like

chromia, spinel, and nickel oxide (CSN), which existed largely

in the conventional system, were obviously limited in the

modified system. We attributed these changes to the oxygen

diffusion retarding effects by the dense pre-deposited Al2O3
film. The compressive residual stresses were also reduced in the

modified TBC system under working condition due to these

changes and confinement of the TGO layer.
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