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Abstract: Thermal barrier coating (TBC) obtained on GH99 
high-temperature alloy by APS, NiCoCrAlY bond coat was 
treated by supersonic fine particles bombarding. The 
microstructure and oxidation behavior of TBC were 
characterized by transmission electron microscope, scanning 
electron microscope equipped with energy dispersive 
spectroscopy (EDS). As shown in the results: After disposed on 
bond coat by supersonic fine particles bombarding, plastic 
deformation and large quantities of dislocation obtained on the 
top of bond coat. The dislocations accelerate the diffusion of 
atoms to the BC/TC interface. A continuous Al2O3 layer forms 
on the interface quickly. High temperature oxidation resistance 
of TBC could be improved. 
Key words: thermal barrier coating; supersonic fine particles 
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1. Introduction 

In thermal barrier coating (TBC) systems, 
metallic bond coat (BC), usually MCrAlY, where M = 
Ni and/or Co, is an important constituent. In addition 
to improving the adhesion of ceramic top coat (TC) to 
nickel-based superalloy substrate, bond coat also 
provides protection against high temperature oxidation 
and hot corrosion. Oxidation of bond coat results in 
the formation of a TGO layer at the top coat/bond coat 
interface. If TGO was composed of a continuous scale 
of Al2O3, it would act as a barrier to suppress the 
formation of other detrimental oxides[1-4]. However, 
with thermal exposure in service, some other bulk 
oxides such as chromia (Cr, Al)2O3, spinels Ni(Cr, 
Al)2O4 and nickel oxide NiO also formed in the TGO 
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layer. These mixed oxides are detrimental to the 
durability of TBC systems because of the rapid local 
volume increase that generate stress[5-6]. Spallation 
usually occurs in the porous mixed oxide layer or 
above the TGO/YSZ interface in APS TBCs.  

Supersonic Fine Particles Bombarding[7-9], that is, 
using supersonic air as a carrier, making the fine 
particles bombard bond coat in high velocity. The 
roughness changes on the top of bond coat, and a 
plastic deformation layer forms in the superficial area 
of bond coat. The dislocation density may increase in 
this area. Dislocations provide diffusion channels for 
the atoms of bond coat. A continuous Al2O3 layer 
could form rapidly at the ceramic/bond coat interface 
in the APS TBCs under high temperature exposure, 
which could suppress the formation of detrimental 
oxides during later thermal exposure in service. The 
oxidation resistance of TBC could be improved.  

2. Experiment 

TBC samples consist of a NiCoCrAlY bond coat 
and a ZrO2–8 Y2O3 (wt%) topcoat. The bond coat was 
deposited to a thickness of 150 μm by the air plasma 
spray (APS) technique (PRAXAIR 3710, USA), with 
powders of Ni–20.8Co–17.3Cr–11.5Al–0.6Y (wt%) 
onto 20 mm×10 mm inconel 625 disks. Some 
as-sprayed samples were treated by supersonic fine 
particles bombarding. On parts of these samples, 
topcoats were deposited to a thickness of 200 μm by 
the APS technique, employing the same plasma spray 
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torch, with powders of ZrO2-8 wt% Y2O3. The initial 
state of superficial bond coat was analyzed by SRT-2 
surface roughness tester and Philips Tacnai F200 
transmission electron microscope (TEM). For the 
coating samples (BC, without TC), the substrates were 
mechanically removed by grinding, and then the 
coatings were dimpled and ion-milled to a desired 
thickness for the TEM studies. TBC samples were 
then subjected to thermal exposure in high 
temperature furnace at a constant temperature of 
1050℃ in air atmosphere. The specimens were 
analyzed after 3, 6, 48, 96, 200, 300 h of thermal 
exposure at 1050℃. Cross-section samples of TBC 
were examined using a Philips LEO1530 scanning 
electron microscope (SEM) with an energy-dispersive 
spectrometer (EDS), to analyze the oxides 
microstructures and chemical composition. 

3. Results and discussion  

3.1 Morphology and microstructure of bond 
coat 

Fig. 1(a) and Fig. 1(b) show the morphological 
differences of NiCoCrAlY between as-sprayed and 
after supersonic fine particles bombarding process, 
respectively. Matrix phase of samples were all 
γ′-Ni3Al. The superficial morphology of as-sprayed 
bond coat was conventional, there was no distinct 
micro-defect (Fig. 1(a)). However, after supersonic 
fine particles bombarding, a lot of dislocation 
networks were observed in the superficial bond coat 
(Fig. 1(b)). The formation of dislocation networks 
during bombarding was considered to be a 
consequence of plastic deformation. 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1  TEM images of (a) as-sprayed bond coat and (b) supersonic fine particles bombarding bond coat 
 

3.2 Oxidation behavior of APS thermal 
sprayed coatings 

Fig. 2 shows the cross-section SEM images of 
as-sprayed samples at different thermal exposure hours. 
The marked phases based on analyzing XRD, EDS and 
related documents[10-12]. The microstructure of 
as-sprayed TBC was shown in Fig. 2(a). As a result of 
oxidation during spraying, some Al2O3 flakes were 
distributed in the bond coats, as well as along the 
ceramic/bond coat interface, there were also a few 
mixed other oxides. It is believed as a result of 

unselective oxidation in bond coat. After 6 h exposure 
at 1050℃, a thin layer of Al2O3 was observed at the 
ceramic/bond coat interface, in addition, some clusters 
of oxide products were also observed, indicated by the 
arrows in Fig. 2(b). These oxide clusters contained 
20-45 at% nickel, 12-33 at% cobalt, 7-26 at% 
chromium and 3-32 at% aluminum. They are close to a 
mixture of chromia ((Cr, Al)2O3), spinels (Ni(Cr, 
Al)2O4), and nickel oxide (NiO) in chemical 
composition, The mixed oxide products have been 
reported by other researchers. After 200 h exposure at 
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1050℃ (Fig. 2(c)), TGO change into two layers, the 
Al2O3 layer was still observed at the ceramic/bond coat 
interface, and the clusters of oxide products became 
larger in the ceramic/Al2O3 region. This phenomenon 

is more obvious in Fig. 2(d), TGO had been composed 
of the clusters of oxide products in some TGO areas. 
Large amount of voids formed in CSN layer. The 
average thickness of TGO is more than 5 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Cross-sectional morphologies of as-sprayed TBC after oxidation  

Notes: (a) No oxidation; (b) 1050 ×℃ 6 h; (c), (d) 1050 ×℃ 200 h. 

 
 
 
 
 
 
 
 
 
 

Fig. 3  Cross sectional morphologies of supersonic fine particles bombarding TBC after oxidation 

Notes: (a) 1050 ×℃ 3 h; (b) 1050 ×℃ 300 h. 
 

Fig. 3 shows the cross-section SEM images of 
samples which have been treated by supersonic fine 

particles bombarding. After 3 h exposure at 1050℃, 
an uniform Al2O3 layer at TC/BC interface was 
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produced, as shown in Fig. 3(a). The roughness of 
bond coat reduced from Ra=13.92 µm to Ra=9.36 µm 
after supersonic fine particles bombarding, inducing 
the appearance of TGO was regular during oxide 
exposure process. Proper reducing roughness could 
avoid excessive oxidation in different areas[13-18]. 
After 300 h exposure at 1050℃, TGO still grew in 
steady-state growth stage. No visible other oxides 
observed in TGO scale (Fig. 3(b)). 

3.3 Discussion 
The oxidation of bond coat occurs throughout the 

thermal exposure period. It is noticeable that 
supersonic fine particles bombarding treatment 
improves the oxidation resistance of TBC. In the early 
oxidation stage of bond coat, because of exposed at 
high oxygen pressure, non-selective oxidation 
occurred in the TC/BC interface. Fig. 4 shows the 
SEM images for a as-sprayed specimen after 6 h 
exposure at 1050℃ with the corresponding EDS 
analysis, which indicated that, there were Ni, Cr, 
Al-rich oxides existed in TGO layer. The tendency to 
form a continue Al2O3 layer was unobvious. That 
meant, the formation of Al2O3 was accompanied with 
other detrimental oxides growing. When TBC 
experienced the stage of selective oxidation to form 
Al2O3, large quantity of Al had been depleted in 
forming detrimental oxides, such as NiAl2O4, CoAl2O4, 
etc. Nevertheless, when the bond coat experienced a 
severe Al depletion, detrimental oxides would grow 
rapidly, which was detrimental for the TBC, 
promoting top coat cracking. 

There was a plastic deformation layer after 
supersonic fine particles bombarding. Large quantities 
of dislocation obtained on the top of bond coat, which 
provided accelerated diffusion channels for bond coat 
atoms in thermal exposure period. The diffusion 
channels made the initial oxidation reaction 
intensively. In the initial thermal exposure period, 
TGO consisted of more than 90% Al2O3. This 
phenomenon can probably be attributed to the existing 
of diffusion channels and selective oxidation of Al. 

TGO has been in steady-state growth stage after 3h 
thermal exposure. Fig. 5 shows the SEM images for 
supersonic fine particles bombarding TBC specimens 
after 3 h exposure at 1050℃ with the corresponding 
line scanning analysis. Uphill diffusion of Al was 
observed near the surface area of bond coat. The 
aluminum concentration of bond coat was found to be 
≥15 at% along TGO/bond coat interface region. The 
enrichment of Al can extend the steady-state growth 
stage of TGO. After 300 h thermal exposure, TGO 
was still in the steady-state growth stage (Fig. 3(b)). 

 
 
 
 
 
 
 
 
 
 

 
Fig. 4  Cross-sectional morphology of as-sprayed TBC 

and corresponding line scanning at 1050℃ for 6 h 
 

 
 
 
 
 
 
 
 
 

Fig. 5  Cross-sectional morphology of supersonic fine 
particles bombarding TBC and corresponding line  

scanning at 1050  ℃ for 3 h 

4. Conclusions 

The treatment of supersonic fine particles 
bombarding promoted the formation of a continuous 
Al2O3 layer at the ceramic/bond coat interface in the 
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APS TBCs under high temperature exposure, and 
suppressed the formation of detrimental oxides. After 
300h thermal exposure, TGO was still in the 
steady-state growth stage, the oxidation resistance of 
APS TBC under high temperature exposure improved. 
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