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Abstract Atmospheric plasma spray (APS) process is commonly used in the pro-

duction of TBCs due to low cost, and rapid and easy production. Cold gas dynamic

spray (CGDS) method is an emerging coating technology which provides the

desired properties such as low porosity, low oxide content, and dense structure for

production of ideal metallic bond coat layer compared to APS and the other thermal

spray processes. Within the context of this study, shot-peening process was applied

to bond coats produced by APS technique in order to improve its microstructural

properties like CGDS bond coats. TBCs having APS, CGDS, and shot-peened APS

bond coats were isothermally exposed to 1100 �C for 8, 24, 50, and 100 h. Before

and after oxidation tests, TBCs were examined and compared in terms of their

microstructures and thermally grown oxide layer which forms at the interface of

bond and top coats.

Keywords Oxidation � Shot peening � Thermal barrier coatings (TBCs) � Cold gas

dynamic spray (CGDS)

Introduction

Thermal barrier coatings (TBCs) produced by plasma spraying method can be used

to provide thermal insulation and oxidation protection of metallic components in

advanced gas turbine jet engines such as blades and vanes [1, 2]. In many coating

applications, atmospheric plasma spray (APS) technique is used due to low cost and
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high feasibility. In this process, plasma atmosphere provides to reach very high

temperatures, and thus, most materials can be deposited using APS method.

However, structure of the coatings produced by APS includes oxides and porosities

because its application is done in open air atmosphere, and it has low spraying

velocity compared to other coating techniques such as high-velocity oxy-fuel

(HVOF) and cold gas dynamic spray (CGDS) [3]. To obtain coating structures

having low porosity and oxide content, CGDS technique is preferred for metallic

coatings in recent years. CGDS process is applied under inert atmosphere and low-

temperature conditions, and also, it reaches to very high particle velocity which

provides plastic deformation effect [4]. In TBC system, bond coat layer is widely

deposited by MCrAlY (M = Co, Ni or both of them) which provides oxidation and

corrosion resistance as well as good adhesion between top coat and substrate [5, 6].

In high-temperature condition, TBCs are exposed to some failure mechanism like

oxidation, hot corrosion, or thermal shock. Oxidation occurs through diffusion of

oxygen from top coat to bond coat. Bond and top coat layers including oxygen

reservoirs such as porosity, gap or crack trigger to accelerate of oxidation of bond

coat [7–10]. Oxidation, an inevitable and severe failure mechanism for gas turbine

engines, causes spallation of ceramic top coating from metallic bond coating due to

formation of thermally grown oxide (TGO) layer. In fact, TGO consists of primarily

Al2O3 phase which decelerates oxygen penetration and it contributes to decrease in

oxidation of bond coat [11, 12]. However, proceeded oxidation time causes

formation of mixed oxides consisting of a combination of NiO, CoO, Cr2O3, Ni(Cr,

Al)2O4 spinels due to depletion of Al in rich phases as called b-NiAl in MCrAlY

bond coats. Therefore, formation of these mixed oxides leads to volume expansion

and spallation of coating can occur because of crack formation in TGO layer

[13, 14].

Shot-peening process is performed to machine components to increase their

fatigue life. Shot peening which is applied with bombarding of small balls to

material surface brings about the compressive residual stress on subsurface areas,

and thus higher hardness and dense surface properties can be obtained [15]. Some

experimental studies have been reported about MCrAlY coating with shot-peening

process in the literature [16–18]. The data obtained after the tests on TBC systems

with shot-peened metallic bond coats under high-temperature conditions indicate

that the shot-peening process can be used in thermal barrier spray coating

applications as a novel surface modification technique. It should be also noted that,

the coating characteristics obtained though modification of APS coating surfaces

through shot-peening process, are similar to superior characteristics of the coatings

such as CGDS. According to analysis results, CGDS-TBCs show better oxidation

performance as expected due to its superior microstructural properties. However,

shot-peened TBCs exhibit oxidation performance near to CGDS-TBCs because

decreasing porosity, denser surface, and lower roughness values contribute lower

thickness TGO formation compared to as-sprayed APS-TBC.

122 Oxid Met (2017) 88:121–132

123



Experimental Procedures

A nickel-based Inconel 718 (%53 Ni, %19 Cr, %5,5 Nb, %3 Mo, %1 Ti, Fe balance)

superalloy disk-shaped samples with a diameter of 25.4 mm and a thickness of

4 mm were used as substrate material. Prior to the coating deposition of Inconel 718

substrate material, undesirable residues like contamination or impurities were

removed from the surface through grit blasting. Grit blasting with 2.5 bar and angle

of 75� was applied at a distance of 10 cm from the surface using Al2O3 grits, and

then the coated samples were cleaned by ethanol in ultrasonic bath. Co38N-

i32.5Cr21Al8Y0.5 (5–37 lm, Sulzer-Metco) and ZrO2—8 wt% Y2O3 (YSZ)

(-45 ? 20 lm, GTV) were used powders were used as the feedstocks for the

deposition of the metallic bond and ceramic top coats. Superalloy substrate

materials were coated with CoNiCrAlY using a GTV F6 APS and a Plasma Giken

CGDS systems. Thermally sprayed metallic bond coats were coated with YSZ using

a GTV F6 APS system. Thickness of the bond and the ceramic top coats were

measured approximately 100 and 300 lm, respectively. The spray parameters

employed for depositing the TBC systems are listed in Table 1.

After the coating deposition, the CoNiCrAlY bond coating specimens have been

exposed to plastic deformation via shot-peening process with Almen intensity

(10–12 A) using Micropeen-Peenmatic 2000S shot-peening tool. Cast steel shots

have been widely used for the applications. Almen intensity is the plastic

deformation rate of shot-peening process. It is the absolute deflection value of

standard Almen strips subjected to the application of certain pre-shot-peening

conditions (air pressure, shot diameter, peening duration, etc.) Saturation rate is also

a certain level that the reached deflection cannot be changed over than 10% whether

the plastic deformation rate is increased or not. The shot-peening parameters are

listed in Table 2. Afterward, shot-peened and as-deposited CoNiCrAlY coatings

were coated with YSZ using APS process. Surface roughness values of the bond and

ceramic top coatings were measured using the surface roughness tester (SJ-310,

Mitutoyo). Hardness test of the coatings was carried out with 25-gf load (using

Table 1 Deposition parameters of bond and top coats

APS CoNiCrAlY bond coat

Arc current Electric

power

Argon flow rate Hydrogen flow

rate

Powder feedstock

rate

Gun

distance

600 A 40 kW 65 slpm 14 slpm 30 g/s 140 mm

APS YSZ top coat

Arc current Electric

power

Argon flow rate Hydrogen flow

rate

Powder feedstock

rate

Gun

distance

630 A 40 kW 44 slpm 13 slpm 25 g/s 90 mm

CGDS CoNiCrAlY bond coat

Spray

pressure

Gas

temperature

Working gas

(slpm)

Spray distance Gun speed

30 bar 600 �C Helium (1000) 15 mm 20 mm/s
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Qness, Q10 microhardness testing machine) with 15-s durations. Hardness

measurements were taken from five different distances ranging between 5 and

35 lm, and then their mean value was taken as the average hardness. Microstruc-

tures of the coatings were evaluated using a scanning electron microscope (MAIA3

XMU, TESCAN). Clemex Vision Lite software program was used to observe and

calculate porosity contents of the coatings. Porosity measurements of TBC systems

were performed on 10 images belonging to each of the coating layer, and the

microstructure of matrix and porosity structures were defined using an image

analysis program. Surface roughness, porosity content, and hardness values of the

coatings are shown in Table 3.

Results and Discussion

Cross-sectional microstructure of the TBC samples were studied by SEM equipped

with energy-dispersive X-ray spectrometer (EDS). The samples were cut into small

pieces by the slow-speed saw and then cleaned by the ethanol. Then the samples

were mounted for metallographic preparation. The grinding and polishing of the

samples were performed. Diamond paste was used for rough and fine polishing. The

bond coat structure of as-sprayed CoNiCrAlY, and the bond coat structure shot-

peened specimen are shown in Fig. 1. As seen from the microstructures, the as-

sprayed APS bond coat has a high porosity and oxide content beside its rough

surface structure. On the other hand, the shot-peened bond coat has a lower surface

roughness and oxide content and exhibits a dense coating structure within a wide

region starting from the surface and extending to lower areas. Figure 2 shows

typical cross-sectional morphologies of the as-sprayed TBC systems comprising

CoNiCrAlY bond and YSZ top coats. As seen in Fig. 2 a, the coatings deposited

Table 2 Parameters of shot-

peening process
Processes parameters Values

Almen intensity 10–12 A

Shot type S110

Saturation rate %100

Air pressure kPa 520

Table 3 Surface roughness, porosity content, and hardness values of coatings

Coatings Surface roughness (lm) Porosity (%) Hardness (Hv)

APS bond coat 7.3 ± 0.6 8.0 ± 2.0 350 ± 25

Shot-peened APS bond coat 2.8 ± 0.3 6.4 ± 2.0 515 ± 30

CGDS bond coat 9.2 ± 0.5 1.3 ± 1.0 550 ± 60

APS top coats 5.2 ± 0.1 7.2 ± 0.9 700 ± 50
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with APS technique involve several crack, porosity, and oxide formations as

commonly encountered in conventional plasma spray coatings. On the other hand,

the shot-peened APS bond coat shown in Fig. 2b exhibits a denser structure with

less porosity at the regions close to the top coat interface, as a result of emerging

plastic deformation effect. A lower rate of roughness with a smoother surface was

obtained as a result of plastic deformation applied on the surface. The CGDS bond

Fig. 1 SEM cross-sectional microstructures of CoNiCrAlY bond coats. a APS; b shot-peened APS

Fig. 2 SEM cross-sectional microstructures of TBCs. a APS; b shot-peened APS and c CGDS bond
coats
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coats shown in Fig. 2c have a dense structure without oxides and with low porosity.

In the elemental mapping analyses given in Fig. 2, CGDS bond coat structure has

uniform Al content, whereas APS coatings exhibit a non-uniform distribution of Al.

This directly affects the characteristic properties of the oxides forming at the coating

interface under oxidation conditions, thus having a major effect on the service life of

the coating and occurrence of failures [19]. The shot-peened APS coatings exhibit a

more uniform Al content compared to conventional APS coating structure, which in

turn yields superior coating characteristics similar to CGDS coating.

In Fig. 3, the effect of shot-peening process on the hardness of the coatings is

shown in terms of influenced depth. Hardness of CGDS coatings varies uniformly as

from the coating surface, exhibiting the highest hardness values as a result of

production-related and microstructural features of the process. Hardness of APS

coating is as expected from conventional plasma spray coating structure. As seen in

the graph, the influence of shot peening applied on APS coatings maintains its effect

up to a remarkable depth of 35 lm, resulting in a significant rise in the hardness

values of the coatings within this distance.

The bond–top coat interface microstructures of TBC system with APS bond coat

are obtained after the oxidation tests at 1100 �C for different test periods, and its

elemental mapping analysis performed after 100 h period is given in Figs. 4 and 5.

Formation of TGO layer is visible at the interface as a result of diffusion of oxygen

as from the initial stages of oxidation. The thickness of TGO layer increased with

increasing time period. The TGO formation lost its integrity after the first 8-h

oxidation period, leading to emergence of a dominant Al2O3 oxide content along

with Cr2O3 and other oxide formations. As the b phase is depleted in the areas close

to the interface, diffusion of Al from lower regions becomes harder. After this point,

instead of Al, other metals such as Ni and Co within the c matrix start to oxidize and

form the spinels [7, 20, 21]. As the Al and Cr elements become depleted due to

isothermal oxidation, Ni starts to react with oxygen and Al2O3 to form spinels in the

TGO layer between the top and the bond coats after 24-h isothermal oxidation

Fig. 3 Effect of the shot-peening process on the hardness depending on the distance from the surface
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(Fig. 4b). Formation of oxides and spinels other than Al2O3 were also observed in

the TGO structure with increasing time in previous studies [22, 23].

The bond–top coat interface microstructures of TBC system with shot-peened

APS bond coat obtained after the oxidation tests at 1100 �C for different test

periods, as well as its elemental mapping analysis performed after 100-h period are

given in Figs. 6 and 7. The interface images of shot-peened APS-TBC system after

oxidation test reveal a smoother interface as compared to conventional APS-TBC

system. Formation of TGO structure started at initial stages of oxidation; however, it

Fig. 4 Cross-sectional SEM images of APS-TBCs after isothermal oxidation at 1100 �C. a 8 h; b 24 h;
c 50 h and d 100 h

Fig. 5 Cross-sectional SEM elemental maps images of APS-TBCs after isothermal oxidation at 1100 �C
for 100 h
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did not exhibit a growth proportional with increasing time as encountered in

conventional APS-TBC system. Researchers believe porous structure of coatings

lead to the emergence of a free path for oxygen penetration and corrosive ions inside

the coating that increases the oxidation rate [24, 25]. As a result of the dense

structure obtained in the surface and its vicinity after the shot-peening process, the

rate of oxygen penetration through the surface is reduced, and the oxidation process

is slowed down. This is attributed to the fact that the dense coating structure

obtained through plastic deformation effect as a result of shot-peening process

Fig. 6 Cross-sectional SEM images of shot-peened APS-TBCs after isothermal oxidation at 1100 �C.
a 8 h; b 24 h; c 50 h and d 100 h

Fig. 7 Cross-sectional SEM elemental maps images of shot-peened APS-TBCs after isothermal
oxidation at 1100 �C for 100 h
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slowed down the penetration of oxygen diffusing from the surface, thus enabling

formation of a more uniformly distributed Al at the interface.

The bond–top coat interface microstructures of TBC system with CGDS bond

coat obtained after the oxidation tests at 1100 �C for different test periods, as well as

its elemental mapping analysis performed after 100-h period are given in Figs. 8

and 9. The TGO structure forming at the interface of the TBC system with CGDS-

deposited bond coats, exhibit a more uniform structure here. The dominant content

within the resulting TGO structure is Al2O3. Traces of mixed oxide formations are

visible in some regions after 100-h oxidation period.

The CoNiCrAlY structure that forms the TBC system produced with CGDS

technique consists of Ni-Co based c-matrix and b-precipitates with (Co,Ni)Al

content. The Al-rich b-precipitate exhibits an oxidation-dependent formation and

disappears as a result of time-dependent reduction in Al concentration. This

precipitate formation is not observed in other TBC systems produced with APS

technique, due to the high oxide content related with deposition conditions, as well

as low Al concentration of the bond coat. This is attributed to open-atmosphere

deposition conditions. Due to their dense and uniform structure, the coatings

deposited with CGDS technique are favored in high-temperature applications. They

Fig. 8 Cross-sectional SEM images of CGDS-TBCs after isothermal oxidation at 1100 �C. a 8 h;
b 24 h; c 50 h and d 100 h
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feature significantly lower rates of oxide and porosity content as compared to APS

coatings since CGDS deposition conditions are based on plastic deformation rather

than melting of powder particles, thus allowing low-temperature process conditions.

During the oxidation of TBC systems, the Al in the bond coat with MCrAlY

content, binds with oxygen and leads to formation of a-alumina and TGO. The Al

here comes from b-precipitates. The Al in b phase diffuses toward TGO and oxides.

However, after a period, the Al-rich phase starts to lose its Al content which in turn

enables formation of different oxides within the TGO structure [7, 22, 26, 27].

Formation of Al-poor regions was observed in some of the researches after a

specific oxidation period. Diffusion of Al from lower regions is obstructed as the b
phase disappears near the surface. After this point, metals such as Ni and Co, instead

of Al, start oxidizing on the surface and form spinels [7, 22]. Spinels are generally

located locally and cause rapid volumetric changes in addition to their porous-

fragile structure, all of which endanger the integrity of TGO [28]. Besides, with the

assistance of inter-connected cracks in the as-sprayed ceramic top coat, oxygen

migrates swiftly from surface of the top coat to the bond coat [21]. These

microstructural features are a consequence of the deposition processes [29].

At initial stages of oxidation, after the oxidation of Al, Al is diffused to Al-poor

surface from Al-rich regions under bond coat, as the amount of Al decreased in the

surface. Here, Al-rich region refers to the regions with b-NiAl precipitates.

However, after longer periods of oxidation, transformation of b precipitates NiAl

into c-NiAl3 with Al depletion and the distance for diffusion of Al increased, and

accordingly, Al depletion regions emerged [30]. In the literature, it was reported that

the Al-rich b phase is gradually consumed due to two effects: surface oxidation and

coating–substrate interdiffusion. In addition, the researchers specified that some

voids and oxides along the coating–substrate interface, or inside the coating, were

considered to play a role in blocking the diffusion of alloying elements [31]. In the

present study, Al depletion regions were not observed in the TBC systems produced

with APS technique whereas they started to emerge in TBC systems deposited with

CGDS technique after an oxidation period of 50 h at a depth of approximately

20 lm.

Fig. 9 Cross-sectional SEM elemental maps images of CGDS-TBCs after isothermal oxidation at
1100 �C for 100 h
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Conclusions

In the present work, the microstructure and oxidation behavior of the three different

TBC systems including a CoNiCrAlY bond coat and an 8YSZ top coat have been

studied, and the following conclusions are drawn:

Different TBC systems were successfully produced using APS and CGDS

techniques. Shot peening process was successfully used in enhancement of bond

coat surface characteristics of TBC systems. Application of shot-peening process

was found to be decreasing the surface roughness of APS coating with high oxide,

porosity and crack content, thus enabling achievement of a denser coating structure.

Shot-peening process was found to maintain its effect up to a depth of 35 lm,

leading to a significant rise in hardness values of the coating along this depth. In the

analysis of oxidation mechanism of TBC systems produced with APS, CGDS, and

shot-peening processes, the TGO of TBC system produced with CGDS technique

exhibits a uniform structure with Al2O3 content, which is favored. On the other

hand, the TGO structure of TBC system produced with APS technique has high

oxide content with a non-uniform distribution. In the analysis of oxidation behavior

of coatings with shot-peened surfaces, penetration of oxygen diffused from the

surface into lower layers was found to decrease, as a result of dense coating

structure and decline in the surface roughness which in turn leads to a smoother

surface structure. Consequently, a more uniform TGO layer with lower oxide

formation and a dense structure was obtained. In the present study, the coating

performance of TBC systems produced with conventional APS technique under

isothermal oxidation conditions was compared with that of the specimens produced

with CGDS process, which is recently adopted as an alternative coating process with

its superior properties. The TBC system produced with CGDS technique evidently

over-performed the TBC system produced with APS technique under high-

temperature service conditions. As the price of its superior performance, CGDS

process is a much costlier technique in terms of the used equipment, gas and other

issues, as compared to APS technique. On the other hand, the APS bond coat

structure, surface characteristics of which is modified with shot-peening process in

the present study, exhibited a superior performance under high-temperature

conditions as similar to the TBC system produced with CGDS technique. Thus,

modification of the surface characteristics of plasma spray process, as a simple and

cost-efficient thermal spray coating method, with the shot-peening process, can be

used as an alternative technique in thermal spray coating applications.
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