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ABSTRACT

This study investigate changes in mechanical behaviors such as indentation load-displacement and hardness of thermal bar-

rier coatings (TBCs) using cycling of thermal shock test. Relatively dense and porous TBCs on nickel-based bondcoat/super alloy

are prepared using different starting granules, 204C-NS and 204NS commercial powers, and the effect of double layers of 204C-

NS on 204NS and 204NS on 204C-NS are investigated. The highest temperature applied during thermal shock test is 1100°C

and the maximum number of cycles is 1,200. The results indicate that bilayered TBC showed a relatively mechanically resistant

property during thermal shock cycles and that the mechanical behavior is influenced by the microstructure of TBCs by exposure

to high temperature during tests or different starting granules.
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1. Introduction

igh temperature components of static gas turbines such

as the domestic combustor burner, blade, and vane are

used at temperatures above 1100oC, so the ceramic material

yttria stabilized zirconia (YSZ) is used to coat the surface of

the components with a coating 400 ~ 600 mm thick in order

to protect the component from the high temperature.1,2)

Since ceramic coated gas turbine components form a

dynamic system that needs to be operated at constant speed

at high temperature, the components are exposed to cyclic

fatigue, creep, and abrasions. Also, domestically, gas tur-

bines are frequently operated under peak loads of power

generation, so the high temperature components are com-

monly exposed to thermal shock environments with fre-

quent heating and cooling. With regard to the lifespan of the

thermal barrier coating, it has been reported that delamina-

tion occurs due to the formation and growth of thermally

grown oxide layer (TGO) produced by contact between the

base metallic material and the coating material; this pro-

cess is the results of the propagation of oxygen in the exter-

nal atmosphere into the coating. However, damage of the

coating material due to surface abrasion and mechanical

damage have also been widely reported.3−8)

There are many ways to fabricate a thermal barrier coat-

ing, including air plasma spray (APS), electron beam physi-

cal vapor deposition (EBPVD), and vacuum plasma spray

(VPS); however, the air plasma spray method is most com-

monly used to coat components with complex shapes. This

method transports spheroidized ceramic powder to the noz-

zle via a carrier gas. After using high temperature plasma

to melt or half melt the ceramic powder, the ceramic mate-

rial is sprayed on the base material from a certain distance

using high pressure from the plasma stream to coat the

component. Thus, the size, shape, and particle size distribu-

tion of the initial powder have been reported to be closely

related to the material properties of the final coating layer.

Therefore, research was actively pursued with regard to

various powders;2) the fabrication of a coating material with

optimized porosity is ideal to simultaneously satisfy the

thermal barrier performance and the thermal and mechani-

cal properties. For example, there is generally no mechani-

cal property degradation from sintering at high temperature,

phase transformation, stress variation during cooling, or

abrasions.

However, whether a dense coating material or a relatively

porous structure is better for enhancing the durability of the

coating material has not been established yet because the

thermal and mechanical properties exhibit contrasting

behaviors according to the porosity of the coating material.

Numerous studies have been carried out on multi-layered

structure materials, as such materials have the advantage

of being able to create new characteristics by bringing

together materials of different properties.7−9) When integrat-

ing materials with different thermal expansion coefficients

or moduli of elasticity, disadvantages can occur if coating

layers can be easily damaged, and so the thickness of the

properties of the coating layer and the base material have to

be optimally designed. Various studies are being carried out

on bilayered thermal barrier coatings; these materials are

expected to provide a solution to the issue of contrasting

thermal and mechanical properties.3,8) When a single coat-
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ing layer was applied, the thermal properties were good but

the mechanical properties were degraded (the reverse was

also possible); however, when a bilayer coating is applied, it

is expected that the thermal and mechanical properties will

complement each other to produce a coating material with

excellent thermal and mechanical properties.

In this study, the changes in the mechanical properties

due to indentation after thermal shock tests were investi-

gated in order to evaluate the mechanical behavior varia-

tions due to heat. Repeated exposures at the operation

temperature 1100oC of the most commonly used gas tur-

bines and at room temperature, along with a thermal shock

environment similar to the actual operational environment,

were carried out and the continuous and repeated thermal

shock cycle number was varied. For each specimen, the

mechanical properties were assessed through Vickers inden-

tation and spherical indentation methods to observe the

changes in the mechanical behavior due to thermal shock.10,11)

Especially, in this comparative analysis study, coating

materials of various porosity, depending on the initial pow-

der type, were fabricated and the bilayered coating material

was manufactured with one of the coating materials with

different densities on the outermost surface.

2. Experimental Procedure

Figure 1 shows the experimental process used in this

study. Ni Inconel heat-resistant alloy of 1-inch (25.4 mm)

diameter and approximately 10 mm thickness was pro-

cessed as the base material. To relieve the thermal expan-

sion coefficient mismatch between the base material and

the topcoat, a bondcoat (Ni-Cr-Co-Al-Y, AMDRY9625, Sul-

zer Metco Co.) with coefficient of thermal expansion approx-

imately in the middle of those of the base material and the

topcoat was applied to a thickness of 300 µm via air plasma

spray method. Sand blasting using alumina sand was con-

ducted to enhance the adhesive strength between the base

material and the bondcoat, and the surface of the produced

bondcoat was also sand blasted. Two types of commercial

YSZ powder, 204C-NS powder (8 wt% YSZ, Sulzer Metco,

Switzerland), with a relatively wide particle size distribu-

tion and hollow spherical shape and the 204NS (8 wt% YSZ,

Sulzer Metco, Switzerland), with a relatively narrow parti-

cle size distribution and filled spherical shape, were pre-

pared as shown in Fig. 2 to form the topcoat with different

layers. 

The air plasma spray method was used to fabricate a total

of 4 types of specimens, which were single layered and

bilayered according to the topcoat powder type. The 4 types

of specimens prepared were a single layer coating fabricated

with 204C-NS powder, a single layer coating fabricated with

204NS powder, a 204C-NS/204NS bilayer coating in which

the 204C-NS powder was coated on top of 204NS powder

coating, and a 204NS/204C-NS bilayer coating in which the

204NS powder was coated on top of 204C-NS powder coat-

ing.

The air plasma spray method was carried out using the

same process parameters as discussed below for all the coat-

ing materials in the coating fabrication process. Mixed gas

of Ar/He = 4.5/5.5 was supplied to the plasma stream at a

constant rate of 100 g/min and the current was maintained

at 450 A/90 V. The distance between the spray gun and the

base material to be coated was maintained at 150 mm and

the powder was supplied at a flowrate of 3 liters per minute.

In order to observe the voids formed on the surface, after

cooling the fabricated thermal barrier coating layer speci-

mens to room temperature, diamond suspensions of 10, 6, 3,

and 1 µm were used to polish the coating layer surface.

Here, the thicknesses of the polished specimen were checked

at each stage so that consistent polishing could be obtained;

the final specimens all have the same coating layer thick-

Fig. 1. Schematic diagram of experimental and analysis chart.

Fig. 2. SEM micrographs showing starting powders: (a) 204C-NS, (b) 204NS and (c) AMDRY 9625
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ness.

A high temperature thermal shock device was designed

and manufactured: the specimen is installed within an alu-

mina tube and the tube moves vertically in and out of a high

temperature chamber, powered by an electric motor. Using

this equipment, the temperature was increased at a rate of

5oC per minute and the specimen was exposed to the cham-

ber at a temperature of 1100oC (hot zone) for a specific

amount of time (5 min). Afterwards, a motor was used to

lower the specimen and expose it to room temperature,

where a rapid temperature change occurs, resulting in ther-

mal shock. This cycle was repeated for 700, 900, 1050, and a

maximum 1,200 cycles to carry out the thermal shock exper-

imentation. After applying thermal shock through the high

temperature/low temperature cycling, the formation of

external fractures and delamination on the coating layer

surface were observed.

In order to investigate whether mechanical property deg-

radation occurred due to thermal shock, an indentation

evaluation was used to measure the hardness and to imple-

ment the spherical indentation test. A micro-Vickers hard-

ness tester (ASTM C1327-08, Mitutoyo, Japan) was used to

measure the hardness. Indentation of P = 10 N was applied

to the polished single layer and bilayer coating surface and

the hardness (H) was calculated using the equation below

after measuring the diagonal length 2a of the indentation

mark.

H = P/2a2

Mechanical property degradation after applying thermal

shock to the specimen was assessed by using the Hertzian

indentation method to measure the indenter displacement

according to the indentation load.10,11) The indenter used for

the indentation was made of spherical tungsten carbide

(WC) of 3.18 mm radius and the ball was installed in the jig

of a material testing machine (Instron 5567, Instron Co., U.

S. A). The indentation load was increased to P = 1000 N at a

rate of 0.2 mm/min and unloading was carried out at the

same rate when the maximum load was reached. When

increasing the load, an extensometer was used to measure

the displacement for each level of loading. Ten points were

measured in the coating layer. The average displacement

value for each value of loading was calculated and used in

the analysis. Also, porosity changes on the surface before

and after thermal cycling and thermal shocks were observed

using an optical microscope.

3. Results and Discussion

Figure 2 provides SEM images of the starting commercial

granules used to coat the thermal barrier material. In order

to fabricate a thermal barrier coating layer of uniform thick-

ness and porosity, the powder has to be transported smoothly

along with the gas flow during plasma spraying, so the

granules have to be fabricated in spherical form and must

have considerable strength. Additionally, it was reported

that control of the shape, average particle size, and particle

size distribution of the starting granules is important in

order to control the microstructure, which affects the ther-

mal barrier performance.12) In this study, the thermal bar-

rier coating layer was fabricated using commercial powders

with similar particle sizes and differing particle shapes and

size distribution, as shown in Table 1. Although observation

of the 204C-NS powder, as shown in Fig. 2 (a), revealed hol-

low spherical type particles, the 204NS powder was of filled

spherical type with relatively dense spherical material, as

shown in Fig. 2 (b). Comparison of the 204C-NS and 204NS

powder particle size distributions showed that while 204C-

NS was had a wide particle size distribution and was com-

posed of variously sized particles, the 204NS powder com-

posed of similarly sized particles and had a narrow particle

size distribution. Meanwhile, Fig. 2 (c) provides an SEM

image of the commercial bondcoat powder (AMDRY9625)

used in this study; it was composed of spherical particles

with a narrow particle size distribution.

Figure 3 shows XRD analyses of the 204C-NS and 204NS

powders shown in Fig. 2. The analysis results of the XRD

peaks are inserted with symbols. As shown in the analysis

results graph, the powders were composed of tetra/cubic zir-

conia and monoclinic zirconia. Thus, regardless of the shape

or type of the starting granules, they were all zirconia and

had the same crystalline structure. In the case of monoclinic

zirconia, the research team in this study previously reported

that phase transformation to tetra/cubic structures occurred

when the powder was exposed to high temperature after

undergoing spray coating. Therefore, in this study, it was

predicted that the monoclinic zirconia contained in the

starting granules would undergo phase transformation to

Table 1. EDS Analysis of 204C-NS and 204-NS Powders

204C-NS 204 NS

Chemistry ZrO2 8 wt% Y2O3 ZrO2 8 wt% Y2O3

Particle size −125 +45 µm −125 +11 µm

Element Weight% Atomic% Weight% Atomic% 

O K 28.23 ± 3.61 68.96 ± 3.66 28.08 ± 4.66 68.49 ± 4.81

Y L 4.15 ± 0.71 1.85 ± 0.40 3.82 ± 0.52 1.71 ± 0.33

Zr L 67.61 ± 3.22 29.19 ± 3.35 68.13 ± 4.31 29.79 ± 4.53

Totals 100.00 100.00
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tetra/cubic structures when plasma sprayed, and so it was

thought that the issue of fracture formation due to volume

expansion induced by the temperature change of the mono-

clinic material from high temperature back to room tem-

perature would not arise.2)

The composition analysis results, obtainedby EDS of the

starting granules, were organized into Table 1. Peaks corre-

sponding to oxygen, zirconium, and yttrium were found and

quantitative analysis revealed that the chemical composi-

tions of the 204C-NS and 204NS powders were similar to

each other. When considering the chemical composition of

Y2O3 added to ZrO2, it was thought that around 8% Y2O3

weight percent was added; this result had been reported in

one work in the literature, in which the addition of Y2O3 to

ZrO2at optimal mass resulted in the highest durability.13)

Figure 4 provides SEM observation images of the plasma

sprayed coating layer cross section. Using air plasma spray

(APS), the bondcoat powders were coated with to thickness

of around 300 µm. Yttria stabilized zirconia was coated on

top of that, so that the total thickness was 600 µm. Here,

the different powders were coated in single layer or bilayer

coatings. Fig. 4 shows the cross sections of the (a) 204C-NS

600  µm coating, (b) 204NS 600 µm coating, (c) 204NS 300

µm coating followed by 204C-NS 300 µm coating on top, and

(d) reverse coating order of 204C-NS 300 µm coating fol-

lowed by 204NS 300 µm coating on top. Table 2 provides

analyses of each cross-section image. As can be noted from

the microstructure images, the 204C-NS powder coating

layer had relatively larger pores and higher porosity than

those of the 204NS powder coating layer. This was due to

Fig. 3. XRD analysis result of TBCs granules (a) 204C-NS and (b) 204NS.

Fig. 4. SEM micrographs showing section of (a) 204C-NS, single layer, (b) 204NS, single layer, (c) 204C-NS/204NS bilayer and
(d) 204NS/204C-NS bilayer.
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the impact of the starting granules: the 204C-NS powder

was composed of hollow spheres with a narrow particle size

distribution, as found in Fig. 2. On the other hand, spray

coating of the 204NS powder with dense filled spheres

rather than hollow spheres, and with a relatively wide par-

ticle size distribution, resulted in the formation of a dense

coating layer with relatively small pores and low porosity.

Therefore, through this study, coating layers of different

microstructures were fabricated using starting granules of

different shapes and particle size distributions.

As explained above, mono and bilayer coating layers pro-

duced using different starting commercial powders were

tested for 600, 900, 1050, and 1200 thermal shock cycles, in

which the thermal shock was between the maximum tem-

perature of 1100oC and room temperature. Then, the hard-

ness of each specimen was measured; values are shown in

the graph of Fig. 5, which provides the results for the (1)

single coating layer and (b) bilayer coating. The figures

show that regardless of the presence of single or bilayer

coating, the hardness tended to increase as the thermal

shock cycle number increased, periodically exposing the

specimen to high temperature and inducing sintering phe-

nomenon in the coating material.14,15) Slope analysis of the

load-displacement curve measured through the indentation

testing of each coating layer revealed that for the single

coating with 204C-NS powder and the bilayer coating mate-

rial with topmost layer of 204C-NS powder, coating led to

large increases in the slope compared to the other coatings

with 204NS powder. This change was thought to be due to

the significant densification that occurred in the porous

coating layer. It was indirectly shown that densification due

to sintering was the cause of the hardness increase.15) On

the other hand, Fig. 5 (a) shows that the hardness of the

coating layer fabricated with 204NS powder was relatively

higher than that of the 204C-NS coating layer, while Fig. 5

(b) shows that the hardness of the bilayer coating layer with

topmost layer of 204NS powder coating was relatively supe-

rior. This result was due to the microstructure, which had

relatively large pores and lower porosity. Thus, it was deter-

mined that the densely coated case exhibited greater hard-

ness regardless of whether the coating was single or bilayer.

In addition, comparison of Fig. 5 (a) and (b) was conducted

to analyze the effect of the bilayer coating layer. The hard-

ness of the 204C-NS/204NS bilayer coating was about half

of the hardness value of the single layer, but the hardness of

the 204NS/204C-NS bilayer coating was almost identical to

that of 204NS. For 204C-NS/204NS, it was thought that

even the 300 µm thick film coating was affected by the bot-

tom layer.11) The 204NS/204C-NSis also affected by the bot-

tom layer, but it was found to be affected by the densification

of the surface coating layer, which will be discussed later on.

Therefore, the usage and coating order of different coating

material powders were varied to fabricate bilayer thermal

barrier coatings with different levels of hardness. Also, in

the case of the bilayer material, the controls of hardness and

porosity were possible using different layers. The 204NS/

204C-NS bilayer coatingwas expected to be used as a coat-

ing layer with outstanding thermal barrier performance

because of the high porosity in the bottom and the good

hardness, similar to that of 204NS.

Table 2. Microstructural Analysis of TBCs with Single and Bilayer Structures in Topcoat

Single Bilayer

Parameters 204C-NS 204 NS 204C-NS/NS 204 NS/C-NS

Total porosity (%) 19.6 10.2 18.9 8.2

Fraction of pores (%) 17.0 6.5 17.6 4.6

Mean size of pores (µm) 21.7 15.4 26.0 9.3

Fig. 5. Plots of hardness by Vickers indentation test after exposure to thermal shock test of (a) single layer TBCs and (b) bilayer
TBCs.
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After conducting 700 and 1200 thermal shock cycles for

the 204C-NS powder and 204NS powder single layer ther-

mal barrier coatings under the same conditions, surfaces

were observed through an optical microscope,with results

shown in Fig. 6. Fig. 6 provides a (a) surface image of the

204C-NS coating layer after 700 thermal shock cycles and

(b) surface image of the 204C-NS coating layer after 1200

cycles, while Fig. 6 (c) provides a surface image of the

204NS coating layer after 700 thermal shock cycles and (d)

provides a surface image of the 204NS coating layer after

1200 cycles. As shown in the figures, the 204NS coating was

found to be relatively denser compared to the 204C-NS coat-

ing layer and the surface microstructure of the coating layer

after 1200 thermal shock cycles was denser than the surface

microstructure after 700 thermal shock cycles. The average

pore size decreased along with the porosity as the thermal

shock cycle increased. Additionally, delamination and frac-

ture did not occur even after 1200 thermal shock cycles; this

shows the outstanding thermal durability of this material

at 1100oC.

After conducting 700 and 1200 thermal shock cycles for

the 204C-NS/204NS bilayer coating and 204NS/204C-NS

bilayer coating under the same conditions, the surfaces

were observed through an optical microscope; results are

shown in Fig. 7. Fig. 7 provides a surface image of the 204C-

NS powder coated on top of the plasma sprayed 204NS pow-

der after (a) 700 thermal shock cycles and (b) 1200 cycles,

whereas (c) and (d) provide surface images of the 204NS

powder coated on top of the plasma sprayed 204C-NS pow-

der after 700 and 1200 thermal shock cycles, respectively.

As can be seen in the figures, the 204NS coating was found

to be denser compared than that with 204C-NS coated on

the top layer; the surface microstructure of the coating after

1200 thermal shock cycles had a denser structure compared

to the surface microstructure after 700 thermal shock

cycles. Compared to Fig. 6, it was found that the thermal

shock testing of the 204NS bilayer material resulted in the

densest sintering, which is thought to cause the hardness

improvement found in Fig. 5 (b). Meanwhile, delamination

and fractures did not occur for the thermal barrier coating

fabricated in bilayer after 1200 thermal shock cycles,

revealing the outstanding thermal durability of that mate-

rial.

Figure 8 (a) provides a load-displacement curve obtained

when an indenter of r = 3.18 mm radius was used to indent

the polished TBC surface up to a load of P = 1000 N at a rate

of 0.2 mm/min; load was then removed at the same rate. As

can be seen in the representative indentation load-displace-

Fig. 6. Optical micrographs of surface of single layered TBC after exposure to thermal shock test of (a, c) 700 cycles and (b, d)
1,200 cycles on TBC (a, b) fabricated from 204C-NS and (c, d) 204-NS.
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ment curve, the coating with a single layer of zirconia on top

of the bondcoat underwent 700, 900, 1050, and 1200 ther-

mal shock cycles; this was followed by indentation testing,

used to obtain the indentation-load displacement curve

shown in Fig. 8 (a). As the slope of the indentation-load dis-

placement curve under loading and the slope of the tangent

to the curve, obtained by removing the loading, are related

to the Young’s modulus of the material,15) the slopes of the

indentation-load displacement curves for all the indentation

specimens were determined and are shown in Fig. 8 (b). As

can be seen in the graph, the slope increased as the thermal

shock cycle increased from 700 to 1200 cycles. In the case of

the relatively porous 204C-NS coating material, the elastic-

ity slope value sharply increased due to the rapid sintering

Fig. 7. Optical micrographs of surface of bilayer TBC after exposure to thermal shock test of (a, c) 700 cycles and (b, d) 1,200
cycles on TBC (a, b) fabricated from 204C-NS/204NS and (c, d) 204-NS/204C-NS.

Fig. 8. Plots of indentation load-displacement by Hertzian indentation test after exposure to thermal shock test of (a) single
layer TBCs and (b) indentation load-displacement gradient.
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phenomenon. It was thought that the Young’s modulus

increased due to the sintering phenomenon as the thermal

shock cycle number increased. Thus, this change was the

macroscopic result of the densification via microscopic poros-

ity reduction. Moreover, the hardness corresponding to the

residual strain of the indentation load-displacement curve

also showed a tendency to increase according to the thermal

shock cycling; this result was in agreement with the trend

shown in Fig. 5.

With regard to the bilayer coating case, although the load-

displacement slope (elasticity) value was within the single

layer slope value, as shown in Fig. 8 (b), the value was simi-

lar to that of the single layer 204-NS coating material,

which was relatively outstanding. Also, in contrast to the

single layer case, the elasticity slope value did not change

significantly during thermal shock cycling up to 1200 cycles.

This result shows that the multilayer coating material

exhibited excellent thermal durability.

4. Conclusions

In order to assess whether mechanical property degrada-

tion of high temperature gas turbine components occurs due

to thermal shock, the air plasma spray method was em-

ployed using different commercial powders (204C-NS and

204NS) for a single layer and bilayer coating. A bondcoat

300 µm thick was applied to a heat-resistant alloy and par-

tially stabilized zirconia was coated on top of the bondcoat

to result in a total layer thickness of 600 µm. Here, the

bilayer coating used different powders (204C-NS and

204NS), in which each was used for 300 µm of coating to

fabricate thermal barrier coating layers by varying the pow-

der coating order.

To assess hardness changes, thermal shock testing of 700,

900, 1050, and 1200 cycles from 1100oC to room tempera-

ture was carried out on the single layer or bilayer zirconia

thermal barrier coating layer formed specimens. Also, to

investigate changes in the mechanical properties, the slopes

of the indentation load-displacement curves were deter-

mined. Additionally, the microstructures were investigated

using an optical microscope and scanning electron micro-

scope, and the following conclusions were obtained.

1) By using different commercial YSZ powders (204C-NS

and 204NS), a relatively porous thermal barrier coating and

dense thermal barrier coating were fabricated due to the

different shapes and particle size distributions of the pow-

ders.

2) The thermal cycling test results showed that delamina-

tion did not occur after 1200 cycles at temperatures under

1100oC; however, densification occurred due to periodic

exposure to high temperature, in which the degree of densi-

fication varied depending on the powder type and presence

of bilayer coating.

3) The hardness test results revealed that the hardness

showed a tendency to increase due to densification phenom-

enon during thermal cycling, regardless of whether there

was a single layer or bilayer coating; the bilayer coating

allowed for controlling of the hardness. In particular, the

hardness of the 204NS/204C-NS bilayer coating was found

to be similar to that of the single layer coating.

4) After thermal shock testing, for comparative analysis,

load-displacement curves were obtained through indenta-

tion testing; these curves showed that the elasticity and

hardness tended to increase as the thermal shock cycle

number increased, and the thermal durability of the bilayer

material was determined to be outstanding, as were the

mechanical properties.
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