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Abstract: The thermal properties of a thermal barrier coating (TBC) system comprised of BaO–MgO–SiO2 based glass-ceramic bond 
coating, 8% (mass fraction) yttria stabilized zirconia (8YSZ) top coating and nimonic alloy substrate were evaluated. The thermal 
diffusivity and thermal conductivity of the TBC coated substrate were lower than those of bare substrate and glass-ceramic coated 
substrate under identical conditions. The specific heat capacity, thermal diffusivity and thermal conductivity of the TBC coated 
substrate increase with the increase of the temperature. Further, it is observed that the thermal conductivity of the TBC system 
decreases with the increase in the top coating thickness. 
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1 Introduction 
 

Thermal barrier coatings (TBCs) are widely applied 
to protect the hot-section components of modern gas 
turbine engine from the aggressive environments. The 
oxidation resistance, thermal shock resistance and 
thermal insulation capacity of the TBCs are of primary 
importance among their thermo-mechanical properties 
related to the high temperature applications [1]. The 
basic function of a TBC is to restrict the heat transfer 
from the hot gas in the engine to the surface of the coated 
alloy component [2]. 

Generally, TBC system consists of a ceramic top 
coating, a metallic bond coating and a metallic  
substrate [3]. Usually, M-NiCrY type bond coating is 
applied to assist the adherence and stress relaxation. 
However, exposure of the TBC system to elevated 
temperatures leads to the development of a thermally 
grown oxide (TGO) layer between the bond coating and 
top coating [4]. TGO has a major influence on the TBC 
durability. As the TGO layer thickness increases with the 
operation time, high stresses are generated at the bond 
coating/TGO interface due to the volume increase, 
thermal expansion misfit and applied loads. As a 
consequence, crack initiates and propagates, leading to 
the spallation of the ceramic top coating, finally resulting 
in the failure of the TBC system [4,5]. Thus, the bond 
coating is the most critical component of the TBC system. 

The chemistry and microstructure of bond coating affect 
the durability through the structure and morphology of 
the developed TGO [6,7]. 

Glass-ceramic coatings possess excellent chemical 
inertness, low thermal conductivity, high temperature 
stability and superior mechanical properties. Because of 
the excellent combination of these properties, glass- 
ceramic coatings can efficiently be utilized to reduce 
high temperature degradation of the structural materials 
[8]. Further, glass-ceramic coating is also conceived as 
cheap but effective alternative thermal barrier coating. 
3% yttria doped zirconia dispersed in a high temperature 
resistant alumino-borosilicate glassy phase showed good 
performance as a thermal barrier coating [9]. The 
inherent low thermal conductivity of the glass-ceramic 
based bond coating can reduce the metal substrate 
temperature and thereby protect the substrate from 
oxidation and creep failure. Therefore, glass-ceramics 
may be an ideal bond coating in a TBC system. Potential 
of glass-ceramics as good oxidation and thermal shock 
resistant bond coating in the conventional thermal barrier 
coating system has been already established [10,11]. 

The thermal properties of the TBCs have been 
extensively studied by the researchers as these coatings 
are used at the elevated temperatures [12–17]. The 
thermal insulation property of the TBCs is determined by 
their thermal conductivity, which plays an important role 
in the heat transfer processes [14]. In the present work, 
an attempt was made to carry out in-depth study for the 
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evaluation of thermal conductivity of a glass-ceramic 
bonded TBC system. 
 
2 Experimental 
 

BaO−MgO−SiO2 based glass-ceramic coating 
(thickness ~100 µm) was applied on the nimonic alloy 
(AE 435) substrate by conventional enameling technique. 
The glass and substrate composition has been reported 
elsewhere [10]. Nimonic alloy substrate with dimensions 
of 10 mm × 10 mm × 2 mm was used for the present 
work. 8% YSZ (8YSZ) powder was air plasma sprayed 
on the glass-ceramic coated substrates using a 
METCO-F4 plasma gun. The thermal spraying 
parameters for YSZ top coating are shown in Table 1 and 
the porosity of YSZ coating is 8%−12%. The thickness 
of 8YSZ top coating varies from 200 µm to 400 µm. 
 
Table 1 Thermal spraying parameters for YSZ top coating 
porosity of YSZ coating 

Spraying parameters Value 

Powder injection Outside nozzle 6 mm

Power input/kW 40 
Primary (Ar)/secondary (H2) gas 

flow in plasma/(L·min−1) 
35, 10 

Carrier gas (Ar) flow in 
feeder nozzle/(L·min−1) 

2.6 

Stand-off distance/mm 120 

 
Laser-flash technique was utilized to measure the 

specific heat capacity and thermal diffusivity of the 
uncoated, glass-ceramic and TBC coated substrates as a 
function of temperature using a thermal diffusivity 
measuring system (FLASHLINETM4010, Anter 
Corporation, USA). High intensity laser pulse (Nd:glass 
laser, average pulse width −300 μs) was absorbed at the 
front surface of the specimen and the temperature 
increase of the rear surface was measured by a 
thermocouple (type S thermocouple). The thermal 
diffusivity was determined by the shape of the 
temperature versus time curve at the rear surface.  The 
specific heat capacity was determined by the maximum 
temperature indicated by the thermocouple and the 
thermal conductivity was estimated by the product of the 
thermal diffusivity, specific heat capacity and density 
[17]. Thermal diffusivity measurements were made in a 
vacuum chamber from the room temperature to 1000 °C. 
Prior to application of the laser pulse, the specimen was 
coated with gold and subsequently with graphite thin 
films on the surfaces on which the heating was 
conducted by the laser pulse and temperature increment 
was monitored. Coating was necessary to absorb the 

laser pulse. Coating also ensures the heat flow by 
conduction method. 
 
3 Results and discussion 
 
3.1 Microstructural characterization 

Figure 1 shows the surface microstructures of 
nimonic alloy substrate, glass-ceramic bond coating and 
8YSZ top coating. It can be seen that the surface 
microstructures of substrate, bond coating as well as top 
coating are almost devoid of any defects like pores and 
microcracks. Figure 2 demonstrates the fractured 
cross-sectional micrographs of 8YSZ top coating. The 
cross-sectional images show the single splat, splat/splat 
interface, inter-lamellar pore, globular pore, intra-splat 
crack and columnar structure of the top coating. Based 
on the microstructural observations, small pores and 
cracks are presented in the top coating. 
 

 
Fig. 1 SEM images of substrate (a), glass-ceramic bond coating 
(b) and 8YSZ top coating (c) 
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Fig. 2 Fractured cross-sectional micrographs of 8YSZ top 
coating: (a) Single splat, splat/splat interface; (b) Inter-lamellar 
pore, globular pore, columnar structure; (c) Intra-splat crack, 
columnar structure 
 
3.2 Measurement of specific heat capacity, thermal 

diffusivity and thermal conductivity 
The thermal diffusivity (α) was determined by the 

following equation (1) [17]:  

α=1.38L2/∏2t1/2                                  (1)  

where L is the thickness of specimen and t1/2 is the time 
required for the rear surface to reach half of the 
maximum temperature rise.  From Eq. (1), it is clear 
that the thickness of specimen is very important for the 
calculation of thermal diffusivity. Specific heat capacity 
measurements were done by comparing the temperature 
rise in the specimen with that in molybdenum standard 
material [17]. Same amount of laser energy falls on both 
the samples. Thus, we have [18]  

ET =mc∆θ=mscs∆θs                               (2) 

where ET is the total laser energy; m is the mass of the 
specimen; c is the specific heat capacity of the specimen; 
∆θ is the temperature rise of the specimen; ms, cs and ∆θs 

are the respective mass, specific heat capacity and rise of 
temperature of the standard specimen, respectively. The 
thermal conductivities of the uncoated, glass-ceramic 
coated and TBC coated substrates were calculated 
according to [17,19]:  

k=αcρ                                      (3)  

where k is the thermal conductivity; α is the thermal 
diffusivity; ρ is the density of the material. 
 
3.3 Thermal conductivity of substrate 

The thermal conductivity of the nimonic alloy 
substrate was calculated by putting the measured thermal 
diffusivity, specific heat capacity and density values in 
Eq. (3). The density of the substrate was measured by the 
Archimedes method and found out to be 8.79 g/cm3. The 
specific heat capacity, thermal diffusivity and thermal 
conductivity values of the substrate with respect to 
temperature are shown in Figs. 3. The specific heat 
capacity, thermal diffusivity and thermal conductivity 
values at 200−1000 °C were found to be in the range of 
0.421−0.596 W·s/(g·K), 0.0421−0.0526 cm2/s, 
15.58−27.56 W/(m·K), respectively. It is further 
observed that the specific heat capacity, thermal 
diffusivity and thermal conductivity values increased 
with the increase of the temperature. The thermal 
diffusivity of the substrate material increases with the 
increase in temperature due to the absence of large 
amount of imperfections like porosity and microcracks  
in the substrate [12,16], as can be seen from the surface 
microstructure (Fig. 1(a)). It is assumed that the number 
of free electrons increases with increasing the 
temperature. Movement of free electrons has a dominant 
effect on the thermal conductivity than phonons up to 
1000 °C. Thus, the thermal conductivity of nimonic alloy 
substrate increases with the increase in temperature [20]. 
 
3.4 Thermal conductivity of glass-ceramic coated 

substrate 
The density of the glass-ceramic coated substrate 

was measured to be 8.63 g/cm3 by the Archimedes 
method. Figures 4(a)−(c) show the specific heat capacity, 
thermal diffusivity and thermal conductivity values of 
the glass-ceramic coated substrate as a function of 
temperature. At 200−1000 °C, the specific heat capacity, 
thermal diffusivity and thermal conductivity values of 
the composite are found to be 0.406−0.582 W·s/(g·K), 
0.0354−0.0465 cm2/s and 12.40−23.36 W/(m·K), 
respectively. It is noted that the specific heat capacity, 
thermal diffusivity and thermal conductivity values 
increase with the increase in temperature. The increase in 
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Fig. 3 Specific heat capacity (a), thermal diffusivity (b) and 
thermal conductivity (c) versus temperature curves of nimonic 
alloy substrate 
 
the thermal diffusivity with the increase of the 
temperature up to 1000 °C can be ascribed to the 
presence of low amount of pores, microcracks and any 
other defects in the glass-ceramic bond coating [12,16]. 
The thermal conductivity in glass-ceramic materials 
depends on the partial conductivities and volume 
fractions of the constituting phases, structural parameters 
of crystallites and the interstitial material between   
them [21]. Therefore, the thermal conductivity increment 
as a function of temperature may be attributed to high  
partial conductivities of the glassy phase as well as 

 

 
Fig. 4 Specific heat capacity (a), thermal diffusivity (b), and 
thermal conductivity (c) versus temperature curves of 
glass-ceramic coated substrate 
 
glass-ceramic phase. The relaxation rate increases in the 
glass-ceramic bond coating with increasing temperature 
from 200 to 1000 °C because of increasing mobility of 
the ions [21]. Further, sintering related phenomena are 
accountable for the increase of thermal conductivity as a 
function of temperature [12]. Further, it may be noted 
that the thermal conductivity values of the glass-ceramic 
coated substrate are lower than those obtained for the 
bare substrate in the temperature range of 200−1000 °C. 
The thermal conductivity of the glass-ceramic bond 
coating is calculated using [19] 
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where ka is the thermal conductivity of the glass-ceramic 
coated substrate; ks is the thermal conductivity of the 
substrate; kbc is the thermal conductivity of the 
glass-ceramic bond coat; tbc and ts are the thickness 
fractions of the glass-ceramic bond coat and the substrate, 
respectively. Figure 5 shows the thermal conductivity of 
the glass-ceramic bond coating as a function of 
temperature. It can be observed that the glass-ceramic 
bond coating has lower thermal conductivity      
(5.757 W/(m·K) at 1000 °C) than that (27.56 W/(m·K) at 
1000 °C) of the substrate. Hence, the glass-ceramic 
coated substrate shows lower thermal conductivity than 
the bare substrate. 
 

 
Fig. 5 Thermal conductivity versus temperature curve of glass- 
ceramic bond coating 
 
3.5 Thermal conductivity of TBC coated substrate 

The TBC coated substrate with ~100 μm glass- 
ceramic bond coating and ~200 μm 8YSZ top coating 
was used for thermal diffusivity and specific heat 
capacity measurements. The density of the TBC coated 
substrate is measured to be 7.74 g/cm3 by the 
Archimedes method. Figure 6 shows the specific heat 
capacity, thermal diffusivity and thermal conductivity 
values of the TBC (~300 μm thickness) coated substrate 
as a function of temperature. At 200−1000 °C, the 
specific heat capacity, thermal diffusivity and thermal 
conductivity values are in the range of 0.458−0.603 
W·s/(g·K), 0.0346−0.0462 cm2/s and 12.27−21.56 
W/(m·K), respectively. It can be noted that the specific 
heat capacity, thermal diffusivity and thermal 
conductivity values of the TBC coated substrate increase 
with the increase in temperature. The increase in thermal 
diffusivity as a function of temperature can be explained 
by the heat transfer mechanism. At high temperatures up 
to 1000 °C, the heat transfer in 8YSZ top coating mainly 
occurs depending on the phonon conductivity, which is  

 

 
Fig. 6 Specific heat capacity (a), thermal diffusivity (b) and 
thermal conductivity (c) versus temperature curves of TBC 
(~300 µm thickness) coated substrate 
 
influenced by the microstructural features of the top 
coating (e.g., porosity and microcracks). In the case of 
the present TBC system, the thermal diffusivity of the 
TBC coated substrate increases with increasing the 
temperature because of lack of porosity, microcracks or 
any other imperfections in the top coating and bond 
coating [12,16]. The increase in thermal conductivity of 
TBC coated substrates with increasing the temperature is 
mainly caused by the sintering based phenomena in the 
top coating as well as in the bond coating [12]. 
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The thermal conductivity values of the TBC coated 

substrate with ~100 μm thickness glass-ceramic bond 
coating and ~400 μm 8YSZ top coating are further 
improved under identical conditions. The density of the 
TBC (thickness ~500 μm) coated substrate is measured 
to be 7.51 g/cm3 by the Archimedes method. Figure 7 
shows the specific heat capacity, thermal diffusivity and 
thermal conductivity values of the ~500 μm TBC coated 
substrate as a function of temperature. At 200−1000 °C, 
the specific heat capacity, thermal diffusivity and thermal 
 

 

Fig. 7 Specific heat capacity (a), thermal diffusivity (b) and 
thermal conductivity (c) versus temperature curves of TBC 
(~500 µm thickness) coated substrate 

conductivity values of this TBC system are in the range 
of 0.558−0.743 W·s/(g·K), 0.0179−0.0308 cm2/s and 
7.50−17.19 W/(m·K), respectively. It can be noted that 
the thermal conductivity values of the TBC coated 
substrates are lower than those of the substrate and the 
glass-ceramic coated substrate under identical conditions. 
Further, it is observed that the thermal conductivity of 
the TBC system decreases with increasing the thickness 
of the top coating. With the increase of the thickness of 
top coating from 200 to 400 μm, the thermal 
conductivity value of the TBC system decreases from 
21.56 to 17.19 W/(m·K) at 1000 °C under identical 
conditions. 

The thermal conductivity of the 8YSZ top coating is 
estimated using [19]  

atctca

tca
b tktk

kk
k

+
=                              (5) 

 

where kb is the thermal conductivity of the TBC system; 
ka is the thermal conductivity of the glass-ceramic coated 
substrate; ktc is the thermal conductivity of the top 
coating; ttc and ta are the thickness fractions of the top 
coating and the glass-ceramic coated substrate, 
respectively. 

Figure 8 shows the calculated thermal conductivity 
of the 8YSZ top coat versus temperature curves. The 
thermal conductivity of ~200 µm thickness 8YSZ top 
coating initially decreases slightly with increasing 
temperature up to 800 °C (Fig. 8(a)). This might occur 
because the thermal diffusivity of the 8YSZ top coat 
decreases marginally with the increase in temperature 
due to the presence of some processing induced defects 
in the coating other than porosity [12]. Further, the 
densification of the 8YSZ top coating dominates over the 
thermal diffusivity decrement that leads to the overall 
increase of the thermal conductivity at 1000 °C [12]. In 
addition to the sintering phenomenon in the top coating, 
the relative deficiency of microcracks, porosity or any 
other defects in the ~400 µm 8YSZ top coating as 
compared to that in the ~200 µm 8YSZ top coating is 
probably responsible for the increase in thermal 
diffusivity as a function of temperature [12,16] and 
thereby, increasing the thermal conductivity of ~400 µm 
YSZ top coating with increasing temperature (Fig. 7(b)). 

From Fig. 8, the top coating of 200 μm thickness 
has lower thermal conductivity (11.78 W/(m·K) at 1000 
°C) than that (23.36 W/(m·K) at 1000 °C) of the 
glass-ceramic coated substrate. Further, ~400 μm 8YSZ 
top coating has much lower thermal conductivity (7.2 
W/(m·K) at 1000 °C) than that (23.36 W/(m·K) at 1000 
°C) of the glass-ceramic coated substrate. Therefore, 
when 8YSZ top coating is applied on the glass-ceramic 
coated substrate, the thermal conductivity of the TBC 
system decreases. With increasing the thickness of 8YSZ 
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top coating, the thermal conductivity of the TBC system 
further decreases. Although 8YSZ has low thermal 
conductivity, yet further reduction in thermal 
conductivity of the TBC coated substrate is caused by 
existing porosity and cracks in the TBC and thermal 
resistance at the splat-splat interface in the top coating, 
bond coating/top coating interface and bond 
coating/substrate interface [19]. 
 

 

Fig. 8 Thermal conductivity versus temperature curves of 200 
μm thick top coating (a) and 400 μm thick top coating (b) 
 
4 Conclusions 
 

1) Thermal conductivity property of a glass-ceramic 
bonded TBC system is quite satisfactory. 

2) Thermal conductivity values of the nimonic alloy 
substrate, glass-ceramic coated substrate and TBC 
(thickness ~500 μm) coated substrate are 27.56, 23.36 
and 17.19 W/(m·K) at 1000 °C, respectively. 

3) The specific heat capacity, thermal diffusivity 
and thermal conductivity values of the bare substrate, 
glass-ceramic coated substrate and TBC coated substrate 
increase with the increase in temperature. 

4) The thermal conductivity of the TBC coated 
substrate decreases with increasing the thickness of 
8YSZ top coating. 
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玻璃−陶瓷基粘接层热障涂层体系的热学性能 
 

S. GHOSH 
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摘  要：研究了 8YSZ/BaO−MgO−SiO2玻璃−陶瓷/Ni 基合金热障涂层体系的热学性能。在相同条件下，热障涂层

体系的热扩散系数和导热系数均比基底和只有玻璃−陶瓷涂层时的小。热障涂层体系的比热容、热扩散系数和导

热系数随着温度的增加而增大，而导热系数随表层涂层厚度的增加而减小。 

关键词：玻璃−陶瓷涂层；热障涂层；热学性能；氧化钇稳定氧化锆 
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