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ABSTRACT. During spray coating, especially in an air plasma spray (APS), pores, cracks, and splat
boundaries are developed and those factors exert influence on thermomechanical properties such as
elastic modulus, thermal conductivity, and coefficient of thermal expansion. Moreover, the thermo
mechanical properties are crucial elements to determine the thermoelastic characteristics, for instance,
temperature distribution, displacements, and stresses. Two types of thermal barrier coating (TBC)
model, the dense and porous microstructures, are taken into account for the analysis of microstructural
characterizations. TriplexPro™-200 system was applied to prepare TBC samples, and the METECO
204 C-NS powder is adopted for the relatively porous microstructure and METECO 204 NS powder for
the dense microstructure in the top coat of TBCs. Governing partial differential equations were derived
based on the thermoelastic theory and approximate estimates for the thermoelastic characteristics were
obtained using a finite volume method for the governing equations.

1. INTRODUCTION

Thermal barrier coatings (TBCs) are widely employed in hot section components of gas
turbines such as combustors and turbine blades to improve their durability. TBC system is
composed of three representative layers; a ceramic top coat, a super alloy substrate, and a
metallic bond coat between the substrate and the top coat (Fig. 1). Zirconia featuring a low
thermal conductivity decreases the substrate temperature, which is concluded in an extension of
metal components’ lifetime. The microstructure of TBC system is influenced deeply by the
feedstock powders and spray condition [5]. The microstructural characterizations of TBC
system play important role to determine the thermal and mechanical properties. Especially, the
thermal conductivity is very sensitive to the microstructure due to the deposition process [4].
Moreover, the microstructure of TBC system is closely related to the physical phenomena such
as wear resistance and failure mechanism, which demands a new desirable coating or process
strategies.
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Many authors have attempted and investigated the dense vertical cracked TBC, high
porosity coatings, and solution precursor plasma spray process methods. The effects of starting
powder morphology on the microstructure and mechanical properties of TBCs prepared by an
air plasma spray (APS) were studied by Jung et. al. [6]. Harris et. al. [2] described a new
deposition process to create the porous and buffer layers by controlling coating parameter.
Cernuschi et. al. [1] developed an inversion procedure to evaluate microstructural parameters
describing the porosity morphology of porous TBCs from the thermal diffusivity.

In the present research, two types of thermal barrier coating (TBC) model, the dense and
porous microstructures, are taken into account for the analysis of microstructural
characterizations. TBC samples were prepared using TriplexPro™-200 system, and the
METECO 204 C-NS powder is adopted for the relatively porous microstructure with 20%
porosity and METECO 204 NS powder for the dense microstructure with 10% porosity in the
top coat of TBCs. Since the microstructure is decisive factor to determine the thermal and
mechanical properties, the microstructural characterizations are represented through the
thermoelastic behaviors. A couple of partial differential equations is derived based on the
thermal elastic theory and a finite volume approach applied for the governing equation to
analyze the thermoelastic characteristics. The results and the analysis performed here contribute
further understanding to the behaviors of TBCs.

r

Top coal 0.6 mm

Bond coat 0.3 mm

_ |

Substrate 5.0 mm

FIGURE 1. A circular disk sample and schematic diagram for thermoelastic characteristics of
TBCs

2. MATHEMATICAL MODELLING
2.1. Temperature distribution formulation. The circular disk taken into account is under the
action of high temperature and the behaviors of domain are thermoelastic. Temperature
distribution profiles thus are necessary for the effects of high temperature to the circular. The
differential equation for the circular disk which is subjecting to a uniform temperature loading
to the longitudinal z - direction (see Fig. 1) is

2
0 'I2' _0
oz
The general solution of Eq. (2.1) is

(2.1)
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T(z)=d, +d,z,

where d; and d, are integral constants. The boundary conditions for differential constants
are given by

T(z) =T, T(2)=T,, T(@)=T,, T(z)=Ty. (2.2)
The z,, 7, Z,, and Z, represent, respectively, the boundary of the top coat, the interface
between the top and bond coats, and the bond coat and the substrate, the boundary of the
substrate. But, only two boundary values T;,and T, are known, and so additional necessary
information are required to obtain a unique temperature distribution profile for each layer. Heat

flux at each layer point is considered and the equations for i" layer are expressed as

k.
g = f' T, 0 =0, (2.3)

where @ is the heat flux into i" layer, k; is the condcutivity and L is the length of i" layer.

At each i" layer, the integral constants for the temperature distribution profile are determined
uniquely by solving the following linear system;

Cil + Cizri—l = Ti—l
C,+C,r,—-T,=0

k.
q|:L_I_( i = 1), Qi =01
kn—l
qn—lzL—(Tn—Z_Tn—l), q,, = q,
n-1
G =T, =Ty =120 - 2.4

n n

The T,_, is known value solved by (i —1)" layer linear systemand T, is given initial value,

and thus the number of 2(n-—i)+ 3 equations will determine 2(n—i)+3’s unknown
coefficients. Here, N is the number of layer.

2.2. Thermoelastic formulation. According to the assumption that the circular disk is under the
action of the longitudinal ( z -direction) loading only, all quantities are independent of & and
thus equilibrium equations in polar coordinates can be written by

oo, N or,, L0 =0

=0
or 0z r
%+%+i=0, (2.5)
or 0z r

where o,, o,, 7., and o, are the radial, circumferential, shear, and longitudinal stress,

respectively. Let U be the displacement to the directionr, let vV be the displacement to the
directiond, and let W be the displacement to the direction z . Strain-displacement relations
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based on the independence of all quantities of & are the followings;

ou u ow
E =—, gg:_! gzz—
oo r oz
ou ow
:0, ; :O, rz:_+_' 26
Vro 720 7 o or (2.6)

&, &, &,and y; indicate the radial, circumferential, longitudinal strain, and shear strain

r

to the i and | -directions, respectively. The strain-stress relations due to the thermal
expansion can be expressed as

&, :é[ar—v(ag+az)]+aT , ggzé[ag—v(ar+az)]+aT
£, :%[O-Z -v(o, + 05)]+ al ,
TrHZGyrHZO’ T&:Gyezzo’ Trz:Gyrz' (2'7)

where G =2E(l+v). E, v, and « are, respectively, Young’s modulus, passion ratio, and
CTE. The combination of Egs. (2.5)-(2.7) leads to the following governing equations;

0, ou 0 ,0u
—KA-V)r—(r—)+Gr’ (=) +K@-v)u=0 2.8-a
1-v) ar( ar) az(az) 1-v) (2.8-3)
0 ,0W 0 ,ou G Kv,du oT
-KQe-v)r—(—)+(G-Ky)—(—)+(——-—)—+Ka(l+v)—=0, 2.8-b
d=v) 82(62) ( V)ar(az) (r r )az a(l+v) 0z ( )
where K :#. For the study of thermal elastic behaviors of circular disk samples

@+v)(2v -1
the following boundary conditions are applied;
u(0,2)=0 o,(R,z2)=0 o,(r,0)=0 o,(r,z,)=0.

2.3 Finite volume formulation. A pair of the governing equations is too involved to be solved
analytically. A numerical technique thus is required for the approximation and a finite volume
method is applied. The domain is divided up into control volume and integrates the field
equations over each control volume. The finite surface mesh is denoted by (i, j) and the

discretizations for the governing equations are developed based on the following relations at the
adjacent locations [3];

ou Ui i — Ui ou Ui —Uija ou U e~ Ui ja
(=) =77, () =7, (Chju=—""F
or i+ Ar or i Ar or 2Ar
oW 1
(E)i,j :E(B\Ni,j _4Wi—l,j +Wi-2,j)
W.+, i1 W, j+1 + (3W|,j+1 - 4Wi—1,j+l + \Ni—z,j+1)
1

W Wi, j+1 +_(Wi j+1 — Wi, j+1)

|—§,J+l 4 ' ’
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FIGURE 2. Finite volume mesh for a two-dimensional domain.
U .
The subscript > implies the value of the displacement at the boundary of the control surface

(see Fig. 2). According to above relations at the adjacent locations the Eq. (2.8) is discretized as
below

A11Ui+l,j + AiZUi,j+l + AiSUi,j—l + A14ui—1,j + A15ui,j =0,
AZlui,j+l + A22ui,j+A23ui,j—l + A24ui—l,j+l+A25ui—l,j+A26ui—1,j—l+A27ui—2,j+l+A28ui—2,j
. (2.10
+ AU o g AW+ AW + AW, = Ky, (1+Vi)r,-ArUi_3 _TH;] (2.10)
2 2

The coefficients of Eq. (2.10) are the followings;

Ar Az Az
:G.r.z—, =K.(1-=-v)r.r . — =K.A-=-v)r.r . —
Ail i Az A12 |( VI) j jJ% Ar A13 |( VI) ] J.7% Ar
Ar Az 2 Ar
=Gr’=—, =K.A-v)ArAz—r (r ,+r ,)=)-2Gr’=—,
A14 i'j AZ A15 |( V|)( ]( jJ% j—%) Ar) i'j AZ
Ay = %(Gi _KiVi)(Srj +4Ar), Ay, = _%(Gi - Kivi)(lorj +8Ar),

Ay = %(Gi _Kivi)(5rj +4Ar), Ay =—(G; - Kivi)rj o A =2(Gi - Kivi)rj ’

3 1
Ay =—(G; - Kivi)rj . Ay =§(Gi - Kivi)rj’ Ay = _g(Gi - Kivi)rj’
3 Ar Ar
As :g(Gi_Ki‘/i)rjv Ay :_Ki(l_vi)rjE’ A3122Ki(1_vi)rjE’

Ar
A, = _Ki(l_vi)rj E

The stability properties to the scheme were appeared in the paper [3].



228 S. KIM, J. GO, Y.-G. JUNG and U. PAIK

3. RESULTS AND DISCUSSION
For the temperature distribution profile and the thermoelastic characteristics the
mechanical and thermal properties shown in Table | are used for each layer.
Table I. Mechanical and thermal properties for analyzing thermoelastic characteristics.

Elastic module Poisson’s Thermal expansion Thermal
Material/Property (GPa) ratio coefficient conductivity
(10°°°C) (W/m-°C)
Top coat
(204 C-NS: porous 50 0.315 11.5 15
microstructure)
Top coat”
(204 NS: dense 100 0.2 9.5 (20-1300 °C) 2.0
Microstructure)
Bond coating
(AMDRY 995C) 200 0.3 14 11
Substrate o
(NIMONIC 263) 221 0.3 11.1 (20-100 °C) 11.7

* Properties of top coat prepared using an air plasma spray with METCO 204 NS-G powder
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FIGURE 3. Temperature distribution profiles under the symmetric temperature distribution of
1100-950°C.

According to the process developed in section 2.1 the temperature distribution profile of
TBC model is obtained and displayed in Fig. 3. METECO 204NS and METCO 204C-NS
feature a low thermal conductivity, which is presented at the top coat of TBC system. Metal
concentration increases along the longitudinal direction and the rate of temperature decrease
thus is getting slower. At the top coat of the porous TBC model the rate of temperature decrease
is larger than of the dense TBC model and lower temperature distribution profiles appears
overall the porous TBC model. The result demonstrates that the mathematical approach is
reliable and reasonable.
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FIGURE 4. Displacements of the TBC model under the symmetric temperature
distribution of 1100-950 °C: (a) longitudinal displacement (w) and (b) radial displacement (u).

The finite volume model developed in section 2.3 applied with the step size 12.7/20 and 0.1,
respectively, for the radius r and longitude z to obtain the numerical solutions. Fig. 4 shows
the displacement distribution profiles. The longitudinal displacements for some chosen values
r=127 6.985, and 11.43 mm are shown in Fig. 4(a) and radial displacements shown in Fig.

4(b) at both the top and bond coats, respectively, depending on microstructure. For the values
r=127 and 6.985 mm the TBC model extends to the negative direction at the top and bond
coats, and positive direction at the substrate. Larger extension turns up over the porous TBC
model. For the value r=11.43mm the extension of the dense TBC model develops to the
positive direction at the top and bond coats, and negative direction at the substrate, whereas the
porous extends to the negative direction only over the domain. The properties of the porous
TBC model are presented well when the radius r=1.27 and 6.985mm, that is the longitudinal
displacement of the porous TBC is larger than of the dense TBC. On the other hand, the radial
displacement shows a different phase from the longitudinal displacement. In comparison with
the dense TBC model both the top and bond coats appear smaller displacement over the porous
TBC model. The both top and bond coats progress along the radius with a fluctuation, which
cause a failure mechanism such as a delamination.
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z (mm) z(mm)
FIGURE 5. Stresses in the TBC model under the symmetric temperature distribution of
1100-950 °C: (a) longitudinal stress and (b) circumferential stress.

Fig. 5 exhibits the longitudinal and circumferential stresses some chosen values r=1.27,
6.985, and 11.43 mm. At the r=1.27mm the interface between the top and bond coats of the
porous TBC model is under the influence of the largest longitudinal tensile stress, while the
largest compressive longitudinal stress takes place at the interface between the bond coat and
the substrate of the dense TBC model when the radius is 11.43 mm (see Fig. 5(a)). The dense
TBC model, near the center, is affected by larger longitudinal tensile stress at the interface
between the top coat and bond coat, but, near the boundary larger longitudinal compressive
stress occurs at the interface between the bond coat and the substrate. At the substrate of each
TBC model an undulation develops for the longitudinal stress. The circumferential stress is
shown in Fig. 5(b). Similar behaviors display to the longitudinal stress.
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FIGURE 6. Radial stress in the TBC model under the symmetric temperature distribution of
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1100-950°C.

The radial stresses at the top and bond coats are presented in Fig. 6. The fluctuation carrying
the largest magnitude appears at the bond coat of the dense TBC model, whereas the smallest
undulation develops at the top coat of the porous TBC model. At the boundary of the domain
the largest radial tensile occurs at the bond coat of the dense TBC model and the radial stress of
the dense TBC model is larger than of the porous TBC model, which implies that the risk of
failure mechanism is higher in the dense TBC.

4. CONCLUSION

The thermoelastic characteristics of the porous and dense TBC models have been
investigated and compared with each other. In the positive longitudinal extension the porous
TBC model displayed larger displacement, while radial displacement progressed with larger
magnitude over the dense TBC model. Near the boundary larger longitudinal compressive stress
developed over the porous TBC model, which diminishes the risk of failure mechanisms. The
circumferential stress presented similar behaviors to the longitudinal stress. Overall, since the
radial stress fluctuated with smaller magnitude in the porous TBC model, the thermal stability
of TBC can be improved by controlling the microstructure at the top coat. In other words, the
failure mechanisms can be reduced and the lifetime can be extended.
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