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Four Point Bending Test in Thermal Barrier Coating Systems

Yasuhiro YAMAZAKI*
*QGuest researcher from Niigata Institute of Technology, JAPAN

This is the report of my work at Institute of Materials Technology, Darmstadt University of
Technology (Sep., 2, 2004 - Feb., 27, 2005). The aim of my work was to evaluate and investigate of the

delamination resistance for thermal barrier coating systems by means of the four point bending test.

1. Introduction

Industrial gas turbines are used as electrical generators by both utilities and private industrial
companies [1-10]. Nowadays so called 1500°C level combined cycle gas turbines have been developed,
which can provide thermal efficiencies greater than 55% [3]. The durability of a gas turbine is principally
limited by those components operating at high temperatures in the turbine sections because those are
exposed to hot gas. Thermal barrier coatings (TBC), that reduce the temperature in the underlying
substrate material, are an essential requirement for the hot section components. A typical TBC system is
composed of an oxidation resistant metallic bond coat (BC) on the superalloy substrate and a thermal
insulating ceramic top coat (TC) attached to the BC. To take full advantage of the potential of TBC
systems, the evaluation and the prediction of the lifetime of TBC systems are important. Therefore
experimental and the analytical investigations in the TBC systems have been performed by many authors
[4-10]. As a result of these energetic studies, it has clearly been shown that the adherence of TC is the
most important parameter for the durability of TBC system [6-8, 14]. It was also cleared by recent
investigations that thermal grown oxide (TGO) grows at the TC/BC interface due to the thermal aging as
well as thermal cycle. In addition, it was believed that the TGO prays the important role in the spallation
of TBC systems.

The final goal in this project is the development of a reliable life time model for the TBC systems. The
object of the present work was to evaluate and investigate the delamination resistance of TBC systems by
means of four point bending tests. The effects of thermal aging and TC/BC interface roughness on the

delamination resistance were also discussed.

2. Literature Assessment

Before the tests, the literature, that reported about the evaluation and the investigation of the interfacial
properties of coated materials by means of four point bending tests, was investigated and evaluated [11-
18]. A summary of the literature evaluation is listed in Table 2-1 and Table 2-2.

Charalambides et al. proposed and discussed the evaluation of the critical energy release rate at the

metal/ceramic interface by means of four-point bending tests [13]. This method has the advantage that



the specimen geometry and test technique are simple. The critical energy release rate by delamination at
the metal-ceramic interface can be determined easily by using this method. However, this method is
applicable to only for thick coated materials that have relatively high fracture toughness to prevent the
vertical cracking. If it is applied to thin brittle coated material such as TBC systems, the vertical cracking
and segmentation decrease the stored elastic energy and make the evaluation of the interface fracture
energy significantly more difficult.

Hofinger et al. proposed a simple modification of the Charalambides test in order to evaluate the
interfacial fracture toughness of thin brittle layers tending to separate by vertical cracks [11]. The
modification by Hofinger is the bonding of a stiffener on the top of the thin brittle surface layer. This
stiffening layer suppresses the segmentation of the brittle layer and increases the stored energy in the
layer and therefore the driving force for delamination. Another advantage of this method is that an
analytical solution is possible. This modified Charalambides test is suitable to evaluate the delamination
resistance in TBC systems.

In this work, the delamination resistance of TBC systems was evaluated by means of the modified
Charalambides 4-point bending test.

According to the literature assessments, most of the 4 — point bending test were perfumed under
Imm/min displacement speed or 5N/sec load speed. In this work, a constant loading rate of SN/sec. was

chosen.
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3. Design and Preparation of the Test Rig

3. 1 Determination of spring constant of the spring unit

In the present work, a creep machine was used to apply the loading to the specimen (see section 6-2).

Since this machine can apply only a constant displacement & which is 7 mm/min, a spring unit that can
convert the constant displacement speed into a constant loading rate was designed and used.

The relationship between load and displacement of the spring is shown in Fig. 3-1. From this result
the spring constant k and the initial tension loading Py, were 7.48 N/m and almost 50 N, respectively.

If the spring unit consists of 6 parallel springs with a spring constant of 7.48 N/mm (as shown in Fig.

3-2), the total spring constant k¢ is 44.9 N/mm. Then, the loading speed P can be achieved as following:

P =Kk x5 =44.9N/mmx7/60mm/sec. = 5.24N /sec.

300———————

250

200+
k=748 N/mm |

150

P:Pinitial+7 48 * A |9

Applied load, P [N]
Y=
O O

! | ! | ! | ! | !
0 10 20 30 40 50
Displacement, AL [mm]

Fig. 3-1 The relationship between the applied loading and the displacement for the chosen spring.

3.2 Design of the Test Rig

The test rig was designed as shown in Fig. 3-2. This test rig consists of a load cell with a load
capacity of 2 kN, the spring unit with the four point bending device, extensometer and some attachments.
The draftings of the main parts are shown in Fig. 3-3, 3-4, 3-5, 3-6, 3-7 and 3-8. The manufactured and

assembled test rig is shown in Fig. 3-9.
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Fig. 3-2 Overview of the test rig.
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Fig. 3-3 Drafting of the extensometer adapter.
DIN 444-H19-50
1 ..+..| ..-'-':"\-\.
|
E R L . T R —— j -
“E E Ll
1\.
It |s anly necessary Tor am edge of 4 sprisg te po thecugh this pork,
tHEn the aocuresy i% Aok AEsElgary Hﬂmﬂ Hﬂﬂk
Massstab [1:1
Stuck MZStick
Material |5t
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Fig. 3-8 Drafting of bottom adapter (to connect the test rig to creep machine).
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Fig. 3-9 Photograph of the test rig.
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4. Material and Specimen Preparation

The 8wt.% yttria partially stabilized zirconia, 8YSZ, was used as top coat (TC) layer and was
deposited on the bond coat by air plasma spraying. The single crystal Ni-base superalloy CMSX-4
prismatic bar of 5 mm in thickness and 10 mm in width was used as the substrate. The CoNiCrAlY alloy,
LCO22, was selected as the bond coat (BC) layer between TC and substrate. In the present work, in order
to study the effect of the interface roughness between BC and TC, two kinds of the LCO22 powder with
different particle size were used. In this work, the specimens which were sprayed with fine grain LCO22
powder are called fine BC specimens, and those which were sprayed with coarse powder are called
coarse BC specimens. The typical surface morphology of the BC is shown in Fig. 4-1. The surface
profile and surface roughness of the BC for each specimen are shown in Fig. 4-2 and Table 4-1,
respectively.

It was revealed by recent investigations that thermal grown oxide (TGO) grows at the TC/BC
interface due to the thermal aging as well as thermal cycling. In addition, TGO prays an important role in
spallation fracture in TBC system. In this work, the effect of the TGO thickness on the delamination
resistance of the TBC system was also studied. Typical microstructures near the TC/BC interface after
thermal exposure at 1000°C are shown in Fig. 4-3. From these microstructural observations, the TGO
thickness was measured and compared with the aging time. The TGO thickness as a function of aging
time is shown in Fig. 4-4. In this figure, the TGO thickness increased with increasing aging time. It can
be estimated from Fig. 4-4 that the thickness of the TGO is approximately 3, 5 and 7um after aging for
200, 1000 and 2000 h, respectively. Then, some bending specimens were exposed at 1000°C for 200 hr,
1000 hr and 2000 hr. The parameters of the specimens are summarized in Table 4-2.

The prismatic notched bar specimens that were 130 mm in length, 10 mm in width and approximately
9.9 mm in thickness (including stiffener), were prepared as shown in Fig. 4-5. The thicknesses of the top
coat and the bond coat were approximately 350 pm. The mechanical notch with a width of 2 - 3 mm was
induced in the top coat of the specimen’s center after the thermal exposures.

In this work, in order to prevent vertical cracking in the top coat, namely to inhibit the segmentation of
the top coat, the stiffener with the size of 60x10x4.2 mm was bonded on top coat by adhesion (Araldite
AT1), as shown in Fig. 4-5. The material of the stiffener was structural steel. The details of the bonding
procedure will be explained in section 6. 1.

The mechanical and thermal properties of substrate, bond coat, top coat, stiffener and TGO are

summarized in Table 4-3.
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Fig. 4-1 Typical result of an optical measurement of bond coating surface roughness: fine bond coat

specimen.
i i ! ' L W .._":_ 1 = L L g
(a) for fine bond coat specimen (b) for coarse bond coat specimen
Fig. 4-2 Surface profiles of bond coat surface.
Table 4-1 Surface roughness of bond coat surface, R, (unit in pm)
Specimen Average Measurement value
Fine bond coat 8.71 7.14 7.67 9.68 10.36
Coarse bond coat 9.52 10.27 9.89 8.36 9.55
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Fig. 4-3 Typical microstructure near TC/BC interface and TGO after aging at 1000°C.
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Fig. 4-4 Relationship between TGO thickness and aging time at 1000°C.
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Table 4-2 Parameters of the specimens used.

Specimen Bond coat Thickness of Thickness Isothermal | Estimated TGO
p No powder size bond coat of APS YSZ oxidation thickness
’ (LCO22) [um] [um] at 1000°C [um]
C01-C04 Fine 360 340 0h 0
Co05, C06 Fine 360 340 200 h 3
C07, C08 Fine 360 340 1000 h 5
C09, C10 Fine 360 340 2000 h 7
C18-C20 Coarse 350 330 0h 0
C12,C13 Coarse 350 330 200 h 3
Cl14, C145 Coarse 350 330 1000 h 5
Cle6, C17 Coarse 350 330 2000 h 7
> e Stiffener (bonded on top coat)
| Top coat
9.9 Bond coat
—_— 10 Substrate
130 >
Fig. 4-5 Geometry of specimen used (in mm).
Table 4-3 Mechanical and thermal properties of materials.
CMSX-4 LCO22 TGO 8YSZ Steel
Young’s
modulus 135.4 (RLT') 183 (R.’{.) 310 (R.To.) 50 (R.T.z 205 (R.T.)
[GPa] 80 (1000°C) 80 (1000°C) | 270 (1000°C) 18.8 (1000°C)
Density 8720 10000 3860 5600 7800
[kg/m”]
Thermal
expansion 10.4 (R.T.) 12.2 (R.T.) 5.1 (R.T) 9.68 (R.T.) i
coefficient 15.6 (1000°C) | 17.4 (1000°C) | 9.8 (1000°C) | 10.34 (1000°C)
[10°K™]
Heat capacity 390 (R.T.) 538 (R.T.) 1050 (R.T.) 550 (R.T.) i
[Tkg'K™] 650 (1000°C) | 1149 (1000°C) | 1050 (1000°C) | 630 (1000°C)
Thermal
conductivity 104 (R.T.) 20.5 (R.T.) 4 (R.T.) 0.605 (R.T.) i
[Wm' K] 23.0 (1000°C) | 34.2 (1000°C) 4 (1000°C) 0.713 (1000°C)
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5. Analytical Considerations

5.1 Model and parameters
For the composite which consists of k layers, with the Euler-Bernoulli beam theory, it can be assumed

that each layer is deformed in the same curvature by the applid bending moment, M, as shon in Fig. 5-1.

Fig. 5-1 Schematic illustration of bending deformasion in k-layer composite.

With the applied bending moment M, when the delamination occurrs between the layers j and j+1 of
the k-layer composite, as shown in Fig. 5-2, the strain energy per unit crosscection before and after
delamination are as follows;

for befor deramination,

Mg
U k= % = Eq. 1
2Ec,k I c.k
after deramination,
M 2
U l = *—b* Eq. 1
2E i e, j

where, E*; « and E*¢ ; are the Young’s moduli for the composite which consists of k layers I*; \ and I*_ ;
are second moments per unit width for the composite which consists of k layers, and M, is the applied
bending moment per unit width shown by
M,=M/b Eq.3
Therefore when the delamination occurrs between j and j+1 layers in the k-layer composite, the energy

releace rate by delamination is

G.=-AU=U; U, Eq.4

17
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Fig. 5-2 Schematic illustration of delamination for the k-layer composite.
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Fig. 5-3 Schematic illustration of the deformed k-layer composite due to bending moment.



The prameters used were as follows. (See Fig. 5-3)
At i-layer,
Young’s modulus, E;
E* = E; /(1-v{%) : fro plane strain
=E; : for plane stress  Eq. 5
Poison ratio, v;
Thickness, t;
Second moment of area, I;
Second moment of area per unit width, I*;

Apparent width, b’i=bxE*/E*_ , (see section 5.2)

For the composite which consists of k layers,
Young’s modulus, E_
E*. x = Ec « /(1-v, kz) : fro plane strain
=E. : for plane stress  Eq. 6
Poison ratio, v, k
Second moment of area, I x
Second moment of area per unit width, I* ¢
Width, b

Common

i
y= Y ti. & yo=0 Eq.7

i=1

Applied bending moment per unit width, M,
Mb:M/b

5. 2 Instruction and Expansion of the Equation of the Energy Release Rate for k-Layer Composites

For k-layer composite, the Young’s modulus can be calculated by following mixture law.

k *
pR=
i=1

Kk

2t

i=1

*

EC,k = Eq. 8

Now, let us consider the transformation from the k-layer composite to monolithic material of which the
cross section isn’t rectangle, as shown in Fig. 5-4; i.e., from the k-layer composite of which the cross

section is simple rectangle Fig. 5-4 (a), to the monolithic material different widths Fig. 5-4 (b). To keep

the same deformation resistance, Eq. 9 must be satisfied.
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Fig. 5-4 Relationship between the original width and the apparent width.

b E
—=—— Eq.9
b Ec,k

Therefore, the statical moment of the area for the k-layer composite Sy is

K,y K y
S = jA ydA = ij yb dy =>" b, {E}
i= i=1

A S
Zgzbi()ﬁ - VYiz1) Eq.10
Yio1 i=1

Then the position of neutral axis for the k-layer composite Yo

1 k k
EZb'i (Y -yi) Db (v -y
_“i=l _ =l

YO,k = i Eq. 11

Ak k
Dby - i) 2 bt
i-1

i=1

From Eq. 9, Eq. 11 becomes
S * 0,2 2
2 E O -y
i=1

YO,k = ! K
2> E
i=1

Eq. 12

On the other hand, the second moment of area for the i-layer in the k-layer composite Iy ; is,

t yi + Vi
I _:bv_l_ b t. i i—1
K,i i 12 + D |( 2

Then, second moment of area for k-layer composite I i is

~Yox)? Eq. 13
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i=1

t i tYio
lek = Z{b'i §+ b t; (%—Yo,k)z} Eq. 14

Therefore per unit width,

* 1 t} Yi + Vi >
ek :_va. {'—+t- oY)
“p& T2 2

* 1 & .t Yi +VYig P
IC,k =— z Ei {I—'i'ti (—I : _YO,k) Eq. 15
Ec,k i=l 2 2

Consequently, if the delamination occurred between the layers j and j+1 of the k-layer composite, the
energy release rate G is:

M2 1 1
GC =0 * % % % Eq. 16
2 Ec,j Ic,j Ec,kI c,k
where,
i
Mg =M /b, ye Dt
i=1
k *
D 4E
* i=1
EC,k = K >

* 1 .|t Vi + Vil 5
lok =—=— 2 Ei {I_"'ti (—"==Yox)" ¢
Ecxia (12 2

k
SE (Y -y
=1

YO,k = K
2> EY,
i=1
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For 2 layers composite, the Eq. 16 equals the Charalambides’s equation [1], when h;=t,, h,=t; and the
indexes are changed, 12, 2> 1.

For 3 layers composites, the relationship between the normalized energy release rate and the
normalized stiffener thickness is shown in Fig. 5-5, where for 3 layers composite the energy release rate
was calculated by Eq. 16 with t,=0 and t;=0. In Fig. 5-5, the result from the equation proposed by
Hofinger [2], Eq. 17, is also shown.

MZ(1-=v2
G, = Vwb)(l - IJ Eq. 17 [2]
2Esub Isub Icom

with
3
l oo _tsib
R I
3 2 2 2 2
tgub tf;oat Ustif 2 2 {tsub — Klooat — /U(tstif + 2 oat it )}
[ = t5irt [ i |
com = 73 +K 3 + U 3 * Lgif Leoat + LcoatUsif |~ Mtap + At )
sub coat stif
Eoout 1—-v21) Egit 1—-v2p)
_ —coat sub _ stif sub
2 i 2
Esub (= Veoar) Ean(l —vaif)

where, M, is the bending moment per unit width (Eq. 3), E and v are Young’s modulus and Poison’s ratio,
t is thickness of layer, while the subscripts, sub, coat and stif indicate substrate, coating and stiffener,

respectively. From Fig. 5-5, the results from Eq. 16 were same to the results reported by Hofinger.

[\

[E—
I

3 layer model k-layer model
(Literature) (Present work)
: Esub/Ecoat:1 ° EI/E4:1 7
. b/Ecoat=2 a EI/E4:2
v/Ecoat™3 v E/ES3

Ran
)
]
]
]
mrrJ
o

<5
I
|
fes!
=]

| | | |
0 0.2 0.4 0.6 0.8 1

Normalized thickness of Stiffener, t s/t; or ty;¢/tous
Fig. 5-5 The relationship between normalized energy release rate and the normalized stiffener thickness;

-

G E b (t, ) /(P’L7(1- v )
or
GcEsubbz(tsub+tcoat)3/ (P2L2(1 -V subz))

E=Es, Equw=FEsit, ta/ti=tcoa/tsuv=0.1, all of Poison ratio were 0.3.
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For TBC specimens, i.e., for 5-layers composite, the energy release rate calculated by Eq. 16 is shown
in Fig. 5-6, compared with that calculated by Hofinger’s equation (Eq. 17). The results were calculated
by using the actual material constants listed in Table 5-1, in the case of t;=0, and

Eqwo=(t1E1+ Ey)/(t+t;) (mixture law), Ecoa=E4, Egi=Es,

Vsub=V1, Veoa=V4, Vsiitt=Vs, taub=(tiTt2), teoala, tuirr=ts
for calculating by Eq. 17. From Fig. 5-6, the difference of the energy release rates calculated increased by
increasing the critical load of delamination P.. These results indicate that for TBC specimens the energy
release rate must be calculated by Eq. 16, in other words, the bond coating can’t be neglected even if the

mixture law was considered.

[ = by Eq. 16 l
(present work)

1 ° :byEq.17
800 (Hof}“,mgsclr etal. [2])

600}

400

200

Eneregy release rate, G, [N/m]

0 1000 o
Critical load, P [N]

Fig. 5-6 Relationship between energy release rate and critical load calculated by Eq. 16 and Eq. 17.
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5.3 Results and Discussion of Analytical Calculation
The specimen geometry of present work is shown in Fig. 5-6 and the material constants of each layer

were listed in Table 5-1.

2Seu =100
5: Stiffener P/2 g P2
4: Top coating >y >
3: TGO—_ 2
2: Bond coating
P/2
1: Substrate P/2
258 =50 L=25
< 130 >

Fig. 5-6 Specimen geometry in present work, specimen width, b =10 (unit in mm).

Table 5-1 Material constants and thickness of each layer.

E b
material i Vi t [mm]
[GPa] ! [mm]
1 Substrate CMSX-4 135.3 0.3 5.0
2 | Bond coat LCO22 183 0.3 0.36
3 TGO 310 0.3 0-7 10
4 Top coat 8YSZ 50 0.3 0.34
5 Stiffener Steel 205 0.3 4.2

The bending moment per unit width, which was applied at inner span area, M, was
M PL
b 20
The effects of the following parameters on the energy release rate by means of four point bending tests
were studied and evaluated by using Eq. 16:
a) Young’s modulus of top coating and thickness of the stiffener
b) Young’s modulus and thickness of the TGO layer
¢) Young’s modulus of the bond coating
d) The location where the delamination occurs

The results of calculation were shown as follows.
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a) Effects of Young's modulus of top coating and thickness of the stiffener
The effect of the thickness of the stiffener on the energy release rate is shown in Fig. 5-7. In this figure,
the horizontal indicates the thickness of the stiffener normalized by that of substrate ts/t;, while the

vertical axis shows the normalized energy release rate,
G.E bt /(P*L%)

where G, is energy release rate, E*|=E,/ (l—vlz), E; is the Young’s modulus of the substrate, b is the
width of the specimen, t; and t; are the thickness of the substrate and stiffener, P is the applied load,
L=Sou-Sin (see Fig. 5-7), respectively. In this figure, the energy release rate increased with the stiffener
thickness. However the increasing rate of the energy release rate decreased with the increasing of the
stiffener thickness.

The result for the Young’s modulus of 50 GPa as the as-sprayed condition, is shown in Fig. 5-7,
compared with those for two or five times higher Young’s moduli. From these results, the energy release
rate depends on the Young’s modulus of the top coating if the thickness of the stiffener is relatively thin.
However, it was independent of the stiffener thickness if the normalized stiffener thickness is larger than
almost 0.6. In the present work, the value of the normalized stiffener thickness was 0.84. Therefore, in
the present work, the effect on the energy release rate can be neglected even if Young’s modulus of the

top coating is changed during thermal oxidation exposure.

b) Effects of Young' s modulus and thickness of the TGO layer

Fig. 5-8 shows the relationship between the normalized energy release rate and the normalized TGO
thickness for the case that the Young’s modulus of the TGO was the original value (310GPa) and for the
case of two to five times higher values. The normalized energy release rate decreased with increasing not
only of the TGO thickness but also of Young’s modulus of the TGO.

Fig. 5-9 shows the changing rate of the energy release rate as a function of the normalized thickness
and Young’s modulus of the TGO. In Fig. 5-9, the energy release rate was changed less than 5% if the
thickness and Young’s modulus were 2 times higher than those of the present work. Therefore, the effect

of thickness and Yong’s modulus of TGO can be neglected in the present work.

¢) Effect of Young's modulus of the bond coating

The Effect of the Young’s modulus of the bond coating on the energy release rate is shown in Fig. 5-10.
In Fig. 5-10, the energy release rate was changed less than 5% if the Young’s modulus of bond coating
was changed 20%. In the present work, it can be considered that the effect of the Young’s modulus of the
bond coating is neglected, because the bond coating is stable and the mechanical properties of it don’t
change during oxidation exposure. However if the Young’s modulus of the bond coating is changed more

than 20%, the effect of it becomes large and can’t be neglected.
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d) Effect of the location wher e the delamination occurs

If the delamination occurs at interface between bond coating and TGO, the changing rate of the energy
release rate is shown in Fig. 5-11. For comparison, the results for delamination at TGO/top-coating
interface are also shown in this figure. From Fig. 5-11, the energy release rate changed only slightly for
delamination at the bond-coating/TGO interface compared with that for delamination at the TGO/top-

coating. Therefore the influence of the delamination site on the energy release rate can be neglected in

the present work.

—: E,= 50 GPa (As-spray)

Present work (=4.2/5) ]

| | |
0 0.2 0.4 0.6

Normalized Stiffener thickness, t 5/t;

Fig. 5-7 The effect of the Young’s modulus of top coating and thickness of the stiffener on the energy

release rate.

1

—: E;= 310 GPa (Present work)

1.2

G.E* b*h,*/(P’L?)

0.6!Present work

¢

. —
— - e
—
-
. —

0.8 E3: Higher

1 | 1 | 1 | 1
0 0.001 0.002 0.003 0.004 0.005

Normalized TGO thickness, t3/t;

Fig. 5-8 The effect of the Young’s modulus and thickness of TGO on the energy release rate.



—: E;= 310 GPa (Present work)

Present work

_ \ 1 \ 1 | \ 1 \
0'20 0.001 0.002 0.003 0.004 0.005
Normalized TGO thickness, t/t;

* G, o : Energy release rate without TGO

Fig. 5-9 The change of the energy release rate with Young’s modulus and thickness of TGO.
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* G, o5 : Energy release rate at E;=183 GPa
Fig. 5-10 Effect of Young’s modulus of bond coating on the energy release rate.
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E;= 310 GPa (Present work)
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: TGO/Top-coating interface

Present work
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Normalized TGO thickness, t ;/t;
* G, o : Energy release rate without TGO
Fig. 5-11 Effect of the delamination location on the energy release rate.

6. Experimental Procedure

6.1 Procedure of Bonding the Stiffener to the Top Coat

In this work, in order to prevent the vertical crack in top coat, namely to inhibit the segmentation of top

coat, the stiffener was bonded on the top coat by means of the adhesive. The requirements of the

adhesive are as follows;

a)
b)
©)
d)

e)

high bonding strength of the adhesive compared with delamination strength of TBC.

it can be distributed uniformly

easy handling.

it must not infiltrate into TC up to TC/BC interface (infiltration thickness must be less than a half
of TC thickness (150pm)).

it can be used at high temperature (1000°C)

However, there is no adhesive satisfying requirement e). Therefore, the test couldn’t be performed at

elevated temperature.

The heat curing type epoxy adhesive, Araldite AT1 (CIBA-GEIGY Ltd.), satisfied the above

requirements except e); because the bonding strength is greater than 70 MPa, it is a powder type adhesive

so handling is easy and uniform distribution is can be realized easily, the infiltration thickness was less

than 150um (see section 7). Therefore Araldite AT1 was used in the present work for bonding of the

stiffener.

28



The heating furnace (Heraeus Instruments), as shown in Fig. 6-1, was used for curing of the adhesive.
A schematic illustration of the heating cycle for curing is shown in Fig. 6-2. When the stiffener was
bonded to the specimen, a fixation jig was used. The photograph and the drafting of it are Fig. 6-3 and 6-
4, respectively.

The bonding procedure was summarized as follows;

Remove the oil and dirt form the stiffener with alcohol.

Put the AT1 powder on the stiffener.

Put the stiffener on the fixation jig.

Put the specimen on the stiffener and fix stiffener and specimen with the fixation jig.

A e

Put the specimens set into the furnace and put the dead weight on the specimens.
* The detail of the above preparation method and the powder amount wer e shown in Fig. 6-5
6. Hold at 180°C for 2 hr (Fig. 6-2). Note that the limits for the upper and lower temperature are 200°C
and 160°C, respectivly.
7. Take the specimens out of the furnace.
8. Remove the specimen from the fixation jig.

Note: Araldite AT1 has no toxicity but be careful not to breatheit in from mouth and nose.

[\ &

Fig. 6-1 The heating furnace for the curing of adhesive.

29



Temperature [°C]
A

2 hr
---------- ‘.-‘-------------------"i"""" -=- Upper limit: 200°C

Y 2 ______I__' Lower limit: 160°C

180°C

Time [hr]
Fig. 6-2 Schematic illustration of the heating cycle for curing of adhesive, Araldite AT1.

Fig. 6-3 The fixation jig (top view).
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Edge A side

1. Put the powder on the edge of the stiffener (only
one side).

2. Sprinkle powder uniformly.

Edge A

side

i |

|

T —
:h

3. The amount of the powder (a lot of the powder on
the edge A )

e A side

Distance betwee the stiffeners * Smm
4. Put the stiffeners on the fixation jig.

5. Put the specimen on the stiffener
(Top coating side : Downward)

R—

6. Fix the specimen with the screw, and set next
specimen.

7. Over view after the preparation.

8. Put in the furnace =» put on the dead weight
=>» unscrew = heating = hold =» cooling

Fig. 6-5 The preparation method of the bonding and the amount of the AT1 powder on the stiffeners.
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6.2 Procedure of Four Point Bending Test

The creep testing machine, as shown in Fig. 6-5, was used in the present work to apply the bending
force. Fig. 6-6 and Fig. 6-7 show schematic illustration of the test system and the view of recording
software. The piston of the creep testing machine (Fig. 6-5) can be moved at a constant speed of 7
mm/min.. The load cell with a capacity of 20kN and a Solartron extensometer were used in the present
tests. The personal computer, HPC 32, was used for recoding the applied load and the deflection of the
specimen. The software, so called FPOINT, was programmed for recoding the data (FPOINT was
programmed by S. Linn).

The testing procedure (including usage of the recording software) was summarized as follows;

Set the upper parts of test rig (5)
Set the lower parts of test rig (6)
Warm up the Amplifier (8) (for 30 min.)

i

Adjust position by the lever switch (2)
Note: Down the lever=»Cylinder moves up (Compr essive)
Up thelever=»Cylinder movesdown (Tensile)
5. Insert specimen (4) (Note, Coating upwards)
6. Start software “FPOINT”
7. Set the extensometer (9), around 1 mm in displacement (indicator)
8. Click the button “Zero” (e) on the display to set zero displacement
9. Push “zero” button of the Load cell amplifier (8) to set zero load
10.Click the window of “Remote control” (d) (on the display)
11.Finally check the status of all the equipment
12.Click the button “Start” (a) to start recording
13. Apply the constant load, Turn up the lever (2)
Note: Emergency stop=» Push the button (3)
14.1f the stiffness of the specimen is changed; turn the lever to neutral to stop testing
15.Click the button “Stop” (b) to stop recording
16.Click the button “Save” (c) to save the data
17.Remove the applied loading; Down the lever (2)
Note: Don’t move the piston too far prevent damage of thetest rig
18.Remove the specimen from the test rig
19.Click the “Clean memo” (f) and “Clean diagram”(g) button.
20.Click the “Close” (h) button
21.Clear everything
22.Check the roller of bending equipment
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Fig. 6-5 The creep testing machine, EPM 40.

34



RS232C
Cable

HBM
MVD2630A

EPM40 (1)

Load cell (7)
s .
= i Switch (2)
: /
Y /
2
Upper part (5) "
Y
/ Emergency
switch (3)
Specimen (4)
Lower part (6)
Solartron (9)
— [oad: PCI Card
Length:
/ »
HPC 32 (10)

Software: “FPOINT”

Fig. 6-6 Schematic illustration of test machine.

35



(d (e)

e T T x L 1 L 1 1

0E 00 0@ 0® 50 a5 05 0 0 0% 1Tm
L

@ O (© (0
‘ © ()

Fig. 6-7 View of FPOINT.



7. Establishment of bonding procedure and evaluation of infiltration depth of adhesive

By using dummy TBC specimens, the bonding conditions were confirmed and the infiltration depth of
adhesive into the top coat was also measured. The procedure of preparation and observation was as
follows:

1) The steel stiffener, with a size of 50 mm in length and 10 mm width and 4.2 mm in thickness, was
bonded to the ceramic coat of the 8YSZ air plasma sprayed on steel specimen, with a size of 50 mm
in length and 10 mm width and 5 mm in thickness, by means of above bonding procedures (see
Section 6.1).

ii) The bonded TBC/steel specimen was cut across the bonding interface and the cross section was
polished.

iii) The morphology of the bonding condition was observed by metal microscope and the depth of the
infiltration of the adhesive was measured by means of SEM (EDX analysis).

Typical optical photographs of the cross section of the bonded TBC/steel specimen are shown in Fig. 8-
1. In this figure, the thickness of the adhesive was approximately 0.lmm, which equals to
recommendation thickness of the adhesive. In addition, pores in the adhesive layer can be observed. The
pore ratio in the adhesive layer was almost 30% however this can be permitted because the bonding
strength of the adhesion is higher than delamination strength of the TBC.

The microstructure of the TC after bonding was observed by means of SEM and typical results are
shown in Fig. 8-2, Fig. 8-3 and Fig. 8-4. From backscattered electron (BE) images shown in Fig. 8-2, the
infiltration depth of the adhesive can't be measured because it can’t be decided precisely if the pore is
filled with adhesive or not. However, it can be observed in the secondary electron (SE) images shown in
Fig. 8-3 and Fig. 8-4 that the pores near the TC/AT]1 interface was filled. The results of the EDX analysis
are shown in Fig. 8-5. Peaks of carbon and oxygen were found in the filled pores. Because AT1 consists
of carbon and oxygen, these pores were filled with adhesive. In particular, the oxygen peaks can be found
in the portion of approximately 100um from TC/ATI1 interface, but there is no evidence of oxygen
deeper than 100pum. Thereby it can be concluded that the adhesive infiltrated approximately 100pm in
depth into TC (less than 150pm) and the influence of the infiltration on the energy release rate by

delamination can be neglected.
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Fig. 8-1 Microphotograph of the cross section of bonded TBC/Stiffener dummy specimens.
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Fig. 8-3 SE image of the cross sections of the bonded TBC/Stiffener specimens.
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Fig. 8-4 Enraged SE image around infiltration region of the adhesive into the TBC coating.
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Fig. 8-5 EDX analysis results of the bonded TBC/Stiffener specimens (continued).
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8. Confirmation of Reproducibility by using Dummy specimens

Before the testing of TBC specimens pre-tests were performed by using steel specimens with the size
of approximately 130 mm in length, 11.9 mm in width and 4.85 mm in thickness. The typical load-time
curves during loading and unloading tests by using steel specimens are shown in Fig. 7-1. The loading
and unloading rates were approximately 5.3 N/sec (see section 2). Due to the spring properties (P initial
=50 N, see section 3.1), the applied load rapidly to 220 or 230 N. The typical load - deflection curve
during bending tests by using steel specimen is shown in Fig. 7-2. From the bending theory for thin bars,

the relationship between load, P, and deflection, o, was;

P= 12El x 0 =1619[N/mm]x o

(6S,L% +3L° +2S2)

where, E is the Young’s modulus, E=205 GPa, I is the second moment of area, [=bh’/ 12, b and h are

width and thickness of the specimen, L=S,-Si,, Siy and Sy are inner and outer half span of the four
point bending device, respectively. In order to compare, the theoretical load-deflection curve is also
shown in Fig. 7-2. The slope of the load-deflection curves during loading and unloading tests are
summarized in Table 7-1 compared with the theoretical slope. It can be observed from Fig. 7-2 and Table
7-1 that in the experiment the relationship between load and deflection corresponds well with the
theoretical one. The difference between experimental slope and the theoretical one was less than 5%
(Table 7-1). In addition, the bending tests can be performed with great reproducibility. The difference of
slope in each test was less than 3% and the standard deviation of the slope was approximately 16.5
N/mm, which was 1% of the slope.

From these results, it can be concluded that the bending tests with this equipment can be performed

with great accuracy and great reproducibility.
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Fig. 7-1 Typical load —time curves during loading and unloading test by using steel specimens.
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Fig. 7-2 Typical load-deflection curves during bending tests by using steel specimens.
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Table 7-1 The slopes of the load-deflection curve in the dummy tests using steel specimen.

Slope of curve in the test Theoretical Error*
0
Specimen No. [N/mm] Vah;ieogithe [%]
Loading | Unloading [N/mm] Loading Unloading

D01 1627 1664 1619 0.45 2.74

1 1665 1681 1619 2.83 3.79

D02 2 1640 1673 1619 1.28 3.34

3 1664 1687 1619 2.75 4.19

4 1646 1664 1619 1.68 2.79

1 1636 1645 1619 1.03 1.58

D03 2 1643 1668 1619 1.46 3.01

3 1628 1650 1619 0.56 1.89

D04 1667 1682 1619 2.94 3.87

D05 1670 1698 1619 3.12 4.84

Average 1649 1671 1619 1.81 3.82
Max. 1670 1698
Min. 1627 1645
Standard deviation 16.52 16.39

* Error = (experimental slope - theoretical slope) / theoretical slopex100
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9. Results and Discussions

A typical load — deflection curve during the 4-point bending test is shown in Fig. 9-1. In this figure, the

analytical load — deflection curve which was calculated by Eq. 9-1 is also shown.
6=PL/ (-L/3E sl C,5+(Sout—D)2/ E o5l c5t(2SouD-D’)VE 51 . 3)/4 Eq. 9-1

where, E .5 and E .3 are the Young’s moduli without and with stiffener, I .5 and I .3 are the second
moments of area without and with stiffener, P is the Load, S;, and S, are the inner and outer half span,
L= Sout - Sin , D is half of the distance between the stiffeners, respectively. In Fig. 9-1, the load —
deflection curve consists of 6 stages. At stage I, the load — deflection curve of the specimen was linear.
The experimental curve was equivalent to the analytical one. After the linear stage in the load —
deflection curve, at stage II, the slope of the load - deflection curve decreased with increasing deflection.
At stage IV the same behavior can be observed. The plateaus of the curve can be observed at stage 111
and at stage V. At stage VI, the deflection increased again in proportion to the load.

Photographs of delamination crack initiation and propagation during the test are shown in Fig. 9-2. For
the shown specimen (C01), the crack initiated from the edge of the right side stiffener and propagated
through the TC to the TC/BC interface. After the vertical crack propagated to the TC/BC interface, the
crack propagated along the TC/BC interface, in other words, the delamination occurred. At left side, the
same crack initiation and propagation process was observed. Note that the delamination didn't always
occur on right side first, sometimes it occurred first on left side, or on both sides simultaneously. In other
words, the delamination from either side occurred at random. These delamination processes correlated
with each stage are also shown in Fig. 9-1 schematically. At stage Il and stage IV, the vertical cracks
were initiated at edge of stiffener and propagated through the TC to the TC/BC interface. In response to
that, the deformation resistance of the specimen decreased. At stage III and stage V, the delamination
crack propagated rapidly until the crack tip approached the inner loading lines. Accordingly, the plateaus
of the curve were observed in the load — deflection curve. The energy release rate for delamination was
calculated from the critical load value corresponding to these plateaus.

A typical deflection — time curve is shown in Fig. 9-3. The deflection rate of the specimen (in other
words, the slope of the deflection — time curve) is also shown in Fig. 9-3. The peak deflection rate may
correspond to the delamination crack growth rate. The influence of thermal aging on the deflection rate
will be discussed later (Sec. 9-5).

Typical microphotographs of crack propagation path after the test are shown in Fig. 9-4. It is revealed
from Fig. 9-4(a) that the crack mainly propagated in the TC for the as-sprayed specimen. On the other
hand, after the thermal aging for 2000h, the crack propagated partially at the TC/BC interface as shown
in Fig. 9-4(c) and (d). It can be also observed from these figures that the TGO grew at the TC/BC
interface after the thermal. In the 200h and 1000h aged specimens, as shown in Fig. 9-4(b), although the
TGO also grew at the TC/BC interface, the crack however mainly propagated in the TC. Typical fracture

surfaces for the as-sprayed and the aged specimens are represented in Fig. 9-5. The fracture surface of the
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as-sprayed specimen exhibits mainly inter-splats fracture mode, on the other hand, the aged specimen
takes the mixed mode of transgranular and inter-splats fractures. The relationship between the fracture
strength and the inter-splats fracture of the free-standing APS-TBC film was reported in Ref. 18. Fig. 9-6
represents the tensile strength of the free-standing APS-TBC film as a function of the area ratio of the
inter-splats fracture surface [20]. From Fig. 9-6 the tensile strength increased with decreased inter-splats
fracture mode. These results indicate that the inter-splats strength of TBC was increased by the sintering.
It can be also considered in this work that the TC sintered during the thermal aging. The crack path in the
specimen by the four-point bending test is summarized in Fig. 9-7 schematically. For the as-spray
condition, because the TC has lower fracture strength compared with the TC/BC interfacial strength, the
crack mainly propagated in the TC. After aging at 1000°C for 2000h, the fracture strength of the TC
became high by the sintering. On the other hand, the TC/BC interfacial strength decreased with the aging
time due to the TGO nucleation and growth. Therefore the crack propagated partially at the TC/BC
interface. The crack mainly propagated in the TC after the thermal aging for 200h and 1000h because the
TC/BC interface maintained high strength in comparison with the TC.

The results in present work are summarized in Table 9-1. The details of experimental results are as

follows.
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9. 1 Effect of the distance between the stiffeners

In this work, the effect of the distance between the stiffeners on the energy release rate was also
checked. The results in which the distance was 10 mm are shown in Fig. 9-8 compared with those where
the distance was 5 mm. From this figure, the distance between the stiffeners was not significant for the

evaluation of the energy release rate in TBC specimen.

9. 2 Effect of loading speed

In order to study the effect of the loading rate on the energy release rate, the bending tests were also
performed under slow loading speed. Fig, 9-9 shows a typical load — time curve of a slow test compared
with a normal speed. The loading speed of a slow test (approximately 0.6 N/sec ) was ten times lower
than that of a normal test (approximately 5 N/m). Fig. 9-10 shows the typical deflection — time curve of a
slow test compared with a normal test. The deflection speed of the slow test was approximately 0.2 pm/s
(13 pm/min) except for the delamination stage.

The average energy release rate as a function of the loading speed (also deflection speed) is shown in
Fig. 9-11. In this figure, the scatter of the energy release rate is also shown by an error bar. In this figure,
the average energy release rates of slow tests were almost equivalent to those of normal tests, the data of
the slow test was within the scatter band of the normal test data. Therefore, there is no significant

influence of the loading speed on the delamination resistance in this work.

9. 3 Effect of thermal aging

The average energy release rate as a function of aging time (at 1000°C) was shown in Fig. 9-12. In this
figure, the average energy release rate was indicated by each dot together with the scatter of the energy
release rate. The number close to the scatter bar indicates the number of specimens tested for each
condition, respectively. From Fig. 9-12, the average energy release rate increased with increasing aging
time at 1000°C, for both fine and coarse BC specimens. On the other hand, the scatter of the energy
release rates decreased with increasing aging time.

Fig. 9-13 shows the adhesion strength of an APS-TBC determined by means of tensile tests as a
function of aging time at 900°C [19]. These tests were performed in the "Subcommittee on Superalloys
and Coatings" in the Society of Materials Science, Japan (JSMS). The difference of the Al and A3
specimens was the flying particle velocity of YSZ powder in APS. Each symbol indicates the mean value
of the adhesive strength determined by using 5 — 10 specimens. Comparing Fig. 9-12 with Fig. 9-13, the
trend of both results was equal, i.e. the delamination resistance increased with increasing aging time.

Fig. 9-14 shows the tensile strength and Young’s modulus of the TBC film itself as a function of the
aging time at 900°C [20]. Both tensile strength and Young’s modulus of the TBC film itself increased
with increasing aging time. It can be considered that the following mechanisms cause these phenomena
of the TBC film. The as-sprayed APS-TBC has an unstable microstructure compared to the bulk YSZ

materials, which was fabricated by HIP or another process. Therefore there is a possibility that the
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strength of the APS-TBC can be changed by thermal aging at lower temperatures compared of the bulk
YSZ. However there is no evidence, therefore further investigation must be performed.

The fracture toughness K. of the TBC film itself and also Gy, which was calculated from K|, are
shown in Fig. 9-15 [21]. Comparing Fig. 9-15 with Fig. 9-12 the Gic of TBC film itself was almost
equivalent to the average energy release rate in this work for as-spray specimen. In addition, the
influence of aging time of Gic of TBC film itself was similar to results in this work.

From the above discussion, the effect of the thermal aging on the energy release rate is summarized in
Fig. 9-16 schematically. In as-sprayed TBC specimen, the TC/BC interface has the higher strength
compared with the TC. The fracture strength of the TC increases with the thermal aging by the sintering,
on the other hand, the TC/BC interfacial strength decreases due to TGO growth. When the thermal aging
time becomes longer than the critical certain time, the TC/BC interfacial strength becomes lower than the
fracture strength of the TC. The energy release rate Gc evaluated by the four-point bending test is
correlated with the fracture strength of the weakest parts of the TBC specimen. Therefore it increases
with the thermal aging time until the critical time. In addition, it is easily expected that the Gc decreases
with the thermal aging after the critical aging time. The critical aging time in this TBCs is approximately
2000h. The thermal aging for 10000h is now being applied to TBC specimens, which will be presented
elsewhere.

The Young’s modulus of the TC may also be changed during thermal aging in this work. However, it
was revealed from analytical work (Sec. 5.3 a)) that the influence of the Young’s modulus of TC on the

energy release rate is negligible even if it is changed during thermal aging.

9. 4 Effect of TC/BC interface roughness on the delamination resistance
Comparing the energy release rate of fine and coarse BC specimens in Fig. 9-12, the influence of the

TC/BC interface roughness on delamination resistance wasn’t significant.

9. 5 Propagation rate of delamination crack
Fig. 9-17 shows the relationship between the peak deflection rate (i.e. crack growth rate) and the aging
time. In this figure, the scatter of the peak deflection rate was also shown by an error bar. From Fig. 9-7
the peak deflection rate, i.e. delamination crack growth rate, increased with increasing aging time. During
the 4-point bending test, different behaviors of crack initiation and propagation were observed. Since this
observation, it was also seen that the delamination crack growth rate for as-sprayed specimens was much
lower than that for aged specimens, for both of fine and coarse bond coat specimens.
The mechanism of this phenomenon was not clear. However, following possibilities can be considered.
1. The delamination of aged specimen occurred at higher critical load compared with as-spray
specimen. Therefore the higher load may induce the higher crack propagation rate.
2. If the connection of splats for as-spray TBC was looser than that for aged TBC, the crack
propagation may be disturbed by the shielding effects produced by micro-crack nucleation near

the delamination crack-tip.
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However, there is no evidence for above consideration, therefore further investigations, such as

metallurgical ones, must be performed.
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Fig. 9-1 Typical load-deflection curve during 4-point bending test.
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Specimen

Extensometer

(a) before test: Corresponding to 1) in Fig. 9-1

(b) Delamination crack initiated and propagated (right side only) : Corresponding to iii) in Fig. 9-1

Fig. 9-2 Initiation and propagation morphologies of delamination crack during test (continued).
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(c) Delamination crack initiated and propagated (other side) : Corresponding to v) in Fig. 9-1

(d) Aspect of delamination

Fig. 9-2 Initiation and propagation morphologies of delamination crack during test.
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Fig. 9-3 Typical deflection-time curve during 4-point bending test.
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Fig. 9-4 Microphotographs of the crack propagation path after the tests (cross section).

(a) As-sprayed, coarse BC specimen. (b) Aged at 1000°C for 2000h, coarse BC specimen.

Fig. 9-5 Typical fracture surfaces after the tests.
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Fig. 9-7 Schematic illustration of fracture mode in TBC specimen by the 4-point bending tests: Aging
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Table 9-1 Summary of 4-point bending test .

(a) Fine BC specimen

Aging TGO Gc P dL/dt max| notes
TP | Side time thickness | [N/m] INl [[u nYsec]
[h] [y n
o1 Right 0 0 158,8 621 168,8
Left 0 0 182,7 666 138,8
002 Right 0 0 Error
Left 0 0 125,5 552 43,8
003 Right 0 0 134,3 571 lover rate
Left 0 0 123,2 547 lower rate
oo Right 0 0 165,0 633 107,5 DS=10mm
Left 0 0 185,4 671 87,5 DS=10mm
05 Right 200 3 201,6 701 124.,4
Left 200 3 201,6 701 124.,4
06 Right 200 3 139,4 583 38,8
Left 200 3 227.,0 744 200,0
007 Right 1000 5 242.5 770 217.,5
Left 1000 5 233,8 756 201,3
08 Right 1000 5 213,2 722 116,3
Left 1000 5 214.4 724 77,5
009 Right 2000 7 240,0 767 128,1
Left 2000 7 240,0 767 128,1
c10 Right 2000 7 253,9 789 196,3
Left 2000 7 250,7 784 124.,4
DS: Distance between stiffeners
(b) Coarse BC specimen
\ging time TGO Gc P dL/dt max notes
TP | Side [h] thickness | [N/m] INl [[u n/sec]
[um
c12 Right 200 3 230,0 746 50,8
Left 200 3 214.2 720 148,8
c13 Right 200 3 209,5 712 156,3
Left 200 3 209,5 712 156,3
cl4 Right 1000 5 210,7 715 173,8
Left 1000 5 Error
c15 Right 1000 5 256,5 789 176,3
Left 1000 5 Error
c16 Right 2000 7 215.,4 724 161,3
Left 2000 7 217,2 727 122,0
c17 Right 2000 7 249.4 779 207,5
Left 2000 7 248,1 777 223,8
cis8 Right 0 0 122,8 544 96,3
Left 0 0 Error
c19 Right 0 0 132,4 565 65,0
Left 0 0 155,9 613 66,3
20 Right 0 0 112,6 521 lover rate
Left 0 0 121,4 541 lover rate
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Fig. 9-14 Tensile strength and Young’s modulus of TBC film itself correlated with aging time [20].
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10. Summary and Conclusions

In this study, the evaluation of the delamination resistance in TBC systems was carried out by means of

four point bending tests. The effects of thermal aging and top-coat/bond-coat interface roughness on the

delamination resistance were also discussed. The following conclusions were made:

1.

The 4 — point test rig was designed and manufactured. The 4—point bending tests by using this
equipment can be performed with great accuracy and great reproducibility.

The heat curing type epoxy adhesive, Araldite AT1, was selected and used for bonding the
stiffener on the top coating. From SEM and EDX analyses, the adhesive infiltrated approximately
100pm in depth into top coat and there is no significant influence of the infiltration on the energy
release rate by delamination.

The equation of estimating energy release rate was modified and extended for TBC systems.
From analytical considerations, the effect of the Young’s modulus of the top coating on the
energy release rate is negligible even if it was changed during thermal aging.

The energy release rate G, which was estimated by the four-point bending tests, was independent
with the loading rate and the top-coat/bond-coat interface roughness

The energy release rates estimated under slow loading condition were almost equivalent to those
under higher loading conditions. Therefore, the energy release rate of TBC specimen was
independent of the loading rate.

Comparing energy release rates in between fine and coarse bond coating specimens, the effect of
top-coat/bond-coat interface roughness wasn’t significant on the delamination resistance.

The crack mainly propagated in the top coating for as-spray condition, however the crack
propagated partially at the top-coat/bond-coat interface after the thermal aging for 2000h.

The G, was correlated with fracture strength of weakest parts of the TBC specimen. The G,
increases with the thermal aging until the critical time due to the sintering of the top-coating. It
can be expected that the G, decreases with the thermal aging after the critical aging time because
the top-coat/bond-coat interfacial strength decreases by the TGO growth. The critical aging time
in the present work is approximately 2000h.

The delamination crack growth rate increased with increasing aging time.

Futurework

Following articles must be investigated in near future.

(a) Effect of thermal cycle on delamination resistance

In this work, the delamination resistance increased with increasing iso-thermal aging time because of

the increasing fracture resistance of TBC film itself. However it can be considered that the thermal cycle

induce the micro delamination crack near the interface due to thermal stress cycle. Therefore the

delamination resistance may be reduced by thermal cycle.
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(b) Effect of test temperature on the delamination resistance

The influence of the test temperature on the delamination resistance must be investigated because TBC
systems undergo thermal cycle between room temperature and elevated temperature (up to 900°C). If the
delamination resistance is estimated by modified Charallambides four-point bending test, the adhesive
that is applicable at elevated temperature is necessary. Other bonding methods, such as brazing, must be
used because usual adhesives can't be applied at elevated temperature. Even if the stiffener is bonded by
braze, the test results may be affected by residual stress because the brazing temperature must be higher
than test temperature. Therefore other test methods may be necessary.
(c) Effect of loading mode on delamination resistance

Mode I loading is dominant near the delamination crack tip in the tensile test. In modified
Charallambides four-point bending test (present study), the stress condition near the delamination crack
tip is mixed mode of I and II, but Mode I may be dominant because the stiffing layer is thick enough
(FEM analysis is necessary). On the other hand, the Mode II stress condition, which is produced by
thermal stress due to the mismatch of the thermal expansion coefficient, may be dominant in the actual
turbine brad and vane. Therefore the effect of loading mode on the delamination resistance must be

investigated. A modified or a new test method may be necessary.
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