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Some Aspects of Thick Thermal Barrier
Coating Lifetime Prolongation
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Much research has been performed in the field of thermal barrier coatings (TBCs) deposited by atmos-
pheric plasma spraying of ZrO,-Y ,O3. The necessity of efficient thermal insulation, corrosion resistance,
and sufficient lifetime under thermomechanical loads promotes the development of TBCs of several mil-
limeters in thickness. However, some problems arise with the production of thick TBCs, such as poor ad-
hesion and low thermal shock resistance. These problems are not observed clearly when the TBCs are,
for example, 300um thick.

This article presents strategies of thick TBC lifetime optimization by different cooling systems. Attempts
have been made to improve thermal shock resistance (TSR) by applying thicker coatings with graded po-
rosity, but they failed. Besides metallographical evaluation and scanning electron microscopy (SEM)
analysis, microcracks and porosity were determined. Furthermore, the results of bond strength and
burner rig tests are presented, and forthcoming experimental tasks are outlined.

Moreover, in the case of ineffective or even no substrat
cooling, the substrate temperature will rise continuously during
spraying. Expansion of the substrate and contraction of the coe
ing occurs at the same time. This also initiates macrocracks.
: Assuming good adhesion of the ceramic coating to the suk
1. Introduction strate, these cracks will run perpendicular to the substrate a

Thin zirconia-based thermal barrier coatings (TBCs) with parallel between the layers. The size of the layer segments d

high thermal shock resistance and thickness between 300 an§'€@Ses Wwith increasing substrate temperature (Ref 3). T
800pm can be produced by air plasma spraying with air as thecracks perpendwular to the substrate seem to be acceptable
cooling medium (Ref 1). The necessity to deposit thick TBCs upcause t_he residual stresses of the TBC are redu'ced', wherg
to 5 mm thickness to achieve better heat insulation serves di1"fer-cracks in the parallel direction create large delaminations a

: . ) . must, therefore, be avoided. Segmentation also might be o
ent purposes for diesel engines and aircraft and spacecraft mdusﬁéined by thermal post treatment as well as by thermal cycling)

tries, as well as for the chemical and nuclear industries. The shrinkage forces need to be reduced to spray TBCs
Howevefr,h.spr:aﬂn'g '?fsu?h thick TI?'CE Icaliises f]reéNCP(;Oblergs _behigherthickness. The shrinkage forces can be lowered, at certg
cause ot nigh shrinkage forces, which lea sto egra at'Oncoating thickness by decreasing the value of residual stress (F
during spraying. 2). Therefore, a preheating temperature of 150 °C had been ¢

sen. The substrate temperature was kept constant during sprz

Keywords graded porosity, thermal shock resistance, thick thermp
barrier coatings

2. Theoretical Aspects of Thick TBC
Spraying

A high contraction of spray particles occurs during the spray
process as a consequence of a high cooling rate on impact of th
hot particles onto a cold substrate. If the flattened spray patrticles
show strong adhesion to the substrate and to each other, high te
sile residual stresses occur due to the restricted contraction. Thi
leads to microcrack initiation (Fig. 1).

Residual stresses in thin and thick TBCs are equal (Ref 2),
but shrinkage forces are different. The shrinkage forces are di-¢
rectly proportional to the coating thickness and residual stresses
After exceeding a certain thickness they are so high that the
cause microcracks (segmentation) when the bonding is good of ™
coating delamination if adhesion is poor.

H.-D. Steffens, Z. Babiak,andM. Gramlich, Lehrstuhl fur Werk- Fig. 1 Scanning electron micrograph of microcracks in a plasma
stofftechnologie, Otto-Hahn-Str. 6, Dortmund 44227, Germany. sprayed zirconia particle
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ing by means of a special control facility (Fig. 3). This procedure «  preheating the substrate up to 150 °C with air cooling sys-
prevents the development of macrocracks in the sprayed coat- tem

ings and obtains solid sprayed materials. These can be cut intg
specimens for Young’s modulus, tensile strength, and Poisson’s
coefficient measurements.

Another serious problem with thick TBCs is relatively low *  Preheating the substrate up to 150 °C and TBC surface

Preheating the substrate up to 65 °C with a water cooling
system

thermal shock resistance. Degradation of thick TBC during ther- cooling with atomized water
mal shock examination caused by thermal stresses—induced  Preheating the substrate up to 150 °C and TBC surface
during heating or by shrinkage forces at cooling stage—oc- cooling with CQ

curred during a sintering process (Fig. 4). The thermal stresse?:
can be lowered in two ways: (a) increase of coating porosity con-
trolled by spraying distance, and (b) increase of microcracking
by control of the sprayed particle cooling rate.

The porosity of TBCs influences not only the Young’s modu-
lus but strength and thermal conductivity of the coatings as wel
According to Neuer et al. (Ref 4) the thermal conductivity of
TBCs is a function of porosity. The increase of porosity dimin-
ishes thermal conductivity of TBCs. This causes a rise of the ; :
temperature gradient through the coating thickness. The higher3' Decreasing the Residual Stress
gradient induces unwanted higher thermal stresses. Such a phe- Residual stresses are a function of the Young’s modulus of
nomenon should be avoided by spraying TBCs with graded po-thermal barrier coatings and the contraction of the flattened
rosity (Fig. 5). The porosity increases from the TBC surface to gpray particles. Therefore, decreasing the Young’s modulus as

the substrate. As mentioned previously, a decrease of residuaye|| as the particle contraction lowers the value of residual
stresses can be also achieved through an increase of microcrackyresses.

ing in the sprayed coating. According to Sturlese et al. (Ref5)  The Young’s modulus of a sprayed coating is a function of

and Bengtsson et al. (Ref 6), the amount of microcracks waspoth porosity and microcracks and is much lower (in the case of
controlled by the cooling rate of the sprayed particles. In the ex-yitria-stabilized zirconia, it is nearly four times lower) than that

urthermore, the microcracks not only have positive effects on
the TBC lifetime, because, as shown by Fig. 4, the degradation
in thick coatings can occur due to sintering processes of mi-
crocracks and micropores. Nevertheless, the sintering processes
| depend on temperature and time of the heat loading. In many
"cases sintering may not be observed.

perimental work four different cooling rates were achieved: of the equivalent sintered materials (Ref 7). The following pa-
rameters influence TBC porosity: spraying distance, powder

Table 1 Pore shape factor of thermal barrier coatings as a morphology, grain size, and plasma enthalpy. It should be

function of spray distance stressed that according to Eaton and Novak (Ref 8), the Young’s

modulus and strength are influenced not only by the value of po-

Soraving di Pore shape factor rosity but by pore shape as well. In this experiment the authors
praying distance, mm (1 corresponds to perfect circle) . . . .

80 055 changed the porosity by altering the spray distance, and it was
120 054 found that this did not play a significant role on the pore shape
160 0.52 (Table 1). Therefore, it is useful to modify the distribution
200 0.50 of residual stresses in a TBC by varying the porosity

through coating thickness. This might increase lifetime

’——— Thick Thermal Barrier Coatings I——

low bond strength low thermal shock reslstanca
I | I n
incraase of shinkage forces high thermal sintering
with rise of coating thickness streesss processes
decrease of siress de\cfoungs of parddeeo' p.:!g;(y segmentsd densified
residual strasses relaxation modulns shrinkage coatings coatings coatings
decrease of decreass of coating

Youngs modulus || particle shrinkage segmentation
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Fig. 2 Problems and solutions concerning spraying of thick thermal barrier coatings
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under certain working conditions (see Fig. 5) for a TBC with Figure 2 shows a thick partially spalled TBC during the spra
graded porosity (Ref 9). process. This demonstrates that TBC thickness on flat or co
The degree of microcracking in the TBC depends on the cave substrates is limited, even when spraying at constant s
ZrO, stabilization grade as well as on the cooling velocity of the strate temperature. Only thick coatings on the outside o
particles after their impact on substrate (Ref 6, 10). This cooling cylindrical parts exhibit good bonding because of increasing
velocity might be influenced by the intensity of substrate surface shrinkage forces.
cooling. Nevertheless, substrate cooling does not influence the An increase of porosity and/or of microcracks by using
temperature at the coating surface very much because of the riswater or CQ as the cooling agent causes a reduction of the
ing heat insulation corresponding to the growing coating thick- shrinkage forces. Therefore, a TBC with coating thickness
ness. Therefore, the particle cooling velocity decreases and théigher than 3 mm showing good adhesion to the substrate c:
particles keep their elastic properties for an extended period.be achieved.
This causes a lesser amount of microcracks. Effective cooling of A microprocessor controlled burner rig was the basis for re
the front makes the particle cooling temperature independent ofproducible thermal shock tests. Furnace testing would not ha
TBC thickness. Higher particle cooling velocities obtained by been more appropriate because in such a test there is no tempg
using air as the cooling medium can be achieved by using wateture gradient through the coating thickness; TBC would be of n
or liquid gases as cooling agents. Nevertheless, this reduces these. The applied burner rig test simulated a thermal cycle of
advantage of coating adhesion by substrate preheating (Ref 5).diesel engine: start, run cycle, and switch off. The specime
The method of front cooling is not new, but the use of atom- were heated with a burner (propane/oxygen) up to 550 °C su
ized water as the cooling medium is. This method has an impor-strate temperature (which corresponds to a TBC surface te
tant economic advantage because water is much cheaper thaperature of 1700 °C at 2000m coating thickness). After
liquid gases such as G@nd argon. reaching this substrate temperature, specimens were cool
Concerning residual stresses, the paper presented by Duvalvith compressed air from two sides to 250 °C. A thermocoupl¢
and Ruckle (Ref 10) is important in the field of spraying thin measured the temperature 0.2 mm below the bond coat with
thermal barrier coatings. The conclusions drawn by the authorsthe substrate (Ref 11).
however, are not formulated precisely enough. In this paper the
authors prove that the residual stresses can be controlled only b
substrate temperature adjustment. In fact the porosity, segme
tation, and microcracks also influence the residual stress value. .
Decreasing the stabilizer content leads to reduced particle .
contraction, but the reduction of the stabilizer content is re-
stricted by the formulation of the monoclinic Zrphase in the -
absence of the stabilizer (Ref 10).
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4. Reduction of Shrinkage Forces in a
TBC by Microcracks

The samples for the burner rig tests (measuring 20 by 50 b o
10 mm) were of gray cast iron GGL-20. The NiCrAl bond coat
and the zirconia-based top coat were sprayed with atmospheri
plasma spray equipment (Metco 9MB gun and EG 88 unit, = -=
Sulzer Metco, Westbury, NY). Substrate temperature was held Fig. 4 Spalling of 300qum thick TBC, caused by sintering process
constant during spraying. This method permitted the production
of thick coatings without macrocracks.
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Fig. 3 Temperature control facility for the use of plasma spraying %
thick thermal barrier coatings with constant substrate temperature dur- ) ) )
ing spraying Fig.5 Scheme of a TBC with graded porosity (Ref 4)
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Figure 6 shows the cycles to failure results of the burner rig strate, high tension stresses will occur, which may cause TBC
tests as a function of coating thickness (400 to 300)) Fur- degradation.
thermore, the cooling method is clarified in this diagram: Figure 7 highlights the influence of coating thickness on
R/W/65 °C, water-cooled substrate; R/L/150 °C, air-cooled bond strength of TBCs. Bond strength was measured according
substrate; F/W/65 °C, water-cooled coating surface; andto the European Standard EN 582 similar to ASTM C 633. With
F/CO,/35 °C, coating surface cooled with carbon dioxide. rising coating thickness, the bond strength decreases because of
First spalling was the criteria to define thermal shock resis- the higher contraction forces, which act against the bonding
tance (TSR). forces.

Increasing coating thickness decreases the TSR. The The type of cooling has a substantial influence on the TSR of
R/L/150 °C coating with 80m thickness tolerates 1000 ther- TBCs: adhesion to substrate as well as cohesion rises with sub-
mal cycles. A similar coating with about 3 mm thickness shows strate temperature or the temperature of the previous layer (Fig.
a lifetime of only two cycles (Fig. 6). The mechanism of thick 6, rows 2, 3, and 4). In contrast, the amount of microcracks rises
TBC degradation occurs as follows: the greater the TBC thick- with enforced cooling rate, which lowers the residual stresses
ness, the lower the heat flow into the substrate. This causes theRef 5, 6). The experimental results indicated that TBC adhesion
temperature on the ceramic surface to rise during the heatingo the substrate seems to have more influence on the TSR of a
process to a temperature that allows sintering of micropores andhick TBC than the microcracks.
microcracks (see Fig. 4). At the same time the residual stresses A higher cooling rate of the coating surface using water or
in the upper, that is, hotter regions, are reduced. During thecQ, as a cooling agent improves the TSR (see Fig. 6, rows 3 and
following cooling phase these regions contract more than 4). This permits the manufacture of 160 thick coatings that
those closer to the substrate. Assuming good interlamellarexhibit lifetimes of more than 500 thermocycles under the cho-
bonding as well as good bonding of the ceramic to the sub-sen conditions. In the case of substrate water cooling, the life-
time of TBCs of the same thickness was only seven cycles.
Moreover, the higher TSR of the surface cooled coatings is
based on better bonding because preheating substrate tempera-
ture was higher (150 °C). Nevertheless, coatings with more than
3 mm thickness showed very low TSR.

cycles to failure

Zr0,7Y,0,(+15-70um) |
. Amp. 827.090 ‘
Ts(max) = 550°C

|

% | pomeae 5. Influence of Cooling Conditions on
1.000 ‘ O N = ] i
o | 1 Vi s Coating Morphology
600 72 7 In the case of substrate cooling a change in porosity appears
400 717 as well as the formation of a different degree of microcracks.
200 ; Thermal barrier coatings deposited with air cooling and a sub-
0 g strate temperature of 150 °C had porosities between 2 and 3%
800 1600 2400 3100 (Fig. 8). In contrast, at a lower substrate temperature of 65 °C
coating thickness [um] (water cooling) a porosity of 8% was measured. The same sub-
strate temperature controlled by water cooling of the ceramic
} Erwies'c LIr/L/150°C ZIFw/es'C LU F/CO,/35°C surface leads to porosities between 10 and 31% (Fig. 9) and by

CO, cooling to porosities of 7% (Fig. 10). Additionally, sub-

Fig. 6 Influence of thermal barrier coating thickness and cooling ~ Strate temperature has similar influence on the amount of mi-
method on thermal shock resistance crocracks, which decreases with rising substrate temperature
during TBC deposition (Ref 5, 6).
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Fig. 7 Thermal barrier coating bond strength versus coating thick- o B
ness Fig. 8 Cross section of an air cooled thermal barrier coating
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6. Influence of Coating Thickness on ously from the zone near the bond coat to the ceramic surfac
Coating Morphology (Ref12).

The results of the calculations showed that a higher porosit

The evaluation of coating microstructure showed that as would lower the stress level throughout the coating although th
TBC thickness increased, porosity continuously decreased fronstresses over the coating thickness would not be influence
the substrate to the surface on the condition at which that sub-Therefore, a coating with graded porosity, that is, high porosit
strate temperature was held constant. These observations wergear the bond coat and low porosity at the surface, was spray
confirmed by interactive image analysis. Increasing coating by varying the spraying distance during the spray process (Fi
thickness decreased the heat flow into the substrate. Thereforel0).
the temperature at the TBC surface rose. This improved the con- The segmentation cracks in the dense top regions are stopp
ditions for coating buildup as well as lowering the porosity, within the more porous coating zone with higher fracture tough
which is closely related to the surface roughness. ness of the more porous zone. Additionally, the stress peaks ne
the bond coat are lowered.

) ) Burner rig tests showed that the increase of porosity nez

7. Reduction of Residual Stresses by the bond coat influenced adhesion of the ceramic to the bo
Lowering the Young’s Modulus coat. The TBC with graded porosity fully spalled after a few,
cycles. Therefore the adhesion of porous ceramic coating

As mentioned previously, influencing TBC porosity allows myst be improved to achieve higher TSR of TBCs with
variation of the Young's modulus of the coating. Computational graded porosity.

analyses using the finite element (FEM) highlighted that in a
static working state, significant tension stress exists only par-
allel to the surface. This stress component decreases continu8. Conclusions
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The following conclusions can be drawn:

e Spallation of thick TBCs during spraying is caused by hig
shrinkage forces. They are directly proportional to coating
thickness and residual stresses.

e Shrinkage forces can be diminished due to stress relaxatic
(segmentation) and decrease of residual stresses by mea
of substrate preheating and increase of coating porosity a
microcracks. Nevertheless, coatings with a thickness up t
5 mm can be achieved without spalling.

e Constant substrate temperature during spraying permits t
deposition of TBCs without macrocracks.

¢ Thermal shock resistance of TBCs decreases with an i
crease of coating thickness.

; 2-5|:||.|n1 * Low thermal shock resistance of thick TBCs is caused b

'_ : ] el LHLSY high thermal stresses and sintering processes induced
L e N b ch ' thermal loads.
Fig. 9 Cross section of front water-cooled thermal barrier coating * Anincrease of TSR was achieved by TBC surface cooling

with atomized water of C©O The cooling creates coatings
with higher amount of microcracks.

¢ Front cooling of ceramic coatings with atomized water o
CO, during spraying permits the production of a 1.5 mm
thick TBC with high thermal shock resistance (more tha
1000 cycles).
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