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Abstract

Plasma sprayed duplex and graded ZrO; thermal barrier coatings (TBCs) on an
Inconel 617 substrate with a NiCrAlY bond coat were investigated and compared with
regard to their thermal cycling, oxidation behaviour and mechanical properties. On the
basis of FE - calculations the stress distribution within thermally cycled coating systems
was analyzed. The calculations show that the graded coating structure relaxes
considerably the stresses resulting from the internal constraint due to thermal expansion
difference between both metallic and ceramic materials and hence must lead to a better
thermal cycling behaviour of the graded TBC systems. Mechanical tests confirm it.
However, taking into account their poor oxidationbehaviour, the lifetime of duplex
TBC systems which are under steady -state thermal load conditions is much higher than
that of graded ones.

1. Introduction

The development of plasma sprayed TBCs has led to highly efficient TBC -
systems for todays gas turbines and diesel engines which are mostly duplex ZrO; (6-
8% Y»03) coatings.

In systems operating under a high thermal flux and large thermal gradient, in
addition to thermal stability, the coatings should have good resistance to damage by
thermal cycling. In recent years, a number of approaches have been tried to improve
the thermal cycling resistance, mechanical properties and the corrosion resistance of
TBCs. These could be divided into three targets: 1) Lowering of the Young’'s modulus
of the TBCs, 2) Reduction of the mismatch between the coefficients of thermal
expansion (CTE) of the bond and the ceramic coat, 3) Increasing of high - temperature
corrosion resistance. So far, many methods of improvement of coating properties have
beeperformed by using partially stabilized ZrOy (PSZ). Techniques include the

promotion of segmented and microcracked structures [1,2,3], further developed of
stabilizing elements [4] , using advanced ceramics [3,5] , the residual stresses control
[6], phase - composition controlled deposition [7], coating densification by laser
irradiation [8] , and formation of graded coating structure [9,10,11] .
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In this paper, the experiments show a comparison of a recently developed
graded TBC with conventional duplex TBC take into consideration the transient and
steady - state temperature loading conditions. The thermal cycling and oxidation
behaviour and basic mechanical properties of both types of TBC systems are compared
and discussed on the basis of results of thermal cycling and thermal ageing tests, FE -
calculations, XRD structural analysis and adhesive - cohesive measurement.

2. Investigated TBC systems

In our experiments Amdry 962 NiCrAlY (Cr = 22, Al=10, Y = 1.0) and PT
1085 ZrOy (8%Y203) powders were used for atmospheric plasma spraying on Inconel
617 Superailoy. The duplex TBCs (see Fig.1a) were plasma - sprayed by conventional
procedure, whereas the graded coatings (Fig.1b) were plasma - sprayed in four layers
with a stepwise increase of the ZrOy content from 0% at the NiCrAlY bond coat up to

100% in the ceramic top coat, (thickness of bond coat 120 pum, graded zone 200 um,
ceramic coat 480 pm)[10,11]. The substrate temperature distribution was held constant
during spraying in all experiments.

Fig. 1a Cross-section of a duplex Fig. 1b Cross-section of a graded
TBC system TBC system

3. Thermal cycling behaviour
Thermal cycling tests were conducted on a bumer rig equipment with a
CoHp/0y torch. The specimens are intermittently heated up to a well defined

temperature of the substrate T (e.g. 1000°C) and cooled down to 60 ©C by forced air.

The specimens are removed from the test when they show 30% ceramic coating
spallation or when the number of cycles reaches 1000 without showing any spallation.
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In order to assess the level of thermal stresses which result during thermal
cycling FE - analyses were carried out with the ABAQUS code. For the calculations
the components of the TBCs are supposed to be isotropic and homogeneous and their
elastic and thermophysical parameters temperature independent. The generalized plane
strain - state was adopted to simplify the calculations. In the calculations linear elastic
behaviour of all components was assumed. The results reported in this chapter, refer to

the symmetry plane of a rectangular specimens (50x10x2,3 mm3).

From Fig 2 where the course of the stress on the top surface of the ceramic
coating is shown for both the graded and the duplex - system, it can be seen that the
resulting thermal stresses are lower for the graded system than for the duplex one.
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Fig.2 Stress course versus time; duplex Fig.3 Number of cycles to failure
and graded TBC system in comparison versus temperature

Further FE - calculations, which are not shown here, indicate that the gradation in
composition between the NiCrAlY bond coat and the ZrO - coat mitigates the stress

differences at the interface which result from the transient load conditions and the
mismatch between the CTEs of the components and also reduce stress concentrations
at free edges.

Due to the tensile stresses during cooling orthogonal cracks open in the ceramic
top coat and grow. The number and the growth rate of the orthogonal cracks depend
on the load level. With further thermal cycling, a bifurcation of one or few cracks can
be observed 40 a 50 um above the bondcoat (for the duplex) or above the graded zone
(for the graded TBC, respectively).

The better thermal cycling resistance of graded TBC - systems is demonstrated in Fig.3.
A degradation due to the thermal cycling can be seen in the graded zone only at

maximum temperatures beyond 8000C; while cooling down from this temperature
leads to instanteneous failure of the duplex systems. This fact may be ascribed to the
reduction of tensile stresses in the ceramic and of the mismatch of the CTEs between
the ceramic and the bond coat.
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Furthermore it was shown by means of XRD - texture analysis that the graded
zone decreases the texture intensity (see in Fig.4) of plasma - sprayed zirconia by
providing a randomless crystal orientation and therefore suppressing a low-energy path
for a possible crack growth inside the grade zone. XRD measurement shown in Fig.5
confirmed the important role of graded zone which decreasses the gradient of elastic
deformation and/or residual stresses between NiCrAlY bond coat and Zr0y top

coating very strongly [12,13] .

Fig.4 Orientation distribution function of  Fig.5 Elastic deformation versus metal-
texture intensity versus metal-ceramic -ceramic ratio in graded coating
ratio in graded coating

4. Oxidation behaviour

The results of the thermal cycling tests shown so far do not take into account
the effect of long term oxidation, since the thermal cycles are without any dwell-time at
high temperature. For this reason duplex and graded systems were thermally aged at

950 and 1000°C in air for different exposure times (1, 10, 100, 250 h).

Fig. 6 shows the specific weight change versus exposure time for the graded
and duplex TBC system. The difference in specific weight change can be attributed to
the structure of the graded zone, where the isolated metallic particles with a high
surface to volume ratio quickly oxidize. Depending on the size of the metallic particles
different stages of oxidation can be observed.

Up to 250 h the oxidation does not seem to affect the integrity of duplex TBC-
systems. By contrast to oxidation of duplex TBC-systems the oxidation of the graded
zone seems to be a lifetimelimiting factor and to seriously affect the integrity of graded
TBCs even after a rather short exposure. Many lateral cracks in the graded zone of a

TBC after a thermal exposure at 10009C/250 h in air were shown. This occurs in the
upper part of the graded zone and arises from a change in residual stress-state caused
by the oxidation of the metallic lamellae in the graded zone. However, it must be
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mentioned that the oxidation remains a lifetime-limiting factor also for duplex TBC
systems, but and this is the difference, the lifetime of duplex TBC systems which are
under steady-state thermal load conditions is much higher than that of graded ones.

5. Mechanical properties

Adhesive-cohesive mechanical strength of the coatings was obtained from the tensile
test and the measurement of fracture toughness by analysis of the halfcone fracture
formation during scratch tester measurements on cross-section of coating-substrate
systems [10]. Results shown in Table 1 confirm the importance of graded structure on
improvement of adhesive-cohesive strength of TBCs.

Table 1 Tensile test P [MPa] and fracture toughness [MN/m*”] of graded
and duplex coatings

P [MPa] K. [MN/m*’]
Graded coatings 27-30 6,0-6,4
Duplex coatings 18-20 3,7-3,9
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Fig. 6 Specific weight change versus aging time of graded and duplex TBC
system in comparison
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6. Conclusion
The expected improvement of the thermal cycling resistance and adhesive-
cohesive strength due to the gradation in composition between the ZrO;-coat and the

bond coat in TBC-systems has been proven experimentally and quantitatively explained
from numerically derived stress distributions during thermal cycling test. However, this
advantage is not in every case of practical relevance, since the rapid oxidation of the
metallic lamellae causes the ceramic phase in the graded zone to undergo tensile
stresses within a very short thermal exposure time. The tensile stresses lead to a
delamination of the ceramic in the upper part of the graded zone. Moreover, the rapid
growth of the oxide scale at the metallic lamellae leads to a reduction of the metallic
component in the graded zone, changes the ratio of metallic to ceramic phase and
therefore affects the course of the gradient of elastic and thermophysical properties of
the graded zone.

From the thermal exposure tests (9500C/air) it is clear that the application of
present graded TBCs for high steady-state temperature applications is non-possible so
far.

Present our R&D is concentrated on graded TBC system with improvement of
thermal barrier effect and high temperature oxidation resistance.
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