MATERIALS
SCIENCE &
ENGINEERING

A,

Soteer T

5

ELSEVIER Materials Science and Engineering A 404 (2005) 26-32

www.elsevier.com/locate/msea

Numerical simulations of crack formation from pegs in
thermal barrier systems with NiCoCrAlY bond coats

H.X. Zhu?, N.A. Fleck®*, A.C.F. Cock?®, A.G. Evan$

8 Department of Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, UK
b Department of Engineering, University of Leicester, Leicester LEI 7RH, UK
¢ Materials and Mechanical Engineering Departments, University of California, Santa Barbara, CA 93106, USA

Received in revised form 2 May 2005; accepted 18 May 2005

Abstract

The high temperature exposure of thermal barrier systems with MCrAlY bond coats is accompanied by non-uniform thickening of the
thermally grown oxide (TGO). The heterogeneities are manifest as intrusions into the bond coat, referred to as “pegs”. The progressive growt
and swelling of these intrusions, in conjunction with the thermal expansion mismatch from layer to layer, leads to the development of localized
strains upon thermal cycling. A finite element study reports on the evolution of the stress state and of the plastic strains in the vicinity of
the pegs, and on the conditions under which cracks may initiate and advance. It is demonstrated that large plastic strains accumulate ne
the peg. Moreover, large shear stresses arise that could motivate mode Il (shear) cracking along the interface between the bond coat a
thermally grown oxide. However, for realistic sizes of peg, the energy release rate is always much less than the interface toughness. It i
concluded that the pegs do not behave as imperfections that initiate cracks, but rather, serve a beneficial purpose of fastening the TGO to tl
bond coat.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction instabilities enabled by elongation of the TGO as it thick-
ens. Models of this mechanism have been devel@ph2d 3],
Multi-layer thermal barrier systems are commonly used in validated by experimetji4,15], and used to relate the dura-
gas turbines for propulsion and power generatiort]. The bility to constituent propertied 2].
systems are susceptible to performance degradation when the In systems comprising a two-phag 4’) NiCrAlY bond
outermost thermal barrier layer, typically yttria-stabilized- coat with an EB-PVD TBC, a different TGO-based failure
zirconia (YSZ), experiences local spalling. One category of mechanism appliefl0,16] The TGO develops thickness
failure mechanism is associated with the stresses and dis-heterogeneities (often referred to as “pegs”), which contain
placements due to the misfit between the thermally grown oxides other than alumina, such as the Y (HffDorite [16]
oxide (TGO) and the other layers. These stresses cause crackd-ig. 1). Delamination occurs primarily along the interface
to nucleate and propagate as the system experiences theibetween the TGO and the bond cfiEt]. The cracks extend
mal cycling[5—11]. The specifics are system-dependent. The through the TGO only at the locations of the “pegs”. They
most detailed understanding has been developed for systemso not enter into the TBC layer. The overall influence of the
comprising electron beam deposited (EB-PVD) thermal bar- “pegs” on durability is unresolved, because of two counter-
rier coatings (TBCs) witl-phase, Pt—aluminide bond coats vailing effect§16]: (a) they might adversely affect failure by
[4-11]. In such systems, the TGO develops displacement acting as local stress intensification sites at the interface and
(b) they could behave as obstacles that impede the extension
* Corresponding author. Tel.: +44 1223 332650; fax: +44 1223 765046, Of interface cracks. The present analysis will address the first
E-mail address: NAF1@eng.cam.ac.uk (N.A. Fleck). tOpiC.
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Fig. 1. (a and b) Cross-sections of pegs in a TBC system with NiCoCrAlY bond8Jedind (c) sketch of an ellipsoidal peg growing into the bond coat. The
most likely crack location is included.

The outline is as follows. The stress state in the vicin- ing at the highest temperatures in the thermal cycle. The
ity of a peg is obtained for two types of loading: thermal modeling challenge is to incorporate creep representations
expansion mismatch and TGO growth. The stress evolutionwith sufficiently small times per computation so that trends
with increasing number of thermal cycles is obtained and in the response can be predicted with reasonable fidelity.
the sensitivity of these stresses to the geometry of the peg isTwo approaches have been pursued in the literature. One is
ascertained. A fracture mechanics analysis is performed to
determine the conditions under which a crack might initiate pje 1

and grow. The thermo-elastic properties of the layers
Material Young’s modulus, Poisson Thermal expansion
E (GPa) ratio,y  coefficienta (10°8K-1)
2. Constituent properties TBC 40 0.3 11
TGO 370 1/6 8
The thermo-elastic properties of the layers are presentedBond coat 210 13 15

Substrate 210 1/3 15

in Table 1 Creep occurs in all three constituents of the coat-
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Fig. 3. Growth stresses measured in situ using a synchotron for thermally
grown alumina forming on Pt—aluminid20]. The growth stress is indicated

as well as the thermo-elastic stress changes caused by thermal expansion
misfit upon heating and cooling.

Temperature (C)

Fig. 2. The temperature-dependent yield strengths of the bond coat (BC),
thermally grown oxide (TGO), and the thermal barrier coating (TBC). The
nickel alloy substrate is taken to be elastic.

A suitable behavior for the peg must be incorporated.
based on a special purpose analytic code that allows con-Since its growth involves the internal formation of Y(HRO
stituent creep to be incorporat§tB] (using independently ~ while also entraining bond codf6], it is considered to
measured power law creep d§td]). The other, which uses  expand volumetrically. This effect is captured in the model
the commercial finite element code ABAQUB12], regards by imposing a relatively large volumetric strain. The actual
the constituents as elastic/perfectly plastic with flow stress value is not especially important because the deformation is
given by the creep strength at representative strain-rates. Thisiccommodated by the deformation of the bond coatand TGO.
strength is found from independent tests conducted at con-In practice, itis assumed thait; = e22 = £33=0.025 per cycle
stant strain-rate in a range consistent with the misfit imposed within the peg, consistent with the measured growth rates.
by the growing TGO. The deformation to be incorporated  Observations of delaminations atthe TGO/bond coatinter-
is a temperature-dependent flow strength. The justificationsface in NiCoCrAlY systems indicate that they form at low
for this approach are based on comparisons with resultstemperature, usually during coolifij6]. Consequently, the
generated by the creep modéB] and with experimental  cracks develop within a residual stress field induced by prior
measurementil4,15] For the NiCoCrAlY bond coat, the thermal cycling. Moreover, the system is essentially elastic
temperature dependence of the strength is obtained from aduring cracking, subject to arelatively low crack opening dis-
turbine industry sourcfl 8] (Fig. 2). placement, with no attendant plasticjiy6]. Again, by using

Incorporating the deformation of the TGO requires addi- elastic concepts of fracture, the worst case scenario is envis-
tional considerationg7,12,13] In most cases, the TGO aged, since the presence of plasticity local to the crack would
elongates at temperature (because of internal formationreduce the energy release rate.

[7,19]), with associated lateral strain-rate, causing the TGO

to be in compression during growth. The compressive stress

remains constant during growtki¢y. 3) at a level dictated 3. Finite element model

by its creep strengtfR0]. This growth stress differs among

TGOs formed on different alloys indicative of different The pegisregarded as anisolated, semi-ellipsoidal domain
creep characteristics. When pre-oxidized to ferhAl 203 a consisting of TGO Fig. 1c). Unless otherwise stated, the
few micrometres in thickness, the following growth stresses following ratios are taken as representative: peg depthto TGO
have been measured: (21000 100 MPa for FeCrAlY, (b)  thickness,alhigo = 1/2; aspect ratiob/a=2/3. The thermal
—200+£ 100 MPa for Pt-aluminide, and (¢)50+ 50 MPa barrier coating thickneg8ud//tgo = 50 equals that of the bond

for NiCoCrAlY. Here, we adopt the worst case scenario coat, Hpd/higo=50. The underlying superalloy substrate is
for NiCoCrAlY by assuming a relatively high compres- taken to be sufficiently thick (1000 times the TGO thickness)
sive growth stress;((go ~ —200 MPa) similar to that found to behave as a half-space. Since the bond coat shares the same
in Pt—aluminide systemf20]. Our intention is to explore  elastic properties as the substrate and the plastic zone within
whether the stresses so generated in the vicinity of pegs can béhe bond coat does not reach the bond coat/substrate interface,
sufficiently large to produce cracking. On cooling/reheating, the precise value of bond coat thickness is unimportant.

at lower temperature, the TGO layer becomes elastic The finite element analysis was performed using
(Fig. 2. ABAQUS Standard. A mesh sensitivity study revealed that
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—— TGO thickening 100Qz, and along the outer boundany,= L. The radial dis-
placements: (L) are constrained to be uniform, with zero
| n=1 n=5 n=10 net radial force.
15 27 29 30 In the first part of this study, the evolution of stress state

The stresses are largest, and the interfacial toughness between
bond coat and TGO is least at ambient temperature. Simpli-
fied finite element calculations are performed to assess the
likelihood of cracking: it is envisaged that a putative penny-
Fig. 4. The assumed thermal loading history. Ttthermal cycles are sub- shaped crack is IoaQed by the residual stress state, and the
divided intoN steps. energy release rate is calculated.

The thermal loading history is sketchedRig. 4, and is

adequate accuracy was achieved using about 20,000 quadrit""ken to be spatially uniform. Initially, the TBC system is

lateral elements (CAX4R) and 20,000 nodes. A cylindrical tarlren to *?e s”tress(;free at the rf)_eak temperatul;e _(‘ZIG)DO_
co-ordinate system is adopted for the axisymmetric model The TGO Is allowed to grow at this temperature by imposing

with x; as the radial co-ordinate anglas the axial co-ordinate stress-free strains in accordance with a user material subrou-
(seeFig. 1c). The boundary conditions are as follows. Along tine[9]. A,S remarkpd abpve, the Peg is considered to eXPa”d
the axis of symmetry =0, while along the bottom of the volumetrically by imposing a relatively large growth strain,

mesh,up =0. The radial extent of the meghis typically £11=¢e22=e33=0.025 per cycle. Due to computational limi-
tations, a maximum of 30 thermal steps is considered.
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) N is determined in the vicinity of the peg, absent cracking. The
possibility of cracking is also addressed, with the most likely
location of a penny-shaped crack of radishown inFig. 1c.
28

4. Stress and strain states near a peg
4.1. Plastic zone development

The pegs “indent” both the bond coat and the overlaying
TBC layer causing them to deform plastically. The distribu-
tion of von Mises effective plastic straig (Fig. 5a) indicates
that the plastic zones within the TBC and bond coat pro-
gressively enlarge due to the accumulation of growth strain
(Fig. B). The zone shape remains approximately hemispher-
ical in both the bond coat and TBC.
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Fig. 5. (a) Contours of von Mises plastic strapnafterN = 30 thermal steps Fig. 6. Shear stress/strain response of the bond coat. For clarity, only the
and (b) progressive enlargement of the plastic zone, as characterised by thdirst stress—strain loop is shown (with thermal steps 1 and 2 marked), as well
contourep = 0.001, with increasing numbarof thermal steps. as the strain componest; at the end of the high temperature hold.
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Examination of the stress—strain history reveals that the stresses change sign, indicative of crack confinerfiiit
largest strain component;,, increases cycle-by-cycle with The consequences become apparent when the energy release
the accumulation of growth strain in the TGEid. 6). The rates are evaluated below. Further calculations have revealed
strain hysteresis upon temperature cycling demonstrates thathe following:
the thermal expansion mismatch induces cyclic plasticity.

Such effects could be a source of fatigue (i) The tractions are greatest at ambient temperature. Inde-

pendent calculations of the tractions from the two sources

of stress (thermal expansion mismatch and peg growth)

reveal that the thermal expansion mismatch dominates.
(ii) Simulationsinwhich the growth strain per cycle has been
varied have indicated that the traction distribution is min-
imally affected by cycling, enabling it to be adequately
expressed interms ofthe total accumulated growth strain.
Consequently, the precise value of growth strain per cycle
is of limited significance.

4.2. Traction distribution between the TGO and BC

Calculations of the traction distribution {2, 22) along
the plane A-A (Fig. 5a) have been used to inform the sub-
sequent assessment of cracks. The tractions normal to the
plane of potential cracking are compressive within and adja-
centto the pegRig. 7a and b). Such stresses inhibit cracking.
However, large shear stresses also develop after cool-down
(Fig. 7c), implying that cracks traversing the peg develop  The effects of peg size and shape upon the traction along
a (mode II) energy release rate. Outside the peg, the sheaplane A—A have been explored by two additional sets of
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Fig. 7. The normal and shear tractions on the plane’Adefined inFig. 5a. The tractions are shown after 10 thermal cycles at the end of the high temperature
hold (v =30) and after cool-down\(=31). (a) Normal traction on plane within the pegs b; (b) normal traction on the TGO/bond coat interface beyond the
peg,x > b; (c) shear traction on plane within the peg; b; (d) shear traction on the TGO/bond coat interface beyond therpdg,Note that the normal stresses

are discontinuous at the peg.
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Fig. 8. The effects of peg size and shape on the normal and shear tractions on pldnasfdefined irfrig. 5a. The tractions are shown after 10 thermal cycles
after cool-down § = 31). (a) Traction on plane within the peg,<b; (b) traction on the TGO/bond coat interface beyond the pegp; (c) shear traction on
plane within the pegy; <b; (d) shear traction on the TGO/bond coat interface beyond thexpegh.

calculations. One has examined pegs geometrically similarcoat are chosen to ensure that the Dundurs’ parargetér

but 10 times largera{itgo =5, a/b=1.5). The other consid-  [22,23]

ers pegs with the same minor axis, but 10/3 times longer  Sets of calculations have been performed for a peg with

(almgo =513, alb=>5). The resultsKig. 8) demonstrate that fixed aspect ratiof= 1.5), but various sizesh(=1, 3, 10 and

the increase in size has essentially no effect upon the stress30.m). The crack was introduced with{r < 10b. Wherever

In contrast, an increase in the aspect ratio leads to an increas¢éhe crack faces make contact, a Coulomb friction coefficient

in both the shear and normal tractions. is imposed (withu =0, 0.3 and 0.6). The crack is modeled

A preliminary sensitivity analysis has revealed that the by gap elements, with negligible initial opening. Since the

shear stress within the peg scales linearly with the strength ofsystem is elastic at ambient temperature, when the cracks

the TGO material, but is much less sensitive to the strengthform, the J-integral can be calculated by the nodal release

of the bond coat. method within the finite element code, ABAQUS. Typical
results Fig. 9a) indicate that’ has a characteristic variation
with crack length, starting at zero, increasing to a p&a

5. Crack formation (atc=b), and then decreasingly rapidly with further increase
in crack length, attributed to the change in the sign of the

Cracks can form within the residual stress field, and extend shear stress. Because of the normal compression, the crack

along the interface outside the peg as well as through the TGOis mode Il throughout. The pedkaxincreases linearly with

internal to the pegHig. 1). In order to explore the likelihood increase in peg siz&{g. d), with magnitude strongly depen-

of such cracking, it is imagined that a circular penny-shaped dentonthe level of friction. However, even for the largest pegs

crack, radius, develops along the adjacent interface, with and the lowest friction, thé-values are less than the typical

its centre coincident with the axis of the peg, as sketched in value of interfacial toughness, 20 J#[24]. Consequently,

Fig. 1c. The energy release rateand mode-mix have been the likelihood of cracks forming at pegs is minimal, unless

determined. To simplify the interpretation of the mode-mix, the interface has been severely embrittled (for example, by

the Young’s modulus and Poisson ratio of the TGO and bond the segregation of $25].
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6. Conclusion

pegs, and on the conditions under which cracks may initiate
and advance. The results have been used to explore whether
a penny-shaped crack centred on the peg will be created by
thermal loading. Itis concluded that the magnitude of energy
release rate is too small to form a crack unless the peg is
unrealistically large (requiring a radius greater tharm.8t).

Thus, pegs may serve more of a protective role in fastening the
TGO layer to the underlying bond coat rather than promoting
interfacial separation.
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