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Abstract

An approach tamprove the lifetime of air plasma syed (APS) thermal barrier
coatings (TBCs) bynodifying the interfacial microstructure has been reporidu

laser powder deposition techniq@ePD) was employed tofabricate the mesh
structure(M the same compositioas the bond coat)at the ceramisubstrate
interfacerAfter thermal cycling testthe APS TBCs witlihe meshexhibiteda much
lessgspallatiordegree(5-10%) compared with the reference sampléhout mesh
(>50%), implying that the mesh is effective in impeding the crack propagation along
the interfaceln addition, theeffect of the mestgeometryparameterse.g. height and
spacing of mesh, on the spallation degree of TB&s also investigate@ased on the

results ofexperimentand calculationthe optinal mesh parametersereproposed.

Keywornds. Thermal barrier coating®lasma spray; InterfaseMicrostructure
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I Introduction

Therm& coatings (TBCs) angdely used in hot sections a@feroengines and
indust s turbines to protect the superalloy components from aggressive
environment™ 2. They usuallycomprise a yttria-stabilized zirconia(YSZ) layer
deposi 0 an intermetallic bond coat which is attached to a superakiyatub

In the e of mechanical damage, e.g. foreign object erosion, failure of the TBC

typicalﬂrsin the vicinity of the thermally grown oxide (TGOfpllowing a

seque crack nucleation, propagation and coalescence protebs geneal,

failure BCs is driven bstress in theYSZ top coatandthe TGO(either from

ce [
the thermal misfit stress or from the growth stress at high temperanceyesisted

by the ialtoughness between the coating andsthiestraté® . _s

However, few effod have been made to optireizhe
inter@rostructure to improve the lifetime of TBGSthough conventional grit
blasti dure is usually beneficial t_by
gthe surface is relatively smooth (Ra <g2@) which is not
capabl presshe propagation of thinterfacial cracks™®. If an obstacle is

plac e crack path to impede or deflect crack propagation, the fracture toughness
should be improvedThis could be a practical approach to fabricate long durability
TBCs. Therefore, the objective of this work is to investigate if the lifetime of the

TBCs could be improvely manipulating the interfacial microstructure

I1. Experimental Procedure
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The substratevas _ which was cleaned with

alcohol and grit blasted witb0 grit alumingprior to the depositiorof the bond coat
Two types of mesh structure were designed. @asapplied on the surface de
bond *at ‘Eig. 1b). The othevas directly applied on the substrate, followed by
deposm bond coat (Fig. 1@he threedimensional (3D)meshstructure at

the c
I

techni(sewhich is schematically illustratad Fig. 1a The LPD systentomprisesa

multi-hipipowder feeder, a fiber laser, a coaxial nozzle and control s m.

of

10

| interfacewas fabricated by d&ser powder deposition (LPD)

Both t coat and the YSZ top coat were deposited using air plasma spraying
tech S). The bond coat consists of NiCrAIWI(-24.7Cr-5.11A1-0.49Y in
wt %).with a thickness of100 pym. The top coat is a standard 8YSZ with a thickness

of ~250 pm. For comparisonthe TBCs samples without mesh were studied as a

refereL

consists of a fast heap from room temperature @50 T, a dwell of 10 h and air

cooliMremoving the specimens frone furnace._d

a,

The spalation degree was
defined as the ratio between the spallation area and the total area of thaTESC.

specimens were embedded in epoxy, mechanically grounded and polished using
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diamond pasteThe sanning electron microscop§sEM, FEI Quanta 200)n the
backscattered electron mode was employed to examine the cross sectional

microstructure

1. R‘é“ and Discussion

e-and crosssectionaimageof theasdepositedAPS
TBCs \& hthe meshstructure In this case, the mesh with spac. of 1.5 mm, 2.0

Fig.%

mm and 2.5 mm was applied at the interface between the YSZ top coat and the bond
coat (Fi .Both the widthw and the heighth of the mesh are around 5Q@. The

sampl exposed at 1130 for lifetime test After 54 thermal cyclesthe
spallatwree of the TBCs samples as a function of the mesh spaecisg
summarizedand compared withthe reference samplesshown in Fig. 2c The
corres@g surfageorphology vasshownasinset.For the reference sampgle.e.

the SYWCS without mesh, more tha@% of the top coat delaminatdrom the

substrate. In contrast, the TBCs with mesh structure only esxtilok10% spallation.
This irms that introduction of the mesh structureans effective approach to
impr, ifetime of the TBCs. In addition, thgallationdegree decreadeavith an

increase of the mesh spacifideanwihile, bespaliationdegree of samples with mesh

While for the
TBCs esh structursmall areaspallation of the TBCs mainly occed at the

cre e mesh, i.e. the cross point between two mesh lines (Fig. 3c). Several
reasons might be responsible for thienomenon(1) the-isurface of the mesh
causs the thermal misfit stress, either in the YSZ top coat or the TGO, to redistribute
at the crest'). Normal tension develsmt the TGO/bond coat interface, as well as in
the YSZ top coat, which nucleates and grows cracks in this viciiity(2) upon
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cooling, the difference in the thermal expanstmefficient betweemesh and YSZ
could induce a large thermal misfit stress at the ceramial interface, leads to
debonding of the top coéf!; (3) During oxidation, fasgrowing noralumina scales

like spinel tend to form atrestof mesh, which deteriorate titerfacialadhesior*

1. At the'Same time, napparenspallation betweethemesh was observehe Fig.
3d illustratel‘that the interfacial crack propaggt between this area was impeded
_Therefore, by reducing the crest density, i.e.

increasing the mesh spacing, 8pallationdegree can be decreased, as shown in Fig.

2cC.

However, it should be noted that if the mesh spacing is too large, the bedalkesen
meshcan easilycoalesceand form large area delamination. There should exist an
optimalsspacing, which can reduce the spallation at the crest to the minf&buhe
same time theoalescencef the cracks near the interfacetop coat and bondoat
could be 'suppressed. As shown in R3d, vertical crackpresentedn the YSZ top
coat.after-thermal treatmerindicatinga tensilestress. Suclstress usually induces
interfacial crack originag from theendof vertical crack (Fig. ad) ™. Considering
interfacial delamination develsgrom theside of vertical cracksThe steady state

energysrelease rate for interfacilamination form each side wértical crackis

_ o d oy
G =2 (/g (1)

where Z* isy a dimensionless coefficient depending on the width of interfacial

delamination (i). o and £ are Dundursparametersgiven by™®:
bc

Etbc - Esub
o0 =————

= 2a
Etwc + Esb (22)
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£ = 1 A= 2vg ) tgp = A= 2V ) | M (2b)
2A=2vg ) prgpy + Q= 2vipe ) | piye

whereE = E/1-v? is the plain modulus E, v are the Youngs modulus and

Poissomg ratio, 1 =E/2(1+v) denoteghe shear modulusVith E, =50 GPa, E_,

tbc
=200, GPa, v, =0.2, v, =0.3, the Dundus parameters arex =-0.61 and S
=-0.24"7d" h,., o, are interfacial crack width, thickness and tensile strettseof

top coatwlhe steadystate growth ofvertical crack combination withinterfacial

delaminatiorshould satisfy an energetiondition:

Gy =T +W, 3)

The typical'value for the fracture toughneds of APS TBC is approximately 30

J/n? [, W, is the energy required for interfacial delaminataetompanyingoer
unit area.growth of vertical cragkee crack pattern in Fig. 3e), represented by:

dS

W, = 2I'(Yy)
’ htbc

(4)

where T'(V¥) isthemixedmode toughness depending on the phase amgié"]:

[(¥g) =T [1+ tan® (- ) ¥)] (5)

where T, is the model toughness of interfacef TBC and substratelhe phase
anglesis determined by stress intensity factorsy: tan™ (K /K ). 12 depends on
the elastic mismatch. @stituting in appropriate valuese(=-0.61, 5 =-0.24, T,

=35 J/nf), we haveW¥_=55°, 1=0.41, I'(¥.)=46 J/nt 1** 2 |n this study,the

thickness of top coah, is 200um and thetensile stress the YSZ top coat iabout
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150 MPa measured using Ramapectroscop¥?® 2. The predictedstable interfacial

cracklength d, is approximately 3 mnaccording to Eqq1), (3) and (4) Assuming

that the vertical crack located in the middletwb meshesthe optimal spacing is
aromﬁ.‘l’hat is to say, if the mesh spacing is larger than this value, the mesh
loses i @ ommpedingthe propagation of interfacial cracks. However, it should be
noted that the above calculation is a rough estimation. The accurateelesen the

detemm of interfacial toughness and phase angle, etc.

Fig. 3 Qdemonstraté that tke propagation of interfacial crack can be impeded

by the [meshstructuféloweverihe high mesh could lea o large surface folighness

nBherefore, it is worthwhile to determirthe

optima of the mesh.
In TBC s , the residual stress is influenced by the curvature of the intEédace.
con ce, radial tensile stress will developed at the interiabizh plays an

importigt role innucleationand propagatiorof radial crack close to the interface.

crucial
estirmress stat@around thecrestof the mesh.The radiusR of mesh with
heig width ofw (seethe insetin Fig. 4) is represented by:

where h, w are the height and width of mesh, respectivilys assumed that the

Therefwerstanding of the radial stress around the crest of dwwdace is

ime prediction?”. A two-concentrie cylinder model wasemployedto

(6)

residual stress caused only by the thermal misfit of the coating and substrate when the
TBCs cool from 1150C to ambient temperatu(@0 °C). For a rough estimatiqrthe
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TBCs are treated as stress free @tidation temperatureThe degndence of radial

stress on height (i.e. radius) of the mesh is calculatéd'by

Eioe (@b — atbc)AT|:( R +Rhlbc j - 1]

R E.p 1+Vy, R

R
-R=- 2 2 ()
O
| -

.
However, wlie the

heig is, lower thanthe critical value, the interface cracks will coalesce with
hori k, forming large scale delaminatidvieanwhile the spallation ofhe

top coatwill be acceleratedecause of the tensile streassusedoy mesh, compared

with trhl TBCs.

To veriOeffect of mesh height on TBGreshes with height &@30umand 130

applied between the bond coat and the sub_l

.The spallation degree was shown in Fgand the
resultsmpleswith meshheight of 500 un{mesh located betweeahe bond coat
and th

umwe

at)wereincludedfor comparison.The spallation degredecreased as
the decreasing, demonstratitngit lower height of mesh iseneficial for
lifetime. The insetshowsthat the crack shows the surface of sample with mesh height
of 330 um, illustrating the deflection of crack due to teristenceof mesh.Fig. 6
presers the cross sectional image of the APS TBCs with different mesh heé&ight.

TBCswith meshheight of 500 pumgebonding othetop coatfrom the crest of mesh
This article is protected by copyright. All rights reserved



was severeln contrast, &r TBCswith meshheight of 130um, the horizontal crack
propagatedalong theYSZ/TGO interface and coalescethis implies thatoncethe
mesh heighis below alower limit, for example, 13Qum in this study the crack
impedingeffect will disappear and the failure behavioridenticalwith the standard
APS TBCs.'However, if the height excerd the upper limit(e.g., 330um, Fig. 5),
severercrackingroundthe meshdevelops which could beattributed to the vertical
crack formed during the process of depositidnderthermalcycling, tensile stress

arises atstheysurface of top coat asdbstrate. Thereforenterface delamination will

generatesfrom theoot of the vertical crack leading to spallatio_,
the thiékiiEss of top coat around the mesh, especially for TBCs with mesh up to 500
ing,

C

_. Based @meliminaryresults,the optimal height shoulde

in the rangebetween130~330 pmfor the samples investigated in this studly

additionscompared with mesh applied on the surface of the substratesiff-ic), the
mesh-applied on the bond coat surface (Fig. 6a) have a smoother interface which
deteriorates theanterfacial adhesion and causes debondififne mesh deposited

directly on the substrate surface is more beneficitie TBCs durability.

V. Conclusions

In summary,. the laser powder deposition techni@itRD) was employed to create
threedimensionalmesh structure at theoatingsubstrateinterface of APS TBCs.
With "the meshstructure the spallation degree decreased frorore than50% for
referenceAPS TBCs to less than 10%fter the same thermaieatment It was
suggestedhat mesh is effective in impeding the propagation of crack along the
interfaee,significantly improving the lifetime of BCs. Thereshould exist an optimal
value for the mesh height and spacing, at which the TBCs exhibit the longest
durability. This work demonstrated that manipulating the interfacial microstructure is

a potential approach to improve the lifetime of the TBC, particularly in making thick
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TBCs. More systemtc work is being carried out to optimize the mesh structure and

geometry parameters.
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Figure'Captions
Fig. 1. (a) Schematic of the LPD systefln) mesh on the surface of bond coat; (c)
mesh on the surface of substrate.

Fig. 2. (a) Optical photograph and (b) SEM micrograph edfegsosited samples with
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the mesh structure; (c) spallation degree of APS TBCs as a function of spagitg le
after 54 thermal cyclesThe inset presents the surfacpdgraphy of corresponding
samples.

Fig. 3.(a) The spalled area and (b) cross sectional image of standard APS TBCs; (c)
the topssurface and (d) the cross section of the APS with mesh straftené4
thermMThe mesh spang of this specimen 2.0 mm (e) the schematic of the

mode of a steady state vertical crack with interfacial crack

Fig. 4.. Radial stress at the interface of coating/substrate for different mesh height.
The inget Shows the schematic of two concentric cylinder model in W@snesh

height below and exceeding 250 pm.

Fig. 5. $allation degreef APS TBCswith different meshheight afterd4 thermal

cycles The inset shows the impeding effect of mesh on cracks propagation.

Fig. 6.SEM images of samples aftgd cycles atl150 °Cwith mesh height of: (a)
500 M (B)Y330 um; (c) 130 pm.
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