NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



’ LjEGlB'iLlTY N.QTlC'E |

A major purpose of the Techni-
cal information Center is to provide
the broadest dissemination possi-
ble of Information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made availabie to expedite
the availability of information on the
research discussed herein.

1




LBL-21043

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA

Materials & Molecular
Research Division cpdi 0T

SEP 0 31386

o,

Presented at the 10th Annual Conference
on Composites and Advanced Ceramics,
Cocoa Beach, FL, January 19-22, 1986;
and to be published in the Proceedings

CEGRADATION MECHANISMS IN
THERMAL BARRIER COATINGS

LBL--21043

S.L. Shinde, D.A. Olson, L.C. De Jonghe, D
and R.A. Miller E86 015142

April 1986

Prepared for the U S. Department of Energy under Contract DE-AC03-76SF00098



LEGAL NOTICE

This book was prepared as an account of work
sponsored by an agency of the United States
Government. Neither the United States Govern-
ment nor an - agency thereof, nor any of ther
employees, makes any warranty, express or um-
plied, or assunies any legal liability or responsibiiity
for the accuracy, completeness, or usefulness of
any informat.on, apparatus, product, or process
disclosed, or represents that its use would not
infringe privately owned rights. Reference herein
to any specific commercial product, process, or
service by trade name, trademark. manufacturer,
or otherwise, does not necessarily constitute o
imply its endorsement, recommendation, or fzvor-
ing by the United States Covernment or any agency
thereof. The views and opinions of authors ex-
pressed herein do not necessarly state or reflect
those of the United States Government or ary
agency thereof.

Poasirenn e Herhetoy T absoratoey v an el opporhunty l"||]v|1)\("




LBL""21043
DE86 015142

--.,-"

DEGRADATION MECHANISMS IN THERMAL BARRIER COATINGS

S.L. Shinde, D.A. Olson, and L.C. De Jonghe

Lawrgnce Berkeley Laboratory
I".: 7ersity of California
L--<eley, California 94720

and
R.A. Miller

NASA
Lewis Eesearch Center
Cleveland, OH 44135

April 1986

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein Jo not necessarily state or reflect those of the
United States Government or any agency thereof.

DISTRIGUTION OF 12 3acuiccnt 1o uneinirap 'x)yy,




DEGRADATION MECHA!'ISMS IN THERMAL BARRIER COATINGS

S. L. Shinde’, D. A. Olson and L. C. De Jonghe

Lawvrence Berkeley Laboratory
Berkeley, CA 94720
and
R. A. HMiller
NASA - Levis Research Center
Cleveland, Ohio 44135

ABSTRACT

The degradation mechanism in thermal barrier coating s=system
subjected to prolonged heating in air as well as to thermal
cycling wvas studied. Bond coat oxidation was found to be +the
most important reason for degradation. The oxidation produced
NiQ® as vell as Al203 in one set of samples, but the variation in
initial coating structure made it difficult to resolve
systematic differences betveen isothermally hesa*ed and thermally
cycled samples. Hovever, the contribution to degradation from
changes in substrate compostion seemed less in the cycled sample.




I. INTRODUCTION

Thermal barrier coatings (TBC’s) have been developed for
high temperature gas turbine application since the 70'5.1'2 The
general.y wsaccepted thermal barrier system consists of a ’bond-
coat’ layer of Ni, Cr, Al, Y alloy on the substrate covered by a
ceramic layer, usually Zr0 with stabilizers (such asg yttria or

2

magnesia). The ceramic layer establishes a temperature gradient,

thus making it possible to use higher surface operating

temperatures. The bond coat serves ag an oxidation resistant
coating and as a buffer between the ceramic layer and
mechanically dissimilar =substrate. A failure in such a gystem

coneists of spallation and subsequent removal of the ceramic
layer.3 Recent studies have shovwn that the oxidation of the bond
coat is largely responaible for the c!egradation.:a'4 It 1is
therefore important to determine the nature of the products
produced at the bond coat/ceramic interface in oxidizing
environment. The atresses at the interface will depend on
whether the TBC is being subjected to prolonged or to cyclic
heating. This paper reports on the identification of the
oxidation producta at the interface and on the differences 1in

the interface microstructure and chemistry in TBC’s subjected to

prolonged heating and to thermal cycling.
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Specimens for optical metallography (OM), scanning electror
microscopy (SEM), and transmission electron microscopy (TEM)

vere prepared from twvo mets of TBC'’s. One set consisted of TBC'’s
L 2

prepared for the cylinder head in a diesel engine ; the other

vas & TBC under development at the NASA- Lewvis Research Center,

o
Ohio. The first met wvas subjected to oxidation in air at 900 C

for 1 and 10 hours. A sample in the second set was oxidized at
o
1100 C for 10 hours and an other one was cycled ten times, each
o

cycle consisting of 1 hour at 1100 C in air, followved by rapid
cooling to room temperature.

Both the as-received and the oxidized samples vere prepared
for cross-sectionsl microscopy (0OM, SEM and TEM) by a technique
described olsovhcre.s An AMR 1000 SEM, fitted with s KEVEX system

vas used for scanning electron microscopy, snd a Philips EM400

wvith EDAX vas used for analytical electron microscopy (AEM).

RESULTS AND DISCUSSION

The results on the first set of TBC’s “ave been reported
B
earlier. One of the figures ie reproduced for the sake of

completeness. Only results relating to changes at the interface
betveen bond coat and zirconis are presented here.
Fig. 1 ims an SEM micrograph showing the bond-coat portion of

o
@& TBC that vas oxidized for 1@ houra at 900 C in air. The EDX

spectra vere taken using a raster mode, wvith the raster covering
*
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approximately a 5-8 m square area. This gave information on the
zverage compositional changes in the bond-coat am s function of
distance from the ceramic layer. The three spectra included 4n
Fig. 1 shov definite aluminum depletion in the bond coat near the
interface. The reduction in the Al peak intensity is noticeable,
vhereas a Cr-peak intensity variation could not Lz detected. One
can therefore conclude that aluminum diffuses out of the bond
coat to form an oxide Jlayer (alumina) at the Z2r0 /alloy
interface. Also, because there is no variation in chromiim peak
intenaity, one would expect the major constituent of the oxide
layer developed at the interface to be alumina. Cross-sectional

TEM e®sanpleas mnade from the same saspecimen provided additional

information.

Figas. 2a and b shov the tvo oxicdation products detected at
the bond-coat/zirconis interface. This sample wvas oxidized at
QQOQC for 10 hours. Microdiffrection and EDXS established that
the oxidation products vere alumina (Al @, Fig. 2a) and nickel
oxide (NiO, Fig. 2b). The bond-coitagraina surrounding the
alumina vere found to be depleted in aluminum (see EDX spectrum,
top right, 2a). Thus aluminum diffused out cf the bond-coat
grains to form alumina at the ceramic/metal alloy interface.
Further oxidation of the bond-coat grains should then produce
oxide products other than alumina. The microdiffraction pattern

in Figq. 2b resu. . terd frcm both nickel and nickel oxide graine

superimpomsed in the electron beam, a8 confirmed by the EDX




spectrum. Thus, nickel oxide can be one of the oxidation
products at the interface. It is possible that the Ni, Cr, Al, Y
bond coat vas not homogeneous in composition, 8o that unalloyed
nickel grains vere present near the interface, leading to NiO
formation.

These observations indicate that the oxidation products at
the interface are aot alumina grains alone; other oxidation
productse may be produced depending on the homogceneity of the
bond- cocat and on the aluminum concentration in bond-coat grains
near the interface.

Figs. 3a, b and c shov optical micrographs from the second
set of samples. Fig. 3a shovs the cross-section of the as-
sprayed sample; Fig. 3b the cross-section of the sample oxidized
in air at 110G°C for 10 hours (isothermal); and Fig. 3c the
cross-section of the sample cycled 10 times (cycled). Lach cycle
consisted of 1 hour at 110@°C in air, folloved by rapid cooling
to room temperature. The difference in interface morphology in
the isothermal (Fig. 3b) and cycled samples (Fig. 3c) is evident
in these micrographs. Extensive bond-coat oxidation has led to
formation of oxides in both cases; hovever, the oxide layer has
penetrated up to the substrate/bond coat interface only for the
isothe:i mal sample (arrowvse in Fig. 3b).

The oxidation products in both the isothermal and cycled
samples vwere charucterized using SEM (AMR 1000) attached with e

KEVEX microsnalysis system. Figs. 48 snd 4b and Taeble I shovw

the variation in composition as a function of position in these




tvo samples. The quantitative estimates of the bulk bond coat,

and substrate compositions vere in reasonably good agreement with
the reported compositions (+ 35X error).

The isothermal sample shoved oxidation of the substrate as
vell ams of the bond coat. Microanalysis at position 1.1 (Fig. 4a

and Table 1) shovas the elemental composition of the oxide layer

developed at the bond coat/ceramic interface. If it is assumed

that all elements formed oxides, then the composition comes out

to be 75 mol¥%Al @ , 16.8 mo. % Cr @ and 8.2 mol % NioQ. Alumina
2 3 2 3

is thus a major constituent of the oxide layer at the interface.
Aluminum depletion from the bond-coat also was observed in this
sample. Hovever, even the bond-cost grains at the center of the
layer vere depleted in aluminum (position 1.2, Fig. 4a). This
indicates that some bond coat oxidation took place during the
fabrication (plasma spraying) itself. Ei:tensive oxidation of
the supstrate also had occurred during fabrication.

Microanalysis at position 1.3, Fig 4e showvs all elements of the

substrate vith enrichment i1in Al sad Cr. The subsirate has
oxidized in this region to form Al @ and Cr 0 . The substrate
shoved aluminum depletion (see coipgnitionazaz positions 1.4,
1.5 and 1.6). it wvould be difficult to say if this depletion

would alme occur in the absence of the obs2rved substrate
oxidation. The cycled sample shoved very similar compositional
changes, the only difference being the absence of aluminum
depletion in the substrate near the bora coat/subetrate interface

(see compositions at positions 2.1 and 2.2, Fig. 4b).




It is difficult to establirh, with certainty, the differences

betveen the iscthermal and the thermally cycled samples at this
time, since some oxidation took place during the <fabrication
itself, and the starting microstructures were quite different.
The results so far point out the importance of contreclling the
initial wicrostructure of the TBC for reliable performance.
Experiments on microstructure-controlled specimens are currently

in progress snd will be reported in the future.

ACKNOWLFEDGMENT

This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sciences
Division of the U.S. Departmeni. of knergy under Contract Number

DE-AC03-76SF00098.




POSITION Ni
Fig. 4a
1.1 23.71
1.2 82.47
1.3 43.°.9
1.4 67.85
1.5 70.12
1.6 67.8
Fig.4 b
2.1 73.06
2.2 73.21
Nominal
Compositions
Bond Coat 88. 05
Substrate €£3.20

34.62

17.08

29. 04

12.58

10. 07

11,32

Isothermally heated and

wt %

79.77

2.75

26.92

Table I

Cycled TBC'’s

13.15

15. 28

14. 24

15. 03

10.82

11.22

Compoysitional Variati 'n in

4. 49
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FIG 1.

FIG 2a.

FIG Zb.

FIG 3.

FIG 4.

LIST OF FIGURES

Changes 1in the bond-coat aluminum concentration with
distance from the bond-coat/zirconia interface.
Z2irconia 1is to the right and the substrate is to the
left of the bond-coat. The EDX spectra show al:minum
depletion near the bond-coat/zirconia interface.
Alumina graine at the bond-coat/zirconia interface in
a TBC heated isothermally at QOOGC for 10 hrs. The

EDX spectrum {top left) and the diffraction pattern
(bottom right) established the grains to be alumina.
The adjoining bond-coat grains are depleted in
aluminum (EDX spectrum. top right).

Nicke. oxide grain at the bond~-coat/zirconia
interface. The composmite diffraction pattern is due

to Ni and NiO grains superimposed in the eleciron
beam.

Optical micrographs shoving differences in morphology
of the ae sprayed (1), isothermally heated (2), and
cycled (3) TBC’a. The arrovs in (2) and (3) point to
regions vhere substrate oxidation has occurred.

SEM micrographs of isothermally heated (A) and cycled
(B) TBC’s. The results of microanalyses at positions
1.1 through 1.5 and 2.1 and 2.2 are presented in

Table I.
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