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Abstract

Gas turbine designers are increasingly using electron-beam physical vapor def®BieiD) thermal barrier coating§STBC)
to meet the challenge of higher efficiency gas turbine engine requirements. A key feature for expanding the use of TBCs is
increased spallation life and reduced spallation life variability. Such a coating system comprises a s(straged single
crystal alloy, a bond coatdiffusion aluminide or MCrAlY), a ceramic(7 wt.% yttria stabilized zirconig and a thin thermally
grown oxide(TGO) between the bond coat and the ceramic. The TGO is intended todlemina, but evidence reported by
other researchers suggests that in some cases the as-deposited TGO may not bexaitirelga. The thin nature of the TGO
in as-deposited TBC6< 0.5 wm) makes analysis of the phases present and morphology difficult. Advancements in transmission
electron microscopTEM) sample preparation and photo-stimulated luminescence spectroée&hyd have allowed higher
quality and easier characterization of the TGO. In this study, EB-PVD TBCs were applied to platinum-aluminide bond coats on
a Ni-based superalloy. Three types of coatings were produced by changing one PVD process variable. The as-processed TG
layer was characterized utilizing scanning transmission electron microg&@p¥M) and PSLS for each of the three coating
process variables used. Results of this work found that the TGO comprised two subldyesscontinuous layer ofy-Al 04
between the mixed oxide zone and the bond coat; @da mixed oxide zone between the continuous\l O, and the TBC
layer. An explanation for the creation of the mixed oxide zone found in these TGO morphologies is pre€e@1. Elsevier
Science B.V. All rights reserved.

Keywords: Phase transitions; Transmission electron microscopy; Electron beam evaporation; Pack diffusion coatings; Zirconium oxide; Thermally
grown oxide

1. Introduction spray deposition in air. Improvement in bond coat
technology allowed TBC usage to move from protecting
Advances in gas turbine efficiency are related to sheet metal components in the rear of the turbine to use
turbine inlet temperature increases allowed by compo- ©n turbine vane$2] and combustor components. Chang-
nent materials, design and thermal resistance. Theind the deposition method from plasma spray to electron
increased efficiency can be in the form of greater beam physical vapor depositi¢&B-PVD) methods has
component durability, greater component performance, allowed TBC use on turbine blad¢g].
or a combination thereof. A key feature for expanding  The main reasons EB-PVD TBCs have been success-
the use of thermal barrier coatingEBCs) is increased ~ ful on turbine components is the columnar ceramic
spallation life and reduced spallation life variability. morphology unique to EB-PVD deposition and the
TBCs have been used in gas turbines for a numbersurface qualities attainable with this process. The seg-

of decadeg1]. The initial TBCs were applied by plasma Mented columnar morphology accommodates the ther-
mal expansion mismatch between the metallic
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resist erosion in the high velocity gas turbine environ- 6.2AI-0.2Hf-0.002Y [13] was fabricated into coupons
ment better than plasma sprayed coatif&yd]. The EB- with nominal dimensions of 25.4 mifil inch) by 3.18
PVD surface morphology is relatively smooth as mm (0.125 inch diameter. Media finishing of all cou-
compared to plasma sprayed TBCs and can be easilypons was done to round the coupon sharp edges and
polished to attain a finish of 0.7@6m (30 micro-inches. produce a finish similar to media finished production
Since the coating forms from a vapor phase, the coatingparts.
process does not easily block cooling holes. Holes as After machining, each coupon was bond coated with
small as 0.254 mm(10 mils) can be coated without MDC-150L, a chemical vapor depositiofCVD) alu-
bridging the hole opening and coating constriction, or minizing procesq14].
coat-down, of the hole is repeatable. Application of the TBC was performed in three TBC
Early descriptions of the EB-PVD system identified runs. One process variable, set at three different levels,
the substrate, the bond coat, the columnar ceramic, andvas the only processing difference between each run.
an alumina layer between the bond coat and the ceramicAll runs were performed in PVD1, a developmental
[5,6]. Strangman intended the alumina layer to de physical vapor deposition coater designed with produc-
alumina, which could be thermally grown or deposited tion capability in terms of pre-heater, part manipulation
onto the surface of the bond coat. The most common and evaporation characteristics. The ceramic was 7 wt.%
method in use is thermally grown, hence the use of yttria stabilized zirconid7YS2).
TGO to describe this layer. Failure of this system occurs  After TBC application, all coupons were heat treated
in the vicinity of the TGO [2]; usually between the to partial solution and age cycles per the alloy
TGO and the TBC or between the TGO and the bond requirements.
coat. Consequently, improvement in EB-PVD TBC spal-
lation life will come from greater understanding of the 2.2. Testing and analysis
TGO and its interaction with the TBC and bond coat.
Transmission electron microscod§fEM) work has 2.2.1. Photo-stimulated luminescence spectroscopy
shown that meta-stable phases of alumina may also exist The as-processed and cross-sectioned samples were
in the TGO [7]. Pioneering work by Clarke et a[8— characterized at ORNL using a Dilor XY800 Raman
11] uses photo-stimulated luminescence spectroscopymicroprobe(Jobin Yvon Inc) configured to operate as
(PSL9S to measure stress state and phases in the TGOa single stage spectrograph. The laser was an argon ion
non-destructively through the TBC. After short times at laser(Coherent, Inc., Mode#308C) operating at 514.5
use temperatures, the TGO @naphase(Ni,PtAI bond nm with an output power of 500 mW. An attached
coats converts entirely ta-alumina. microscope focused the incident laser to a spot size of
The purpose of this work is to study the TGO region 10-12 um onto the TBC top surface. A curve fitting
in the as-deposited TBC deposited condition. Thermally routine was used to fit a psuedo-Voigtian curve to the
grown oxide thickness is on the order of Qubn or less acquired spectra. Using this program, peak shifts as low
in as-deposited TBCs. Consequently, TEM is necessaryas ~0.01 cnt! were resolvable. The spectra were
to study the TGO morphology and crystallographic calibrated using an emission line from the argon ion
structure. Preparation of suitable TEM specimens from laser at 696.5 nm. Five spectra from each sample were
these bulk samples, having all the necessary layers andecorded between 14 300 and 14 700¢ém . Using tech-
interfaces sufficiently thin and intact for TEMSTEM nigues developed by Clarke et 48-11] several quali-
analysis, has long been a problem. Recently, the focusedies of the TGOs can be compared — residual stress,
ion beam (FIB) technique has been used to make phases present and thickness.
uniformly thin samples of these and other traditionally
difficult-to-prepare materials[12]. Large, intact thin  2.2.2. SEM analyses
areas through the TBCTGO/ (Ni,PtAI layers are pro- SEM analysis was carried out twice. Initially, SEM
duced using the FIB, enabling direct imaging of the full images of the TGO in the as-deposited TBC condition
TGO. TEM analysis, combined with bulk, non-destruc- for each process were made at 560@nd 20 kV using
tive evaluation via PSLS, have been used to fully a Topcon DS701 at HRC. Prior to performing the
characterize the TGO microstructure and phase make-imagining, each sample was cross-sectioned, mounted

up as a function of coating process in this work. in Konductme® mounting compound, and gold sput-
tered to improve surface electrical conduction and reduce
2. Experimental procedure charging of the sample.
A separate portion of each sample described above
2.1. Coating system preparation was analyzed using high resolutidf80 000x ), low

voltage (5 kV) SEM imaging of the as-deposited TBC
Nickel base alloy bar stock with nominal composition polished cross-section at ORNL using an Hitachi S4700
in weight percent of Ni-7Cr-8Co-2Mo-5W-7Ta-3Re- FEG/SEM.
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Fig. 1. Typical SEM images of the as-deposited TBC TGO interfacial regions for Procéas Rrocess B(b), and Process @c) at 5000x .
Specimens were Au sputtered and examined at 20 kV.

2.2.3. TEM /STEM characterization bright-field imaging and high resolution elemental map-
The technique for preparing TBO GO/ (Ni,PHAl ping of the full TGO interfacial region. A JEOL 4000EX
cross-sections for TEM analysis using the FIB were dedicated high resolution TEM was used for atomic
developed at ORNL. After slices were cut for standard structure imaging of the TGO crystalline phases. Dif-
metallographic cross-sections, additional piec& fraction data from the different phases present within
mmx2 mmx2 mm) were cut for TEM cross-section the TGO interfacial region were obtained directly from

specimen preparation. First, the tep80—90um of the the high resolution images.

TBC was removed from these specimens. Next, the

cross-sectioned samples were mechanically thinned3. Results

using an Allied High Tech Products, Inc. Techprep

Polishing Machingequipped with Multiprep Micropos-  3.1. TBC morphology /TGO thickness

itioning Head to ~50 pm thick and mounted on a Be

support ring for final thinning to electron transparency  Fig. 1 shows typical 5008 SEM images of the
using the Hitachi FB-2000A FIB System. The FIB TBC/TGO/bond coat interfacial region for each proc-
utilizes Ga ions to selectively etch a 20mx20 pm ess. Note that no distinct TGO microstructural features
thin section from the surface of the specimen for TEM are observed using this sample preparation method and
imaging [15]. This uniformly thin ‘window’ of material magnification for any of the samples.

(0.1 wm) contains all the regions of interest for

subsequent TEMSTEM analysis. An FE/Philips 3.2.  Photo-stimulated  luminescence  spectroscopy
CM200 FEG-STEM equipped with an Oxford super- (PSLS)

atmospheric thin window energy dispersive spectrometer

(EDS) and an EMISPEC integrated acquisition system  The remaining portion of coupons from Processes A,
for X-ray microanalysis was used for dark-field and B, and C were measured with PSLS by ORNL prior to
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Fig. 2. (a) Photo-stimulated luminescence spedSLS from TGO of Process A, Process B, and Process C and corresponding TGO residual
stress and TBC thickneséh) PSLS spectra obtained from puseand y-Al O ; powders and Process B TGO. The intensity of the spectra from
the purey-Al O, powder has been multiplied by 30.

high resolution SEM imaging sample preparation. Fig. the vy phase is a broad background with a sharp cut-off

2a shows the spectra from each sample between 14 30®tarting at~ 14 600 cnt* . They signal is much weaker

and 14 700 cm® . Note that the Process C spectrumthan that ofx as is reflected by the fact that the intensity

was magnified 10 times to make thealumina R and  of the+y spectra in Fig. 2b has been multiplied 30 times.

R, peaks observable compared with the other spectra. Also, a-Al O3 has some background luminescence and
In addition to being able to measure stresscin the YSZ TBC itself may fluorescence somewhat due to

Al O, PSLS can detect the presencebtoaind y-Al O 5 being slightly non-stoichiometric.

[10,17. Fig. 2b shows spectra acquired from pure

and y-AlO; powder as well as sample Process B 3.3. High resolution SEM imaging

between 12500 and 15500 ch . In this case, the

Process B sample has been cross-sectioned so that the At higher magnifications, microstructural details with-

TGO can be inspected directly without interference from in the TGO interfacial region can be resolved. Fig. 3a—

the TBC. The luminescence spectra from thehase is ¢ show the TGO in the as-deposited TBC condition for

characterized by the two well-known R-lines whereas each process. In Processes A and B, a mixed oxide zone
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Fig. 3. Typical SEM images of the as-deposited TBC TGO interfacial regions for Procésl Rrocess Bb), and Process €c) at 30 000<.
The mixed oxide zone is clearly visible for Processes A and B. Some mixed oxide zone is visible for Process C.

(Al 0;+7YS2) is clearly observed above a distinct and for Process C is much coarser than that observed for

continuous oxide layer. In Process C, the mixed oxide Process A or B.

zone may also be present, but much thinner and com-

prised of larger grained 7YSZ. 3.5. High resolution TEM imaging and diffraction
analyses

3.4. STEM compositional analysis High-resolution atomic structure imaging was used to

identify the crystalline Al @ polymorphs present within

Dark Field STEM images and corresponding Al and the TGO region. Numerous high-resolution images were
Zr high resolution elemental X-ray maps for each taken from the different areakontinuous layer and
process are shown in Figs. 4-6. All three processesmixed oxide zong of the FIB-prepared specimens rep-
show that the TGO consists of a continuous and pure resenting each of the three Procesé&sB or C). Fast
alumina layer between the bond coat and the mixed Fourier transformgFFT) were then taken from several
oxide zone. These three figures also annotate how thedifferent areas on each image to determine interplanar
TGO is divided into the mixed oxide zone and a spacings that would uniquely define the crystallographic
continuous A} Q -layer. Table 1 lists the thickness meas- structure of the phase being imaged. The FFTs give the
urements of the mixed oxide zone and the continuous periodicities observed in the image area selected, effec-
AlO slayer and the alumina polymorphs detected for tively giving the reflections(interplanar spacingsthat
this work and Stiger et al[16] in the as-deposited would be observed in a direct electron diffraction pat-
condition. Additionally, there is substantially more tern. Yttria-stabilized zirconia particles within the mixed
porosity in the Process C mixed oxide zone than in oxide zone were used as the ‘internal’ standard for the
either Process A or B. FFT calibration.

Inspection of the X-ray maps shows that the YSZ  This procedure is illustrated in Figs. 7 and 8. Fig. 7
particle size observed in the mixed oxide zone formed is a relatively low magnification bright field TEM image
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Fig. 4. (a) STEM dark field image and A(b) and Zr (b) elemental maps of sample produced by Process A. The dark field image has been
annotated to show the mixed oxide zone and continuous Al O layer of the TGO.

of the continuous alumina layer and mixed oxide zone in Fig. 7 and the corresponding FFT from this localized
observed in(Process @ High resolution images were area. The FFT shows a cub{d12) type pattern indi-
then taken from many selected areas, such as that withincating that the continuous phasesalumina. In fact,
the box(in the continuous alumina layemn Fig. 7. Fig. many FFTs were taken from the continuous alumina
8 shows the atomic structure image of the area boxedlayer in all three samples and all the FFT data show

Mixed
Oxide
Zone

- o

/ Al O;Layer

TBC TGO Bond Coat

Fig. 5. (a) STEM dark field image and A(b) and Zr (b) elemental maps of sample produced by Process B. The dark field image has been
annotated to show the mixed oxide zone and continuods Al O layer of the TGO.
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that the continuous layer is single phag@alumina in Table 1 _
all three samples. FFTs from many particles within the AS-deposited thickness measurements
mixed oxide zone from Processes A and B show that

. - . - . - g Coating Mixed oxide Continuous Alumina
the major alumina phase in this region is alsalumina zone layer alumina layer phas:
with particles ofa- and 6-alumina identified and mixed (pm) (pm)
with the YSZ pqrtlcles. The FFT data from_ Process C, piocess A 030 0.04 w0y
however, identifiedy -alumina as the predominant phase pocess B 0.29 0.06 a8,y
through the entire TGO interfacial region. No particles Process C 0.19 0.04 @0,y
of eithera- or 6-alumina were identified from the high-  Stiger et al[16] None 0.07 a

resolution images. This does not conclude that there is

absolutely noa- or 8-alumina within the mixed region  5re calculated from the R wave number shift relative
(the PSLS data showed that there was some of eachy stress freen-alumina. The calculations show that

phase preseht only that neither phase was identified processes A and B resulted in a 2.8- and 2.4-GPa

using high-resolution TEM imaging. compressive stress, respectively, whereas Process C pro-
, _ duced only a 0.8-GPa compressive stress. These stress
4. Discussion values suggest that the TGO transformation of the
alumina to a-alumina is not complete after all three
4.1. Initial observations Processes, with Process C clearly having the least

amount of transformation. Depending on surface rough-
As seen in Fig. 1, SEM imaging at low magnification ness, complete transformation of the TGOut@lumina
(5000x ) with a conductive gold film is not sufficient should yield a residual compressive stress in the range
to show the morphological details of the thin TGO nor 3.3 GPa[18].
obtain an accurate measurement for the TGO thickness.
Using these images alon@vhich are typical of the  4.2. Mixed oxide zone is found in all TGO morphologies
results obtained at industrial production facilifiesne studied
might assume that there were no microstructural differ-
ences between the TGO regions produced by Processes High magnification, low voltage SEM imaging of
A, B and C. polished cross-sections in Fig. 3 reveal the true nature
Residual stress calculations in the TGO for the differ- of the individual layers within the thin TGO of the as-
ent TBC deposition processes are shown in Fig. 2. Theydeposited TBC. A continuous alumina layer is observed

Mixed Al,O,Layer
Oxide \’\ NS

Zone

TBC ‘TGO‘ Bond Coat

Fig. 6. (a) STEM dark field image and A(b) and Zr (b) elemental maps of sample produced by Process C. The dark field image has been
annotated to show the mixed oxide zone and continuoys Al O layer of the TGO.
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Fig. 8. (a) High-resolution TEM image an¢b) corresponding FFTfrom area within box on imagefrom the continuous alumina layer within
the TGO interfacial region produced by Process C. The FFT is a Uliigy type pattern matching-alumina. This layer was found on all three
processes.
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in the cross-sections for all three processes. Howeverthe TGO without interference from the TBC. The R-
the mixed oxide zone, while clearly present within the lines associated witlw-Al.O; can be clearly seen as
TGO region produced by Processes A and B, is observedwell as those fromd-Al, O By comparing the shape of
only to a limited extent in the sample produced by the background of this spectrum with that of puye
Process C. Also, the total TGO thicknesses resulting Al O, it can be seen thaty is present within this
from Processes A and B are40% thicker than that sample. The subsequent TEM analysis revealed that the
produced during Process C. TGO in this sample was predominantitAl.O, This

The primary structural difference within the TGO highlights the ability of PSLS to detec§-AlO; in
produced by the different processes is clearly within the addition to 6-AlJO; and «-Al O3 When analyzing as-
mixed oxide zone. Processes A and(Bigs. 4 and % deposited coatings, the narrow spectral band for accurate
result in the formation of an extremely fine-grained measurement of the,RR, peak shifts and the presence
0.02 wm), relatively thick (~0.3 wm), pore-free or absence of-AlO; should be augmented with a
Al O3+ YSZ layer. The mixed oxide zone in the samples wide band measurement to determine the presence or
produced by both Process A and B are composed ofabsence ofy-Al 05 However, in a through-the-TBC
nano-crystalliney-, a- and 8-aluminast+ YSZ. In con- measurement mode, the low signal strength from very
trast, the mixed oxide zone formed during Process C thin TGO films may not always allow detection gf
(Fig. 6) has a much larger YSZ grain size-0.08 .m), AlQO,
is considerably thinne(~0.2 um), is primarily -
alumina+ YSZ, and contains numerous pores. 4.5. Mixed oxide zone formation

4.3. Gamma alumina is the predominate phase in the

TGO for all three processes A mixed oxide zone has been reported by Stilde].
The mixed zone is shown after an air exposure at
1200C (2192F). However, recent work has shown that
in samples with a grit blasted pre-TBC surface, discon-
tinuous segments of a mixed oxide zone may form in
the as-deposited condition.

This work suggests that, during the formation and

The dark field STEM images and corresponding high
resolution Al and Zr EDS maps shown in Figs. 4-6 for
the FIB-produced cross-sections from Processes A, B
and C, respectively, provide additional insight into the
true morphological variances for the thin TGO regions

in the as-deposited TBC samples. The continuous, PUre; - ansformation of the TGO, conditions exist to form a

alumina layer is evident in both the STEM images and .
EDS maps for samples produced by all three processes.Commuousy-'a‘|203 layer (Process A, B and L Process

Results of high-resolution TEM analyses conclusively pharamleters car; b_e_tqdljusted to _causte (:ﬁ}éward g]rovvth of
show that the predominate phase in all three processe le ¥ 1yer ;r;, initia cznveéig)?h 0 - Sm O"h

is y-Al O Figs. 7 and 8 illustrate this for Process C. . _203p asesFrocesses A an € outward growtn
Analysis of the continuous alumina layer showed it is is irregular, not planar in nature. As the TBC is deposited

. ; onto this TGO, the 7YSZ fills in the gaps in the irregular
approximately the same thickness and composed of th ; : .
same single-phasg-alumina in all three cases. Analysis eTGO morphology creating the mixed oxide zofe, 6-

of many locations within the mixed oxides zone showed ’ a-alumm_as and 7YSE . .
only Processes A and B had any evidencedoand 6- Upon high temperature exposure, it is predicted that
ALO, the y-phase will rapidly transform through the metasta-

ble 6-polymorph to thex-phase. It is believed that the
a-phase will then grow by predominately inward diffu-
sion of oxygen[19]. As this transformation completes,
the continuousy-Al 04 layer becomes continuous-
Al O with compressive stresses in the 3.5-4.0 GPa
range and a complex stress state similar to that illustrated
by Tolpygo [10] for 6-Al O3 needles grown from con-
tinuous 6-Al O ; that then transform ta-Al 0 4

The presence of the continuoysalumina layer in all
three samples and the small amounts cof plus 6-
alumina identified in the mixed oxide zorlgdentified
by TEM) coupled with the residual stress measurements
confirm that complete transformation to-alumina did
not occur during any of the processes. In fact, the whole
TGO interfacial region(continuous alumina layer plus
mixed oxide zong produced by Process C was com-
posed almost entirely of-alumina, which explains the _
much weaker PSLS spectral intensity and lawAl O 5 5. Conclusions
residual compressive stress.

With proper pre-TBC processing, the formation of a
mixed oxide zone within the TGO is possible in as-
deposited TBCs. The development of this zone is also

The TGO from sample Process B was analyzed in affected by pre-TBC processingurface finishing as
cross-sectior(Fig. 2b) allowing direct measurement of well as PVD deposition conditions.

4.4. Photo-stimulated luminescence spectroscopy can
detect y-alumina
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