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Abstract

Performance of an IAO-N based duplex coating systefCS) was examined in order to improve the high-temperature
oxidation resistance of superalloys and the low-pressure plasma sprayed NiCrAlY coatings. The~BG8m thick) was
deposited using pulsed DC reactive magnetron sputtering as an external coating on Rene’N5 superalloy with and without NiCrAlY
coating. DCS coatings were characterized using photo-stimulated luminescence spectroscopy, optical microscopy, scanning electrc
microscopy and energy-dispersive X-ray spectroscopy before and after high-temperature oxidation. As-deposited DCS containe!
varying amounts ofx-, y-AlO; and amorphous phases depending on the chemistry and surface characteristics of the substrate.
Heat treatment at 112C (2050°F) for 2 h in air facilitated complete phase transformation to equilibriatpAl,O5 in the DCS.
Improvement in oxidation resistance was observed for DCS specimens during 250-h oxidation %€ {2230°F). In particular,

DCS was found to be very effective as an external coating on the réagssprayed NiCrAlY surface. The superior oxidation
resistance of the specimens with DCS may be attributed to the formation of slow-growing and adherent alumina scale and the
prevention of NfCr-rich oxide formation.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Oxidation; Thermally grown oxide; Coatings; Residual stress; Photostimulate luminescence

1. Introduction (presumably through grain boundary diffusjoii,2],
and is generally represented by the parabolic rate con-

The adherence and durability of thermally grown stant,K, [1]. The growth rate of an oxide scale strongly
oxide (TGO) are critical to the long-term performance depends on oxidation temperature and composition of
of high-temperature materials. Many high-temperature alloy and/or coating. For systems requiring extremely
alloys and their coatings are designed to form a protec-long lifetimes, even a moderate changekincan result
tive TGO scale against oxidizing environments. The in measurable changes in oxide thickness, metal con-
factors that control oxidation-limited life of alloys and sumption, elastic strain energy in the scale and conse-
coatings are the growth kinetics of TGO scale, spallation quently the lifetimes.
of TGO scale during thermal cycling, change in com-  The loss of adhesion between the T@Gfetal inter-
position of alloys and coatings due to TGO formation face and the subsequent TGO spallation is especially
and interdiffusion. Integrity of the TGO scale is gov- dangerous in the case of thermal barrier coatings
erned by the magnitude of elastic energy in the scale,(TBCs), which are extensively employed to provide

which in turn is determined by the magnitude of residual {hermal protection of hot-section component in advanced
stress(growth and thermal stresseand the thickness  rhine engines[3—7. TBCs in general consist of a

of the; scale. The scale thickne;s is determined by thecaramic topcoat, a TGO scale, an intermediate bond

diffusion of oxygen andor metal ion through the scale coat (i.e. TGO forme) and a superalloy substrafé—
*Corresponding author. Tel+1-407-882-1181; fax:+1-407-882- 71+ 1he failure of TBCs often occurs near the thermally

1462. grown aluminum oxide(TGAO) layer [3—-13 due to
E-mail address: ysohn@mail.ucf.ed@Y.H. Sohn. compressive residual stress in the TGAO arising out of
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thermal expansion mismatch between the oxide and the
underlying metal. Since TGAO forms between the
ceramic top coat and the intermediate overlay bond coat,
the failure of the TGAO scale will lead to permanent

loss of the topcoat, and hence the loss of thermal (a)
insulation for metallic components. Failure of TGAO
scale on a typical bond coat, MCrAI¢YM =Ni and/or Duplex Coating

Co), is frequently associated with the compositional
change in the TGO from alumina to a mixture of
chromia and spinels due to the depletion of Al from the
MCrAlY and concurrent enrichment of Ni, Cr and Co
in the oxide[14—16. The spinels begin to form instead
of alumina when the Al activity in the bond coat
decreases below 107 [17]. e
Development of MCrAlY coatings with improved
oxidation resistance at elevated temperatures is thus
major challenge. One approach to overcome this chal-
lenge is to develop an additional coating or coating
system, either as an external layer over the MCrAlY
coating or as a diffusion barrier between superalloy
SUbStrat_e, and Fhe MCI’AIY. _In recent years, coating Fig. 1. Schematic illustration of specimens examined in this study:
compositions, viz. TiN and Ti([18] or the AlI-O-N (a) stand-alone Rene’N5b) DCS coated Rene’N5(c) NiCrAlY
system[19], have been considered for this purpose. The coated Rene’N5(d) Rene’N5 coated with NiCrAlY(as-sprayed-
combination of the favorable physical and thermo- rough surfackand DCS ande) Rene’N5 coated with NiCrAIY(pol-
mechanical properties of coatings based o @-N  ished-smooth surfageand DCS.
system[20-23 makes it a potential candidate for this
application. A coating system based orl-®-N is

expected to enhance the oxidation resistance of the Disk-shaped 16 mm diameter; 1.5 mm thigksingle-
superalloy-MCrAlY system by reducing the TGAO ¢rystal Rene’N5 superalloy specimens were coated with

(b)

(d)

2. Experimental details

growth rate, suppressing the formation of/Rr/Co- NiCrAlY and DCS in collaboration with Surmet Cor-
the superalloy and MCrAlY coating. the Rene’N5 is Ni—7.3Co—7.0Cr—6.4Ta—6.0Al-5.1W—

The objective of the present investigation was t0 3 oRe—1.4Mo—0.1Hf—0.01Ti—0.05C by wt.%. The DCS
examine the suitability of an external duplex coating (~5 pm thickk and NiCrAlY (Ni—17%Cr—6%Al—
system(DCS) based on A-O-N system to improve  0.5%Y wt.%) coating(~ 100 um thick) were deposited,
the high-temperature oxidation resistance of superalloy respectively, by the pulsed DC reactive magnetron sput-
and NiCrAlY coating. An attempt was made to evaluate tering and low-pressure plasma spraying. Specimens
the compatibility and performance of such a coating were prepared according to the specifications listed in
system on Rene’N5 superalloy with and without Ni- Table 1. They are schematically illustrated in Fig. 1.
CrAlY coatings. In this paper, characteristics of the DCS Surface preparation was carried out by grindif@&0
in terms of phase constituents, microstructure and resid-grit SiC) and polishing(alumina suspension, 1;0m
ual stress are presented and discussed in the light offinal finish) to obtain Rene’N5 and NiCrAlY coatings
performance against high-temperature oxidation. with smooth surface. The polished surface was cleaned

Table 1
Specimen description for Rene’N5 superalloy disks coated with combination of NiCrAlY coatings and DCS

Superalloy VPS Surface finish of substrate Duplex coating
substrate NiCrAlY before the deposition of DSC system
Single-crystal None Polished, smooth None
Rene’N5 None Polished, smooth ~5pm

~100 pm As-sprayed, rough None

~100 pm As-sprayed, rough ~5pm

~100 pm Polished, smooth ~5pm

a2 Refers to the surface finish of either Rene’N5 or NiCrAlY onto which DCS was deposited.
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Fig. 2. Typical photostimulated luminescence spectra from the as-coat-
ed DCS on(a) Rene’N5;(b) polished-smooth NiCrAlY coatings and
(c) as-sprayed-rough NiCrAlY coatings.

in water, ultrasonically degreased with acetone and dried
prior to the deposition of DCS. The difference in surface
preparation prior to DCS deposition emulate the rough
and smooth bond coat surface for TBCs deposited by
air plasma spray(APS) and electron beam physical
vapor deposition(EB-PVD), respectively. The as-proc-
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the furnace. This procedure was repeated until the
completion of 250 total-hours of oxidation at 112C
(2050°F).

To examine the surface morphology, microstructure
and residual stress of the coatings Amdthe oxide
scale, optical microscopy, scanning electron microscopy,
energy-dispersive spectroscopgDS) and photo-stim-
ulated luminescence spectroscopyPSLS were
employed. The residual stress in the DCS jandoxide
scale was measured on the basis of the piezospectros-
copic shift in the photo-stimulated €r  luminescence
from trace C¥* impurity incorporated in the-Al O
details of PSLS can be found in Ref24—-21.

3. Results and discussion
3.1. As-deposited duplex coating system

Photo-luminescence from the amorphous and metasta-
ble y-Al 05 phases was observed as presented in Fig.
2a along with trace luminescence @fAl O, from as-
deposited DCS on Rene’N5. As-deposited DCS on
NICrAlY coating on Rene’N5 was found to consist of
a- andy-Al O ; phases as seen from the photo-lumines-
cence spectra in Fig. 2b and c. Relative intensities of
the photo-luminescence from-and y-Al O; however,
were different in the case of DCS on polished-smooth
and as-sprayed-rough NiCrAlY. Morg-Al O lumines-
cence was observed from DCS coated on the polished-
smooth NiCrAlY than DCS coated on as-sprayed-rough
NiCrAlY. The relative intensity ratio in terms of fraction
(i.e. the ratio ofR,—R, luminescence fronw-Al O ;to
the total luminescendeas a function of the substrate

essed DCS specimens were subjected to heat-treatmeriype is presented in Fig. 3. It should be mentioned that

at 1121°C (2050°F) for 2 h in air, in order to investigate
the kinetics of the phase transformations in the DCS,
and to assess the initial thermo-mechanical compatibility
of DCS with substrates. This temperature was chosen
with respect to the applications where Ni-base superal-
loys are employed for structural applications and the
oxidation resistance plays a critical role in component
durability.

All specimens were subjected to oxidation at 11€1
(2050 °F) for 250 h in ambient air using a muffle
furnace (Thermolyne F46100 with Eurotherm 2408
Temperature Controllgr Again, this temperature was
chosen with respect to the high-temperature application
of DCS. Specimens were cleaned with water, ultrasoni-

cally degreased in acetone, dried and accurately weighed

before the oxidation. They were arranged separately in
small alumina crucibles and placed inside the furnace
preheated to 1122C (2050 °F). Each specimen was

taken out of the furnace after 25 h of oxidation and
cooled to room temperature. After recording the weight
gain, which included the weight of the specimens and
spalled DCS-TGO flakes, specimens were put back in

Fig. 3 does not represent the actual volume fraction of
a-Al 05 in the DCS. Difference in surface finish may
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Fig. 3. Relative intensity ratio of photostimulated luminescence from
a-Al 03 in the as-coated DCS on different substrates. This fraction
does not correspond to the actual volume fractiorv ol O ; phase

in as-coated DCS.
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Fig. 4. Optical and secondary electron micrographs exhibiting morphology of heat-tt@4@t°C (2050°F) for 2 h) DCS on(a) Rene’'N5;(b
and 0 on polished-smooth NiCrAlY andd and e on as-sprayed-rough NiCrAlY.

be responsible for the apparent difference in DCS luminescence only frona-Al,O; (R, andR,) phase is
constituents. Rough surface of as-sprayed NiCrAlY sur- presented in Fig. 5. Equilibrium-Al O would be the
face may promote easier transition to equilibriuwn desirable constituent in DCS to minimize the TGAO

Al O ; phase[2§]. growth rate. Diffusion of metallic ions iny-Al Q5 is
much faster tham-Al O, due to partially occupied Al
3.2. Heat-treated duplex coating system lattice sites(~ 21 of the 24 sitesin y-Al O3 [29]. For

example, Becker et al[30] found that, even at low

Morphology of heat-treated DCS on Rene’N5, pol- Oxygen partial pressurey-Al,O; was able to dissolve
ished-smooth NiCrAlY and as-sprayed-rough NiCrAly 6-8 at.% Ti at 900C. Complete phase transformation
are presented in Fig. 4. Optical micrograph for Rene’N5- to equilibriuma-AlO;in DCS would minimize the rate
DCS in Fig. 4a shows some scratches on Rene’N5, dueof TGAO growth, governed by the inward diffusion of
to the optically translucent nature of the DCS. DCS on oxygen through the TGAQ17,31,32.
polished NiCrAlY coating had many cracks and spalla- PSLS data from 10 randomly selected locations were
tion as seen in Fig. 4b and c. On the other hand, theused for the measurement of residual stress in DCS,
surface morphology of the heat-treated DCS on as- containing a-AlO; phase. Magnitude of compressive
sprayed-rough NiCrAlY is relatively uniform and with- residual stress, determined on the basis of piezospec-
out cracks as seen in Fig. 4d and e, except for thosetroscopic shift[24,29 of the photo-luminescence, indi-
from spat-quenched NiCrAlY coating underneath. cated thata-Al O is least compressively stressed for

PSLS measurements were carried out on all specimenghe as-sprayed-rough NiCrAIYo ¢om,=0.64+0.3 GPa.
after heat-treatment. Luminescence only froafl O, Magnitude of compressive residual stresscirAl O,

(R, and R,) phase was observed in all cases: typical was higher for the polished-smooth NiCrARG comp=
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Fig. 5. Microstructure and residual stress of heat-tre&féd®1 °C (2050 °F) for 2 h) DCS on polished-smooth NiCrAlY surfacéa) Optical
photomicrograph shows three distinctive regiofi®. Bimodal luminescence was observed from the light regionThe gray regions were highly
compressively stressed afd) the dark regions were stress-free.

1.7+ 1.7 GPa and for Rene’NS( o ¢omp=1.8+0.3 GPa R, luminescence was obtained from the light region.
substrates. The large standard deviation on polished-One set ofR,—R, luminescence is believed to originate
smooth NiCrAlY can be attributed to the stress-relief from the stressed componef ;om,=4.0 GPa, while
associated with the localized damage of coating shownthe other is due to nearly stress-free component
in Fig. 4b and c. (0comp=0.5 GPa of the DCS andor a-Al O ; scale
Relationship between microstructural features and [33,34. This observation could be due to partial stress-
residual stress variation for the heat-treated DCS onrelief associated with the damage #od phase trans-
polished-smooth NiCrAlY surface is illustrated in Fig. formation in the DCS. Gray regions in Fig. 5a represents
5. Optical photomicrograph in Fig. 5 shows three dis- oxidized (a-AlJO3) NiCrAlY surface with high magni-
tinctive contrast(light, gray and dark regions on the  tude of compressive residual strdgg.,,,= ~4.5 GPa
top of the DCS coating. Typical photoluminescence resulting from the heat-treatment and subsequent cooling
spectra presented in Fig. 5b—d show that the magnitudeto room temperature. In gray regions, DCS has spalled
of compressive residual stress varied significantly for during heating period of the heat treatment and the
these regions. Bimodal photo-luminescendgg. 5b) exposed NiCrAlY surface was oxidized during the heat
(0comp=4.0 and 0.5 GPaconsisting of two sets ak — treatment. Dark region in Fig. 5a represents damaged

1.4‘.,3!' 1
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Fig. 6. Cross-sectional secondary electron micrographs of heat-trgkit2d °C (2050°F) for 2 h) specimens(a) NiCrAlY coated Rene’N5 and
(b) DCS coated NiCrAlY(as-sprayed-roughcoatings on Rene’N5.
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Fig. 7. Weight change vs. exposure time of various specimens oxi-
dized at 1121°C (2050 °F) in air. Spalled flakes of the TGO scale
and/or DCS were included in the weight measurement. Legends SR,
R-DCS, RR, RR-DCS and RS-DCS refer to stand-alone Rene’N5,
Rene’N5 with DCS, NiCrAlY coated Rene’N5, DCS on as-coated-
rough NiCrAlY with Rene’N5 substrate and DCS on polished-smooth
NICrAlY with Rene’N5 substrate, respectively.

DCS, corresponding to that shown in Fig. 4c with
complete stress-relief. Presence of both gidsgmaged
and reoxidizedl and dark(damaged regions indicates
that the DCS spallation from polished-smooth NiCrAlY

surface occurred during both heating and cooling period

of the heat treatment.
Cross-sections of heat-treated specimens, NiCrAlY

coated Rene’N5 and DCS coated on as-sprayed-rough

NIiCrAlY coating on Rene’N5 are presented in Fig. 6.
Typical microstructure of a thiff~2-3 wm) and con-
tinuous TGO layer on NiCrAlY coating is presented in
Fig. 6a. A duplex layet ~7-8 um) consisting of both
TGO and DCS can be seen from Fig. 6b for the
specimen coated with DCS on as-sprayed-rough Ni-
CrAlY coating on Rene’N5. The TGO apdr DCS
were uniform and continuous for both specimens.

3.3. Oxidation behavior of the duplex coating system

High-temperature oxidation test was carried out at
1121 °C (2050 °F) in air for 250 h for all specimens.
Stand-alone Rene’N5 and Rene’N5 coated with Ni-
CrAlY were also tested for comparison. The oxidation
data plotted as specific weight chan@eg/cn?) vs.

exposure time for all specimens are presented in Fig. 7.
Measurements of specimen weight included weight gain

due to oxidation and the spalled flakes of TGO And
DCS. Lowest weight gain was observed for specimen
coated with DCS on as-sprayed-rough NiCrAlY coated
Rene’N5. Stand-alone Rene’N5 had the maximum
weight gain.

3.4. Characterization of oxide scale

Visual inspection of the specimens during weight
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evidence of progressive TGO afat DCS spallation in
the case of stand-alone Rene’N5, DCS on smooth
Rene’N5 and DCS on smooth NiCrAlY coatings. How-
ever, there was no evidence of TGO #nd DCS
spallation for the specimen coated with NiCrAlY on
Rene’'N5 and the specimen coated with DCS on as-
sprayed-rough NiCrAlY coating on Rene’N5.

3.4.1. DCS on polished-smooth NiCrAlY after oxidation
Surface morphology of the DCS on polished-smooth
NiCrAlY after oxidation is shown in Fig. 8. Oxidized
surface consisted of regions where oxide scale/and
DCS have spalled off during cooling, exposing the
metallic NiCrAlY surface with TGO imprints as seen in
Fig. 8b. This was also confirmed by EDS analysis where

Fig. 8. Secondary electron micrographs showing(tesurface mor-
phology of DCS coating on polished-smooth NiCrAlY coated
Rene’N5 after 250 h of oxidation at 112C (2050 °F) in air: (b)
exposed metallic surface with TGO imprints due to TGO spallation

change measurements every 25 h of oxidation providedand(b) intergranular cracks in intact DCS.
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Fig. 9. Secondary electron micrographs showfay typical surface
morphology of TGO on NiCrAlY coatings after 250 h of oxidation
at 1121°C (2050 °F) in air. Representative micrograph shows
surface morphology of dense, continuowsAl O; and (c) porous
oxide scale.

intensities of Ni, Cr and Al X-radiation correspond well
with those of NiCrAlY coatings. This imprint morphol-
ogy is associated with brittle fracture of the TG®etal
interface, and has been reported by several aufl3ars

37]. Intergranular cracks on surfaces were observed in
region where DCS was intact as presented in Fig. 8c.

Formation of these cracks and spallation of oxide /and
or DCS would adversely affect the high-temperature
oxidation resistance of these specimens.

3.4.2. Rene’N5-NiCrAlY and Rene’N5-NiCrAlY (as-
sprayed, rough)-DCS after oxidation

A typical surface morphology of as-sprayed-rough
NiCrAlY coatings on Rene’N5(without DCS after
oxidation is shown in Fig. 9. Two morphologically

Technology 183 (2004) 224-232

distinctive regions representing continuous dense

Al O, scale, Fig. 9b, and porous oxide scale, Fig. 9c,
were observed. Surface morphology of the DCS coating
on as-sprayed-rough NiCrAlY coated Rene’N5 is pre-
sented in Fig. 10. A typical morphology of continuous

densea-Al O scale was uniformly observed as shown

in Fig. 10b.

Cross-sectional secondary electron micrographs of the
oxidized specimens of these two specimens are present-
ed in Fig. 11. Oxide scale developed on NiCrAlY
coatings consists of two distinct layefight and dark
as presented in Fig. 11a. EDS shown in Fig. 11c suggests
that the light region(top-layep of the oxide scale
contains oxides phases such as ,GrO and
Ni(Cr,Al),Q, spinels. The dark region consisted only of
Al as seen in Fig. 11d. On the other hand, a uniform
oxide scale consisting only of Al © was found for the
specimen with DCS on the as-sprayed-rough NiCrAlY
as seen in Fig. 11b and e.

Formation of non-protective oxides in TGO, such as
Ni(Cr,Al),Q, spinels, can be detrimental to the oxidation
resistance of a metatoating systeni38]. These usually
increase in extent with the exposure time in oxidizing
conditions at elevated temperatures, and thus limit the
useful lifetime of the system. Results in this study
suggest that the application of DCS as external coating

Fig. 10. Secondary electron micrographs showiaptypical surface
morphology of DCS coated on as-sprayed-rough NiCrAlY coating
after 250 h of oxidation at 1123C (2050°F) in air. (b) High mag-
nification micrograph shows a region where surface morphology of
a-Al 05 is dense and continuous.
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Fig. 11. Cross-sectional secondary electron micrographs of TGO scale, developed after 250 h of oxidation°@t (2080 °F) in air, on as-
sprayed-rough NiCrAlY coatinga) without and(b) with DCS coating. TGO scale developed on NiCrAlY coating without DCS consists of two
layers containingc) Ni/Cr/Al-rich oxides and(d) Al-rich oxide. With the application of DCS coating, a single layer scale containing Al-rich
oxide was observed to develop.

has helped to prevent the formation of non-protective
oxides by promoting an anion-controlled.e. inward
diffusion of oxygen through the alumina scateidation

to form a slow-growinga-Al 05 [15,29,30. On the
other hand, without DCS, outward diffusion of Ni and
Cr [39] has significantly contributed in the overall
process of oxide scale formation.

o
T

Y
T

3.4.3. Compressive residual stress of the DCS and/or
TGO after oxidation

Compressive residual stress in DCS And oxide
scale after 250 h of oxidation at 112C (2050 °F)

were determined on the basis of the PSLS data from 10

Average Compressive
Residual Stress (GPa)
N w
1 T

-
T

randomly selected locations of each specimen. The 0 Giand. DCSon DCSon NiCrAlY  DSCon

average value of the compressive residual stress for alone  Rene’N5 Polished Coating on As-Sprayed

various specimens is presented in Fig. 12. Stress-free Rene’N5 NiCrAlY — Rene’N5  NiCrAlY
(Smooth) (Rough)

luminescence associated with spallation was excluded
in the calculation of the average values. Extensive . : )

llation of the oxide scale was observed during oxi- Fig. 12. Average values of the compressive re_sndual stress in-the
Spg . 9 . AlO;scale andor the DCS after 250 h of oxidation at 112@ (2050
dation for stand-alone Rene’N5 and DCS coated SPeci-<F) in air. Stress-free luminescence arising from TGS spallation
mens with extremely high magnitude of compressive was excluded from the calculation of average values.
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residual stress of the-Al O, scale. On the other hand,
spallation of the oxide scale was not observed for the
specimens Rene’N5-NiCrAlY and Rene’N5-NiCrAlY

(rough-DCS, whose compressive residual stresses were [43

much lower. Thus, magnitude of compressive residual
stress seems to play an important role in spallation of [14] D.P. Whittle, D.J. Evans, D.B. Scully, G.C. Wood, Acta Metall.
TGO scale, although the spallation resistance of a TGO
scale cannot be determined solely on the basis of the [15 C.S. Giggins, F.S. Pettie, J. Electrochem. Soc. 11871
magnitude of the residual stress in oxide scale. 1782

4.

Conclusions

Al-O—-N based DCS was investigated to enhance

high-temperature oxidation resistance of superalloy and
NIiCrAlY coating. The following conclusions were
drawn from this investigation:

As-deposited DCS contained varying amounts of
amorphous, metastablg-AlO; and equilibrium a-
Al O ; phases as a function of surface characteristic
of the substrate.

Heat-treatment facilitated the transformation of amor-
phous and metastablg-Al,O; to equilibrium «-

Al O ; phase in the DCS.

Improvement in oxidation resistance was achieved by
the application of DCS on as-sprayécbugh Ni-
CrAlY surface. The superior oxidation resistance of
the system is attributed to its ability to form and
maintain a slow-growing alumina scale during oxi-
dation. DCS also helped to prevent the formation of
Ni/Cr-rich oxides.
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