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Evaluation of Thermal Barrier Coating Systems
on Novel Substrates
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Testing was conducted on both plasma-sprayed (PS) and electron beam-physical vapor deposited (EB-PVD)
Y,Os-stabilized ZrO, (YSZ) thermal barrier coatings (TBCs) applied directly to oxidation-resistant
substrates such agB-NiAl, oxide-dispersed FeCrAl, and NiCr. On an alloy that forms a very adherent
alumina scale,B-NiAl + Zr, the coating lifetime of YSZ in furnace cyclic tests was 6 or more times longer
than on state-of-the-art, YSZ coatings on single-crystal Ni-base superalloys with MCrAlY or Pt aluminide
bond coats. Coatings on FeCrAl alloys appear to be a viable option for applications such as the external skin
of the X-33, single stage to orbit, reusable launch vehicle. Model chromia-forming bond coat compositions
also show promise for power generation applications at temperatures where hot corrosion may be a major
problem. In general, while this work examined unique materials systems, many of the same fundamental
failure mechanisms observed in conventional TBCs were observed.

Keywords thermal barrier coatings, NiAl, FeCrAl, NiCr, chromia coat CraCkS or b_ecomes deple_ted in.AI and can no longer form a
alumina, X-33 reusable launch vehicle protective alumina layer, Ni-rich oxide forms at a much faster
rate and leads to rapid coating failure.
Given this state-of-the-art, this project examined variations to
the general TBC system for both model studies and for alterna-

Thermal barrier coatings (TBCs) were developed to extend Ve applications. A model Ni-base alumina form@NiAl +Zr,
the useful lifetime of Ni-base superalloys in the hot section of Was used to determine coating performance for an “ideal” alu-
turbine engines by lowering the metal temperature, thus reduc.Mina former’l In this case, ideal means the slowest growing,
ing thermal fatigue and increasing lifetime of the compofeht. most adherent alumina scale possible. In addition, oxide-disper-
The ceramic top coat is typically,@s-stabilized ZrQ (YSZ), sion streng_thened. (ODS) FeCrAl sybstrates were coatgd because
which has a low thermal conductivity, is inert in combustion en- ©f @ potential application as the skin of the next generation space
vironments, and has a coefficient of thermal expansion reasonShuttle, X-33 This substrate also forms a very adherent alumina
ably compatible with Ni-base superalloys. However, becausescale- Finally, NiCr substra}te_:;, which form gchronjla scale, were
YSZ is essentially transparent to the transport of oxygen, oxida-c0&ted to explore the feasibility of a chromia-forming bond coat
tion of the metallic substrate occurs during exposure at high tem-0r @pplications at lower temperatures (than aero-turbine engines)
perature. To minimize this attack, the TBC also includes an Where hot corrosion may be more of a conééin.general, all
oxidation-resistant metallic bond coat, which is intended to form ©f the coatings were successful and showed promise. When fail-
a protective alumina scale between the bond coat and the yszres were observed, f[hey geperally followed established failure
top coat. Most bond coats are based on a MCrAlY-type Wil patterns for commercial coatings!
and/or Co) composition or Pt aluminides containing high levels
of Al that promote the formation of a protective alumina scale .
without depleting Al in the underlying substrate. 2. Experimental Procedure

Forming and maintaining this alumina layer (or thermally
grown oxide to distinguish it from the deposited top coat oxide) 0
is a major life limiting factor in the performance of TBE%! '
Particularly, for the more strain-tolerant electron beam-physical
vapor deposited (EB-PVD) coatings, most failures are associ-
ated with separation at the metal-alumina interface. If the bond

1. Introduction

The substrates in this study included cast Ni&r (0.05 to
08 at.% Zr); YOs-dispersed NiAl; two commercial FeCrAl al-
loys: Metallwerk Plansee (Lechbruck, Germany) alloy PM2000
(Y .Os-dispersed Fe-20 at.% Cr-10Al-0.4Ti) and Kanthal (Hall-
stahammar, Sweden) alloy APM (Zr@ispersed Fe-20 at.% Cr-
10AI-0.4Si); a commercial ODS NiCr alloy: Inco (Huntington,
WV) alloy MA758 (Y,Os-dispersed Ni-31Cr-0.4Ti); and,®s-
The submitted manuscript has been authored by a contractor of the U.Sdispersed Ni-27 at.% Cr made by a mechanical alloying process.
Government under Contract No. DE-AC05-960R22464. Accordingly, These alloys are described in detail elsewHépe They were
the U.S. Government retains a nonexclusive, royalty-free license to pub-compared to a commercial EB-PVD YSZ coating on René N5
lish or reproduce the published form of this contribution, or allow oth- (PCC, Cleveland, OH) with a Pt aluminide bond dbatll of
ers to do so, for U.S. Government purposes. these alloys contain a reactive element additien, , Zr, or
Hf) to improve their oxidation behavior and, in particular, to im-
B.A. Pint andl.G. Wright, Oak Ridge National Laboratory, Oak Ridge, ~Prove scale adhesidi#. % Prior to coating, several different
TN 37831-6156; andlV.J. Brindley, NASA-Lewis Research Center, ~ Surface preparation techniques were used, including ang.3
Cleveland, OH 44135, now with Rolls Royce Allison, Indianapolis, IN  polish (prior to EB-PVD coating on NiAl) and various grit pol-
46206-0420. ishes prior to grit blasting and plasma-sprayed (PS) coating.
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Coatings were deposited by General Electric Aircraft En- men showed no weight loss during the test with only minor in-
gines (Evandale, OH) [12hm (5 mils) EB-PVD YSZ on dications of scale spallation at the edge. Compared to a co
NiAl], NASA Lewis Research Center (Cleveland, OH) [125 mercial EB-PVD coating on René N5, which had a lifetime of
um (5 mils) PS YSZ on NiAl, PM2000, APM, and ODS NiCr], 650, 1 h cycles, the EB-PVD coating on N#AEr lasted more
and SUNY Stony Brook (Stony Brook, NY) [2%6n (10 mils) than 6 times longer without complete failure. As shown in
PS YSZ on PM2000 and MA758]. In all cases, coupons were Fig. 2(a) (and corresponding to the weight losses in Fig. 1), ther
coated with YSZ on one side and the edges were relativelyhas been extensive chipping near the edge of the sample. A co
sharp and not chamfered. The EB-PVD coatings partially cov- plete loss of the coating represents a weight loss of approxi
ered the specimen edges with a reduced thickness. The coamately 30 mg/crh With a 20% coating loss as the failure
ings were tested in furnace cycling with dry, flowing oxygen criterion, the coating essentially failed at approximately 3800 h
at temperatures from 1000 to 12WD A cycle time of 1 or 2 h Chipping began at the edges at approximately 1000 h and co
indicates time at temperature with typically 10 min cooling be- tinued during subsequent cycling. While perfect YSZ adhesio
tween cycles. Samples were removed periodically, visually ex- was not observed, the performance was significantly better tha
amined, and weighed on a Mettler Toledo (Hightstown, NJ) that observed for conventional coatings.
model AG245 balance. After oxidation, several samples were
sectioned for metallographic analysis to examine the failure
mechanism. 1YSZ: ZrOy+8wit%Y,04
2 umm«mﬂ““‘“
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3. Results and Discussion
The results and discussion are broken down by substrate tyj

because each represents an application with different objective

3.1 NiAl

The primary reason for conducting this experiment was tc

\ N5/PtAl

Specimen Weight Change (mg/cm?)
1

compare the lifetime of commercial coatings with that of a sub- 4 EB-PVD Y52
strate, which forms an ideal alumina sdél&he first set of ex- 5

periments was performed on EB-PVD-coategDydispersed !

NiAl, 11 which does not form as adherent an alumina scale a -6 B-NiAl + Zr

does cast NiAl with alloy additior®! As a result, failures oc- 1 Plasma-Sprayed YSZ

curred at relatively short time (Table 1). In each case, analysis « — T ™7 T
the failed coating revealed fracture at the substrate-alumina ir 0 500 1000 1500 2000 2500 3000 3500 4000
terfacel!™ which is typical for EB-PVD coatind$. Number of 1h Cycles

A second set of experiments was performed on MiAd. In _ _ _ _ _
i case, both EB-PVD,and PS coatings were tested o T1S0. 75, 1, Sheclnen wegh change dung L1 ovces L sEONA
(1 hcycles) andllZOQZ (2h cycles). Figure 1 Shows the weight coating on René N5 with a Pt aIL?minide bond coat. The PS coating o
change versus time at 1150. A coated and a similar uncoated Njal + zr lasts a factor of 2 longer than the commercial coating on

substrate were cycled for 4000, 1 h cycles. The uncoated speciN5. An EB-PVD coating on NiAk Zr has yet to completely fail after
4000 cycles, but the coating has chipped off the edges

Table 1 Summary of the TBC lifetimes measured in this
study in furnace cycles with a dry, flowing Q environment

1000°C 1150°C 1200°C 8
Substrate 1 hcycles 1 hcycles 2 h cycles
René N5 650 106
EB-PVD
NiAl +Y,0, 320 32
EB-PVD
NiAl + Zr =3800 >740
EB-PVD
NiAl +Zr 1200 152
PS
ODS FeCrAl 290 (average)(a)
PS (200 to 350) b .
ODS NiCr >1000 450(b) 60(a) =
PS Fig.2 Photographs of the EB-PVD YSZ coating enNliAl + Zr after
(a) For 1 h cycles at 120@ 3500, 1 h cycles at 115€ and b) René N5+ Pt aluminide after 106,
(b) For 1 h cycles at 110C 2 h cycles at 1200C. In (@), the coating has chipped off near the edge

but remains largely intact. lib), a massive failure has occurred
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At 1200°C, an improvement in coating lifetime also was ob- interface would produce a longer lifetime. With the long coating
served, with the EB-PVD YSZ coating on NiAKZr lasting for lifetime already demonstrated for the slightly roughened MiAl
more than 740, 2 h cycles with only minimal weight loss (Fig. 3). Zr substrate, it remains to be seen if the same paradigm holds
The EB-PVD coating on René N5 failed after 106 cycles (Fig. 2b). true for this model system. From the standpoint of alumina scale
For comparison, the short life (32 cycles) of an EB-PVD YSZ adhesion, a flatter interface would be preferable to minimize
coating on NiAl+ Y ,0; is also shown in Fig. 3. At 115C, the thermal stresses in the scéle.
coating on NiAl+ Y,0; also had a shorter lifetime (320 cycles)
than the other systems (Table 1).

Results for isothermal oxidation at 1200 are shown in 1.8 4
Fig. 4. An EB-PVD YSZ coating on one side of NHAEr did . ] .
not accelerate the alumina growth rate, and the oxide thickness”a 1.6 4 B—Nlel!SZl;/TBC
and microstructure were similar to those formed on an uncoatec & (solid line)
substrate. Also noted in Fig. 4, the scale growth rate of alumina &p 1.4 ,
on NiAl +Y,0O;is identical to that on NiAt+ Zr. The difference é ] ,
between the two alloys is the adhesion of the alumina scale and g 1.2 1 o4
in particular, the proclivity for interfacial void formation on 5 10 ] /

NiIAl +Y,0,.120 = L& Uncoated
The PS coating on NiAF Zr failed after 1200 cycles at "go 0 8—: ...u’/ B-NiAl + Zr
1150°C, almost a factor of 2 longer than the conventional EB- @ " ; 2 (dashed lines)

PVD coating on René N5 but a factor of >3 less than the EB- = 0.6

PVD coating on NiAK Zr. Similar ratios were also observed at 5 T

1200°C (Table 1). The lower lifetime of the PS coating com- § 0.4 ’

pared to the EB-PVD coating on NiAlZr reflects the greater O ] ,,5’

strain tolerance of the EB-PVD microstructure. After failure of (3 0.2 aless® B-NiAl + Y,05 (dot line)

the PS coating at 120, the specimen was sectioned to ob- ] ,f"

serve the failure location (Fig. 5). Typical for PS coatifigs, R e e E e e L R —————
more of the alumina scale appears to have remained attached t 01 2 3 45 6 7 8 9 10 11 12
the NiAl + Zr substrate and a crack has propagated at or near the Square Root Time (h0.5)

alumina-YSZ interface. However, with the rougher substrate
surface normally used with commercial PS coatings, failure is Fig. 4 Specimen weight change during isothermal oxidation at 1200
typically observed in the YSZ with more ceramic remaining at- in 1 atm dry flowing oxygen plotted versus the square root of time to
tached to the substrate. The slightly rough interface used herEOW the parabolic relationship. Coating N#AZr on one side with an

L ’ . EB-PVD TBC had no significant effect on the alumina scale growth rate
was the minimum necessary to deposit a PS coatisgandard
practice for PS TBCs would suggest that a rougher substrate/YSz

EPoy

2.0
- Uncoated NiAl+Zr
o 1.5 4
g dge chipped
1.0 ge chippe
?0 ’/’E/
& o5
[¢P]
&b 00 Uncoated
E -0.5 4 NiAl + Y203
QO
- Weight loss due to
»%0 215 o spall at edge
% -2.0 H
Y 25 Half-coated w/TBC
g NiAl + Y,0;
& 3.0 4 Half-coated w/TBC
Y J Massi NiAl + 0.04 at% Zr
35 assive
] failure epoxy
-4.0 T 1 T 1

N J
0 100 200 300 400 500 60 700
Number of Zh cycles b T Al NiAl+Er

Fig. 3 Specimen weight change during 2 h cycles at 2200f NiAl

+ Zr and Y,O;-dispersed NiAl with and without a 125 mm EB-PVD Fig.5 Photographs of a metallographic cross section showing the fail-
TBC. NiAl + Zr has lost weight slowly as the edge chipped away. ure of a PS YSZ coating on NiAlZr after 152, 2 h cycles at 120C.

A much more rapid failure occurred forQ:-dispersed NiAl, because  In (a) is where the crack begins, while (b) shows where the coating has
it forms a less adherent alumina scale lifted away from the substrate
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3.2 ODS FeCrAl the remaining samples were cycled more slowly after 200 cy

) ) . cles, with only 10 or 20, 1 h cycles per week. Initial surface fin-
The design of the next generation space shuttle being develighes of as-rolled, 200, 320, and 600 grit were used, but gri

oped by Lockheed Martin Corporation, X-33 (Skunk Works, pasting the surface prior to YSZ deposition appeared to elim
Palmdale, CA) single stage to orbit, reusable launch vehicle,inaie any significant effect of this variable. Similar to the ob-
proposes to replace the high maintenance ceramic tiles used Ogeryations for NiAk Zr substrates, these coating lifetimes are
the current space shuttle with a metallic Ski@wing to the  gjgnificantly higher than conventional PS coatifigend are

volatility of Cr,Os, chromia-forming alloys such as NiCr cannot  4iiributed to the excellent alumina scale adhesion on ODS
be used for this applicatidt Therefore, the design calls for  Eocral substrates.
ODS FeCrAl to achieve the mechanical properties and environ- e average lifetime of 290 cycles suggests that the con
mental resistance necessary for a low maintenance protectivecept is viable for the skin of the space shuttle. The coating
skin. Since the metallic skin will be limited in thickness, this rep- ~4.1d be refurbished periodically in the field to prevent fail-
resents a life-limiting factor for ODS FeCrAl, as there is a lim- .o However, one area of concern is the observation that so

ited amount of Al available in the alloy to form and maintain a specimens deformed during testing (Fig. 7). Particularly, oxi-

protective alumina scal€! One way to extend the lifetime and  jizeq coupons of YSZ-coated APM exhibited a convex defor-
operating temperature of the skin is to apply a YSZ layer to ODS i ation (with respect to the coated side) due to the presence ¢
FeCrAl, which would reduce the metal temperature during reen-,o coating (uncoated samples were not observed to defor
try. In order to minimize cost and retain fabrication flexibility aster 300 cycles). The apparent creep deformation of APM
on large metal skin panels, the coating would be applied by oy result from residual stress in the YSZ coating or from the
plasma spraying. While numerous Ni-base alumina formers gitterence in the thermal expansion between coating and sub
have been used as bond coat materials, the information availablgiyate. The greater deformation of APM is attributed to its
for Fe-base alumina-forming bond coats is mainly for TBCs |oyer strength compared to PM2000. While APM contains a
used at lower temperatures in diesel engiies. ZrO, dispersion, the dispersion is optimized to improve oxi-

_Inorder to test the viability of this concept, PS YSZ was ap- qation resistance and not for high-temperature mechanica
plied to approximately 1 mm thick substrates of PM2000 and ,operties. PM2000 showed much less deformation; howeve
APM. Based on the excellent results for PS YSZ coatings ongpsirate thicknesses were typically 0.8 to 0.9 mm. A typica
NiAl + Zr and the excellent alumina scale adhesion noted onyetal skin thickness of 0.15 to 0.25 mm (6 to 10 mils) may bd
ODS FeCrAl in generat;*2!testing was conducted at 1200 qre easily deformed by a YSZ coating during high-temperaturg
°C. In this case, the cycle time was 1 h to simulate the Shortexposures.

time of reentry. Eight specimens were cycled to failure be- 1y of the early failed specimens were sectioned to deter
tween 200 and 350 cycles (Fig. 6). A similar weight gain was mine the failure location. Two different modes were observed
observed for all of the specimens le[h and wnhout coatings. In Fig. 8). In one case, there appeared to be failure within the al
eaqh of the early failure cases, coating spallation did not occurying scale, with some alumina remaining attached to the suli
until several days or weeks after removal from the furnace. Be-gtrate and some to the YSZ (Fig. 8a). On the other specime
cause of this association of coating failure with “downtime,” 5 more typical failure in the YSZ near the alumina-YSZ inter-
face was observed (Fig. 8b). On the uncoated side, the alumi
scale was adherent and showed no signs of spallation (Fig. 80

pPaMaINaY 1984

el
=]

1 PM2000 - square Uncoated The uncoated interface was less rough than the YSZ-coated si
because this side was not grit blasted.

] APM - diamond

g = N [l
o n o wn
L ol ol o

Specimen Weight Change (mg/cm?)

0.0 fybr=rr=r-y T T T T T
0 50 100 150 200 250 300 350

Number of 1h Cycles

Fig. 7 Photographs ofd) APM and p) PM2000 after 200, 1 h cycles
Fig. 6 Specimen weight change at 1200 during 1 h cycles of at 1200°C (coating on top face only). The APM substrate has deformed
PM2000 (FeCrAk Y,0;) and APM (FeCrAk ZrO,) with and without during cycling, while the PM2000 substrate is only slightly deflected.
a TBC. Weight gains for all of the specimens were similar. One speci- The deflection is due to stresses associated with oxidation of the coatg
men failed after 200 cycles, but the average lifetime was 290 cycles forspecimen; the greater distortion of APM may be due to its lower high
eight specimens temperature mechanical strength

Journal of Thermal Spray Technology Volume 9(2) June 20001
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Fig. 9 Specimen weight change during 1 h cycles at 2Q06f Y,Os-
dispersed NiCr with and without a TBC. Weight gains are higher for one
version of Ni-25Cr with 0.2Y because of a greater amount of alloy
porosity. None of the coatings failed during this exposure

100 Alx0y PAA 2000

L it] l.

Fig. 8 Photographs of metallographic cross sections showing the PS
YSZ coating on PM2000 (FeCrAd Y,0;) after 250, 1 h cycles at
1200°C. In (@), failure occurred within the alumina scale, as scale is
attached to both sides of the failure. In a second speciingm, iore
conventional failure was observed in the YSZ near the YSZ-alumina
interface. On the uncoated side of the specimeh)inshown in ¢),

the alumina scale is relatively flat and very adherent

: . i L
3.3 ODS NiCr e ?i 1Y 1a o NIiCreY,Oy
| LT 2 ' . -

These tests were intended as proof of concept experiments to

study the feasibility of a chromia-forming bond coat. As with the Fig. 10 Photograph of a metallographic cross section showing the PS
NiAl work, rather than making a chromia-forming metallic coat- YSZ coating on NiCk Y05 (0.3Y) after 250, 1 h cycles at 1000. In

ing, a YSZ layer was applied to NiCr substrates in order to sim- this image, no clear chromia scale is identified and no failure has been
plify the experiment. NiCr with a XD; dispersion was chosen observed

because it is known to form a very adherent and slow-growing

chromia scale as a result of the beneficial effect Bf-¥:2223 no clear chromia layer was observed, which is unusual since the
Alloy chromium contents were above 25 at.% to limit the for- alumina layer is clearly visible in Fig. 5 and 8. Future charac-
mation of a NiCyO, transient oxide layer. terization work will attempt to identify a reaction product. The

These chromia-based bond coats are intended to be used icross section revealed the large amount of porosity and oxide
lower temperatures; therefore, these specimens were cyclecarticles in the alloy.

primarily at 1000°C. None of the coatings failed during 1000, In order to induce coating failure, MA758 coupons were
1 h cycles. Three different types of substrates were coatedgiven 1 h cycles at 1100 and 12@0 The coating delaminated
MA758 (Ni-31Cr+ Y,0s), Ni-27Cr+ 0.2Y (as ¥%0s), and Ni- after 450, 1 h cycles at 110Q. At 1200°C, one coupon failed

27Cr+ 0.3Y (as ¥.0s). The Ni-27Cr alloys had more porosity after 60 cycles with the YSZ coating completely delaminating
than MA758 with Ni-27Cr-0.2Y containing the most. As are- (Table 1). A second specimen was cycled for 20, 1 h cycles and
sult of this porosity in Ni-27Cr-0.2Y, the alloy had a higher then sectioned (Fig. 11). Again, no obvious chromia scale was
weight gain due to a higher effective surface area (Fig. 9). observed. In this case, cracking can be seen near the substrate-
However, the other two alloys had similar weight gains. An un- YSZ interface, indicating that failure was imminent. The failed
coated substrate was also included in the test. The weighispecimen appeared to fail at or near the substrate-YSZ interface.
losses observed are due to volatilization of #®and, with In these initial experiments, there appears to be some
similar weight losses for the coated and uncoated specimengpromise for an acceptable chromia-forming bond coat with a
(Fig. 9), it appears that the YSZ coating does not inhibit this YSZ top coat. However, further testing will be required to ver-
volatilization. One specimen of Ni-27Cr-0.3Y was stopped ify this result. Of particular interest is the detection of th&gr
after 250 cycles for sectioning (Fig. 10). With light microscopy, reaction product to determine its effect on coating lifetime.
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the help of NASA Lewis and EPRI. The NiAl + Zr alloy was
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tant Secretary for Energy Efficiency and Renewable Energy, Of
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