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Improved Oxidation Life of Segmented Plasma
Sprayed 8YSZ Thermal Barrier Coatings
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Unconventional plasma sprayed thermal barrier coating (TBC) systems were produced and evaluated by
interrupted or cyclic furnace oxidation life testing. First, approximately 250 pm thick 8YSZ coatings were
directly sprayed onto grit blasted surfaces of PWA 1484, without a bond coat, to take advantage of the
excellent oxidation resistance of this superalloy. For nominal sulfur (S) contents of 1 ppmw, total coating
separation took place at relatively short times (200 h at 1100 °C). Reductions in the S content, by melt des-
ulfurization commercially (0.3 ppmw) or by hydrogen (H,) annealing in the laboratory (0.01 ppmw), im-
proved scale adhesion and extended life appreciably, by factors of 5-10. However, edge-initiated failure
persisted, producing massive delamination as one sheet of coating. Secondly, surfaces of melt desulfurized
PWA 1484 were machined with a grid of grooves or ribs (~250 pm wide and high), resulting in a segmented
TBC surface macrostructure, for the purpose of subverting this failure mechanism. In this case, failure
occurred only as independent, single-segment events. For grooved samples, 1100 °C segment life was ex-
tended to ~1000 h for 5 mm wide segments, with no failure observed out to 2000 h for segments <2.5 mm wide.
Ribbed samples were even more durable, and segments <6 mm remained intact for 2000 h. Larger segments
failed by buckling at times inversely related to the segment width and decreased by oxidation effects at higher
temperatures. This critical buckling size was consistent with that predicted for elastic buckling of a TBC
plate subject to thermal expansion mismatch stresses. Thus, low S substrates demonstrate appreciable coat-

ing lives without a bond coat, while rib segmenting extends life considerably.

Keywords low sulfur superalloys, no bond coat, oxidation, seg-
mented thermal barrier coating

1. Introduction

Conventional air plasma sprayed (APS) and physical vapor
deposited (PVD) 8 yttria-stabilized-zirconia (YSZ) thermal bar-
rier coatings (TBCs) are applied to oxidation resistant Ni(Pt)Al or
Ni(Co)CrAlY bond coats. Bond coats are needed to prevent pre-
mature coating failure by excessive stresses arising from non-
protective scale growth and by interfacial separation due to scale
spallation. Successful TBCs have been demonstrated for oxida-
tion resistant substrates without a bond coat, such as for the in-
termetallic compound NiAl(Zr).['! Also, since second-
generation single-crystal superalloys also exhibit exceptional
oxidation resistance, it has been proposed that they are candi-
dates for no bond coat TBCs.”! Both systems rely on slow-growing
healing layers of a-Al,O5. A potential advantage of the no bond
coat system is the elimination of deleterious effects associated with
creep of a plastic bond coat. Creep effects include raising the stress-
free temperature during exposure above the deposition tempera-
ture®! and wrinkling (ratcheting) of aluminide coatings, which pro-
duces stress concentrations that initiate cracks.[*!

Good adhesion is imparted by reactive element doping or
desulfurization. Reactive element additions are thought to im-
prove scale adhesion by their strong thermodynamic affinity for
sulfur (S) and their ability to prevent deleterious S segregation
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effects on interfacial toughness.!> Alternatively, scale adhesion
may be improved by removing S, either by hydrogen (H,) an-
nealing or melt fluxing. A quantitative correlation between scale
adhesion and S and a literature survey can be found in recent
reviews,!®”) with specific attention to low S superalloys.*-'"

Many of the above precepts may be applied to the cyclic oxi-
dation behavior of TBCs and their delamination failure. By
eliminating the bond coat in the current study, the excellent cy-
clic oxidation resistance of single crystal superalloys was relied
upon. This allowed for a direct demonstration of the effects of
substrate chemistry on TBC life, although it may not be totally
applicable to current real systems using bond coats. The direct
effect of bond coat chemistry and the indirect effect of substrate
chemistry have been demonstrated for NiAl bond coats and elec-
tron beam physical vapor deposition (EB-PVD) YSZ sys-
tems.!'"'* Thus one purpose of this paper is to show the depen-
dence of plasma sprayed TBC life on substrate S content.
Preliminary results in this regard have been presented previ-
ously.’®'3] Another purpose is to use physical barriers to disrupt
TBC delamination. These have been introduced as grooves or
ribs in the substrate, prior to grit blasting and plasma spraying, as
embodied in a recent patent.['®]

2. Experimental Procedure

Oxidation coupons of PWA 1484 single-crystal superalloys
(nominally Ni-5Cr-5.6A1-10Co-2Mo-6W-9Ta-3Re-0.1Hf by
weight) were machined to approximately 0.13 x 1.3 x 1.9 cm
rectangles and 0.1 x 2.54 cm diameter disks and polished to a
600 grit finish. Substrates for coating were grit-blasted with 60 grit
alumina. Some samples were H, annealed in a gettered 5%H,/Ar
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Fig. 1 Effect of H,-annealing and melt desulfurization on the 1100 °C cyclic oxidation of PWA 1484. Solid lines: bare; dashed lines: coated with

250 pym PS-8YSZ TBC.

flowing gas mixture at 1250 °C for 50 h. Residual S contents were
analyzed by glow discharge mass spectroscopy (GDMS), sensi-
tive to parts per billion (ppb) levels. APS was performed with
standard parameters to yield about 10 mils (250 um) 8YSZ. Oxi-
dation was performed at 1100 °C for 2000 h or at 1150 °C for
1000 h. Rectangular samples were tested automatically in a ver-
tical tube furnace using 1 h cycles; disk samples were oxidized
continuously and manually interrupted only for weight measure-
ments, e.g., every 100 h after 200 h

3. Results
3.1 Sulfur Effects on TBC Edge Failure

The 1100 °C cyclic oxidation weight change behavior of bare
PWA 1484 coupons (solid lines with open symbols), before and
after H, annealing (i.e., at 1.2 and 0.01 ppmw S), is shown in Fig.
1. The as-received material exhibited deviation from
adherent behavior at about 300 h, resulting in considerable
weight loss (—32 mg/cm?) at the end of the 2000 h test. In con-
trast, the scale on the H, annealed sample remained
adherent throughout the test, with a final weight gain of only
+0.8 mg/cm?. Correspondingly, the visual appearance of the as-
received sample exhibited massive interfacial spalling, in-
creased by water immersion after 800 and 2000 h, with little or
no spalling visible for the H, annealed sample, even after im-
mersion. Immersion effects on spallation were previously dis-
cussed in more detail.['? Also shown in Fig. 1 is the behavior for
melt-desulfurized PWA 1484, with a S content of ~0.25 ppmw.
It too formed adherent scales throughout the test, resulting in a
final weight change of +0.8 mg/cm?. Little, if any, improvement
was exhibited by H, annealing a melt-desulfurized sample, pro-
ducing a final weight change of +0.9 mg/cm?. (The S content of
this sample was not analyzed).
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The data for the corresponding samples with a TBC of
250 pm of PS-8YSZ is presented as the dashed lines (open sym-
bols). Abrupt (vertical) drops in weight change of 40-60 mg/cm?
usually indicate complete delamination and loss of the TBC
from one side of the sample. Lesser amounts correspond to par-
tial spallation of the TBC, usually near an edge. The failure of
the TBCs is seen to correlate with the S content of the sample.
The first side failure of the TBCs occurred at 200 h for the
as-received sample (1.2 ppmw S), partially at 500 h and fully at
900 h for the melt-desulfurized sample (0.25 ppmw S), and at
1200 h for the H, annealed sample (0.01 ppmw S). The obverse
side of each sample failed at 200, 1400, and 2000 h, respectively.
(The two TBC faces on the H, annealed, melt-desulfurized
sample failed at 1000 and 1300 h).

A reconstruction of this and auxiliary data is presented in a
plot of TBC life as a function of S content in Fig. 2. (Individual
data points are presented as small symbols and the averages as
large diamonds. H, annealed, melt-desulfurized data was in-
cluded in the 0.01 ppmw data even though S was not analyzed.)
Despite considerable scatter, there is an identifiable trend to-
ward relatively low lives (<200 h) for S contents =1 ppmw and
toward relatively high lives (>1000 h) at S levels below
~0.1 ppmw. S levels =0.01-0.1 ppmw S represents a practical
limit in adhesion behavior according to the adhesion map of Ref
8 and according to the good oxidation behavior in Fig. 1. There-
fore, it is not expected that much improvement could occur at
lower S contents, even if it were possible to achieve them. At the
other extreme, there was a period of time (100-300 h) that the
bare 1.2 ppmw S sample exhibited borderline adherent behavior,
with a weight gain of ~0.3 mg/cm?, in concert with the corre-
sponding TBC sample weight of about +0.5 mg/cm? and life of
200 h at these S levels (Fig. 1). Also, the adhesion map indicates
transitional/poor behavior at ~1 ppmw S. It can therefore be
expected that alloys with >1 ppmw S will exhibit TBC lives
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Fig. 2 Effect of PWA 1484 substrate S content on TBC life in 1100 °C cyclic oxidation tests (small circles, individual coatings; large diamonds,

averages)

<200 h. Alternatively, it can be said that the TBC life was in-
creased by 5-10% simply by removing S and preventing its det-
rimental effects on scale adhesion.

Of course the above correlations of TBC life with substrate
oxidation are predicated on the assumption that scale spallation
is a primary factor in the TBC spallation mechanism. This notion
is widely accepted due to numerous instances where the Pt, Y,
Hf, C, and S contents of NiAl bond coats and superalloy sub-
strates have been shown to effect scale adhesion and possibly
TBC life.l"""'* In support of this mechanism, the exposed failure
surface of the coated PWA 1484 substrate was studied by optical
microscopy and scanning electron microscopy (SEM) and found
to exhibit a finely dispersed, but considerable, amount of spall-
ing to bare metal for the 1.2 ppmw S sample. The remainder of
the surface was a combination of intact oxide area and fractured
YSZ areas. Much of the exposed scale was a blue NiAl,O, tran-
sient spinel oxide, with a healing layer of Al,O underneath this
at the metal interface. Presumably, when enough TBC bond area
is disrupted by interfacial scale spallation, multiple crack areas
link up and produce a critical crack size that results in crack
propagation and separation of the TBC layer.!'”!

Another aspect of the TBC failure on PWA 1484 is the effect
of moisture on delayed failure at room temperature. While some
failures occurred immediately upon cool-down, others occurred
overnight (desk-top spallation; DTS) or upon water immersion
(H,0), in Fig. 1. The former (DTS) occurred on at least one
sample side at 200, 800, and 1200 h for the 1.2, 0.25, and 0.01
ppm S samples, respectively. The latter occurred at 2000 h for
the 0.01 ppm S sample. These observations reinforce the signifi-
cance of moisture effects on scale spallation and subsequent
TBC failure, as discussed previously.!'%!7-1]

Failure initiated predominantly at edges, since the edges
were uncoated in these samples. In some cases failure and de-
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lamination progressed gradually down the length of the sample,
giving an “alligator” appearance.

3.2 Segmented Thermal Barrier Coatings

3.2.1 Grooved or Ribbed Test Patterns. It appeared that
this edge initiation mode could be largely subverted by provid-
ing physical impediments to complete delamination. In a first
attempt, both ridges and grooves were produced in melt desul-
furized (0.25 ppmw S) PWA 1484 substrates to preclude the
propagation of a single catastrophic crack. The ridge (or groove)
features were about 300 um (12 mils) in height (or depth) and
250 pm (10 mils) in width. A test pattern network was EDMed
into the 1 in. (2.54 cm) diameter disk substrate, yielding a patch-
work of segments with dimensions ranging from 1.27 to 5.08
mm (0.050-0.200 in.) on a side.l'"? A schematic of the pattern is
shown in Fig. 3, with an indexing scheme to identify the seg-
ments by their size and position. For example, segment A is
0.050 in. on a side, is the smallest segment, and is closest to the
center of the disk. At the other extreme, segment F is the largest at
0.200 in. square, with one corner reaching the periphery of the disc.
Segments G, H, and I are special cases in that they are bordered by
ridges or grooves on only two or three sides, with a curved periph-
ery being the same as on flat, non-segmented samples.

The cyclic weight change behavior of four segmented disk
samples is shown in Fig. 4. Both ribbed (ridges) and grooved
samples were tested in 1100 °C interrupted oxidation tests, in the
as-sprayed condition or after subsequent hydrogen annealing
(1250 °C for 50 h). (These data were corrected for backside,
non-segmented TBC failure at the points indicated by arrows).
The weight change of the ribbed samples shows very little
weight loss, if any, indicating that the ribbed segments prevented
TBC spallation out to 2000 h. (Some TBC was lost over the ribs
themselves but none within the inscribed segment area.) The
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grooved samples, however, exhibited incremental weight losses
throughout the test whenever a portion of the TBC, correspond-
ing to one segment, became fully detached. Nonetheless, a con-
siderable number of the smaller, inner segments on the grooved
sample remained intact after 2000 h (Fig. 5). This figure also
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1. 2 3 4

Fig.3 EDM test pattern grid of grooves or ribs in substrate to produce
segmented TBC, showing indexing scheme. (Quarter round sector of 1
in. diameter disk sample)

shows the relatively intact TBC for all segment sizes on the
ribbed sample.

The spallation trend for the grooved sample is shown in a
more quantitative manner by plotting the TBC segment spall-
ation time as a function of the relative area (and position) in Fig.
6. Here the smallest inner segment A is used as the reference
segment. As the size is increased, the life was reduced from
>2000 h to 1000-1300 h. Only the F and I-type segments failed
universally; the other types had at least one equivalent segment
survive 2000 h. Little effect is noted for the hydrogen annealing
treatment. The segments that abut the free edge of the disc (G, H,
and I) exhibit somewhat reduced lifetime, though still generally
improved from the base lifetime values (300-400 h) produced
for the flat backsides of these and similar samples.

It is clear from the above experiment that grooved segment
boundaries produce TBC lives in excess of 2000 h for segments
0.100 in. (2.5 mm) on one side or below. Similarly, and even
more remarkable, ribbed TBC segments exhibit an apparent im-
munity to oxidation-induced delamination, at least for dimen-
sions of 5.1 mm (0.200 in.) square or below. A further advantage
of the ribbed segments over the grooved ones might be that the
grooves could serve as stress concentrations in the substrate ma-
terial and shorten the thermal fatigue life of the component. A
disadvantage of the ribbed structure is the lack of thermal insu-
lation over exposed ribs (if produced flush with the TBC seg-
ment surface) or the non-aerodynamic disruptions caused (if the
ribs are also coated, as in Fig. 5a).

3.2.2 Enlarged Rib Patterns. To more fully demonstrate
the limitations of the ribbed structure and to optimize the amount
of ribs, a new set of samples were produced with increased seg-
ment sizes. Specifically, 1 in. diameter disks of melt-
desulfurized PWA 1484 were EDMed with either 0.09, 0.18,
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Fig.4 Comparative weight change behavior of ribbed and grooved segmented 10 mil (250 um) TBCs on PWA 1484 (1100 °C interrupted oxidation)
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Fig. 5 Appearance of segmented TBC on 1 in. (2.54 cm) dia. PWA
1484 discs after 2000 hr interrupted oxidation at 1100 °C: (a) grooved
and (b) ribbed

0.35, and 0.71 in. square segments (0.225, 0.45, 0.90, 1.80 cm),
having 64, 16, 4, or 1 segment for interrupted oxidation at 1100
and 1150 °C. Alternately, 0.50 x 0.75 in. rectangular samples
(1.27 x 1.9 cm) were machined with 0.125 and 0.25 in. (0.32,
0.64 cm) segments, or a single peripheral ridge producing 24, 6,
or 1 segment tested in 1 h cyclic oxidation tests.
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The weight change behavior of these samples was not very
informative, as with the previous ribbed samples, because fail-
ure was not generally associated with TBC spallation, except for
the flat backsides. Rather, the failure mode observed was a cir-
cular buckling at the middle of a segment. Examples of this fail-
ure mode, in interrupted (primarily 100 h cycles) and cyclic (1 h
cycles) oxidation tests at 1100 °C, are shown in Fig. 7 and 8. The
interrupted oxidation disk samples show massive buckling fail-
ure at 1000 h for the largest, inscribed, 18 mm (0.71 in.), single-
segment sample and at 1400 h for the sample with four segments
at half the size at 9 mm (0.35 in.). No buckling was observed up
t0 2000 h for samples with 16 or 64 segments =4.5 mm (0.18 in.)
on a side. Similarly, the rectangular cyclic oxidation coupon
with the largest, inscribed, 12.7 x 19 mm (0.5 % 0.75 in.), single
segment failed at 2000 h, with no failure observed for samples
with 6 or 24 segments =6.4 mm (0.25 in.) on a side.

The buckling life data is displayed along with similar 1150 °C
results in Fig. 9. Here the format adopted is similar to that of a
fatigue plot in that life (and runout, arrows) is displayed on the
horizontal axis and a parameter associated with decreasing fail-
ure resistance (segment size) is the vertical axis. Data points la-
beled E refer to the average edge failure lives of the correspond-
ing flat backsides of the segmented samples.

Edge failures universally exhibit the lowest life of all the seg-
ments in that test series. The data at 1150 °C is similar to that
obtained at 1100 °C, except that the magnitude is reduced by a
factor of 3-5. Also the data for interrupted tests, with final cycle
duration of 100 h, did not generally exhibit lives greater than
samples tested with 1-h cycle durations. This suggests that total
oxidation exposure time is the critical factor controlling failure
in these tests, provided some minimum amount of cycling is ex-
perienced.

4. Discussion

Reducing the S content of the substrate was helpful in extend-
ing the oxidative failure time of plasma sprayed TBCs without a
bond coat. Nevertheless, the failure mode remained just as dis-
tinctive in that edge-initiated delamination still proceeded rap-
idly over the entire surface. Such failure could indicate weak
bonding across the mixed TBC, NiAl,0,/Al,O;, bare metal
fracture interface. It may also reflect an aggregate thermal stress
effect of the entire TBC layer upon the free edge.

4.1 Grooved Segments

In this regard, an analytical expression has been developed,
predicting a maximum in the interfacial shear stress at the free
edge of an oxide-metal couple.[*”! This result was also obtained
by finite element analyses of TBC-coated superalloys.”?!! Both
treatments find a reduction in this maximum with decreasing
lateral dimensions of the bi-plate system, consistent with the in-
creased lives for smaller grooved segments. Reduced interfacial
shear stress at free edges is consistent with the increased life-
times of the smaller grooved segments in the current study.
Strictly speaking, the segments do not have free edges in that the
plasma sprayed coating penetrates the grooves as well, providing a
continuous, but non-planar, overall coating. With continuing expo-
sure and cycling, however, these grooves became fracture sites and
one by one initiated delamination of the adjacent segments.

Journal of Thermal Spray Technology
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Fig. 6 Effect of grooved segment size on TBC spallation life as compared with flat backside spallation

Other studies report increased thermal shock and interfacial
spalling resistance for TBCs that have been segmented by sur-
face cracking (from tensile stresses achieved by YSZ sintering,
then cooling, both while under thermal gradients).*?! Up to 30
cracks per inch (spaced 0.85 mm) were found to increase the
surface temperature capability of a TBC without an interface
crack. This is consistent with the maximum lives produced for
the smallest grooved segments, i.e., 1.27 mm, in the current
study.

It is acknowledged that numerous other references to seg-
mented TBCs exist, but due to vast differences in scale, they are
considered to have only indirect relevance to the present mecha-
nism, as cited previously in Ref 16. For example, the finely
spaced cracks in PVD TBCs are the most widely recognized
“segmented” strain tolerant structure. However, their spacing is
on the order of micrometers, whereas the current structure is
based on millimeter-sized elements. Similarly, the textured sur-
face provided by laser grooving is on the scale of micrometers,
both in depth and in spacing. At the other extreme, very large
10-250 cm (0.4-10 in.) wide segments were produced by a ma-
chined grid of slots in the TBC to reduce long-range stresses,
primarily for thick TBCs. While this structure may benefit from
the same mechanisms operative in the present architectures, it is
apparent that the specified dimensions (2.5 cm) are much greater
than the optimums found in the current study. Furthermore,
much of the range specified would not be practical for many
turbine components in the 5-10 cm size range, whereas the 2-5
mm spaced network proposed here appears more reasonable.

4.2 Ribbed Segments

For the ribbed segments, the free edge was totally eliminated
by providing a “wall” bounding the periphery of each segment.
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This caused a transition to a buckling-type failure, described by
the equation for the biaxial stress o on an edge-clamped plate of
thickness 4 and buckle radius r as noted for example in Ref 23:

)

1.22 Erge (e \?
= (Eq 1)

- VZTBC "o

Thus, the critical stress for buckling is controlled by a geo-
metric parameter (4/r)*, where / is the thickness of the TBC and
r is the radius of the delaminated area subject to buckling. A
schematic representation of one buckled segment is shown in
Fig. 10. In decreasing the buckle dimensions by providing a
physical barrier, i.e., 21, = rib spacing, the critical stress required
for buckling is seen to increase.

The origin of the stress is the thermal expansion mismatch
stress between TBC and substrate. It has been defined by the
equation for a composite laminate subject to a change in tem-
perature!'®]:

— (Ao AT)Erpc (Eq2)
“ (1+R)(1 = vrpe) q
where R is given by
hipcE 1-v
R= TBC~TBC ( TBC) (Eq 3)

hmEm (1 ™

For the equations above, v,,, = 0.33, vipc = 0.25, E| 45, =210
MPa, and E1gc = 27.6 GPa are assumed, although E; g may
approach 100 GPa upon densification.?'? Also appe = 10.8 x
107%/°C,and o,,= 16.2 and 16.6 x 10°°/°C at 1100 and 1150 °C,
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Fig.7 Surface appearance of ribbed segment disc samples (1 in. diameter) after interrupted (100 h cycles) oxidation at 1100 °C for 1000, 1400, 2000,

and 2000 h (10 mil PS 8YSZ on PWA 1484)

respectively. R was thus determined to be 0.0736 for a 250 pm
(10 mil) coating (A1pc) on a I mm (40 mil) substrate thickness
2hyp).

By requiring that o, > o, and combining Eq 1-3, an expres-
sion for a critical buckling diameter, 27, *, can be derived. Below

72—Volume 13(1) March 2004

this value, buckling caused by thermal expansion mismatch
stresses would not be expected to occur. These values are shown
as horizontal lines in Fig. 9, and represent critical segment spac-
ings (buckle diameters) for the two test temperatures. In accord
with this prediction, note that the experimental data below these
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Fig. 8 Surface appearance of ribbed segment rectangular samples (0.5 x 0.75 in.) after cyclic (1 h cycles) oxidation at 1100 °C for 2000 h (10 mil PS
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lines indicate no failure and suggest an indefinite runout, or ther-
mal fatigue limit to buckling failure. (One data point below the
line may be at the borderline of observable failure, i.e., the short
arrow applying to the interrupted disk sample with sixteen 0.18
in. segments, oxidized at 1150 °C). Buckling was not apparent
from examination of this sample under oblique lighting. Some
detachment was only marginally evident for a few segments at
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1000 h by measuring thickness differences between the segment
centers and corners with pointed micrometers.)

While the concepts of a critical buckling stress and radius
appear useful, they alone cannot explain the strong effect of test
temperature. The difference in predicted buckling stress for the
two test temperatures, between o*,, ;10 and *, 5, appears
minor; however, the failure times are greatly reduced at the
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Fig. 10  Schematic of TBC buckling within a defined segment (constrained edges), such as produced by ribs

higher temperature. Presumably, the greater damage caused by
increased scale thickness and spallation is operative here, in ac-
cord with current TBC failure conventions.

The critical buckling stress in Eq 1 applies to unbonded plates
and thus assumes that full delamination had taken place. Cer-
tainly TBC or scale detachment did not exist initially. Rather, the
interface may have deteriorated gradually and was only com-
pleted during the actual buckling process, when the strain energy
release rate exceeds the interfacial energy formed during final
fracture. Therefore the critical buckling stress o, * can be con-
sidered only as a lower limit for a fully separated TBC. For par-
tially bonded interfaces, it must be raised by an amount com-
mensurate with the relative amount of bonded area.

For the purposes of this discussion, it is also assumed that the
laminates are stress-free at the test temperature. Creep and sin-
tering effects on the projected thermal stresses causing failure
are neglected. The edge failures (E) of non-segmented samples
are subject to a different failure criteria and do not directly verify
these predictions, but are included to show a relative (base) TBC
life in that failure mode. It has been stated that the critical stress
to cause buckling of a cracked laminate element (i.e., one un-
constrained end) is 1/4 o, *.** This is consistent with the greatly
reduced time of failure and lack of durability for flat substrates
exhibiting edge failure.

No other studies are known to have used a network of sub-
strate or bond coat ribs to produce TBC segmentation. The
ribbed structures are shown here to be more resilient than
grooved substrates regarding TBC delamination and spalling.
Optimization of the rib spacing, height, and geometry to a design
that is practical for turbine component surfaces may improve
upon premature massive TBC delamination in cyclic oxidation
exposures. This must be accomplished without seriously com-
promising aerodynamic performance, thermal leakage through
the ribs, added weight, or notch effects. Given that the height and
width of the present configurations were only on the order of the
coating thickness and could be spaced as wide as 5 mm, some
combinations are likely to be effective without incurring serious
penalty. It is suggested that the ribbed TBC architecture may
offer benefits to TBC systems in general, including PVD ce-
ramic top coats with aluminide or MCrAlY bond coats.
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5. Summary

This study has shown that considerable oxidative durability
can be obtained for plasma-sprayed 8YSZ TBCs on single-
crystal superalloys without a bond coat. Reductions in the PWA
1484 substrate S impurity level to below 0.1 ppmw improve
scale adhesion and allows 1100 °C cyclic oxidation lives on the
order of 1000-1500 h. Failure occurred by massive, complete
edge delamination of the coating. Segmenting the thermal bar-
rier, through a network of grooves or ribs produced in melt de-
sulfurized PWA 1484 substrates by EDM, further improved no
bond coat TBC life. Grooved samples allowed segments smaller
than 0.1 in. (2.5 mm) wide to survive 2000 h in 1100 °C inter-
rupted (100 h cycle) oxidation tests. Ribbed segments smaller
than 0.25 in. (6.35 mm) wide also survived, while larger ones
failed by buckling at times inversely related to the segment size.
Survival was consistent with critical buckling stresses predicted
for laminate plates subjected to biaxial thermal expansion mis-
match stresses. Higher temperature decreased lifetime consider-
ably, but more rapid cycling did not. It is suggested that the
ribbed TBC architecture may offer benefits to generalized TBC
systems, including PVD ceramic top coats with aluminide or
MCrALlY bond coats.
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