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Abstract
The lifetimes of electron beam physical vapor deposited (EB-PVD) thermal barrier
coating systems (TBCs) with three different microstructures of the Y,O,-stabilized
ZrO, (YSZ) ceramic top layer were investigated in lh thermal cycles at 1100 and
1150°C in flowing oxygen. Single crystal alloys CMSX-4 and Rene N5 that had been
coated with an EB-PVD NiCoCrAlY  bond coat were chosen as substrate materials. At
1150°C all samples failed after 80-100, lh cycles, predominantly at the bond
coat/alumina interface after cooling down from test temperature. The alumina scale
remained adherent to the YSZ after spallation. Despite the different YSZ
microstructures no clear tendency regarding differences in spallation behavior were
observed at 1150°C. At 1100°C the minimum lifetime was 750 , lh cycles for CMSX-4,
whereas the first Rene N5 specimen failed after 1750, lh cycles. The longest TBC
lifetime on CMSX-4 substrates was 1250, lh cycles, whereas the respective Rene N5
specimens have not yet failed after 2300, lh cycles. The failure mode at 1100°C was
identical to that at 115O”C, i.e. the TBC spalled off the surface exposing bare metal
after cooling. Even though not all specimens have failed to date, the available
results at 1100°C suggested that both, the substrate alloy chemistry and the YSZ
microstructure significantly affect the spallation resistance of the TBC.

l Part of the work was performed while the author was on sabbatical at Oak Ridge National
Laboratory.



Introduction
Thermal barrier coating (TBC) systems have been developed to fulfill the demands
placed on current high-temperature Ni-base superalloys for gas turbine applications
in both aeroengine and land based gas turbines [l, 2, 3, 41. TBC systems typically
consist of an yttria-stabilized zirconia (YSZ) top layer, which has low thermal
conductivity, is chemically inert in combustion atmospheres, and has a relatively
high coefficient of thermal expansion which is reasonably compatible with Ni-base
superalloys. As zirconia is essentially transparent to oxygen at high temperatures,
the metallic substrate is usually protected by an oxidation-resistant metallic coating
in order to limit the environmental attack to a technically acceptable level.
However, for safe component operation, this coating must not only protect against
oxidation but must also provide sufficient bonding of the ceramic top layer to the
substrate. Usually in gas turbine applications bond coats rely on the formation of a
slow-growing alumina scale (also designated as TGO=thermally  grown oxide)
between the bond coat and the ceramic top coat. Today most bond coats are based
either on MCrAlY-type  compositions or on aluminides (simple or Pt-modified) with
sufficiently high levels of aluminum to provide a reservoir of scale-forming
aluminum over a long service period without depleting the substrate alloy. Among
various coating processes which are industrially available, plasma spraying (F’S)  of
overlay coatings and chemical vapor deposition processes, including pack
aluminizing, are the most common bond coat deposition techniques. For YSZ
deposition, PS and electron beam physical vapor deposition (EB-PVD) are widely
used, the latter process being considered to exhibit inherent advantages over plasma
sprayed coatings [5,6]. One of the most favorable features of an EB-F’VD TBC is its
strain-tolerant columnar microstructure; these coatings also retain an
aerodynamically-favorable smooth surface, and usually exhibit longer lifetimes than
PS YSZ coatings.

The microstructure of EB-PVD TBCs can be widely varied by alteration of processing
parameters [7,8, 91. For example, rotational speed and temperature during coating
deposition depend on each other in such a way that similar microstructures can be
obtained by appropriately changing both parameters [q. It is noticeable that
microstructures with less perfection have proven to have better thermocyclic
behavior in burner rig tests and cyclic furnace tests than uniform microstructures [7].
In the present study three different TBC microstructures were investigated in lh
cyclic oxidation tests at 1100 and 1150°C. Single crystal nickel-base superalloys Ren6
N5l and CMSX-4,* both coated with an EB-PVD NiCoCrAlY  bond coat, were chosen
as substrate materials. The objective of the study was to assess the extent and the
mode of failure of the EB-PVD YSZ top layers under these conditions.

Experimental
Coupons of second generation single crystal superalloys Ren6 N5 and CMSX-4
(chemical  composition in Table I) with 15mm diameter and l-1.5mm  thickness were
ground with Sic paper up to 400 grit and electron-beam welded to a CMSX-4 pin

’ Ren6  N5 was developed by General Electric Aircraft Engines.
’ CMSX-4 is a registered trademark of Cannon-Muskegon Corporation.



holder to enable sample rotation during EB-PVD processing. The Rene N5 and
CMSX-4 specimens were coated on both sides with a 120 pm thick NiCoCrAlY  bond
coat of identical chemical composition (Table I) in a 60kW Leybold EB-PVD coater
equipped with a preheating chamber and subsequently bead peened.  All specimens
were vacuum heat treated at 1080°C for 4h to recrystallize the columnar
microstructure of the bond coat and to establish a thin uniform alumina scale prior
to TBC deposition. 220 urn thick, 7.2wt.%  Y&$-stabilized  ZrO, (YSZ) coatings
containing about 1.8wt.O~  HfO, were applied using a 150kW wn Ardenne EB-PVD
coater. The substrates were preheated in a separate chamber before YSZ deposition
and rotated on a horizontal axis during deposition between 12 and 30 rpm. The
specimen temperature was varied between 980 and 1050°C and kept constant for
each batch. Flow-controlled oxygen was added to achieve stoichiometric YSZ
coatings. The different YSZ microstructures were designated as MS-l, MS-2 , and
MS-3. MS-l was the standard morphology used at the German Aerospace Center
(DLR), while MS-2 was fine-grained and slightly less dense (higher column spacing
and somewhat higher porosity). MS-3 had the largest column diameter and
appeared to be somewhat denser (as concluded from SEM investigations of the
cross-section). The microstructure variations were somewhat less pronounced than
in a previous study [7]. All coating work was performed DLR.

Thermal cyclic tests at 1100 and 1150°C were performed in automated test rigs at Oak
Ridge National Laboratory (ORNL). Before testing, the pins were removed from the
specimens by a slow-rotating saw, leaving an uncoated area of about lmm*
(approximately 0.25% of the overall surface area). The specimens were heated in a
vertical tube furnace for lh cycles at the respective temperature and cooled down to
room temperature for 1Omin between cycles. Dry oxygen flowed continuously into
the bottom of the tube furnace during the exposures. The specimens were weighed
after fixed intervals using a Mettler model AG245 analytical balance. Mass change of
the specimens was calculated taking into account the evaporative mass loss of the
Pt-Rh hooks used to hold the specimens in the furnace. All specimens were
characterized using a field emission gun scanning electron microscope (SEM) with
energy dispersive x-ray analysis (EDXA).

Cyclic Oxidation at 1150°C
Results

All specimens lost mass during testing (Fig. 1) which, at the beginning of the tests,
was mainly attributed to YSZ chipping at the specimen edges (Fig. 2). Edge failure is
generally caused by a stress singularity at the free edge generated by the geometry
[lo]. No spallation of the YSZ top layers occurred on the flat sides of the specimens
after 40, lh cycles. It should be noted that chipping was not preferentially induced at
the welding spot left by the removed pin holder from the coating process. After
about 60, lh cycles YSZ spallation initiated on the flat sides of specimens Rene N5
MS-2 and Rene N5 MS-3. Optical inspection revealed a metallic appearence  of the
spalled region on the specimen surface indicating that spallation occured after the
very last cycle before inspection. The freshly exposed areas could be easily
distinguished from much darker, oxidized areas where the YSZ had partially spalled
earlier (see e.g. Fig. 2d). After 80, lh cycles CMSX-4 MS-3 suffered complete loss of
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the YSZ top layer on one flat side during weighing at room temperature. The rapid
mass loss is indicated by an arrow in Fig. 1. Using a YSZ failure criterion of 20% loss
from the flat surface of the specimen for these experiments, ~the remaining
specimens all failed after 100, lh cycles. Again the YSZ top layers partly or
completely spalled off of the specimens after a short time period (<30min) at room
temperature (Fig. 2b, d). Note that in Fig. 1 the mass of the specimens was measured
in all cases before final spallation of the YSZ had occurred.

In general, the mass loss due to YSZ chipping at the specimen edges complicated the
interpretation of the mass change data at both testing temperatures, 1100 and 115O”C,
in this study. In attempting to rank the spalling behavior of the different YSZ
microstructures on both single crystal substrates, the onset of YSZ top layer
spallation from the flat sides was considered as the beginning of TBC system failure
rather than YSZ chipping at the edges. However, unlike at 1100°C as will be shown
later, failure of the YSZ at, 1150°C occurred within a narrow scatter band of
approximately 40 hours, and therefore ranking TBC spalling resistance of the
different YSZ microstructures and substrate alloys seemed not reasonable in this
case.

Optical inspection of the specimen surfaces revealed that in all cases the YSZ spalled
after cooling down from the last cycle and storage at room temperature before
inspection. Figure 3 illustrates the typical failure mode of the different
microstructures of EB-PVD TBCs investigated. TBC failure occured at the bond
coat/TGO interface leading to delamination of the TBC with the alumina scale still
adhering to the YSZ. Separation at or near the metal/TGO  interface has been
reported to be the major failure mode for EB-PVD TBCs.  In most EB-Pm  TBC
systems the interfacial strength between the TGO and the YSZ is obviously higher
than between the bond coat and the alumina which, among other reasons, is
associated with the quasi strain tolerance of the columnar microstructure of EB-PVD
TBCs.

However, on Rene N5 MS-l an atypical failure mode was occasionally observed
(Figure 4). Whereas the largest portion of the YSZ failed at the metal/TGO  interface,
delamination at the TGO/YSZ interface was also observed on this specimen. The
detailed micrographs (b-d) revealed an intergranular fracture morphology for the
main surface area (b), indicating brittle separation of the TGO from the bond coat.
Here the specific surface roughness was caused by the imprint of the oxide grains (a
morphology first shown by Smialek [ll] for oxidation of NiAl) rather than by surface
preparation before YSZ deposition. The alumina scale itself consisted of a fairly
dense layer adjacent to the bond coat (c) and a porous alumina top layer containing
Y-rich particles (d).

Figure 5 summarizes SEM plan-view micrographs of the three YSZ microstructures
representative for both substrate alloys after testing (Fig. 5a-c) and respective side-
views of the fracture morphology of the alumina scale with the YSZ on top (Fig. 5d-
i). On both CMSX-4 and Rene N5 substrates and for all three YSZ microstructures
the alumina scale was characterized by the formation of alumina grains on the order
of about 500 nm (compare also to Fig. 4b) at the original metal/TGO  interface but a
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MS-Z exceeded 2300, lh cycles and are still in the test. The results clearly indicate
both an effect of microstructure and substrate alloy on the lifetime of TBC systems
with identical bond coats and ceramic top coats.

Discussion
In general, the thickness of the TGO layer is considered to play an important role in
determining the remaining lifetime of a TBC system. As a rule of thumb an
alumina scale thickness of about 10-15pm is often regarded as the borderline for
continued safe TBC operation [12] which was confirmed for non-cyclic oxide growth
by life prediction modelling (131. However, in the present study the TBCs started to
spa11 when an oxide scale thickness of roughly 2um was exceeded. Generally scale
spallation on flat surfaces is induced when 1) compressive shear cracks are initiated
(“wedging”, strong metal/oxide interfaces) or 2) out-of-plane stresses (locally) exceed
the interfacial strength of the metal/TGO interface (‘buckling”, weak metal/oxide
interfaces) [14]. In both cases interfacial cracks are formed at the weakest links, finally
leading to separation of the scale from the substrate. The interfacial strength of the
alumina scale depends on chemical aspects as well as mechanical factors [15].  Out-of-
plane stresses are generated when m-plane stresses (which are caused by oxide scale
growth and mismatch of the coefficients of thermal expansion between the TGO and
the bond coat) create a stress component normal to the interface [e.g. by geometry
changes (buckling)], thus providing a driving force for oxide spallation. Finite
element calculations for an EB-PVD TBC system revealed that the largest stresses
occur in the TGO layer, and that locations of high interfacial curvature generate
large tensile stresses in the TGO [16].  As the surfaces on practical components never
provide perfectly flat interfaces, out-of-plane stresses readily build up during growth
of the oxide scale. However, with optimization of surface roughness, spallation of
the oxide scale can be minimized for a given alloy [17]. Furthermore, interfacial
defects may further weaken the interfacial strength. Interfacial voids, which can
readily form at bond coat grain boundaries due to the unbalanced flux of species in
the bond coat 118, 191 as well as a result of defects in the metal or crystallographic
orientation of the scale and the metal [18], can be stabilized by the presence of S
which segregates to void surfaces [20, 211. The detrimental effect of S can be
eliminated by the use of reactive elements [22] and/or by adequate de-sulfurization
of the substrate alloy and coating [U]. The interfacial strength of the alumina scale
may furthermore be affected by elements such as Ta, Hf and Re which readily diffuse
from the substrate into the oxide scale and lead to localized scale spallation 1221.

In the present study, the substrate chemistry significantly affected YSZ spallation
resistance, at least at 1100°C. Although Rene N5 MS-l and 2 have not yet failed, the
thermal cyclic results at 11CWC clearly indicate that the TBCs on Rene N5 substrates
seem to exceed the lifetime of identical coatings on CMSX-4 substrates by at least a
factor of two (Fig. 7). Detailed EDS analysis was performed to track down elements
that account for premature failure of TBCs on CMSX-4 substrates. As metioned
earlier Ti and Ta can readily diffuse from the substrate alloy to the bond coat/scale
interface [5] and modify adhesion of the alumina scale and thus of the YSZ top
coating. Ti was actually detected by EDXA on the bond coat surface after failure of
CMSX-4 MS-2 and CMSX-4 MS-3 (Rene N5 does not contain Ti), but more analyses
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are needed to confirm these results. However, it should be mentioned that no second oxide phase was
found at the bond coat/alumina interface. In a recent study, EDXA examination of a vacuum-annealed
CMSX-4/NiCoCrAlY system without aceramic top layer revealed local formation of Y-rich particles at
the scale-gas interface after 240h at 1100°C [26]. However, in the present study of an identical
system with a TBC top layer, no indication of Y enrichment was found at this point. Detailed chemical
analysis of the coatings especially at the bond coat/alumina interface is the subject of ongoing research.

In earlier studies the microstructure of the YSZ itself was reported to have a
profound effect on the physical properties of the ceramic coating. Recently Johnson
et al. 191 determined the in-plane elastic moduli and the residual stress of as-fabricated
EB-PVD TBCs. They found stress levels between 70MPa (compressive) and
20MPa (tensile) depending on microstructure and orientation relative to the
rotational axis during deposition. The in-plane elastic moduli varied between 10
and 77 GPa and thus were much lower than the modulus of fully-dense yttria-stabilized
zirconia (210MPa). Furthermore that study revealed that low residual
stress levels and low in-plane moduli resulted in higher TBC strain tolerance. As
the in-plane modulus of the YSZ is strongly dependent on the degree of contact
between the single columns [9] sintering effects observed in the present study after
100, lh cycles at 1150°C for all microstructures (Fig. 6) contribute to a stiffer structure
and thus should create a higher in-plane elastic modulus. The similar times of
failure found for all three YSZ microstructures suggested that significant sintering
might have taken place in all cases at 115O°C, especially in the root area of the
columnar microstructure and therefore to some extent negated the effect of
intentionally. different initial residual stresses and in-plane moduli of the as-fabricated
microstructures. Interestingly, although tests were conducted under
thermal cyclic conditions, where breaking of the sinter necks was expected to a large
extent, post-oxidation SEM investigations revealed that relatively few cracks along
the sintered conditions were present in the spalled YSZ coating (Fig. 6).

At 1100°C sintering also occurred but was less significant than at 1150°C even after
more than thousand cycles. Unlike at 115O°C, the relatively large differences in TBC
lifetime for different YSZ microstructures at 1100°C suggested that even after long-term
exposure the stress state was different for different YSZ microstructures at
1100°C although the extent of sintering also is dependent on the YSZ
microstructure. A as-deposited  "low-density" YSZ is most likely to show a different
sintering behavior than a denser YSZ microstructure. Furthermore, depending on
the specific YSZ microstructures, sintering will only affect the bulk part of the TBC,
as XRD residual stress measurements revealed minor stress changes in the near-surface
region of ceramic top layer [24]. In an earlier study, 3-point bending
measurements in a dynamic mechanical analysis (DMA) apparatus revealed
significant differences in the Young’s moduli for different YSZ microstructures
(Figure 8) [25]. The standard microstructure (comparable to MS-l in this study)
exhibited the lowest Young’s modulus and also exhibited the longest lifetime [25]. In
the present study, the TBC system with the standard microstructure (MS-l) also had
a longer lifetime than MS-2 and MS-3, at least on CMSX-4 substrate. As mentioned



earlier, Rene N5 MS-1 and MS-2 are still in the test, and therefore a ranking cannot
be given yet.

The present results suggested that the lifetime benefits obtained from different YSZ
top coating microstructures cannot be achieved unless reasonably low sintering of
the YSZ is obtained. For practical applications the amount of sintering must be
controlled by defining an upper temperature limit which can somewhat vary, with
the initial YSZ microstructure. However, the “temperature window” can be very
tight (of the order of 50°C in this study).

Summary and Conclusions
EB-PVD TBC systems consisting of single crystal alloys CMSX-4 and Rene N5, an EB-
PVD NiCoCrAlY  bond coat and three different EB-PVD YSZ microstructures
exhibited lifetimes of 80-100, lh cycles at 1150°C and a minimum of 750, lh cycles at
1100°C. Whereas the best coating on CMSX-4 failed after 1250, lh cycles at llOO”C, the
coating with the comparable YSZ microstructure on a Rene N5 exceeded 2300 cycles
and is still in the test. The general failure mode at both test temperatures was
spallation at the bond coat/alumina. interface after cooling down from test
temperature, thus exposing a bare ‘metal surface on failure.

Whereas at 1150°C no clear effect of neither YSZ microstructure nor substrate
chemistry on the lifetime of the TBCs was found, the results at 1100°C indicated that
both factors significantly affect the spalling behavior of the YSZ. For a given
substrate alloy, the differences in .time to spallation of the YSZ were somewhat less
than a factor of two. This dependency was attributed to different residual stress states
in the YSZs due to their different microstructures, not only in the as-deposited
condition, but even after long-term exposure when sintering of the columnar
microstructure occurred. When comparing TBCs deposited on different substrate
alloys (but identical bond coat compositions) alloy chemistries significantly
influenced the lifetime of the TBCs.  Identical YSZ microstructures on Rene N5
substrates outperformed coatings on CMSX-4 substrates by at least a factor of two.
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List of Tables

Table I: Chemical composition of the substrate materials and the bond coat (wt.%).

Ni Cr Co MO W Ta Re Al Ti Hf C Y S i

CMSX-4” bal. 6.5 9 0.6 6 6.5 3 5.6 1 0.1 - - -
Red N5 bal. 6.76 7.16 1.44 4.95 6.37 3.17 6.25 - 0.16 0.05 0.005 0.07
NiCoCrAlY” bal. 18.5 22.7 - - - - 13.0 - - - 0.13 -

I’ nominal composition *’ EB-PVD coating
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List of Figure Captions

Figure 1: Mass change vs. number of lh cycles for three different TBC
microstructures on CMSX-4 and Rene N5 substrate alloys at 1150°C.
Arrows indicate significant TBC spallation leading to failure after cooling
and weighing. Initial mass loss of the specimens was caused by YSZ
chipping from the edges.

Figure 2: Macrograph of CMSX-4 MS-Z (a,b) and Rene N5 (c,d) after 60, lhcycles
(a,c) and 100, lh cycles (b,d) showing failure typical of all samples
investigated in this study. Note that (a) and (b) show the same side
CMSX-4 MS-2 whereas in (c) and (d) different sides of Rene N5 MS-2 are
displayed.

Figure 3: Typical TBC failure mode for all microstructures investigated. The
ceramic top coat spalled off the specimens with the TGO still adherent to
the YSZ exposing a bare metal bond coat surface.

Figure 4: TBC failure mode occasionally observed Rene N5 MS-l. Whereas after
complete YSZ spallation bare metal of the bond coat was exposed at main
parts of the specimen surface (b) indicating the typical failure mode
shown in Fig. 3, in some areas the alumina scale was still adherent to the
bond coat. The micrographs reveal a relatively dense alumina scale
adjacent to the bond coat (c) and a porous alumina scale adjacent to the
YSZ (d).

Figure 5: YSZ microstructures (plan view) on NiCoCrAlY  coated CMSX-4 and
Rene N5 substrates (a-c) and respective alumina scale adherent to the
YSZ after 100, lh cycles (d-f, h, i) and 80, lh cycles (g) at 1150°C.

Figure 6: Sintered YSZ columns after 100, lh cycles at 1150°C.

Figure 7: Mass change vs. number of lh cycles for three different TBC
microstructures on CMSX-4 and Rene N5 substrate alloys at 1100°C.
Arrows indicate significant TBC spallation leading to failure after cooling
and weighing. Initial mass loss of the specimens was caused by YSZ
chipping from the edges.

Figure 8: Young’s modulus vs. temperature determined by 3-point  bending tests
in a DMA apparatus (dynamic mechanical analysis) [24].
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Figure 3: Typical TBC failure mode for all microstructure investigated. The ceramic
top coat spalled off the specimens with the TGO still adherent to the YSZ exposing a
bare metal bond coat

Figure 4: TBC failure mode occasionally observed Rene N5 MS-l. Whereas after
complete YSZ spallation bare metal of the bond coat was exposed at main parts of the
specimen surface (b) indicating the typical failure mode shown in Fig. 3, in some areas
the alumina scale was still adherent to the bond coat. The micrographs reveal a
relatively dense alumina scale adjacent to the bond coat (c) and a porous alumina scale
adjacent to the YSZ (d).
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Figure 5: YSZ microstructures (plan view) on NiCoCrAlY coated CMSX-4 and Ren6 N5
substrates (a-c) and respective alumina scale adherent to the YSZ after 100, lh cycles (d-f,
h, i) and 80, lh cycles (g) at 1150°C.
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Figure 8: Young’s modulus vs. temperature determined by 3-point bending
tests in a DhJA apparatus (dynamic mechanical analysis) [24].


