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Abstract O SfT l

Cast PtAl and NiPtAl alloys were used as model materials to study the effect

f Pt on the oxidation behavior of aluminide bond coats. The addition of Pt

improves a-Al,Oj3 scale adhesion in cyclic testing at 1150°C and 1200°C. However,

in comparison with aluminides which contain reactive elements (e.g. Zr and Hf),

t

i

he beneficial effect of Pt was not as great. SEM and TEM analysis of the oxides

ndicated little effect of the Pt on scale microstructure. Using TEM/EDS analysis, Pt

was not detected as a segregant to the alumina grain boundaries grown on PtAl,

whereas Zr and Hf have been routinely detected. Also, no sulfur was detected at the

PtAl/Al,Oj interface. While Pt is somewhat beneficial in cast aluminides, Pt in an

aluminide bond coat on a single crystal Ni-base superalloy substrate also may
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provide additional benefits to the overall oxidation behavior.
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Introduction

Thermal barrier coatings (TBCs) have played an important role in increasing
the efficiency of turbine engines, because they allow the operating temperatures to
be increased substantially while protecting the underlying metallic turbine blade.
Ceramic TBCs are applied to the hot section of the turbine engine by plasma
spraying (PS) or electron-beam physical (EB-PVD).I'3 Yttria-stabilized zirconia (YSZ)
has emerged as the preferred coating material because of its toughness, low thermal
conductivity and relatively high thermal expansion coefficient for a ceramic
material. One limitation of YSZ is that it has a very high oxygen diffusivity and
therefore provides almost no protection of the underlying alloy from oxidation,
inecessitating an intermediate oxidation-resistant bond coat. This underlying bond

-

coat must not only provide a barrier to oxidation, but must also be resistant to
thermo-mechanical fatigue.

In most cases, the bond coat is designed to form an external, protective
a-AlO; scale during oxidation. However, the interface between the bond coat and
the Al,O; scale is a common site of mechanical failure resulting in loss of the YSZ
top coat, particularly for EB-PVD TBCs*>. To prevent such spallation, it is
imperative to control the bond coat chemistry so that the oxide scales that form are
adherent. The two most common classes of bond coats are MCrAlY (M=Nj,Co) and
diffusion aluminides. For MCrAlY coatings, Y is added to improve scale adhesion.
The effect of reactive elements (REs), like Y, have been extensively studied (see for
example reviews in references?®). For the case of aluminides, the addition of Pt is
known to improve scale adhesion,10-15 but there have been no mechanisms
proposed in the literature for the beneficial effect of Pt.

This paper presents initial results of a study on the role of Pt in improving
scale adhesion in Pt aluminide bond coats. Model Pt-containing alloys, with and

without RE additions, were cast and both isothermal and cyclic oxidation studies
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were performed on the various bond-coat-type compositions to assess the oxidation
behavior. Complementary microstructural and chemical studies were carried out
using scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy
(EDS) and scanning transmission electron microscopy (STEM) to gain a better

understanding of the role of Pt in improving oxidation resistance.

Experimental Procedure

The chemical composition of the substrates investigated in this study are
shown in Table I. The 2.3 at.% (10 wt%) Pt level in the NiPtAl alloys was chosen to
approximate the level in a Pt aluminide bond coat. The platinum and nickel
aluminides were inductively melted and cast in a copper mold and were then
;mealed for 4 hr at 1350°C.16 Generally, test specimens were disks of 12-16 mm
diameter and 1-2 mm thick.

Thermal cycling exposures were conducted in two ways: (1) samples were
cycled in an automated furnace system at 1150° and 1200°C with dry O,flowing
through a reaction tube; cycle time (time at temperature) was lh with 10 min.
cooling periods between cycles; and (2) samples were exposed in individual pre-
annealed alumina crucibles at 1200°C in laboratory air for 100hr cycles. In both cases,
the samples were inserted into a hot furnace but, with the alumina crucibles, heat-
up time for the samples was somewhat slower. The crucibles had lids to contain
spalled oxide and thus allow the measurement of the total amount of reaction.
Isothermal (not cycled) kinetics were measured in dry, flowing O, using a Cahn
Instruments, Model 1000 microbalance.

After oxidation, microstructural and chemical investigations were performed
using a Philips XL30 field-emission scanning electron microscope (SEM) with a
light-element energy-dispersivé spectrometer (EDS). Selected samples were Cu-

plated and cross sectioned, either for metallographic polishing and SEM analysis or



Table I. Chemical composition of the substrate alloys in atomic percent.
Compositions were determined by inductively coupled plasma analysis; S, C,
O, N by combustion analysis.

Alloys Undoped NiAl NiAl  PtAl PtAl NiPtAl NiPtAl NiPtAl René
NiAl + Zr +Hf +Zr +Hf +Hf/Si N5

Ni 48.67 50.04 48.83 <0.01 0.02 45.75 45.19 45.02 64.85

Al 51.22 49.65 51.05 49.33 51.58 51.83 52.23 52.25 13.88

Pt 50.32 48.07 2.33 2.36 2.30
Fe 0.01 0.02 0.03 <0.01 <0.01 <0.01 <0.01 0.08
Cr <0.01 <0.01 <0.01 0.02 0.01 0.01 <0.01 7.79
Si 0.06 0.21 <0.01 0.04 <0.01 <0.01 <0.01 0.19 0.15
7.28 C
Other 0.004B <0.01Y <0.01Y 004Cu <OOTHE (o0 o 0002Ce 001Cu 2220
<0.001 Y <0001Y 0004B T w
<0.001Y 1.02 Re
<0.01 Zr <0.01 Zr 0_.90 Mo
0.01 Hf 0.01 Hf 0.01 Hf 0.05 Hf
Dopant :0.001 y 0.04Zr 0.05 Hf :0_001 y 0.04Zr :0.001 y 0.05Hf 0.06 Hf ggo3Y
<0.01 Zr 001Zr <0.01zr <0.01 Zr 0.003 Zr
C 0.04 0.02 0.04 <0.01 0.04 0.04 0.25
O 0.004 0.02 0.003 0.252 0.027 0.072 0.102 0.128 0.005
N <0.001 n.d. <0.001 0.005 <0.001 <0.001 0.002 0.003 <0.001
S 47 <4 <10 <12 10 <4 <4 7
(ppma)

thinned for higher spatial resolution analysis on a Philips 200 field-emission

scanning transmission electron microscope (STEM) equipped with light-element

EDS.

Results and Discussion

Cyclic oxidation studies were carried out on NiAl, NiPtAl (10wt%Pt) and PtAl
to assess the effect of Pt on the oxidation behavior of aluminides, Figure 1. In lhr
cycles at both 1150°C and 1200°C, the addition of Pt significantly improves spallation
resistance as compared to undoped B-NiAl, where weight losses reflect continuous
spallation of the alumina scale. However, after longer times in the same tests,

spallation was observed for both Pt-containing alloys, Figure 2. The onset of



spallation occurred after approximately 500 1hr cycles at 1150°C and 100-150 cycles at
1200°C.

Comparing the effect of Pt on scale adhesion to that of RE additions such as Zr
and Hf clearly indicates that the beneficial effect of RE-doping on scale adhesion is
much stronger than that of Pt, Figure 2. Based on the performance of NiAl+Hf
compared with NiPtAl+Hf and NiPtAl+Hf/Si, it is evident that Pt is not necessary
to achieve good scale adhesion. This is similar to the results found for Pt and Hf
additions to CoCrAl alloys!4. Also, the addition of Si and Hf did not provide any
additional benefit to the oxidation behavior of cast NiPtAl. An important aspect of
the specimen weight gain data in Figures 2a and 2b is that a simple comparison of
the absolute weight gains for the various samples is not necessarily indicative of
-some important factors. At both temperatures, initial weight gains for both PtAl
and NiPtAl are higher than for Zr- and Hf-doped aluminides. This does not reflect
better scale adhesion for the Pt-containing aluminides but rather a more rapid scale
growth rate without RE-doping®®17.18. As illustrated in Figure 3, the addition of Zr
reduces the parabolic growth rate by a factor of approximately 3, while a Hf addition
reduces the rate by a full order of magnitude. (An explanation for the additional
benefit of Hf has not yet been determined.) Thus, the higher initial weight gains for
the undoped Pt-containing alloys is the result of an adherent but faster growing
scale.

Another point to note in Figure 2 is the high weight gains for PtAl -- the final
weight gain after 1000, 1-hr cycles at 1200°C was 20.8 mg-cm™. Again, this is not an
indication of good performance. The high weight gains are a result of internal
cracking and oxidation of the brittle alloy (Figure 4a) which masks any weight loss
due to spallation of the external alumina scale. Some alloy cracking may initiate
due to casting defects, however, the PtAl+Zr alloy also had casting defects but did

not show similar cracking and internal oxidation after cycling, Figure 4b. From the



weight gain curves for PtAl+Zr, it is evident that there was virtually no spallation
from this alloy. In the light micrograph, there appears to be a second phase forming
near the surface, an approximately 40 um thick layer formed after 1000, 1-hr cycles at
1200°C, Figure 4b. This Al-depleted Pt-Al phase has not been conclusively identified
by XRD, but EDX analysis indicated PtsAl;. The formation of a depleted layer is not
surprising as PtAl is a line compound!®. This outer layer appears cracked and brittle,
but this cracking may have occurred during specimen preparation. Because of the
severe cracking on the cycled PtAl, it is difficult to compare the depleted areas in that
material. Instead, the two Pt aluminides were compared after a 100hr isothermal
exposure at 1200°C, Figure 5 (the same samples that were used for kinetic data in
."Figure 3). Using SEM back-scattered electron imaging (sensitive to substrate atomic
.r‘\umber) of the metallographic cross-section, the Al depletion layer near the surface
was clearly observed. Some spalling of the scale was observed on PtAl (Figure 5a),
but the most important feature is a much thicker depletion zone on PtAl (=32um)
compared to PtAl+Zr (=17um). This is a result of the slower oxidation rate due to Zr
doping (Figure 3) which means a slower Al consumption rate and, therefore, less Al
depletion. If this PtsAly layer is more brittle than PtAl, then the thicker PtsAl; layer
on the undoped PtAl alloy may contribute to internal cracking and the detrimental
behavior observed during thermal cycling. Once the alloy cracks, faster oxidation
(forming in the cracks) and more depletion will occur. Thus, Zr-doping not only
produced a thinner scale (subject to lower strains on cooling?®) but a thinner
depletion layer in the alloy which also may help in preventing the formation of
internal cracks. The polished cross-sections also reveal a pore in the PtAl alloy
(Figure 5a) with cracks emanating from it -- a type of defect that may nucleate alloy
cracks. In addition, the scale and metal-scale interface on PtAl+Zr (Figure 5b) appear
more convoluted than on PtAl. This is somewhat surprising because the

convoluted scale is more adherent. However, the convolutions do not appear to be



prevalent in the sample cycled for 1000 hr, Figure 4b.

The effect of cycle time on scale adhesion was also investigated by performing
complementary 100-hr cycles for 1000 hr at 1200°C, Figure 6. Total weight gains are
shown to illustrate the total amount of attack. Surprisingly, with the longer cycle
time, the benefit of Pt-doping was almost non-existent. The addition of a RE again
overshadowed the Pt effect. The near-linear weight gains for the undoped alloys
reflect almost complete spallation. For PtAl, there was less external spallation but
increased weight gains due to internal attack. One possible explanation for the
reduced effect of Pt after longer cyclic exposures is that Pt doping is unable to prevent
the growth of interfacial voids to the same degree as RE-doping. Large interfacial
voids were observed in the spalled areas (exposed substrate) of undoped NiPtAl after
iO, 100-hr cycles at 1200°C, Figure 7. It may be that although Pt reduces the growth
rate of interfacial voids, it does so to a lesser degree than RE-doping. A smaller
fraction of interfacial voids should improve scale adhesion, particularly in short
time tests, Figure 1. However, at longer times, the voids would be of sufficient size
to cause scale spallation. The longer cycle time (100 hr) allows enough time for the
voids to grow and results in spallation after each cycle. Thus the benefit of the Pt
addition is lost when the cycle time is increased. A reduction in the interfacial void
growth rate also could involve an interaction between Pt and the interfacial
segregation of indigenous S (which is thought to accelerate the growth of interfacial
voids2122), However, a Pt-S interaction has not yet been investigated.

From the cyclic and isothermal oxidation results, it is clear that the beneficial
Pt effect results from a significantly different mechanism than the RE effect. One
additional element of RE-doping is a change in the 0-Al,O3 microstructure.8.9.18.:23
A comparison of the scales formed at 1200°C reveals that the addition of Pt did not
produce a fully columnar grain structure or inhibit the formation of alumina

whiskers, Figure 8. This is in agreement with the assumption that the columnar



structure is the result of a change in the growth mechanism to predominant O
diffusion inward.8923 Platinum did not reduce the scale growth rate (Figure 3),
thus it is not likely that it changed the growth mechanism. The whiskers on the
scales formed on undoped Pt aluminides are a further indication that outward
diffusion of Al is contributing to the scale growth rate, Figure 8.

STEM and EDS analyses were performed on PtAl and PtAl+Zr after oxidation
for 2hr at 1200°C. At this time no scale spallation was observed. Figure 9a shows a
bright-field TEM image of the Al,O3scale grown on undoped PtAl at 1200°C. EDS
spectra (Figure 5b) were acquired from the interior of the Al,O3 grains as well as the
Al,O3 grain boundaries. In these undoped PtAl specimens, no evidence was found
fqr segregation of Pt or impurity elements, s such as S, to the grain boundaries. EDS
a:malysis was also performed across the PtAl-Al,Oj interface. Figure 10a is a high
resolution electron microscopy (HREM) image of this interface. The lattice image
shows that the interface is abrupt with no other phases present at the PtAl-Al,O3
boundary. EDS profiles, taken across the same boundary in 5nm steps (Figure 10b),
show an abrupt chemical transition across the interface. EDS also showed no
evidence for impurities, such as S, segregated to the interface.

Similar analytical analyses were performed on the scale formed on PtAl+Zr.
Figure 11a is a bright-field TEM image of a portion of the AO3 scale. EDS spectra
(Figure 11b) shows that Zr segregated to the Al,Oj3 grain boundaries. This
observation is consistent with numerous previous observation of RE ionic
segregation (see literature reviews in references 12 and 24). The interface between
the PtAl+Zr and Al,O5 scale was also examined by HREM and EDS to look for
interphases or segregation at the metal-oxide interface. Figure 12a is an HREM
image of the interface between PtAl+Zr and Al,O3. As in the undoped case, the
metal-oxide interface is free of third phases and appears to be structurally abrupt.

EDS profiles taken across the boundary, Figure 12b, show that the interface is



chemically abrupt and that Zr segregation was not detected in this sample.
Additional TEM work on the NiPtAl alloys has not yet been completed because
these alloys are more brittle and thus more difficult to thin for TEM analysis.

While Pt has not been found to be as effective as RE-doping in improving
alumina scale adhesion, the addition of Pt to a bond coat on a Ni-base single-crystal
superalloy may benefit the oxide behavior by mechanisms not reproducible in these
cast alloys. A comparison using STEM/ EDS of the scale grown on uncoated René
N5 with that grown on a Pt aluminide-coated René N5 substrate indicated that the
scale on the uncoated alloy contained significant amounts of Ta-rich oxide particles,
and Ta ions segregated to every a-Al,O3 grain boundary?®. Initial results for the
scale formed on the Pt-aluminide bond coat showed far-less Ta-rich particles in the
scale and little segregation of Ta to the scale grain boundaries. Limiting the outward
diffusion of elements such as Ta from the substrate into the external alumina scale
may be an additional beneficial effect of Pt when present in an aluminide coating.
In general, it has been observed that a small amount of RE-doping is beneficial to
oxidation performance, but additional dopants in the scale are detrimental in the
long term. Thus, Pt in an aluminide coating may have an additional beneficial
effect on oxidation by limiting the diffusion of extraneous elements from the

substrate into the alumina scale.

Conclusions

1. The addition of Pt to cast aluminides was found to be beneficial to oxide
adhesion but not to the same extent as reactive element (Zr, Hf, etc.) doping.

2. The addition of Pt did not change the a-Al,O3 scale growth rate or scale
microstructure formed on these alloys.

3. Using STEM/EDS, neither Pt or S was found to segregate to the a-Al;O3 grain

boundaries or the metal-scale interface on cast PtAl. For the scale on PtAl+Zr, Zr

-9-



was observed as a segregant on the a-Al,O3 grain boundaries.
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List of Figures

Figure 1. Weight change of various uncoated aluminides cycled (1h cycle time)
from room temperature to (a) 1150°C and (b) 1200°C16. The addition of Pt improved
scale adhesion compared to undoped B-NiAl.

Figure 2. Weight change of various uncoated aluminides cycled (1h cycle time)
from room temperature to (a) 1150°C and (b) 1200°C16. The addition of reactive
elements such as Zr and Hf further improve scale adhesion compared to a Pt

addition alone. The high weight gains for PtAl are due to internal cracking and
oxidation.

Figure 3. Isothermal weight gains at 1200°C plotted versus the square root of time to
show the parabolic reaction kinetics!6. The addition of Hf reduces the scale growth
rate by a factor of 10, while a 7r addition is slightly less effective. This reduction in
rate is attributed to an inhibition of Al diffusion in the Zr- or Hf-doped o-Al,O3
scale.

Figure 4. a) SEM back-scattered electron image of a metallographically-polished
cross-section of PtAl cyclically oxidized at 1200°C for 1000 1-hr cycles, b) light
micrograph of PtAl+Zr after the same test. Without the reactive element (Zr)
addition, massive cracking and internal oxidation occurs. A depletion layer is
observed in the PtAl+Zr near the scale.

Figure 5. Cross sectional SEM back-scattered images of a) PtAl and b) PtAl+Zr after
isothermal oxidation at 1200°C for 100 hr. Spallation of the Al,O3 scale is apparent
in the undoped PtAl, while the scale is well adhered in the Zr-doped specimen. The
slower scale growth rate with Zr doping also results in a much thinner PtsAl; layer.
The arrows in (a) mark a void with cracks near it.

Figure 6. Total weight gain (sample weight gain + spalled oxide) during 100hr cycles
at 1200°C. The nearly straight line behavior of undoped NiAl represents almost
complete spallation during cooling after each cycle. The addition of Pt had only a
marginal effect on adhesion in this longer term cyclic test. However, the addition of
Hf or Zr continues to provide a benefit throughout the test with almost no
spallation observed.

Figure 7. SEM secondary electron image of the NiPtAl (10wt%Pt) substrate exposed
by spallation of the alumina scale after 10, 100hr cycles at 1200°C. The arrows mark a
variety of large voids.

Figure 8. SEM secondary electron cross-section images of the a-Al;O3 scale
formed at 1200°C on (a) undoped NiPtAl after 100h, (b) B-NiAl + Hf after 100h, (c)
PtAl after 100hr and (d) NiPtAl+Hf after 100hr!6. With the additional of a reactive
element such as Hf, the oxide whiskers disappear and a more columnar grain
structure develops.

-12-



Figure 9. a) Bright-field TEM image of isothermally-grown Al,O5 scale on PtAl and
b) EDS spectra from Al,O3 grains and grain boundary showing no segregation to the
grain boundaries. Note that the spectra intensities are offset for clarity. The Cu, Pt
and Ar peaks are artifacts from sample preparation.

Figure 10. a) HREM image of PtAl - Al,O5 interface in isothermally oxidized
(1200°C, 2hr) PtAl sample and b) EDS profiles taken across the interface which show
an abrupt transition between the metal and oxide scale.

Figure 11. a) Bright-field TEM image of columnar alumina scale on isothermally
oxidized PtAl+Zr and b) EDS spectra from alumina grains and grain boundary
showing segregation of Zr to grain boundaries. The intensities of the three spectra
are offset for clarity. Traces of Pt are also detected in the alumina grains and grain
boundaries.

Figure 12. a) HREM image of PtAl+Zr -Al,O3 interface in isothermally oxidized
(1200°C, 2hr) PtAl+Zr sample and b) EDS profiles taken across the interface which
show an abrupt chemical transition between the metal and oxide scale.
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Figure 2. Weight change of various uncoated aluminides cycled (1h cycle time) from
room temperature to (a) 1150°C and (b) 1200°C 16. The addition of reactive elements such
as Zr and Hf further improve scale adhesion compared to a Pt addition alone. The high
weight gains for PtAl are due to internal cracking and oxidation.
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Figure 3. Isothermal weight gains at 1200°C plotted versus the square root of time to
show the parabolic reaction kinetics16. The addition of Hf reduces the scale growth rate
by a factor of 10, while a Zr addition is slightly less effective. This reduction in rate is
attributed to an inhibition of Al diffusion in the Zr- or Hf-doped a-Al,Oj scale.
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Figure 4. Light micrographs of metallographically-polished cross-sections
of (a) PtAl and (b) PtAl+Zr, after 1000 1-hr cycles at 1200°C. Without the
reactive element (Zr) addition, massive cracking and internal oxidation
occurs. A depletion layer is observed in the PtAl+Zr near the scale.
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Figure 5. Cross sectional SEM back-scattered images of a) PtAl and b) PtAl+Zr
after isothermal oxidation at 1200°C for 100 hr. Spallation of the AlOj scale is
apparent in the undoped PtAl, while the scale is well adhered in the Zr-doped
specimen. The slower scale growth rate with Zr doping also results in a much thin-
ner PtsAl, layer. The arrows in (a) mark a void with cracks near it.
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Figure 6. Total weight gain (sample weight gain + spalled oxide) during 100hr cycles at
1200°C. The nearly straight line behavior of undoped NiAl represents almost complete
spallation during cooling after each cycle. The addition of Pt had only a marginal effect
on adhesion in this longer term cyclic test. However, the addition of Hf or Zr continues
to provide a benefit throughout the test with almost no spallation observed.

Figure 7. SEM secondary electron image of the NiPtAl (2.3at.%, 10wt%Pt) substrate
exposed by spallation of the alumina scale after 10, 100hr cycles at 1200°C. The arrows
mark a variety of large voids.
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Figure 8. SEM secondary electron cross-section images of the a-Al,O3 scale formed
at 1200°C on (a) undoped NiPtAl after 100h, (b) B-NiAl + Hf after 100h, (c) PtAl after
100h and (d) NiPtAl+Hf after 100h16. With the additional of a reactive element such as
Hf, the oxide whiskers disappear and a more columnar grain structure develops.
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Figure 9. a)Bright-field TEM image of isothermally-grown Al,O3 scale on PtAl
and b) EDS spectra from AL,O; grains and grain boundary showing no segregation to
the grain boundaries. Note that the spectra intensities are offset for clarity. The Cu, Pt
and Ar peaks are artifacts from sample preparation.
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Figure 10. a) HREM image of PtAl - Al,Oj3 interface in isothermally oxidized
(1200°C, 2hr) PtAl sample and b) EDS profiles taken across the interface which
show an abrupt transition between the metal and oxide scale.
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Figure 11. a) Bright-field TEM image of columnar alumina scale on isothermally oxi-
dized PtAl+Zr and b) EDS spectra from alumina grains and grain boundary showing
segregation of Zr to grain boundaries. The intensities of the three spectra are offset for
clarity. Traces of Pt are also detected in the alumina grains and grain boundaries.
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Figure 12. a) HREM image of PtAl+Zr -Al,O; interface in isothermally oxidized (1200°C,
2hr) PtAl+Zr sample and b) EDS profiles taken across the interface which show an
abrupt chemical transition between the metal and oxide scale.
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