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ABSTRACT

The effects of Pt incorporation on the isothermd oxidation and diffuson behavior of
low-sulfur duminide bond coatings were investigated. Aluminide (NiAl) coatings and Pt-
modified duminide (Ni,P)Al coatings were syntheszed on a low-sulfur, yttrium-free single-
crysta Ni-based superdloy by a high-purity, low-activity chemica vapor depostion (CVD)
auminizing procedure. The isothermad oxidation kinetics and scae adhesion behavior of CVD
NiAl and (Ni,PtY)Al were compared a 1150°C. Compositiond profiles of aloying eementsin
the NiAl and (Ni,P)Al coatings before and after isothermal oxidation were determined by
electron microprobe andysis. Platinum did not reduce oxide scae growth kinetics. No
ggnificant differencesin bulk refractory metal (W, Ta, Re, and Mo) distributions were observed
as aresult of Pt incorporation. Spdlation of the dumina scae and the formetion of large voids

adong the oxide-metal interface were commonly observed over the NiIAl coating grain
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boundaries after 100h at 1150°C. In contrast, no spdlation of Al,O; scales occurred on
(Ni,POAI coating surfaces or grain boundaries, dthough the sulfur content in the CvVD (Ni,PY)AI
coatings was higher than that of the CVD NiAl coatings Mogt sgnificantly, no voids were
observed at the oxide-metd interface on (Ni,Pt)Al coating surfaces or cross-sections after 200h
at 1150°C. It was concluded that a major beneficia effect of Pt incorporation on duminide
coding oxidation resgtance is the eimination of void growth a the oxide-metd interface, likey

by mitigation of detrimenta sulfur effects.

1. INTRODUCTION

Currently, state-of-the-art therma barrier coating (TBC) systems are comprised of two
layers, (1) a strain-tolerant ceramic top coat, Y,Os-stabilized-ZrO, (Y SZ), and (2) a metdlic
bond coat, which typicaly consists of a plasma-sprayed NiCoCrAlY or a diffuson duminide.

The ceramic top coat provides therma insulation, while the metalic bond coat provides
oxidation protection to the superdloy substrate by forming a protective Al,O3 scde dong the

Y SZ-bond coat interface. This Al,O5; scde is typicdly consdered to be chemically bonded to
the overlying ceramic top coat when the YSZ is fabricated by eectron beam-physica vapor
deposition (EB-PVD). Failure of EB-PVD TBCstypicdly initiates by fracture and delamination
of the brittle Al,O5; scale dong the scale-bond coat interface, which results in spdlation of the

ceramic top coat [1-4] and concomitant loss of therma protection. From this perspective,
development of bond coats with sgnificantly improved Al,O5 scale adherence is a critica step
in improving the performance of state-of-the-art TBC systems.

A common method of improving the oxidation resstance of duminide coatings is to
incorporate Pt [5, 6], dthough the mechanism by which Pt exerts its beneficia effects is not
well-understood. Most previous work in this area has focused on platinum duminide coatings
fabricated by pack cementation, which results in a surface layer of ether PtAl, or [PtAl, +

(Ni,PY)AI] [7-9]. More recently, a low-activity platinum auminide coating, which exhibits a
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aurface layer of sngle-phase (Ni,PYAI insead of PtAl, or [PtAl, + (Ni,PY)AIl], has been
developed via low Al activity CVD processing [10, 11]. This single-phase (Ni,Pt)Al coating
has been incorporated as a bond coat for commercial EB-PVD TBC systems. There has been
limited evauation of low activity platinum auminide bond coatings, dthough the available results
indicate improvements in cyclic oxidation behavior, hot corrosion resstance, therma stability,
and ductility, as compared to platinum auminide coatings fabricated by pack cementation [11-
13].

In generd, it appears that the pogtive influence of Pt primarily involves an improvement
in AlL,O5 scale adherence. A variety of mechaniams to explain the beneficid effects of Pt have
been proposed, including (1) reductionsin oxide growth stresses [14], (2) enhanced diffusion of
Al in the coating [15], (3) mechanicd keying by dloy protrusons into the scde [16], (4)
inhibition of refractory-metd diffusion from the subdtrate into the coating and scale [17], and (5)
suppression of void formation aong the scale/metd interface [18, 19]. However, dl of the
above mechanisms have been proposed based on andysis of conventiond PAL, or [PtAl, +
(Ni,PY)AIl] coatings or cast versions of (Ni,P)Al. Condderable interest currently exigts in the
examination of the effects of Pt on the oxidation behavior of sngle-phase CVD (Ni,Pt)Al bond
codtings.

Alloy desulfurization is a recent gpproach to improving scale adherence in single-crysta
superdloys. The beneficid effects of sulfur remova on the oxidation resstance of Ni-based
dloys have been rdatively well documented [20 - 23]. Our previous work [24] took this
concept one step further and demongirated that reducing the sulfur content of a low-activity
CVD NiAl coating on a desulfurized, Y-free superdloy provided sgnificant improvements in
Al,O3 scde adherence during cyclic oxidation at 1150°C. However, locdized Al,O5 spdlation
eventualy occurred over the NiAl coating grain boundaries. More recent results [25, 26]
indicated that Pt incorporation into these single phase CVD duminide coatings exhibited a
remarkable ability to retard scale spdlation over coating grain boundaries during cyclic oxidation
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testing at 1150°C, even though the sulfur levels in the CVD (Ni,P)Al were Sgnificantly higher
than those of the low-sulfur CVD NiAl (due to contamination of the Pt during the dectroplating
process). A maor objective of the present work was to investigate and compare the isothermal
oxidation behavior (i.e, coating compostion, scale growth kinetics, void formation and scale
adherence) of NiAl and (Ni,PY)Al coatings, in order to further advance our understanding of the
beneficid effects of Pt on the oxidation resistance of duminide coatings

2. EXPERIMENTAL

An yttriumfree singlecrysd Ni-based superdloy, René N5¢ (PCC Airfails
Cleveland, OH) was used as the substrate materid in this sudy. The nomind aloy compostion
(in weight percent) was determined by inductively coupled plasma andyss as 6.05% Al,
0.05% C, 7.33% Co, 7.03% Cr, 0.15% Hf, 1.4% Mo, 3.05% Re, 6.42% Ta, 0.01% Ti,
5.13% W, and Ni astheremainder. The bulk sulfur content of this met-desulfurized dloy was
~0.4 ppmw, as measured by glow-discharge mass spectroscopy (GDMS) 34/24Leg]. Hat
specimen coupons (1.8 cm x 1.4 cm x 0.15 cm) of René N5' were polished through 0.05 pum
auminaon al surfaces, followed by ultrasonic cleaning in acetone and methanol prior to coating.

Low-sulfur NiAl coatings were fabricated on René N5' by a conventiond CVD
aduminizing procedure (modified s0 as to minimize process-related sulfur contamination) at
1100°C for 6 hours, as described previously [24]. The (Ni,Pt)Al coatings were synthesized by
first dectroplating the substrates with ~7 um of platinum (deposited by Howmet Corporation,
Whitehdl, MI) and then duminizing the eectroplated subsirate by the identica CVD procedures
(and CVD reactor) that were used to fabricate the low-sulfur NiAl coatings [24, 25]. As
discussed previoudly, both processes result in an outward-growing layer of single-phase b-NiAl
or b-(Ni,PYAI, with an undelying interdifftuson zone consging of refractory metd-rich

precipitatesin ab matrix [25].

René N5' is used here to denote a yttrium-free version of René N5.
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The aulfur levd in the b-phase surface layer of the as-deposited NiAl coating was
measured at less than 0.5 ppmw by glow-discharge mass spectroscopy (GDMS) [24]. An
increase in sulfur content to ~2.5 ppmw was measured at the NiAl coating/subdtrate interface
region by GDMS sputter depth-profiling. The sulfur level in most of the b-phase layer of the
as-deposited (Ni,PY)Al coating was smilar to that in the NiAl coating (less than 0.5 ppmw), but
there was a sulfur peak of ~3 ppmw at the gas surface of the (Ni,Pt)Al coating [25]. More
ggnificantly, the sulfur content in the (N1,Pt)Al coating increased to ~140 ppmw in the region
where the sputtered depth coincided with the gpproximate location of the origind Pt layer. It
was previoudy demondrated tha this sgnificant increase in sulfur near the origind subdrate
interface was due to contamination of the Pt during the electroplating process [25].

Selected coated specimens, uncoated superadloy substrates (low-S, Y-free) and a cast
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Fig. 1. Comparison of isothermal oxidation kinetics of the (Ni,Pt)Al coating
with thelow-sulfur NiAl coating, uncoated René N5', and a cast NiAI+Hf.



3. RESULTS
3.1. Isothermal Oxidation Kineticsof CVD NiAl and CVD (Ni,Pt)Al Coatings

The isothermd oxidation mass changes (at 1150°C) for the (Ni,Pt)Al-coated specimens
are compared with NiAl-coated specimens, as wdl as uncoated René N5' substrates and cast
NiAl + Hf (0.05a% Hf, from Ref. 27), in Fig. 1. Parabolic oxidation rate condants, k,, were
cdculated from the steady-state portions of the mass gain curves and are compared for
gpecimens oxidized for 100 or 200-h in Table |. Steady dtate oxide growth rates on both
coatings were lower than that of cast NiAl doped with Hf (Fig. 1). Scale growth kinetics on the
(Ni,PYAIl coatings were dightly higher than those on the NiAl coatings at 1150°C (Fig. 1) and
the dteady-date scale growth rates on both coatings were much lower than those of the
uncoated René N5'. X-ray diffraction detected a -Al,O5 on dl oxidized coatings.
Tablel. The k, vaues and oxide scae thickness for CVD NiAl and (Ni,PY)Al coatings after
isothermd exposure during thermogravimetric anayss.
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Coating Oxidation Ko Measured Scale Calculated Scale
Time () (cFem*s™) | Thickness (mm) Thickness (mm)”

NiAl 100 | ----- a 1.2+0.40 0.9
200 0.7x 10" 1.9+0.50 1.2

(Ni,PHAl 100 3.0x 10" 1.6+0.64 1.8
200 14x10% 2.3+0.93 1.7

& — kinetics data lost due to computer failure, however, total specific mass gain at 100 h matched that of the
200 h specimen at 100 h.

® Scale thickness calculated based on the total mass gain

There was dgnificant non-uniformity in oxide scde thickness when viewed in cross
section. The average thickness of the Al,O5 scales after 100- and 200-h, as measured from a
series of cross-sectional micrographs, ranged from 1.2 to 2.3 nm (Table 1). These vaues were
dightly greater than the thickness values cdculated from the mass gains as shown in Table I.
Although the oxide thickness gppeared to be lower on NiAl, when data scatter was accounted
for the measured average values were Smilar on both coatings. Scaes on (Ni,Pt)Al after 200-h
were especidly non-uniform in thickness, in some locations varying in thickness from 0.5 to 4.0
mm over a 15 mm length of surface (with no evidence of scde loss due to cracking or
godlaion). Networks of samdl Al,Os ridges were visble on the scale surfaces [Fig. 2(a) and
(b)] of both coatings, as is commonly observed after oxidation of duminides [28]. However,
there were noticeable differences in the cross-sectiond morphologies of the scdes. Scaes on
(Ni,PY)Al dso contained smal periodic metalic protrusions that extended from the metd into the
oxide layer [arrows in Fig. 2(b)], as has been previoudy reported on cast PtAl dloys[16]. This
effect was less pronounced after 200-h, as compared to 100-h. The oxide-meta interfaces on

the NiAl coatings were much more regular in shape [Fig. 2(a)].
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Fig. 2. SEM images of alumina scale cross-sections on aluminide
coatings after 200-h oxidation at 1150°C. (a) CVD NiAl. (b) CVD
(Ni,Pt)Al. Thematerial at thetop of theimagesis Cu plating.



3.2.  Microgtructural Changes of NiAl and (Ni,Pt)Al Coatings after |sothermal
Oxidation at 1150°C

The surface morphologies of the as-deposited NiAl and (Ni,PY)Al coatings have been
previoudy described in detail [25]. Both coatings conssted of large, polygond duminide grains
(40-120 pm in diameter) with flat surfaces. These grains were outlined with a distinct network
of prominent grain boundary surface ridges (1 — 4 mm in height). In cross-section, it was
goparent that the individud grains were columnar in nature, with each grain boundary extending
from the origind superdloy surface to the coating surface. The as-deposited NiAl and
(Ni,PYAl coatings exhibited single-phase b-NiAl type crysta structures (by XRD). Both types
of coating were typicdly highly textured, with the mgority of the columnar coating grains rotated
around the [111] direction [25].
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Fig. 3. SEM secondary electron images showing coating microstructural changes before and after isothermal oxidation at 1150°C: (a) as-
deposited low-sulfur NiAl coating; (b) NiAl after 100h oxidation; (c) NiAl after 200h oxidation; (d) as-deposited single-phase (Ni,Pt)Al
coating; (€) (Ni,Pt)Al after 100h oxidation; (f) (Ni,Pt)Al after 200h oxidation.

Figures 3(a)-(f) compare metallographic cross sections of as-deposited NiAl and
(Ni,PY)Al coatings, and show the microstructura changes which occurred during 100- or 200-h
isotherma oxidation at 1150°C. The darker contrast phase in the surface layer of Figs. 3(a) —
(f) isthe Al-rich b-phase (the b-phase is more difficult to resolve in NiPtAI due to the Pt effect
on phase contrast). The extent of internd penetration of the b phase is denoted by the arrows
on eachimage. Theorigind superdloy surface in dl coatings contained a non-continuous planar
aray of samal aumina particles. In the as-deposited coatings the interdiffuson zone (which
began a the originad superdloy surface and extended into the superdloy) consisted of brighter-

contrast, elongated precipitates (rich in refractory dements) in a b-matrix, as shown in Fgs.
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3(a) and (d). These dongated refractory-rich (W, Ta, Re, Mo, and Cr) precipitates in the

coating diffuson zone coarsened consderably during oxidation.

The overal combined thickness of the b phase (in the coating layer and interdiffuson
zone) decreased with increasing exposure time a 1150°C, due to Al loss (and Ni enrichment)
by interdiffuson between the coaing and substrate, as well as by surface oxidation. These
reductionsin Al concentration resulted in localized transformation of the b phaseinto g (NizAl)
on the subgtrate side of the b-layer. Although sgnificant decreasesin totd b phase thickness
occurred for dl specimens, a continuous surface layer of the b phase was maintained in contact
with the dumina scde after 200-h exposure for dl NiAl and (Ni,PY)Al coating specimens.
There was no gpparent growth in the diameter of the duminide coating grains in ather sysem
after exposure at 1150°C.

The edimated origind b-phase thickness (including the b matrix of the interdiffuson
zone), the measured thickness of the remaining b phase after oxidation, and the estimated
amount of b-phase consumed during oxidaior/interdiffuson are presented in Table II.
Thickness of the as-deposited b-phase (which included the interdiffuson zone) for each NiAl
gpecimen was estimated as 2X that of the distance from the coating surface to the dumina
particles at the coating-substrate interface, snce in the as-deposited NiAl coaings the diffuson
zone thickness was gpproximately equd to the sngle-phase coating thickness. The thickness of
the b-phase in the interdiffuson zone of as-deposited (Ni,Pt)Al the was measurably less than
that of the sngle-phase surface region (gpproximately 80%), and the shape of the diffusion
zone-subgtrate interface was much more irregular than that observed beneath the NiAl coatings.
Thus, the origind thickness of (Ni,PY)Al coatings was estimated at 1.8X that of the single-phase
layer thickness. The thickness estimations in Table Il dso assume no sgnificant movement of
the amdl adumina particles that were initidly present on the superalloy surface. There were
variations in the origind coating thickness of each type of coating, with the (Ni,P)Al coatings
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generdly exhibiting a greater thickness (which was a least partidly due to the added thickness
of the dectroplated Pt layer). However, it was edtimated that smilar absolute amounts of b-
phase were depleted in both types of coatings after 100- and 200-h isotherma oxidation when

vaiationsin measured remaning b thickness were considered.

Tablell. Depletion of theb phasein NiAl and (Ni,Pt)Al coatings

Estimated Measured Estimated
Type of Original b | Oxidation Remaining b b Thickness

Coating Thickness Time Thickness Reduction
(mm)* (h) (mm)° (mm)
NiAl 51 100 33.6+3.6 174
NiAl 39 200 12.5+4.4 26.5
(Ni,POAI 77 100 65.6+13 114
(Ni,POHAI 52 200 29.9+6.0 22.1

& — Estimates include b matrix in diffusion zone. Sections were not cut from each specimen prior to oxidation
so the exact original coating thickness was not measured. Based on ratios measured from as-deposited
specimens, the original thickness of b in the oxidized NiAl specimens was estimated as 2X the thickness of
the single-phase layer. A factor of 1.8X was used for estimating original b thicknessin (Ni,Pt)Al.

® _ Measured from metallographic cross-sections.

3.3. Compositional Changesof NiAl and (Ni,Pt)Al Coatings after Oxidation
Compostiond line profiles across NiAl and (Ni,Pt)Al coating cross-sections were
obtained by EPMA at 20 kV, with a spot size of ~1.0 mm and a measurement interva of ~2
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mm. No post deposition heat trestment was employed in the present study, so it should be
emphasized that the b-phase coatings [Fig. 4(8)] were not necessarily compostionaly
homogenized in the as-deposited condition. Figures 4(a)-(f) show the profiles for the mgor
elements in the as-deposited condition and after 100-h and 200-h oxidation at 1150°C.
Figures 5(a)-(f) show compostiond profiles for the refractory eements after the same time
periods.

In the as-coated condition, the concentration of Al was rdatively uniform throughout the
sngle-phase region of the NiAl coating, with an average concentration of ~39.8 at% (~23
wt%). The average atomic concentration of Al in the as-deposted (Ni,Pt)Al single-phase
region was 39.6 at% (~20 wt%), very smilar to the as-deposited NiAl. However, the Al
concentration profile of the (Ni,P)Al was less uniform than in NiAl, and Al appeared to
increase toward the coating surface of (Ni,Pt)Al, with a noticeable decrease in the Pt content

and increasein Ni content near the surface.
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Fig. 4. Compositional profiles of major elements measured by EPMA through the thickness of NiAl and
(Ni,Pt)Al coatings before and after isothermal oxidation at 1150°C: (a) Ni, Al, and Pt in as-deposited
coatings; (b) Ni, Al, and Pt in coatings after 100h oxidation; (c) Ni, Al, and Pt in coatings after 200h
oxidation; (d) Co and Cr in as-deposited coatings; (€) Co and Cr in coatings after 100h oxidation; (f) Co
and Cr in coatings after 200h oxidation.
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The Ni, Al and Pt compostiond profiles were more uniform in both coatings after
homogenization during the 1150°C oxidation exposures for 100 or 200 h [Figs. 4(b) and 4(c)].
The average Al concentration in the b-phase of both NiAl and (Ni,Pt)Al was reduced to ~32
a% (~17 wt%) after a 100-h exposure a 1150°C, as a result of both oxidation and
interdiffuson with the substrate dloy. The Al concentration in the b-phase of both coatings
remained essentidly the same (=32 a%) after 200-h, athough the thickness of the b-phase
decreased. Locdized transformation of b to ¢ at the subdrate interface is obvious from the
abrupt decrease in the Al composgtiond profiles in Figs. 4(b) and (c), as wel as the phase
contragt of Figs. 2(b), (¢), (e), and (f).

The average concentrations of aloying dementsinthe b and g phases of the NiAl and
(Ni,PYAI coatings (as measured by EPMA) are summarized in Tables 11l and IV. There was
ggnificant incorporatiion of Co and Cr [Figs. 4(d) ~ 4(f)] from the subdrate into the as-
deposited b-phase of both coatings, but their concentrations did not change significantly during
isothermd oxidation. The levds of refractory metd eements (W, Ta, Re and Mo) were smilar
and very low (less than 1 wt%, which is below the effective resolution of the eectron
microprobe technique) in the b-phase of both coatings in the as-deposited condition. The
refractory concentration did not sgnificantly change after 100 and 200-h isothermd oxidation
[Figs. 5(a)-(f)]. However, the concentrations of the refractory metds were sgnificantly higher
(up to 7.8 wt%) in the g regions that formed by Al-depletion, (Table IV) due to higher solubility
in the NkAIl phase. Also, as shown in Figs. 5(@ — (f) the local concentrations of refractory
elements varied dragticdly in the interdiffuson zone due to the presence of precipitates rich in
refractory elements (Fig. 3). In summary, there were no obvious differences in the refractory

metd concentrations in the b -phase region of the bulk coatings due to Pt incorporation.

15



Composition {%wt}) Composition (%wt)

Composition (%wt)

0 10

— Tain NiAl: as-dep
-==- W in NiAl: as-dep
—Tain (Ni,Pt)Al: as-dep
== \Win (Ni,Pt)Al: as-dep

W in NiAl

Tain
(Ni,POAI |

Ta in NiAl

s Win
-a- = (Ni,POAI

40
Distance from Coating Surface (um)

(@)

50

10
—=—Tain NiAl: 100h Ta in (Ni,Pt)Al
----- W in NiAl: 100h
=—=Ta in (Ni,Pt)Al: 100h
8. W in (NiPDAL: 100h |w=="}
I r;
6 Tain NiAl !
] Win Nl
41+ 1 .
2+ )5 \
L T L . Win (NLPDAI
0 il T T | I W SR IR WA SR SR [ S T1
0 20 40 60 80 100 120
Distance from Coating Surface (um)
8 (b)
; Tain (Ni,POAl —
7E e
5 F rainnial
3 N
5F winNi A fL
] Win NiAl { }r! 1y ‘.5.# ----- —
M3 ;]’i 1] e
3F S 'i ¥ -
2f .-"'\ —— Ta (NiAl): 200h
S A — W (NiAl): 200h
1p Win (Ni,Pt)Al| —Ta (NiPtAl): 200h
S S S EEC W (NiPtAl): 200h
0 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100

Distance from Coating Surface (um)

(©

Composition {%wt}) Composition {%wt)

Composition (%wt)

2.0

=
ul

[y
o

o
3

= Rein NiAl: as-dep

—Mo in NiAl: as-dep
——Rein (Ni,Pt)Al: as-dep
—— Mo in (Ni,Pt)Al: as-dep

Mo in
(Ni,POAl
- Mo in NiAl
(,\'Ei'tr)’Al Rein NiAl N\ :

50

10 20 3
Distance from Coating Surface (um)

(d)

H r 1 (W2
----- Re in NiAl : 100h { 1 14
——Mo in NiAl : 100h A ! Y
—=Rein (Ni,PYAl: 100h i 1 o
1.5 || === Mo in (Ni,Pt)Al: 100h ! Il Mo in NiAl
) i l
— i
Rein NiAl !
1L ]
|
Iy \'v‘/
2
Io=~? I \
!
05} - 1™ Mo in (NiPOAI
/ B Prg \,\‘,‘
'-",f\.——.“
Re in (Ni,Pt)Al
[ " T S N T S T S S T S T S N T T S I T
0 20 40 80 100 120
Distance from Coating Surface (um)
(e)
20 ; Y
~+— Re in NiAl: 200h Mo in NiAl |
—— Mo in NiAl: 200h h 1
——Rein (Ni,Pt)Al: 200h | \
1.5 { — Mo in (Ni,PAl: 200h ' I
1
|
Re in (Ni,Pt)Al
i
1.0 | Rein NiAl \ |I ——
] A%
05t
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0'00 20 40 60 80 100

Distance from Coating Surface (um)

(f)

Fig. 5. Compositional profiles of refractory elements measured by EPMA through the thickness of NiAl
and (Ni,Pt)Al coatings: (8) Taand W in as-deposited coatings; (b) Taand W in coatings after 100h
oxidation; (c) Taand W in coatings after 200h oxidation; (d) Re and Mo in as-deposited coatings; (€) Re
and Mo in coatings after 100h oxidation; (f) Re and Mo in coatings after 200h oxidation.
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Of additiond interest was the observation that the columnar grain boundaries of the
oxidized NiAl and (Ni,PY)Al coatings were decorated with very fine, brighter-contrast particles,
as shown in the cross-sectiona SEM backscattered electron images of Fig. 6.

@

(b)

Fig. 6. SEM backscattered electron image of metallographic cross sections
of the NiAl and (Ni,Pt)Al coatings after isothermal oxidation at 1150°C,
indicating that fine particles segregated to coating grain boundaries: (a) NiAl
after 100h oxidation; (b) (Ni,Pt)Al after 100h oxidation.
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Similar particles were observed at the coating grain boundaries of as-deposited NiAl and
(Ni,PYAI coatings after etching [24]. The diameter of these grain-boundary particles ranged
from 100-400 nm. A FEG-SEM equipped with EDS and WDS verified that these particles
were rich in refractory metd dements, as compared to the bulk coating grains. The EDS
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Re Cr
a
GOl Ni
2109 Mo
@ 3 [ Cr
O
g
= NiAP NiAl Ni
Coating Matrix
5l
o 2 4 6 8 10
Energy (keV)

(b)

X-ray Counts

(Ni,Pt)Al Coating
Matrix
Cr Co
' 6

4
Energy (keV)
Fig. 7. FEG-SEM EDS spectrafor the NiAl and (Ni,Pt)Al coatings and
the particles segregated to coating grain boundaries shown in Fig. 6.
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gpectra of the grain boundary particles are compared to those of the bulk coatings in Fig. 7.
The additiond pesaks on the spectra of the grain boundary particles were from W, Re, Mo, and
Ta However, the particles were too small to obtain an exact composition.  There were no

obsarvable differencesin grain boundary particle Size or amount as a result of Pt additions.

@ (b)

(©

Fig. 8. SEM secondary electron image of surface morphologies of the NiAl and
(Ni,Pt)Al-coated specimens after 100h and 200h oxidation at 1150°C: (a) NiAl after
100h; (b) NiAl after 200h; (c) (Ni,Pt)Al after 100h; (d) (Ni,Pt)Al after 200h.



€Y (b)

Fig. 9. SEM secondary electron images showing voids formed along NiAl coating grain boundaries after
isothermal oxidation at 1150°C; (a) after 100h oxidation; (b) after 200h oxidation.

3.4. OxideMorphologiesand Scale Adherence on NiAl and (Ni,Pt)Al Coatings

The incorporation of Pt did not exert an obvious influence on the surface morphology of
the protective Al,O5; scaes that formed during isotherma oxidation. The plan view surface
morphologies of the oxide scales on NiAl and (Ni,PY)Al coating specimens after 100- and 200-
h oxidation a 1150°C are shown in the SEM images of Figs. 8 and 9. The Al,O; scaes on
both coatings showed the commonly observed oxide ridges (which are aso visble in cross-
sectionin Fg. 2) or the so-called "lacy structure” [28]. However, there were aorupt variations
between dumina grains in the dendty of the observed Al,O; ridges (which are not to be
confused with the duminide coating grain boundary ridges) on both types of coatings, as has
previoudy been attributed to the effect of differing subgirate grain orientations on the epitaxia

formation of the trandent cubic dumina phases [29].
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There was subgtantial evidence of reduced scde adherence, as wdl as drastic
differences in void growth a the oxidemetd interface, on duminide coatings without Pt
additions. The scdeson the bulk NiAl grains were adherent after a 100-h isotherma exposure,

Fig. 10. SEM secondary electron images of NiAl and (Ni,Pt)Al cross-
sections after 200-h oxidation at 1150°C, showing: (&) large void formed
over NiAl grain boundary (arrow); (b) no voids at oxide-metal interface of
(Ni,PH)AL. However, in some locations (Ni,Pt)Al formed numerous smaller
voids at the bond coat-superalloy interface. Also, note the accel erated
depletion of b-phase along the NiAl coating grain boundary in (a).



In contrast to the NiAl coatings, very adherent scales were maintained on al surfaces of
the (Ni,Pt)Al coatings during these tests. No scale spdlation from bulk grains or grain
boundaries was observed after 200-h at 1150°C, as shown by Figs. 8(c) and (d). Additiondly,
examination of (Ni,P)Al coating cross-sections by SEM after 100-h and 200-h exposure
detected no visible voids at the oxide-metd interface [Fig. 10(b)]. Thus, even in the presence
of rdatively higher sulfur leves (as compared to the low-sulfur NiAl in this study), growth of
visble oxide-metd voids was not detected in the Pt-modified coatings. However, the (Ni,Pt)Al
codings did contain sgnificant amounts of metdlic voids a the origind coating-subgtrate
interface, as shown in Fig. 10(b). It was confirmed that some of these voids were located on
coating grain boundaries, but mogt grainsin the (Ni,P)Al did not etch, so it was not clear what
proportion of the coating-substrate voids were associated with grain boundaries.

The coating-substrate voids in (Ni,P)Al were generdly smdler and more numerous
than the voids observed at the oxide-metd interface of NiAl and exhibited a much greater
digribution in size, ranging from 3 -30 mm in diameter after 200 h. Smal voids were observed
at this interface in as-deposited (Ni,PY)Al coatings in previous work [31], possibly due to a
Kirkendadl effect associated with rapid diffusion of Al from the subdrate into the Pt layer during
the early stages of duminizing. The size and number of these coating-substrate voids gppeared
to increase in the (Ni,PY)AI of this study with oxidation time. Comparison of Figs. 10(a) and (b)
demondtrates that the voids which formed on NiAl and (Ni,Pt)Al exhibited opposite curvature.
The oxide-metd voids on NiAl were concave toward the subgtrate, whereas the coating-
subgtrate voids on (Ni,Pt)Al were often concave toward the coating surface. The voids grew

into the duminide coating layer in both cases.

4. DISCUSSION

4.1. Pt Effectson Refractory Element Concentrationsin Aluminide Coatings
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The beneficid effects of Pt additions on coating oxidation behavior have often been
atributed to suppresson of dloying eement diffuson from the subgtrate into the coating. From
an oxidation standpoint, these elements have the potentia to accelerate the growth and degrade
the adherence of a protective dumina scde [32]. Earlier sudies[17] reported that a relaivey
thick Pt layer (~25 um) excluded refractory meta eements from the outer PtAl, layer of as-
deposited high-activity coatings prepared by pack cementation. However, a thinner Pt layer
(~5 pm) did not exclude the refractory metads from these same coatings. Similar results were
reported for two-phase (PtAl, + NiAl) coatings on various Ni-based superdloys[32].

The present study indicated little observable influence of Pt on the incorporation of
refractory metds into low-sulfur, low-activity, singlephase CVD duminide coatings
Microprobe analysis measured low concentrations of refractory eements in the single-phase (b)
regions of both the CVD NiAl and (Ni,P)Al coating [Figs. 4 and 5]. This was most likely the
result of the intrindc high-purity of the low-activity CVD duminizing process [11], since the
coating growth mechanism primarily involves outward diffuson of Ni from the substrate to react
with Al at the surface during CVD. The concentrations of Ta, W and Re were dightly higher
and less uniform in the as-deposited NiAl, compared to the more homogenous didtribution in
(Ni,PYAI, but absolute comparisons must be made with caution due to the poor resolution of
the microprobe technique a concentrations in the range of 1 wt%. Tantaum appeared to
diffuse outward more dowly in the as-deposited (Ni,P)Al than in the NiAl, as there was an
gpparent gradient through the (Ni,Pt)Al coating region up to ~40 pum in Fig. 5(@). However,
after oxidation a 1150°C, the refractory elements appeared to be uniformly distributed in the
remaning b phase of both NiAl and (Ni,Pt)Al coatings [Figs. 5(b)-(c), Figs. 5(e)-(f)].

The concentrations of refractory eements (especidly Ta) were much higher in the ¢
region of both coatings due to the higher solubility of these dementsin NAI. Therefore, if Al
depletion occurs in the coating, resulting in the formation of ether smdl ¢ zones near the

coating-oxide interface (due to scae spdlation during thermd cycling conditions), or in regions
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of g locdized or adjacent to the coating grain boundaries (due to loss of Al by interdiffuson and
scale spdlationre-growth), refractory element concentrations could alow eements such as Ta
to cause locd disruption of the scale through the formation of rapid-growing secondary oxides
[33]. Growth of internd precipitates of these secondary oxides would dmogst certainly have a
deleterious effect on scde adherence, especidly during cyclic oxidation. Thus, if Pt has the
capability to stabilize the b-phase (which has not been verified condusively in this study), this
may be more important than the tendency to serve as a diffuson barrier to refractory meta

diffuson through the b-phase.

4.2. Pt Effectson Scale Growth Rates

Both NiAl and (Ni,PY)Al coatings displayed extremey low oxidation rates, as compared
to uncoated René N5. Their oxidation rates were dightly lower than that of optimized NiAl +
Hf (Fig. 1), indicating extremely dow oxide growth rates during these relatively short-term tedts.
Comparison of the continuous mass gain curves in Fig. 1 makes it clear that the addition of Pt
did not reduce scale growth rates, since the oxidation rates of (Ni,Pt)Al at both 100 and 200-h
were dightly higher than those of the NiAl coatings. These comparisons must be again viewed
with some caution, since these are reatively short-term oxidation exposures and there may be
differentid rates of g-auminato a-aumina trandformation for the hypo-stoichiometric CVD
NiAl and the stoichiometric cast NiAl + Hf.

Previous isothermd oxidation studies of cast NiAl and NiPXAl dloys and NiAl+Hf a
1200°C [19] indicated that the addition of a reective element, especidly Hf, resulted in
sgnificant reductions in scae growth rates, dteration of scale microstructures and increased
improvements in scale adherence. The reduction in scale growth rates by reactive eement (RE)
doping has been attributed to inhibition of outward Al diffuson aong the oxide grain boundaries
of RE-doped a-Al,O; scdes [34]. Thus, snce Pt clearly improved scade adhesion in this

study, but did not reduce scale growth rates, it is very likdy that the Pt effect is a separate
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mechanism than that induced by RE additions, as expected. However, the ~0.15wt% Hf
content of the René N5' substrates must be considered a potentia contributor to the extremely
low oxidation rates of these coatings. The as-deposited CVD NiAl contained up to 0.14wt%
Hf and the CVD (Ni, PHAl up to 0.08 wt% Hf near the coaing/diffuson zone interface, as
determined by GDMS in this study. During high temperature exposure, sufficient Hf could have
diffused to the coating surface (especidly dong the coating grain boundaries) to dter scde
growth rates, but a a concentration too low to be detected by SEM/EDS or EPMA (ho
GDMS of oxidized specimens has yet been performed). However, if this were the case, the
level of Hf incorporation into the low-sulfur NiAl was not sufficient to Sgnificantly improve scde
adherence or inhibit void formation (particularly over coating grain boundaries). It should dso
be noted that this level of Hf addition did not enhance scale adherence in non-desulfurized
versgons of the superalloy substrates. It is concluded that the extremely low growth rates of the
scales on these coatings were probably due to effects other than Hf doping, such as coating
grain orientation, increased Al,O3 scdle grain Sze, more rapid transformation to a-Al,O3 due to

the presence of Cr or other eements, or the large Sze of each angle-crystd coating grain.

4.3. Pt Effectson Interdiffuson Between Coatings and Substrate Alloys

Interdiffuson can ggnificantly influence the performance of duminide codings a
temperatures above 1000°C, as suggested in other studies [35 - 37]. Reduction of the Al
content during oxidation of auminide coatings typicdly involves two processes. (1) outward loss
due to oxide formation, possibly accelerated by scde spdlation, and (2) interdiffuson (inward
difftuson of Al and outward diffuson of Ni) with the superdloy substrate. The presence of Pt
did not dter the equilibrium Al concentration in this multi-component duminide sysem after
homogenization. The Al content in both coatings was ~32 a% after 100 and 200-h, which
does not correspond with the tability fidd of b-NiAl according to the binary Ni-Al phase
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diagram [38]. The presence of dloying dements, such as Co and Cr probably stabilized the b
phase, as suggested by Jaet d. [39]. Asshown in Figs. 3 and 10(a) and Table |1, depletion of
b phase at 1150°C was substantia after 200-h. Since the present oxidation exposures were
performed under isotherma conditions, and relatively adherent oxide scales were formed on
both the NiAl and (Ni,Pt)Al coatings, there was little if any Al loss by scale spdlation and re-
formation. Thus, it was concluded that Al diffuson into the substrate was the mgor source of
Al depletion in the present study.

Even though Pt incorporation did not appear to exclude refractory eements or reduce
scale growth rates, there were subtle differences in the digtributions of mgor dementsin the as-
deposited NiAl and (Ni,P)Al coatings. There was a dightly higher Al content near the coating-
gasinterface of the as-deposited (Ni,Pt)Al, which indicated that the diffuson behavior of Pt did
not fully mirror that of Ni [40]. Aluminum was more uniformly distributed through the as-
deposited NiAl coating, dthough there was a dight decrease in Al concentration near the
coating surface. The dightly higher Al concentration near the as-deposited surface of (Ni,Pt)Al
may have influenced the initid stages of oxidation and void formation behavior. However, after
exposure a 1150°C for 100h and 200h, Al concentrations in the NiAl and (Ni,Pt)Al coatings

were very uniform and very amilar (~32 a%o), as shown in Fig. 4(b).

4.4. Pt Effectson Void Formation at the Scale-Metal Interface

The surface morphologies of the oxide scales did not show significant differences as a
result of the presence of Pt in the surface, since both coatings formed Al,O3 with the ridged or
"lacy” gtructure [28]. However, there was a dragtic difference in the growth of voids aong the
oxide-meta interface of NiAl and (Ni,P)Al. Large voids were commonly observed at the
metal-oxide interface of the scale formed over the NiAl coating grain boundaries after 100-h
oxidation a 1150°C [Fig. 8(d)]. Increased amounts and larger interfacid voids were found

under the scae formed over the NiAl grain boundaries, as well as some grains, after 200-h
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oxidation [Fig. 8(b) and Fig. 10(a)]. Interfacid voids with faceted features are commonly
observed on un-doped cast NiAl, and are a primary falure mechanism for scaes on cast
auminides without reactive el ement additions [41 - 44].

In stark contrast to the NiAl coatings, no voids were observed under the scae formed
over the grains or grain boundaries on the (Ni,Pt)Al coatings after 100- and 200-h at 1150°C
[Figs. 6(c), 6(d) and 8(b)]. This does not mean that very fine voids were not present in scaes
on (Ni,PYAI, but it does prove that sgnificant interfacid void growth did not occur after 200-h,
even though the Al content was reduced below the stability field of the binary NiAl sysem. The
absence of large voids at the oxide-metal interface was the most obvious difference between the
coatings, and appears to be a mgor reason for the improved scale adherence on the (Ni,Pt)Al
coatings.

There is evidence tha the tendency to form voids in hypo-stoichiometric NiAl (where
Ni is the dominant diffusng species) increases as the Al content decreases [45]. It has been
hypothesized that Al depletion due to oxidation at the scdle-metd interface resultsin Ni diffuson
away from the interface to the bulk to compensate for Al depletion, thus facilitating void
formation [45]. It has also been postulated that Pt may reduce the apparent Al level of NiAl a
which Al isthe dominating diffusona dement [46]. Combination of these two theories might
explan the reduced tendency to form voids in (Ni,P)AI.  However, the very low Al
concentration (32 a%) in the NiPtAl coatings suggests that if Al diffuson in sub-goichiometric
b-NiAl is ggnficantly enhanced by P, this effect would have to extend over a very wide
concentration range. The void Sze didribution in NiAl suggests that voids continued to nuclesate
and grow in NiAl &fter the preiminary oxidaion period (where Al concentration was
goproximately 39 at%). Voidsdid not begin to grow on NiPAl, even after the Al content was
reduced to 32 a% (prior to 100-h). This comparison suggests that the dramatic differencesin
void growth at the oxide-meta interface of NiAl and (Ni,P)Al may not be directly related to Al

concentrations.
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Another likely role of Pt is to mitigate the detrimentd influence of sulfur impurities, as
suggested by previous work [25, 26].  The presence of sulfur at the scde-metd interface is
generdly thought to accelerate void growth [34, 44, 47, 48, 49]. In fact, the sulfur content in
the low-sulfur CVD NiAl coatings of this sudy (~0.5 ppmw) was gill not sufficiently low to
completely prevent void formation in the hypo-stoichiometric NiAl, in agreement with previous
observations of low-sulfur cast NiAl [50]. In contrast, growth of interfacid voids dong the
coating gran boundaries was inhibited in the Pt-modified coatings in spite of the much higher
aulfur levelsin CVD (Ni,PY)AI. Itisaso possblethat the presence of solid solution Ptinthe b-
NiAl phase dters the segregation behavior of sulfur to ether the oxide-metd interface or to the
surfaces of small micro-voids that form due to perturbations at the oxide-metal interface [44].
Perhaps in the case of (Ni,P)Al these perturbation voids do not grow without the stabilizing
influence of sulfur segregation, thus improving oxide adherence. It is dso not clear whether
thereis criticd sulfur level aove which Pt may be less effective a improving scae adherence or
reducing void growth. Clearly, sudies of amore fundamental nature will be required in order to
adequately define the mechanism(s) of the Pt effect.

Patinum may aso contribute to suppressed void growth by increased bonding energy
between the metdlic subgtrate and oxide scde, thus, reducing the likelihood of smal voids
nucleating and growing the oxide-metd interface. It is dso possble that the beneficid effect of
Pt is rdated to a mechanical interlocking effect, ance metdlic protrusons from the (Ni,PH)Al
codings into the Al,O3 scales were observed on the (Ni,PY)Al but not on NiAl coatings.
Similar observations were reported in earlier sudies on P-Al dloys [16]. It is possible that
these protrusions may contribute to the more adherent scale on the bulk grains. However, the
interlocking mechanism does not readily account for the apparent influence of Pt to suppress
void growth, particularly over duminide gran boundaries. Thus, it is our concluson that
suppression of void growth, mitigation of sulfur effects and improve oxide-metal bond strength
(which are dl likely related) are more important influences on scale adherence than the observed
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mechanica keying. This conclusion is dso based on other observations where good dumina
scade adherence is observed without mechanicd keying [34].

The observed formation of voids a the substrate-coating interface (Fig. 10) may be
related to preferentiad codescence of vacancies on dumina particles or pre-exising Kirkendal
voids adong the coding-superdloy interface of (Ni,P)Al ingead of a very fine scde
perturbation voids dong the oxide-metd interface of NiAl. However, why such a difference

should occur is not clear.

45 Pt Effectson Coating Grain Boundaries

Scae adherence a coating grain boundaries may be influenced by severd mechanisms,
such as chemicd effects (short-circuit diffuson pahways for dloying dements and sulfur
impurities), geometric effects (additiona stresses caused by the non-planar geometry of the
grain boundary ridges), and/or preferential void nucleation and/or coalescence Sites [24, 25)].
Anaysis of as-deposited and oxidized coating cross-sections by FEG-EDS and WDS revealed
that submicron-sized particles rich in refractory ements (W, Re, Mo, and Ta) precipitated
dong NiAl and (Ni,P)AIl coating grain boundaries [Figs. 6 and 7]. It is likely that these
refractory-rich particles are present a the grain boundaries due to rgection of these low-
solubility dements during cooling.  The higher concentration of refractory eements on the
coating grain boundaries may acceerate scae spdlation by degrading the oxide-meta bond
grength, atering the local mechanica properties (CTE, yidd strength, creep behavior, etc.), by
dabilizing g formation, or by increasing the growth rate of the oxide scale once scde spdlation
and re-formation begin. Although there are some discrepancies regarding the del eterious effects
of refractory dements on oxidation resstance, the presence of Tain dumina scaes has been
found to initiate scde falure and partidly counter the beneficid effects of reactive dement
additions [33]. In addition, the trandformation of b into g proceeded more rapidly dong the
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auminide coating grain boundaries in this study, which was a0 reported for conventiona two-
phase Pt-modified duminide coatings [51].

Although there was no obvious grain boundary degradation in the high-purity (Ni,Pt)Al
coatings in this study, other investigators have observed preferentid grain boundary degradation
of commercid Pt-modified duminide bond coatings within EB-PVD TBC systems [52]. Thus,
it is clear that for these columnar-grained duminide coating sysems, the coatling gran

boundaries are awesk link in system performance and require sgnificant further study.

5. SUMMARY AND CONCLUSIONS

A single-phase (Ni,P)Al coating was prepared by dectroplating a thin layer of Pt
followed by a unique low-sulfur CVD duminizing process. Severd important effects of Pt on
high temperature oxidation have been observed in this sudy. Firdt, Pt incorporation into the
low-activity CVD single-phase aluminide coatings did not reduce scae growth rates at 1150°C.
Second, Pt incorporaion did not sgnificantly exclude refractory metd eements from the
subgtrate into the single-phase (Ni,PY)Al coating, by EPMA analyss. Third, Pt additions did not
gonificantly dter segregation of refractory eements to coatling gran boundaries, snce
segregation of refractory metas to coating grain boundaries was observed for both NiAl and
(Ni,PYAI coatings in the as-deposited and oxidized conditions. However, Pt incorporation did
ggnificantly improve scde adherence during both cyclic [25] and isothermd oxidation tests,
even though the sulfur content of the (Ni,P)AIl coatings was higher than that of the NIAl. It
gopearstha, at the sulfur levels of this study, Pt additions to single-phase duminide coatings can
mitigate the detrimentd effects of sulfur impurities on scde adherence. In concert with this, the
most remarkable effect of Pt observed in the present study was the inhibition of void growth at

the scale-metd interface, especialy aong coating grain boundaries.
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