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Effects of an Electroplated Platinum Interlayer on the Morphology and
Phases of Chemically-Vapor-Deposited Alumina on

Single-Crystal, Nickel-Based Superalloy

Yi-Feng Su," Michele A. Torzilli,"* Justin Daniel Meyer," Claudia J. Rawn,*$
Michael J. Lance,*® Sakari Ruppi,” and Woo Y. Lee*"

Department of Chemical, Biochemical, and Materials Engineering, Stevens Institute of Technology,

The feasibility of preparing a thin layer of a-Al,O5 on the
surface of a single-crystal, Ni-based superalloy was examined
using a chloride-based chemical vapor deposition (CVD) pro-
cess previously developed for cutting tool applications. A
coating directly deposited by this method on the alloy surface
consisted of ~1 pm a-Al,O5 crystalsin a matrix of amor phous
Al,O;. When the alloy surface was predeposited with an
electroplated Pt layer, the coating was mostly a-Al,O, but
with the presence of fine microcrackson the coating surface. In
comparison to the results observed for pure Pt substrate, the
role of the Pt interlayer was apparently to promote the rapid
formation of k-Al,O3 nuclei, which subsequently transformed
to a-Al,O5 during the CVD growth process.

I. Introduction

THERMAL barrier coatings (TBCs) are currently used, in con-
junction with air cooling, to prolong the life of metallic
“hot-section” turbine components in revenue-generating aircraft
engine services.* State-of-the-art TBCs used for rotating airfoilsin
aircraft engines consist of a strain-tolerant Y ,O,-stabilized ZrO,
(YSZ) layer prepared by electron beam physical vapor deposition
(EBPVD) and a metalic bond coating which provides high-
temperature oxidation protection. It is recognized that, among
various failure mechanisms observed, the principal failure mode of
the EBPVD-TBCs is progressive fracture along the interface
region between the metallic bond coating surface and its thermally
grown oxide (TGO) on oxidation and thermal cycling.*~* Bond
coatings commonly used with the EBPVD-YSZ layer are (1)
MCrAlY (where M is Ni, Co, or NiCo) prepared by vacuum
plasma spray (VPS)* and (2) platinum aluminide prepared by Pt
electroplating and subsequent aluminizing by pack cementation or
chemical vapor deposition (CVD).®
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There are some intriguing observations reported in the literature
about enhancing the oxidative stability of the metal—ceramic
interface by incorporating an Al,O; interlayer. As reported in his
patent, Strangman® observed that the presence of an Al,O,
interlayer (~1 pum) prepared by CVD between NiCoCrAlY and
EBPVD-Y SZ increased the TBC's burner rig life by 5 times. The
increased oxidation resistance was attributed to the dense morpho-
logic quality and high chemical purity of the CVD-ALO;, layer,
although the claims were made without substantial characteriza-
tion results. Another independent study by Sun et al.” showed that
the presence of a CVD-AI,O; layer (4 pm thick) between a
plasma-sprayed YSZ layer and a NiCoCrAlY layer substantially
increased the cyclic oxidation life of the YSZ layer. The rate of
bond coating oxidation was observed to be lower because of the
presence of the CVD-AIl,O, layer. It was aso claimed that the
formation of spinels (i.e., transient oxide phases that form during
the initial stage of Ni aloy oxidation) was not observed at the
Y SZ-TGO interface.

Both Strangman and Sun et al. used a CVD process which
utilizes AICI;, CO,, and H, as precursors at a deposition
temperature of ~1000°C. This chloride-based CVD process
was previously developed, and is being widely used in the
cutting tool industry.® The non-line-of-sight, atomistic growth
technique is attractive for manufacturing, since engineering
components with intricate shapes and complex surface features
can be readily coated. The CVD process is the only technique
currently capable of commercially producing a-Al,O5 in the
form of coherent and dense coatings in the cutting tool industry.
PVD methods such as sputtering,® reactive sputtering,***
reactive evaporation,*® ion-assisted deposition,*** and ca-
thodic arc plasma deposition® are generally known to produce
metastable or amorphous Al,Og, unless postdeposition anneal-
ing above 1000°C is applied.

In the cutting tool industry, WC/Co substrates are typically
deposited with a Ti(C,N) interlayer and an “« bonding” layer
before the a-Al,O5 deposition step. The Ti(C,N) interlayer is
used as adiffusion barrier, since some of the substrate elements
and impurities (particularly Co) are found to cause the forma-
tion of metastable phases or undesired morphologic features
such as whiskers during the coating growth.®*¢ It has been
postulated that the role of the o bonding interlayer isto promote
the preferential nucleation of a-Al,O5 although the mechanisms
are not well understood.*”*® Another important processing
feature is that air leaks into the CVD process must be tightly
controlled to avoid the development of “cauliflower” growth
morphology and powder formation in the gas phase. Despite
these difficulties, remarkable engineering progress has been
made with controlling the nucleation and growth behavior of
Al,O, on the cutting tool surface. For example, the selective
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growth of a-Al,O5 or k-Al,O5 (even «-Al,O4/k-Al,O5; multi-
layers) is possible either by adding a small concentration
(~0.1%) of TiCl, or ZrCl, as a dopant to the gas phase during
the initial period of coating growth or by depositing an
interlayer before the coating procedure.®

This paper is the first of two manuscripts prepared to address
the synthesis, characterization, and performance issues associated
with the a-Al,O; interlayer concept. We have recently developed
a novel CVD procedure for preparing a ~100 nm thick layer of
fully crystalline a-Al,O,, directly on the surface of a single-
crystal, Ni-based superalloy, as described elsewhere.™® This layer
eliminated transient oxide formation and promoted the epitaxial
growth of «-Al,O; grains underneath the «-Al,O5 layer on
oxidation at 1150°C. The CVD «-Al, O layer apparently reduced
the number of grain boundaries in the a-Al, O scale, and conse-
quently decreased the rate of alloy oxidation since grain boundary
diffusion is the dominant transport mechanism at this temperature.

In the present paper, an industry CVD process, previously
developed at SECO Toolsfor the cutting tool industry, was used to
synthesize a-Al,O5 coating specimens on the (100) surface of a
single-crystal Ni alloy (René N5) and on the same aloy coated
with an electroplated Pt interlayer. The effects of the electroplated
Pt interlayer on the nucleation and growth of the CVD «-Al,O4
coating were investigated for the following reasons: (i) the Pt
layer, as a diffusion barrier, might mitigate the adverse effects of
some alloying elements of the Ni alloy (particularly Co and Cr),
which are known to cause the growth of Al,O, whiskers;®® (ii)
beneficia effects of Pt on TGO adhesion are well known for TBC
applications;?>?* and (iii) Pt electroplating is a routine procedure
for TBC production and repair. While René N5 and Pt-plated René
N5 substrates were of engineering importance for this study, Pt
substrate was also used to study the nucleation and growth
behavior of CVD-AI,O; in the absence of impurity effects. Prior
studies®*®22 have shown that, in addition to Co and Cr impurities,
Si, Fe, and Ni as well as their chlorides substantially influenced
both the morphology and phase contents of the CVD-AI,O4
coating.

Il. Experimental Procedure

(1) Substrate Materials

A single-crystal Ni alloy (René N5; René is a trademark of
Genera Electric Co., Fairfield, CT) was cast as a cylindrical rod
with the [100] seed direction. The alloy rod was sliced radially to
produce disk specimens (0.2 cm thickness X 1.2 cm diameter)
while preserving the (100) orientation on the disk surface. The
nominal composition (in wt%) of the aloy is 6.2 Al, 0.05 C, 7.5
Co, 7.0 Cr, 0.16 Hf, 1.5 Mo, 3.0 Re, 6.5 Ta, 0.02 Ti, 5.0 W, and
Ni as the balance. This aloy was melt-desulfurized to 0.8 ppmw
sulfur by PCC Airfoils for Oak Ridge National Laboratory, and its
oxidation characteristics have been extensively studied as de-
scribed elsewhere.?>2* The specimen surface was polished before
coating experiments with 0.05 pm Al,O; suspension. Genera
Electric Aircraft Engines provided René N5 disks (0.3 cm thick-
ness X 2.5 cm diameter) electroplated with alayer of pure Pt. The
thickness of the Pt layer was nominaly ~7 pwm. The Pt-coated
alloy surface was not polished before the coating experiments. Pt
substrate was cut to 10 mm X 10 mm squares from Pt foil
(99.99+%, Goodfellow, Berwyn, PA). The Pt surface was not
polished before the coating experiment.

(2) CVD Coating Synthesis

The CVD process at SECO Tools was used to prepare coating
specimens. In this CVD process, AICI; is generated by passing
HCI over Al chips:

2Al(s) + 6HCI(g) — 2AICI5(g) + 3Hx(9) )

A CO, and H, gas mixture is used to form water vapor inside the
reactor chamber via the reverse water-gas shift reaction:

H,(g) + CO,(g) — H.0(g) + CO(g) @)
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Subsequently AlICl; and H,O react as follows:
2AICI4(g) + 3H,0(g) — Al,O4(s) + 6HCI(g) (3
The overal reaction for the CVD-Al,O5 process is
2AICI4(g) + 3H,(g) + 3CO,(g) — Al,O4(s) + 6HCI(Q)
+ 3CO(9g) 4

The in situ generation of H,O (Eq. (2)) is preferred because the
H,/CO, gas mixture is relatively stable in high-temperature envi-
ronments, and therefore can act as awater reservoir.® This effect is
used to increase the deposition zone, alowing for more uniform
coating deposition over large and complex substrate geometries.
Additionally, as the rate-determining step of the overal reaction
(Eq. (4)), the reverse water-shift reaction (Eg. (2)) serves as a
mechanism for controlling the growth rate of Al,O5. However, if
H,O were introduced directly into the reaction chamber, there
would be homogeneous nucleation in the vapor phase near the gas
inlet, resulting in powder formation and incomplete reaction
products (e.g., AIO,Cl,).?®

Coating specimens were prepared using the general procedure
described elsewhere.?® Table | shows the process conditions used
for the coating experiment. It is important to note that the
substrates were pretreated with AICI; and H, for 1 min before
adding CO, to start the CVD-Al,O5 procedure.

(3) Characterization Methods

Coating morphology and compositions were examined using a
field emission scanning electron microscope (SEM, LEO 982,
LEO Electron Microscopy, Inc., Thornwood, NY) equipped with
an energy dispersive spectroscopy (EDS). An Au—Pd layer was
sputtered on the sample surface along with the use of carbon tape
and silver paste to minimize the charging problems associated with
the nonconductive Al,O5 coating. Surface and cross-section ele-
mental distributions, as measured by EDS, were used to determine
the phase distribution in the CVD-Al,O, coating samples. The
cross-section images were prepared by conventional metallo-
graphic techniques. Phase contents of the coating specimens were
studied by X-ray diffraction (XRD, Siemens Diffractometer
D5000, Bruker AXS, Inc., Madison, WI) with capability to
perform grazing incidence XRD (GIXRD) measurements. The
GIXRD technique was useful for analyzing the coating layer while
reducing contributions from the substrate peaks, as the incident
angle provided a very shallow penetration depth into the sample.?”

In addition to XRD, luminescence spectroscopy was used to
determine the presence of the a-Al,O5 phase in the coating layer
as well as to measure the average hydrostatic stress of the a-Al,O4
phase in the coating layer. a-Al,O5 has trigonal symmetry with
rhombohedral Bravis centering®® and can possess a trace amount
of Cr3* cations.2°~3* The Cr®* cations, having the same valence
as AI®*, substitute for them in the a-Al,O, crystal lattice. When
excited by alaser, the electrons of the Cr** emit photons. The two
characteristic photon energies for the a-Al,O, phase are 14 402
cm~* (R1) and 14 432 cm™~* (R2). In contrast, other metastable
alumina phases do not exhibit fluorescence peaks except for
0-Al, 05 and y-Al,O5 phases.

When there is a stress in the a-Al,O5 phase, there is a physical
shifting of the lattice as a whole and the relative positions of the

Table |. Deposition
Conditions Used for the CVD
Alumina Experiment

Temperature (°C) 1020
Total pressure (kPa) 30

H, (vol%) Balance
CO, (vol%) 33
AlICl; (vol%) 4.2
Duration (h) 3
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oxygen and chromium ionsin particular. This shifting changes the
electronic environment of the chromium and there is a correspond-
ing shift in the R1 and R2 lines.°~** In this work, a Dilor XY 800
triple-stage Raman micropobe and a coherent Innova 308C argon
ion laser operating at 514.5 nm with a 100 mW output power were
used. The laser was focused onto areas of interest with an optical
objective providing a spatial resolution of 2 or 10 p.m, depending
on the objective used.

I1l. Results
(1) RenéN5

SEM/EDS, XRD, and luminescence data suggested that the
CVD-Al,O; coating directly deposited on René N5 was essentially
made of ~1 pm in average a-Al,O5 crystals in a matrix of
amorphous Al,O5. As shown in Fig. 1(a), the coating surface
consisted of two distinct features: (i) faceted crystals of ~0.5-1.5
pm and (ii) aglassy, weblike feature which surrounded the faceted
crystals. The coating surface was not fully “dense” because of the
lack of coalescence among the crystals and the presence of the
glassy phase between the crystals. As shown in Fig. 2(a), the
coating was ~1 pm thick, and contained Al and O only when
examined by EDS.

The XRD patternsin Fig. 3 suggested that the coating contained
a-AlL,O5 crystals with random crystal orientation as the only
crystalline phase in the coating. The GIXRD pattern (Fig. 3(b))
showed that the top region of the coating layer was mostly
a-Al,Os. At first glance, the penetration of the XRD beam through
the coating sample appeared to be relatively small, as the substrate
peak was barely visible from the normal XRD shown in Fig. 3(a).
Significant broadening of the base line was observed. The high
background could be attributed to the presence of some amorphous
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content in the coating layer as well as amorphorization of the
substrate region just beneath the coating layer, although a more
definitive assessment was not be possible with the XRD analysis.

It should be noted that the high background could also be the
result of Ni fluorescing from the superalloy on exposure to X-ray
radiation, since Ni is close to Cu in terms of radiation. However,
the high background was not observed during the X-ray analysis of
uncoated Ni alloy and pure Ni substrates. As reported in an earlier
paper®? and shown in Fig. 3(c), the high background disappeared
on vacuum annealing and oxidation in a high-temperature XRD
chamber at temperatures up to 1200°C for 1 h. Also, the a-Al,O4
peaks became much stronger at the expense of the broad base line,
along with several peakswhich could not be indexed. These results
further indicated that the coating contained a substantial amount of
the amorphous Al,O5 phase which was transformed to the « phase
during the subsequent HTXRD measurements.

As shown in Fig. 4, very broad R1 and R2 fluorescence peaks
were observed for the coating sample with the 10-um Raman
probe. The presence of y- or 6-Al,O5 was not observed. Further
analysis with the 2-um probe suggested that the crystals (0.5-1.5
pm) observed in the SEM micrograph (Fig. 1(a)) were a-Al,O5, as
evidenced by sharpening of the R1 and R2 peaks. The lumines-
cence peaks became weaker in the glassy areas of the coating
surface, suggesting that these regions of the coating layer were
amorphous.

The average stress in the coating layer was measured to be —3.2
GPa. Because of the coefficient of thermal expansion (CTE)
mismatch between the a-Al,O4 coating and the René N5 substrate,
the compressive residual stress was expected to develop in the
in-plane direction of the coating layer on cooling from the CVD
deposition temperature to room temperature. The broadness of the

TR e
h

Pt-Plated N5 '

Fig. 1. Surface SEM images of as-deposited CVD-Al,O; coating deposited on (a) René N5, (b) Pt-plated René N5, and (c) pure Pt.
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Fig. 2. Cross-section SEM images of CVD-Al,O5 deposited on (a) Rene N5, (b) Pt-plated René N5, and (c) pure Pt.

R1 and R2 suggested that there were strain gradients existing
within the probed volume of the a-Al,O; crystals.*

(2) Pt-Plated René N5

The surface of the alumina coating deposited on the Pt-plated
René N5 substrate was not uniform, as characterized by the
presence of ~20 uwm “rumples’ on the coating surface (Figs. 2(b)
and 5(a)), which originated from the Pt plating process. On the
surface of each rumple surface, Al,O; crystals of ~0.1to 1 um
were clearly visible (Figs. 1(b) and 5(b)). The crystals (0.5-1.5
pm) were a-Al, O3 as examined by luminescence spectroscopy.
The presence of the y- and 6-Al,O; was not detected by this
characterization method. At higher magnifications, an array of
very fine microcracks (~100 nm) appeared on the coating surface,
particulary in the “valley” regions between the Al,O; crystals (Fig.
5(b)). Despite the presence of these microcracks, the coating layer
was found to be highly compressed by the luminescence spectros-
copy with the average stress of —3.2 GPa (Fig. 4).

In cross-sectional view of the sample, the coating was found to
be ~2 um thick, and contained small metallic protrusions from the
substrate into the coating layer (as indicated by the black arrow in
Fig. 2(b)). From the literature on high-temperature oxidation, it has
been documented that this type of “pegging” behavior is known to
occur during the oxidation of Pt-modified aluminide coatings, and
isviewed as one of the mechanisms by which Pt improves alumina
scale adhesion.®*3 |t has al so been reported that Pt would work as
afilter/barrier®=° that inhibits outward diffusion of the refractory
elements. Our SEM/EDS analysis did not show the presence of any
elements other than Al, O, and Pt in the coating layer, supporting
the role of Pt as a diffusion barrier.

In contrast to the coating directly deposited on René N5, no high
background in the XRD pattern was observed. The XRD spectrum
(Fig. 6) showed that the coating was predominately «-Al,O45 with

o: 0-AlLO;
S: substrate

20 30 40 50 60 70
20 degree

Fig. 3. XRD patterns of CVD-Al,O5 on Rene N5: (a) normal scan, (b) 1°
grazing incident, (c) normal scan after oxidation with air at 1200° for 1 h.
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Fig. 4. Luminescence spectra of CVD-Al,O5 on Rene N5 (N5), Pt-plated René N5 (Pt/N5), and pure Pt (Pt) in comparison to that of stress free a-Al,O4

powder.

a trace of k-Al,O5. The intensity of substrate peaks in the XRD
pattern for this sample was significant. As described earlier, in
contrast, the substrate peak from the coating deposited on René N5
(Fig. 4(a)) was very weak with the appearance of the high
background. Since the thickness of the coating deposited on both
substrates was similar, our interpretation of the amorphorization of
the substrate/coating interface region appeared to be reasonable.

(3) PurePt

The SEM image in Fig. 1(c) shows that the surface of the
coating deposited on Pt was highly faceted with polygonal plate-
lets of ~0.5 wm in size and without any microcracking. From the
cross-sectional image in Fig. 2(c), the as-deposited coating layer
was estimated to be ~1 to 2 um thick. Also, from the image,
metallic protrusions from substrate into the coatings were observed
(as indicated by the black arrow in Fig. 2(c)), as a similar
“pegging” behavior was observed with the Pt-plated René N5
sample.

The majority of the dominant XRD peaks (Fig. 7) were indexed
to Pt;Al. The minor pesks in the XRD pattern were assigned to
k-Al,Os. It has been reported that Pt rapidly reacts with aluminum
during aluminizing,® eventually to form Pt;Al as the reaction
product in our coating. This might explain the formation of Pt Al
as an interlayer between the Al,O; layer and the substrate.
However, there was no evidence for Pt,Al formation for the
coating formed on Pt-plated René N5. As reported by Krishna et
al.,* the thickness of the initial Pt layer could be a factor which

affected the Al uptake and Pt Al phase formation behaviors. As
shown in Fig. 4, luminescence measurements showed the presence
of very small R1 and R2 peaks above the background. Their low
intensity indicated that the amount of a-Al,O5 was very small, and
therefore the XRD analysis was unable to detect this minute
amount. There were no measurable shifts in the R1 and R2 lines
for this sample.

IV. Discussion

The characterization results, as summarized in Table |1, clearly
showed the strong effects of substrate on the phase contents and
morphology of the CVD-AIl,O; coating. It is well known that the
effects of substrates on the nucleation and growth of CVD
materials could be significant,®” particularly for Al,0,.%® In this
section, we will compare our observations to those reported in the
literature to comprehend the apparent effects of the Pt interlayer on
the nucleation and growth behavior of CVD-AIO;.

The surface morphology and phase contents of the coating
specimens produced on René N5 and Pt-plated René N5 were quite
different. The coating produced on René N5 consisted of a-Al,O4
crystals of ~0.5-1.5 pmin aglassy, discontinuous matrix phase of
amorphous Al,O5. On the other hand, the coating on Pt-plated
René N5 contained a-Al,O; crystals of ~0.1 to 1 pwm and with a
minute amount of k-Al,O;. Another major difference was the
presence of very fine microcracks (~100 nm) on the coating
surface of the Pt-plated René N5 sample particularly in the

Fig. 5. Surface SEM images of CVD-Al,O; on Pt-plated N5: (a) as-deposited, and (b) fine microcracks appeared at higher magnification.
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s s: substrate
a: a-Al,0,
k: k-ALO,

(b)

20
20 (Degree)

Fig. 6. XRD patterns of Pt-plated René N5: (a) before and (b) after
CVD-ALO;.

“valley” regions between the Al,O4 (Fig. 5(b)). To understand the
appearance of microcracks, we will need to consider the results
observed for the pure Pt substrate.

For the Pt-plated René N5 and pure Pt substrates, their surface
morphologies were seemingly similar at first glance. However, the
XRD and luminescence results indicated that the coating on the
pure Pt substrate was predominantly x-Al,O5 with a very small
amount of «-Al,O5; whereas the coating deposited on the pure Pt
substrate did not exhibit microcracking. The appearance of micro-
cracks suggested that the k- to «-Al,O5 transformation had
occurred within the coating layer deposited on Pt-plated René N5
during the CVD step and/or possibly the cooling period. k- to
a-Al,O5 transformation has been commonly observed during the
CVD-Al,O, process.®® For example, it was previously reported
that «-Al,O5 tended to form as larger grains surrounded by fine
k-Al,O5 grains and with microcracks during the CVD process.®
The microcracking is caused by the volume shrinkage (~8 vol%)
associated with the k- to o-Al,O; phase transformation, as
calculated from the k- and a-Al,O, structure data.*® As reported
elsewhere,*? we also observed the development of microcracking
when the coating on the pure Pt substrate was transformed from «
to « within 12 min on annealing at 1250°C by high-temperature
XRD.

The XRD and EDS analyses showed that a Pt Al layer of afew
micrometers probably formed underneath the k-Al,O, layer on the
pure Pt substrate. The formation of the Pt Al layer could be
attributed to the pretreatment procedure in which the substrates
were exposed to the AICI; + H, mixture for 1 min before starting
the Al, O3 deposition. As noted earlier, the procedure is used to
create a “bonding” layer for the TiC, TiN, Ti(C,N), or Ti(C,N)/
(WC/Co) surfaces for cutting. This “prealuminizing” procedure
might have aluminized the surface of the pure Pt substrate and
formed the Pt Al phase. However, there was no evidence for Pt Al
formation for the coating formed on Pt-plated René N5. As
reported by Krishna et al.,® the thickness of the initial Pt layer
could be a factor which affected the amount of Al uptake and
therefore the formation of the Pt;Al phase and its interdiffusion
with the René N5 substrate.

Apparently, the Pt substrate was able to promote the formation
of k-Al,O,. However, from the crystallographic point of view,
there is no relationship between Pt (cubic) or Pt Al (tetragonal)
and k-Al,O5 (orthorhombic). Halvarsson et al. previously ob-
served that there were no particular crystallographic correlations
between the “bonding” layers and the selection of « or k phase.*®
Nevertheless, our results are in agreement with prior observations
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Fig. 7. XRD pattern of the as-deposited CVD coating on pure Pt.

by Vuorinen et al.*"*83® that phase contents in the CVD-Al,O,
coating are strongly dictated by theinterlayer(s) that forms beneath
the CVD layer.

The “pegging” behavior, as characterized by metallic protru-
sions into the alumina coating layer, was observed for pure Pt and
Pt-plated René N5, but not from René N5. Therefore, the results
suggested that the “pegging” behavior occurred where Pt was
present. Interestingly, our observations were in agreement with the
“pegging” behavior of Pt observed in the oxidation of Pt-modified
aluminide coatings. This behavior is viewed as one of the
mechanisms by which Pt improves alumina scale adhesion.3334

In contrast to the coatings on the pure Pt and Pt-plated René N5
substrates, the coating deposited on René N5 contained a signifi-
cant amount of the amorphous Al,O, phase in addition to the
a-AlLO,. It appeared that some alloying elements in René N5
might have certain effects on the formation of the amorphous
phase. Levin et al.?® indicated that with the presence of Ni* ions,
metastable to « transformation would be retarded. However, with
the available data, we were not able to address the mechanism by
which the amorphous and a-Al,O phases coexisted in the coating
formed on René N5. However, as Fig. 3(c) shows, the amorphous
content of the coating (or in the coating/substrate interface region)
crystallized rapidly on exposure to 1200°C.

As summarized in Table Il, the average compressive stress
(—3.2 GPa) was measured for the coating on Rene N5 (Fig. 4). The
compressive stress could be attributed to the residual stress, which
resulted from the CTE mismatch between the René N5 (~13.1 X
107%/°C) and the Al O, coating (8 X 10 °-9 X 10~ %/°C) during
cooling from the deposition temperature of 1050°C to room
temperature. This stress value is within the range of various stress
values reported for alumina scales formed on superaloys on
high-temperature oxidation.® Interestingly, even with the pres-
ence of microcracks on the surface of the alumina coating on
Pt-plated René N5, the stress level was the same as that measured
for the coating deposited directly on René N5. It seemed that these
microcracks were not sufficiently large to form a continuous
network to release the stress.

V. Conclusions

The AlLO5 CVD process, previously developed at SECO Tools
for coating WC/Co cutting tools, was used to synthesize Al,O4
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Table II.

CVD-AI,O; on Single-Crystal, Nickel-Based Superalloy 2095

Major Phases Detected by XRD and L uminescence

Spectroscopy and the Average Stress Measured from the a-Al,O5 Phase
in the CVD Coating

Growth rate Stress

Substrate (mg/(cm>min)) Phases (GPa)

René N5 0.0132 a + amorphous -3.2

Pt-plated René N5 0.0186 a + k (trace) -32
Pure Pt 0.0116 Pt;Al + k + « (trace) 0

coating specimens on René N5, René N5 coated with an electro-
plated Pt interlayer, and pure Pt substrates. The characterization
results showed that the phase contents and morphology of the
CVD-AI,O; coating were strongly dictated by the substrates. The
coating directly deposited on René N5 consisted of «a-Al,O,
crystals of ~0.5-1.5 wmin aglassy, discontinuous matrix phase of
amorphous Al,O5. On the other hand, the coating on Pt-plated
René N5 contained a-Al, O, crystals of ~0.1 to 1 wm and with a
minute amount of k-Al,O5. The coating on pure Pt was k-Al,O4
along with atrace amount of a-Al,Og, but with the formation of a
major amount of Pt Al at the coating/substrate interface. The
average stress values measured for the coatings on René N5 and
Pt-plated René N5 were within the range of various stress values
reported for alumina scales formed on superalloys and Pt-modified
coatings on high-temperature oxidation, which suggested that
adhesion at the coating/substrate was excellent for both specimens.
The appearance of fine microcracks suggested that the k- to
a-Al,O5 transformation occurred within the coating layer depos-
ited on Pt-plated René N5 during the CVD step. Apparently, the
presence of Pt in the Pt-plated substrate, as in the case of the pure
Pt substrate, promoted the formation of k-Al,O,. However, from a
crystallographic point of view, there is no known relationship
between Pt (or Pt;Al) and k-AlL,O5. Nevertheless, our results were
consistent with other investigators observations that phase con-
tents in the CVD-Al, O coating were sensitive to an interlayer(s)
that forms at the interface between the CVD layer and substrate
without any crystallographic relationship. These results suggested
that the preparation of a-Al,Os, as an entirely homogeneous and
fully dense layer without microcracks, on the Ni superalloy surface
would be difficult via simple adaptation of the chloride-based
CVD process and the use of a Pt interlayer. The extent of
morphologic tailoring that may be possible via other surface
modification methods is currently being investigated.
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