The Oxidation Behavior of Aluminide-Coated
v' /6 Directional Eutectics

H.C. BHEDWAR, R. W. HECKEL, AND D. E. LAUGHLIN

The relationship between the process variables and the property of oxidation resistance was
investigated for aluminide-coated y'/8 directional eutectics by the control of the surface
composition and the coating microstructure. The oxidation behavior of coated and uncoated
substrates was found to belong to three main groups, depending on the surface composition
of the coated or uncoated substrate prior to oxidation and irrespective of the manner in
which the coating was processed. The coatings with surface composition in Group I formed

protective external scales of Al,O,; those with surface compositions in Group II formed
nonprotective external scales of niobium-rich oxides; those substrates with surface
compositions in Group III formed nonprotective external scales of NiO. The oxidation
behavior within each group is herein explained in terms of the coating microstructure.
Coatings that possessed a single-phase surface layer demonstrated better oxidation
resistance than those with a two-phase lamellar morphology.

THE overall direction followed by alloy developers has
been toward enhancement of the mechanical properties
of directional eutectics. Consequently, a paucity of
research exists in other areas. If these materials are to be
seriously considered as turbine blade candidates, their
oxidation and hot-corrosion behavior is of utmost
importance and needs to be explored thoroughly. Only
recently has the oxidation behavior of directional
eutectics received attention.'* These studies have shown
that alloys in the Ni-Al-Nb system (y’/8 eutectics) and
in the Ni-Al-Nb-Cr system (y — y'/8 eutectics), oxidize
preferentially along the 8-phase lamellae,'? resulting in
poor oxidation behavior. Protective coatings are nec-
essary for these alloys to function adequately for long
periods of time at high temperatures.

The nature of the protection system depends on the
specific application in which the substrate component is
to be used. In general, high-operating temperature
surfaces (e.g., gas path surfaces on airfoils) require
sophisticated oxidation/corrosion-resistant coatings,
whereas low-operating temperature surfaces (internal
cooling passages and possibly blade roots) can be
protected by conventional coatings. It has been dem-
onstrated that overlay coatings of the Ni-Cr-Al-Y and
Co-Cr-Al-Y type provide superior oxidation resistance
at temperatures above 1150 °C.3* However, these coat-
ings are applied by the electron-beam physical vapor
deposition (PVD) process®* which is a line-of-sight
coating. Consequently deposition is restricted only to
areas accessible to the vapor beam. Internal cooling
passages, for instance, cannot be coated by this method
and require alternative processes.
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Aluminide coatings have been used for a number of
years as an efficient, low-cost means for oxidation
resistance at temperatures below 1100 °C.%¢ Briefly,
aluminide coatings are applied by diffusing aluminum
into the surface of the substrate so as to convert it to an
aluminide. Upon oxidation, the surface aluminide layer
oxidizes to form a tenacious layer of aluminum oxide
which serves as a primary barrier against further
oxidation. While the aluminide layers may be formed
by a variety of methods,” the pack-cementation meth-
od is the most commonly used technique for large-scale,
batch-processing of turbine hardware. Even if new
coating systems come into use as demands for engine
performance increase, the relatively low-cost aluminide
coatings will continue to be used for temperatures up to
1000 °C?

One way to improve aluminide coating technology
for specific applications is to obtain an understanding
of the effect of the (pack cementation) variables on the
coating microstructure* of the substrate (y'/8

* Coating microstructure as used in the present paper means the
identity, sequence and the morphology of the phase layers in the
coatings.

directional eutectics) and then to examine the effect of
the coating microstructure on a specific property of
interest—in the present study, the oxidation behavior.
The effect of the processing variables on the coating
microstructure was studied in a previous paper.!® It was
shown that a spectrum of coating microstructures could
be obtained depending on the choice of the process
variables, viz., the aluminizing and the homogenizing
temperatures, the homogenizing time and the activity of
aluminum in the coating pack. The purpose of this
paper is to correlate the oxidation behavior of y'/8
directional eutectics to the coating microstructure of
these alloys and thereby demonstrate that oxidation-
resistant coatings can be produced by a proper selection
of the coating microstructure. Although only one coat-
ing-substrate system was used, the conclusions drawn
from the present study are expected to apply to other
aluminide-coated directional eutectics.
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EXPERIMENTAL PROCEDURE

Rectangular sections (1.0 cm X 1.0 cm X 0.3 cm)
were cut from a directionally-solidified y'/§ alloy (nom-
inal composition: 75 pet Ni-9.9 pet Al-15.1 pct Nb). The
specimens were ground, degreased and aluminized
using the pack-cementation process.”!12!? Some of the
details of the aluminizing treatment are given in Table I.
Other details of the experimental procedure are given
elsewhere.' A majority of the aluminized substrates
were given high-temperature, long-term anneals in ar-
gon (homogenization) in order to obtain different
coating microstructures. Table II summarizes the var-
ious processing conditions, the surface phases obtained,
and their mean phase composition.

Samples with various coating microstructures ob-
tained by the aluminization and the homogenization
processes were oxidized at 900 and 1140 °C in air at a
pressure of one atm. The oxidation kinetics were
determined by continuous weight-gain vs time meas-
urements using a Cahn electrobalance (Model RG-
2000) having a maximum capacity of 2 g and a
sensitivity of =5 ug. The balance was situated over a
mullite tube (the oxidation chamber) and connected to
it by an O-ring seal and a 40/35 standard taper joint.
The system was such that the substrates could be
oxidized in static atmospheres of 1 atm pressure. The
substrate to be oxidized was suspended from the
balance by a Pt/10 pct Rh wire.

The oxidation runs were started by prior positioning
of the mullite tube immediately above the furnace and
then mechanically raising the furnace (Lindberg cru-
cible furnace—5600 series) so that the tube was in the
hot zone. The desired temperature, as measured by a
chromel-alumel thermocouple mounted in contact with
the mullite tube, was attained in about 12 min. The
temperature during an oxidation run varied by less than
*+3 °C. Upon termination of the experiment, the fur-
nace was quickly lowered and removed.

A combination of metallography, electron micro-
probe analyses (EMPA) (both wavelength-dispersive
(WDA) and energy-dispersive analyses (EDA)) and
X-ray diffraction techniques (XRD) were used for
phase identification in both the coating microstructures
and the oxide layers. Microprobe intensities from three
line emissions (Ni, Ka, Al Ka and Nb La) were

recorded by point and line counting performed parallel
to the surface at successive steps approximately equi-
distant from it. The raw intensities were corrected for
background, dead-times and drift, and then converted
to concentration values using the alpha-coefficient
method."

EXPERIMENTAL RESULTS

The data in Table III show that the mean surface
compositions of coated and uncoated '/ directional
eutectics, obtained by different processing conditions,
fall into three groups depending on their external oxide
scale and their relative oxidation kinetics. Surface
compositions belonging to Group I (coated substrates)
formed a protective external scale of Al,0, with para-
bolic weight gains at 1140 °C in air after 28 h of 0.16 to
0.31 mgZem~#; those belonging to Group II (coated
substrates) formed an external layer of niobium-rich
oxide and an internal layer of AL,O;* with parabolic

* Internal layers must not be confused with interally oxidized
layers. The former are continuous, dense layers formed below the
external scale. The latter are discrete oxide particles precipitated in
the metal.

weight gains of 4.5 to 13.5 mg?cm—*. Surface compo-
sitions belonging to Group III (uncoated substrates)
formed an external layer of NiO with internal layers of
niobium-rich oxides and Al,O,, and showed parabolic
weight gains of about 180 mgZcm—+4,

Figure | shows the surface composition data of Table
III plotted on 900 and 1140 °C ternary isotherms. The
purpose of the dashed lines in Fig. 1 is to denote roughly
the three classification groups. These lines are not
precise determinations of the compositional limits of the
three groups and should not be so construed. The mean
surface compositions of the variously treated samples
are plotted on the ternary phase diagram. This will be
referred to later when it will be shown that composition
and microstructure together with the ability to form
desirable oxide phases, control the oxidation behavior
of coated and uncoated y'/8 directional eutectics.

A. Group I Oxidation Behavior

The oxidation kinetics for all surface compositions
belonging to Group I in Fig. 1 eventually obeyed a

Table I. Aluminizing Times, Temperatures and the Composition for High- and Low-Aluminum Activity Packs

Pack Composition (weight-percent)

Type Aluminizing Aluminizing Inert Filler Pure Aluminum Alloy
of Temperature Time Al O, Activator NH,Cl1 Aluminum 45 at. pet Ni-35 at. pet Al
Coating (°C) (hr) (— 325 mesh) (—325 mesh) (—325 mesh)
High- 900 0.33 72.0 3.0 250 —
Aluminum-
Activity
Pack 1140 0.5 94.0 3.0 30 —
Low- 900 10.0 720 3.0 — 25.0
Aluminum-
Activity
Pack 1140 1.0 720 3.0 — 250
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Table Il. The Surface Phases and Their Mean Composition During the Aluminizing and the Homogenizing Treatments on Coated v'/5

Directional Eutectics

Aluminum Aluminizing Homogenizing
Activity of Temperature, Time,*
Treatment the Pack °C h Surface Phases Mean Composition
High- 900 — Ni,Al; + NbA], 29.5 Ni-5.5 Nb-65.0 Al
Aluminum-
Activity 1140 — Al-rich 8 + NbAl, 37.0 Ni-6.0 Nb 57.0 Al
Pack
Aluminizing
Low- 900 — B 46.1 Ni-0.8 Nb-33.1 Al
Aluminum-
Activity 1140 — B 50.5 Ni-0.05 Nb-49.45 Al
Pack
16.25 Ni,Al; + NbAl, 32.7 Ni-6.2 Nb-61.1 Al
900 50 Al-rich 8 + NbAI, 39.8 Ni-6.2 Nb-54 Al
High- 150 Ni-rich 8 + 5 57.4 Ni-5.6 Nb-37 Al
Aluminum
Activity
Pack 1 Al-rich 8 + NbAl 41.2 Ni-5.3 Nb-53.5 Al
1140 3 Al-rich 8 + NbAl, 43.2 Ni-4.8 Nb-52 Al
Homogenizing 50 Ni-rich 8 59.7 Ni-3.3 Nb-37 Al
Low- 1 B 52 Ni-4.2 Nb-43.8 Al
Aluminum- 1140 50 Ni-rich 8 + 0 54.8 Ni-12.1 Nb-33.1 Al
A;tivli(ty 150 Ni-rich 8 + ¢ 57.4 Ni-9.0 Nb-33.6 Al
ac|

*Homogenizing temperature same as aluminizing temperature.

Table Ill. The Mean Surface Composition, the Oxide Phases and Parabolic Weight-Gains

of Coated and Uncoated +' /5 Directional Eutectics

Aluminizing Homogenizing Homogenizing
Temperature, Aluminum Temperature, Time,
°C Pack Activity °C h Group I Group 11 Group III
900 High — — 29.5 Ni-5.5 Nb-65 Al
1140 High — — 37.0 Ni-6.0 Nb-57 Al
900 Low — — 46.1 Ni-0.8 Nb-53.1 Al
1140 Low — — 50.5 Ni-0.05 Nb-49.45 Al
900 High 900 16.25 37.7 Ni-6.2 Nb-61.1 Al
900 High 900 50 39.8 Ni-6.2 Nb-54 Al
1140 High 1140 3 43.2 Ni-4.8 Nb-52 Al
1140 High 1140 50 59.7 Ni-3.3 Nb-37 Al
1140 Low 1140 1 52 Ni-4.2 Nb-43.8 Al
900 High 900 150 — 57.4 Ni-5.6 Nb-37 Al
1140 Low 1140 50 — 54.8 Ni-12.1 Nb-33.1 Al
1140 Low 1140 150 — 57.4 Ni-9.0 Nb-33.6 Al

External Scale
Oxides Phases
Internal Layer

Parabolic weight gains in air
at 1140 °C after 28 h (mg? cm %)

ALO,

Traces of niobium-
rich oxides at early
times

0.16 to 0.31

Niobium-rich oxide

Continuous layer
of AlL,O,

4510 13.5

75 Ni-15.1 Nb-9.9 Al

NiO

NiNb,O;, AINbO,,
Al,O, only at

1140 °C oxidation

temperature, NiO

at 900 °C

180
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parabolic rate law. Usually, this rate law was followed
virtually from the beginning of the weight-gain meas-
urements, although in some cases, conformation was
not evident until about 3 h of oxidation. Typical
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Fig. 1—(a) The 900 °C isotherm showing the compositional limits for
the three oxidation mechanisms of uncoated and aluminide-coated
'8 directional eutectics., The symbols indicate the surface composi-
tion of the coatings and the uncoated substrate. ® Coatings deposited
by high-aluminum-activity packs at 900 °C and oxidized at 900 °C;

O Coatings deposited by high-aluminum-activity packs at 1140 °C
and oxidized at 900 °C; A Coatings deposited by low-aluminum-
activity packs at 900 °C and oxidized at 900 °C; A Coatings
deposited by low-aluminum-activity packs at 1140 °C and oxidized at
900 °C; X Uncoated substrates oxidized at 900 °C, (b) The 1140 °C
isotherm showing the compositional limits for the three oxidation
mechanisms of uncoated and aluminide-coated y'/8 directional
eutectics. The symbols indicate the surface composition of the coating
and the uncoated substrate. ® Coatings deposited by high-aluminum-
activity packs at 1140 °C and oxidized at 1140 °C; A Coatings
deposited by low-aluminum-activity packs at 1140 °C and oxidized at
1140 °C; X Uncoated substrates oxidized at 1140 °C.
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Fig. 2—Typical weight-gain data for Group I coatings oxidized at
900 °C in air.
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Fig. 3—Typical weight-gain data for Group I coatings oxidized at
1140 °C in air.
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weight-gain measurements are presented in Figs. 2 and
3, corresponding to oxidation temperatures of 900 and
1140 °C, respectively.

The weight-gain measurements plotted in Figs. 2 and
3 show that substrates with coatings deposited by
low-aluminum-activity packs at 900 and 1140 °C had
slower kinetics than those deposited by high-aluminum
activity packs. However, when the high-aluminum-
activity pack coatings deposited at 900 and 1140 °C
were pretreated (by short anneals in argon—0.5 h at
900 °C prior to the weight-gain measurements), the

fc)
Fig. 4—(a) Microstructure of a Group I coating showing the two-phase lamellar morphology in the coating. (b) Microstructure of a Group I coating

deposited by a high-aluminum-activity pack at 900 °C, homogenized for 16.25 h at 900 °C and oxidized for 53 h at 900 °C (secondary electron
image). (¢) Aluminum X-ray image. (d) Niobium X-ray image. (¢) Nickel X-ray image.

METALLURGICAL TRANSACTIONS A

oxidation kinetics decreased substantially. When a
homogenizing treatment was given to coatings
deposited by high-aluminum-activity packs at 900 °C,
the oxidation kinetics decreased even further (Fig. 2).
However, as will be shown in the section on Group I1
oxidation behavior, when coatings deposited by high-
aluminum-activity packs at 1140 °C were given a ho-
mogenizing treatment at 1140 °C, the oxidation kinetics
increased.

A typical oxidized coating exhibiting a two-phase
lamellar morphology and belonging to Group I is

(d)
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re)
Fig. 4—Continued.

shown in Fig. 4. Only an external scale developed on
this group of coatings and, although there was no
evidence of oxide spall on cooling to room temperature,
the scale in some cases appeared to be separated from
the substrate. It is assumed that the scale separation
occurred during isothermal oxidation even though it is
possible that the scale separation may have occurred
during cooling or during metallographic preparation.
Quantitative EDA measurements and surface X-ray
diffraction of the scale confirmed that the external scale
consisted of Al,0,. X-ray images for nickel, niobium
and aluminum radiation are shown in Fig. 4.

B. Group II Oxidation Behavior

Typical weight-gain vs time curves for coatings with
surface compositions in Region II of Fig. 1 are pre-
sented in Fig. 5. Initially, the coatings underwent rapid
weight gains but eventually the oxidation kinetics
tended to approach parabolic behavior, As seen in Fig,
5, one of the weight-gain curves showed “breakaway”
oxidation behavior which is a possible consequence of
scale-cracking. Coatings deposited by low-aluminum-
activity packs and given homogenizing treatments dem-
onstrated slower oxidation kinetics than those deposited
by high-aluminum-activity packs and homogenized for
the same time at the same temperature.

A typical oxidized coating belonging to Group II is
shown in Fig. 6. Two distinct layers were identified on
the surface of the oxidized coating. An external layer
consisting of a niobium-rich oxide (the precise oxide
phase could not be identified) and an internal layer
consisting solely of Al,O,. X-ray images of nickel,
niobium and aluminum are shown in Fig. 6.

1308—VOLUME 11A, AUGUST 1980

C. Group III Oxidation Behavior

The oxidation kinetics for substrates having surface
compositions belonging to Region I1I in Fig. 1 are
shown in Fig. 7. These substrates were uncoated and
consequently their surface compositions corresponded
to the mean composition of the substrate. The oxidation
kinetics obeyed a parabolic rate law with parabolic
constants of 1.7 X 107%g2cm=4s~! at 900 °C and 1.6
X 107%gZcm™s™! at 1140 °C. It was found more
convenient to use weight gain after a specific oxidation
time (16 h, in the present study) as a means of
comparing the oxidation behavior with other studies
reported in the literature. In the present study, the
weight gain after 16 h of oxidation at 900 °C was 3.7 mg
cm~2and 10.2 mg cm~2 at 1140 °C. These values are
plotted in Fig. 8 together with those obtained in the
literature. The values obtained in this study compare
very favorably with those obtained by other workers
and can serve as base-line data for comparison with the
studies on the coated substrates.

Oxidation at 900 and 1140 °C produced an external
scale of NiO which spalled on cooling to room tem-
perature. An internal zone was present on substrates
oxidized at 900 and 1140 °C. At 900 °C, the internal
zone consisted of NiNb,O, and islands of almost pure
nickel, as seen in Fig. 9; however, at 1140 °C the
internal zone consisted of NiNb,O,, AINbO, and Al,O,,
Fig. 10. X-ray images of nickel, aluminum and niobium
radiation are shown in Figs. 9 and 10 for uncoated
substrates oxidized at 900 and 1140 °C, respectively.

WOr—T——71 T 717 T 71T T T T T T 1
L OXIDATION AT 1140°C IN AIR i
® Low-aluminum-activity pack, homogenized for
18— 50 hr. at 1140°C .
| © Low-aluminum-activity pack, homogenized for
150hr. at 1140°C
16— ® High-aluminum-activity pack, homogenized for —

150 hr. at 1140°C

TR A U NN TN NN U (N SN NN NN SO
0 4 8 i2 16 20 24 28
Oxidation Time (hr)
Fig. 5—Typical weight-gain data for Group II coatings oxidized at
1140 °C in air.
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DISCUSSION

The data in Table 111 show that, although a variety of
processing conditions were used to form coatings, their
oxidation behavior fell into two groups (the third group
constituted uncoated substrates). Each group was char-
acterized by specific oxide phases and oxidation kinet-
ics. The factors controlling the oxidation kinetics and
formation of the oxide phases are discussed in the
following sections.

Wagner'® has shown that a less noble element will

. el

8 um

fc)
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form a dense, external oxide only if the mole fraction of
its oxide is greater than some critical amount, i.e., N o
> N }o- If this criterion is not met, a layer of internally
oxidized particles will form. The formation and the
maintenance of an oxide layer exclusive of the other
oxides requires another criterion to be satisfied. The
diffusive flux through the alloy of the element M must
be greater than the flux of the element consumed due to
oxidation, i.e., J 3, > J . If this condition is not met
throughout the oxidation process, other oxide phases
become stable.

(b)

(d)
Fig. 6—(a) Microstructure of a Group II coating deposited by a high-aluminum-activity pack at 1140 °C, homogenized for 15 h at 1140 °C and
oxidized for 28 h at 1140 °C (secondary electron image).(b) Aluminum x-ray image.(c) Niobium X-ray image.(d) Nickel X-ray image.
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Fig. 7—Typical weight-gain data for Group III substrates oxidized in
air at 900 and 1140 °C.
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A. Group I Oxidation Behavior

i) The Effect of Surface Composition on the Oxidation
Behavior of Coated Directional Eutectics, The results of
Group I coatings show that an external layer of Al,0,
forms on the surface of the coatings. This indicates that
the mole fraction of Al,O, precipitated on the surface is
greater than the critical mole fraction for external
oxidation, i.e., N 50 > N1 o, and that the initial
diffusive flux of aluminum to the coating surface from
the interior of the alloy is faster than the diffusive flux
of aluminum consumed due to oxidation i.e., JA, ;. >
J 5ise- Under these conditions the Al,O, is stable as long
as the oxygen pressure in the gas phase is above the
equilibrium value for the formation of AL,0,.

In view of the results obtained with Group I coatings,
an oxidation mechanism can be described as follows.
During the early stages of oxidation, aluminum is
removed from the coating surface and converted to the
oxide so rapidly that a concentration gradient is created
in the coating adjacent to the coating/oxide interface.
The depletion of aluminum at the coating/oxide inter-
face has a two-fold effect: 1) it promotes the diffusion of
aluminum from the coating to the coating/oxide inter-
face, i) it decreases the flux of aluminum through Al,O,
to the Al,O,/gas interface. Consequently, the compo-
sition of the coating at the coating/oxide interface
approaches a steady state value (concentration inde-
pendent of time) at which the diffusion of aluminum
from the coating just equals the aluminum consumed in
oxidation. The maintenance of the aluminum flux is
necessary for the exclusive formation of AL,O, in the
scale since other oxides (e.g., niobium-rich oxides and
NiO) will form if the oxygen activity in the gas-phase is
high enough to promote their formation.

Aluminum can be consumed in oxidation by the
diffusion of either aluminum atoms or oxygen atoms
through the Al,O, scale. Which of these occurs can be
determined in principle by placing inert markers on the
surface of the unoxidized specimen and noting their
ultimate location in the oxide scale.'” However, marker
studies could not be performed in the present research
due to the fragile nature of the Al,O, scale. Nevertheless
the findings of other investigators is of help in under-
standing the relative motion of Al atoms. In particular,
structure-sensitive diffusion (grain boundary diffusion)
has been shown to be predominant in a-Al,O, below
1400 °C'8'% with an activation energy considerably less
than that for interdiffusion in 8, y" and y phases in the
Ni-Al-Nb system. Consequently, we propose that the
polycrystalline AL, O, scale which forms on these alloys
accomodates grain boundary diffusion. Since oxygen
can diffuse through such an Al,O, layer at a faster rate
than aluminum atoms can diffuse from the interior
coatings, we further propose that the oxide forms by the
inward motion of oxygen.

ii) The Effect of Microstructure on the Oxidation
Behavior of Coated Directional Eutectics. It was shown
that coatings deposited by low-aluminum-activity packs
(nonlamellar, single-phase surface phases) consistently
had better oxidation resistance at both the temperatures
of oxidation (900 and 1140 °C). The difference in
oxidation behavior was more apparent at 900 than at

METALLURGICAL TRANSACTIONS A



1140 °C, as seen in Figs. 2 and 3. A possible explanation
for the better protectiveness of nonlamellar, single-
surface phase coatings (low-aluminum-activity packs) is
that these coatings had surface layers of the 8-phase
containing relatively low niobium contents (0.05 to
0.82/0 Nb), Table II. Coatings deposited by high-
aluminum-activity packs, on the other hand, contained
two-phase surface layers of Ni,Al; + NbAL at 900 °C

Lo

fa)

fc)
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and Al-rich 8 + NbAlL at 1140 °C, Table II. At both
temperatures, the niobium content along the 8-lamellae
could be as high as about 22¢/0 Nb. Under such a
situation, it is entirely possible that the NbAl,-phase
along the §-lamellae initially undergoes rapid oxida-
tion,® forming niobium-rich oxides, and then ultimately
forming an external scale of Al,O,. The rapid oxidation
kinetics are apparent in the weight-gain curve for the

(b)

(d)

Fig. 9—(a) Microstructure of an uncoated Group I1I substrate oxidized for 50 h at 900 °C (secondary electron image). (5) Aluminum X-ray image.
(c) Nigbium X-ray image. (d) Nickel X-ray image.
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as-aluminized coating deposited by a high-aluminum-
activity pack at 900 °C, Fig. 2. Coatings deposited by
low-aluminume-activity packs do not have regions of
high niobium content and, therefore, do not show rapid
initial weight gains, Fig. 2.

iii) The Effect of Pretreatment on the Oxidation Be-
havior of Coated Directional Eutectics. 1t 1s possible to
reduce oxidation kinetics of aluminized substrates by a
pretreatment (argon anneal at 900 °C for 0.5 h) prior to
the weight-gain measurements. The purpose of such a
treatment is to produce an oxide of the least noble

element (by reacting with the O, impurity in the argon)
in the coating microstructure and thereby increase
protection. This treatment differs from long-term
homogenization since no structural change occurs in the.
coating. Kofstad and Hed?? have shown that low
oxygen partial pressures of the gas phase produce
protective layers since the oxygen activity in the gas
phase is low enough to oxidize the least noble element
only. Figure 2 shows that substrates aluminized by a
high-aluminum activity pack at 900 °C and oxidized at
900 °C (¢p in Fig. 2) show greater weight gains than

fc)

(d)

Fig. 10—(a) Microstructure of an uncoated Group III substrate oxidized for 55 h at 1140 °C (secondary electron image). (b) Aluminum X-ray

image. (c) Niobium X-ray image. (d) Nickel X-ray image.

1312—VOLUME 11A, AUGUST 1980

METALLURGICAL TRANSACTIONS A



those given a pretreatment prior to oxidation (@ in Fig.
2). Similar results are seen in Fig. 3.

High-aluminum-activity pack coatings have a two-
phase lamellar morphology (Ni,Al; + NbAl,; at 900 °C
and Al-rich 8 + NbAl, at 1140 °C) Table II. The
pretreatment serves to form an initial protective scale
over NbA], (presumably an Al O, scale) rather than the
niobium-rich oxide which forms during oxidation in air
(see previous section). This ALQ, scale tends to reduce
weight gains by acting as a protective layer. However,
should the protective scale over NbAl, spall or crack,
the slope of the weight-gain curve (4p in Fig. 2) reverts
to that of the non-pretreated coating (@ in Fig. 2).

B. Group II Oxidation Behavior

i) The Effect of Surface Composition on the Oxidation
Behavior of Coated Directional Eutectics. The oxide
phases belonging to Group II consisted primarily of an
external layer of niobium-rich oxides and a dense
internal layer of AlL,O,, as seen in Fig. 6. The presence
of the dense internal layer of Al,O, suggests that at early
times, N 5 0 > N0, and a continuous scale of Al,O,
formed on the coated substrate. However, as oxidation
progressed, aluminum was depleted from the coat-
ing/Al,O, interface presumably because aluminum was
consumed due to oxidation faster than aluminum could
diffuse to this interface from the interior of the coating,
i.e. J &g < J i The depletion of aluminum reached
such a stage that niobium-rich oxides could form. These
oxides, though somewhat protective, are not as protec-
tive as those in Group I (Figs. 2, 3 and 5).

ii) The Effect of Microstructure on the Oxidation
Behavior of Coated Directional Eutectics. When the
as-aluminized coatings were given a homogenizing
treatment at 1140 °C, prior to oxidation, they exhibited
Group II behavior. The relatively rapid homogenizing
kinetics at 1140 °C (as compared to 900 °C) resulted in
the rapid removal (by the outward diffusion of nickel)
of the aluminum-rich phases at the surface (see Ref. 10).
Consequently, the aluminum concentration at the sur-
face was reduced to such a level that Al,O, could no
longer form as the external scale N, o < N}, and less
stable oxides (niobium-rich oxides) formed on the
surface.

C. Group III Oxidation Behavior

Although various aspects of the oxidation mechanism
for uncoated y'/8 substrates have been studied,'*?'2? 3
discussion based on Wagner’s criterion’® for internal
and external oxidation is given here for the sake of
completeness. Surface compositions belonging to
Group 111, typically formed an external layer of NiO
and a zone of internal oxidation consisting of NiNb,O,
and AINbO,. At 1140 °C, however, an internal layer of
Al 0, also formed. The directional nature of the sub-
strate was more apparent at 900 °C than at 1140 °C.
(See Figs. 9 and 10).

Initially, the surface composition of the substrate is
such that NiO forms over the y-phase and Nb,O; over
the 8 phase. NiO is known to form by the outward

METALLURGICAL TRANSACTIONS A

motion of nickel atoms through the oxide? whereas
Nb,O; forms by the inward transport of oxygen."” At
both temperatures, Al,O, (and perhaps AINbQ,) is
precipitated internally. At 900 °C, the Al,O, cannot
form a continuous layer whereas at 1140 °C, a dense,
continuous layer of Al,O, can form. The reason for this
is that at lower temperatures J 4, is not sufficiently high
to overcome J 4L, but as the temperature is increased,
JAl increases because of higher interdiffusion coeffi-

allo;

cients and at some time becomes greater than JA,..
Clearly, the oxidation mechanism is more complex

than that outlined above since the formation of nickel
islands at 900 °C and NiNb,O, at 1140 °C has not been
discussed. Pure nickel primarily forms at 900 °C due to
the reduction of NiO by niobium atoms. At 1140 °C,
the oxygen activity in the gas phase is sufficient to
oxidize the niobium to Nb,O;, so NiNb,O, can form by
reaction of NiO with Nb,O,.

CONCLUSIONS

The following conclusions can be made regarding the
role of the surface composition and the microstructure
on the oxidation behavior of aluminide-coated y'/8
directional eutectics:

1. The coating process variables have a marked effect
on the oxidation behavior of aluminide-coated v'/8
directional eutectics. The reason for this effect is the
variety of surface compositions and coating micro-
structures that are produced by changing the process
variables and it is these that alter the oxidation behav-
ior. Consequently, once a microstructure has been
obtained within specific composition limits, the oxi-
dation behavior will be the same within those limits,
irrespective of the combination of the processing var-
iables utilized in obtaining the microstructure.

2. The oxidation behavior of the coated and un-
coated y'/§ directional eutectics was divided into three
groups, depending on their surface composition. Coat-
ings in Group I formed scales consisting solely of Al,O,
and possessed the best oxidation resistance of the three
groups. Coatings in Group II formed external scales of
a niobium-rich oxide with an internal layer of Al,O,.
These coatings possessed intermediate oxidation resis-
tance. Substrates belonging to Group III formed an
external scale of NiO and a zone of internal oxidation,
and had the least oxidation resistance of the three
groups.

3. The formation and the maintenance of the exter-
nal scale was explained in terms of Wagner’s criterion
for external scale formation and by the relative mag-
nitude of the diffusive fluxes of the element being
oxidized in the coating (or substrate) and that con-
sumed due to oxidation.

4. The coating microstructure affected the oxidation
behavior within each group. Coatings with a single-
phase layer had superior oxidation resistance to those
with a two-phase lamellar morphology, in the same
group.

5. Homogenization treatments favored the formation
of a single-phase surface layer and so tended to increase
oxidation resistance. Short-term anneals in argon (with
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a low partial pressure of oxygen) prior to oxidation in
air (pretreatments) favored the formation of the least
noble element oxide (Al,O,), thereby increasing the
oxidation resistance.
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