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Analytical transmission electron microscopy has been used to examine the oxide dispersion in
the mechanically alloyed, nickel-based, dispersion strengthened superalloy INCONEL alloy
MAB000*. Four mixed Al-Y oxides were identified in consolidated powder: Y;Al;O,,, yttrium
aluminium garnet (YAG); YAIO;, yttrium aluminium perovskite (YAP); Y,Al,Qq4, yttrium alumi-
nium monoclinic (YAM), and a previously unidentified YAIO; polymorph. This new phase,
designated yttrium aluminium hexagonal (YAH), has lattice parameters of 2 = 2.206 +
0.035nm and ¢ = 3.219 4+ 0.096 nm, a space group of P6;mc and consists of 18 close-
packed oxygen layers with the yttrium and aluminium cations in the resulting interstices. 1t is
proposed that the high local stresses, strains and temperatures which occur during the mech-
anical alloying process facilitate the formation of the highly complex YAH phase. All four
oxide types also contain significant amounts of zirconium (up to 13 cation at%) which ran-
domly substitutes for both the yttrium and aluminium ions. This substitution was sufficient to
have caused the removal of 75% of the zirconium from solution in the matrix.

1. Introduction
Oxide dispersion strengthened (ODS) alloys derive
their high-temperature strength from a uniform array
of a nominally inert oxide phase in a metal matrix. The
strength arises because the dispersoid provides stable
and unshearable obstacles to dislocation motion.
Mechanical alloying [1], is a novel process used to
overcome the traditional problems associated with the
manufacture of ODS nickel-base superalloys. During
the mechanical alloying process, powder particles are
continually welded and fractured in a high-energy ball
mill until a true alloy results. The process lasts 5 to 6
days and the powders are then compacted by extru-
sion; the consolidated material is then hot rolled, zone
annealed and given a final y heat treatment.
INCONEL alloy MA6000 is such an alloy, designed
for use as an uncooled blade material in gas turbine
engines. In this alloy, as in other commercial ODS
superalloys, yttria is used as the disperscid because it
is nominally inert in a metal matrix. There is, however,
evidence [2-8] to show that the dispersion in the fin-
ished product consists of mixed Y-Al oxides and not
Y-0,; the yttria is therefore not as stable as originally
thought, These mixed oxides are: yttrium aluminium
garnet, Y;Al;O, (YAG), yttrium aluminium perovs-
kite, YAIO; (YAP), yttrium aluminium monoclinic,
Y,ALO, (YAM) and monoclinic YAIO,; (YAP"). The
YAG, YAP and YAM phases are well documented
[9-11]and are shown as congruently melting phases in

the pseudo-binary Y,0;-Al,O; phase diagram [12].
There 15 also another YAIO; phase [13], grown by a
precipitation technique, which is not included in the
phase diagram, not has it been identified in an ODS
alloy. This phase has a hexagonal structure of space
group P6,/mmc with lattice parameters of ¢ = 0.3678,
¢ = 1.052nm and ¢fa = 2.86. There are two formula
units per unit cell. The structure has a six-layer oxygen
stacking sequence with yttrium in eight- and alu-
minium in five-fold coordination.

The precise nature of all the oxides in commercial
ODS superalloys is not known, nor has any significant
work been done to date on the formation of these
mixed oxides during mechanical alloying, their
proportions in the finished product or on their stab-
ility at service temperatures. This work is therefore an
analysis of the crystal chemistry of the oxide disper-
soid in consolidated MA6000 powder. The changes
which occur in the oxides during the subsequent manu-
facturing stages and their stability at service tempera-
tures will be reported elsewhere,

2. Experimental details

The yttria starting powder and compacted (extruded)
MA6000 were obtained from Inco Engineered Pro-
ducts Ltd. The nominal composition of the alloy
is (Wt %). 15Cr-2Mo-4W-4.5A1-2.5Ti-2Ta-0.05C-
0.01B-0.15Zr-1.1Y,0,-bal Ni. The oxides in MA6000
were extracted on to carbon replicas in the normal

*INCONEL is a registered trademark of the Inco Family of companies.
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Figure 1 (a) Zone axis pattern map for YAH. (b) Indexed schematic drawing of (a).

manner. Samples were electropolished in a 12%
perchloric acid/ethanol solution prior to carbon
deposition and the replica was removed by electro-
etching in a solution of 6% perchloric acid in acetic
acid; both processes used a current density of approxi-
mately 0.1 Amm ™%, Particles of the yttria powder
were suspended in methanol and lifted off on to car-
bon support films. The replicas were examined by
analytical TEM in a Philips EM400T and a Jeol
4000FX. To characterize the oxides, zone axis pattern
(ZAP) maps were constructed and the Al/Y con-
centration measured for each particle examined.
Where appropriate, convergent beam electron diffrac-
tion (CBED) was used to determine the crystal space

group.

3. Results

The starting powder was confirmed to be the cubic
form of Y,0,; there were no detectable contaminants.
In the consolidated material, the oxides were all spheri-
cal and ranged in diameter from 10 to 120 nm. Four
different oxide types were identified: YAG, YAP and
YAM and a previously unidentified Y-Al polymorph.
The YAG, YAP and YAM oxides occurred in
approximately equal proportions and accounted for
half the dispersoid. Neither Y,0; nor the YAP’ phase
were identified.

The fourth type of particle had the same Al/Y ratio
as the YAP phase and thin-window energy dispersive
spectrometry (EDS), showed it to be an oxide, but it
had a hexagonal crystal structure which did not cor-
respond to any of the phases reported in earlier work.
A microdiffraction ZAP map taken from one of these
particles (designated yttrium aluminium hexagonal,
YAH) and an associated schematic ZAP map are
shown in Fig. 1. The symmetry of the first order Laue
zone in [000 1], together with controlled tilting experi-
ments, confirmed the hexagonal nature of the phase. A
CBED analysis was used to characterize further this
phase (Fig. 2): the symmetry of the zero order layer
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and the symmetry of the whole pattern of the [000 1]
zone axis are both 6 mm and the possible diffraction
groups are therefore 6 mm and 6 mml,. The corre-
sponding symmetries in the [T 1 0 2] zone axis are both
m and the possible diffraction groups are therefore m
and mlg. No higher order Laue zones (HOLZ) lines
are visible in the zero order disc and it is therefore not
possible to distinguish which of these two diffraction
groups applies to this orientation; but fortunately this
does not hinder the point group determination for this
particular phase. If the diffraction group for the
[0001] pole is 6mmlg, then the point group is
6/mmm, but as this does not correspond to a possible
point group derived from the [1102] zone axis whether
its diffraction group is m or m I, it cannot be the point
group of the phase. If the diffraction group of the
[000 1] pole is 6 mm, then the point group is 6 mm. As
this is only common point group if the diffraction
group of the [1102] pole is either m or m I, it must
be the point group of the phase.

The YAH phase could therefore have one of four
possibie space groups: Pé6mm, Pé6ce, P6,cm and
P6,mc. For the Pécc and P6,cm space groups, the
hh0! reflection occurs only when [ = 2n [14]. The
presence of 6063 diffraction maxima in (1102,
which were not due to double diffraction, therefore
eliminated P6cc and P6;cm as possible space groups
for this phase. There are no conditions limiting poss-
ible reflections in Pémm and all the possible limiting
conditions are satisfied for P6;mc. The occurrence of
0003 diffraction maxima in [1210] due to double
diffraction implies that there is a glide plane and/or a
screw axis present. As P6mm has neither a ghde plane
nor a screw axis, it cannot be the space group of the
phase. The space group of the YAH oxide is therefore
P6,mc.

Measurements of calibrated microdiffraction pat-
terns from seven different particles gave the lattice
parameters of the phase as: « = 2.206 & 0.035nm,
¢ = 3.219 £ 0.096nm and ¢/a = 1.46. These lattice



Figure 2 Convergent beam electron diffraction patterns of a YAH particle. (a) Zero order layer of [000 1], symmetry 6 mm. (b)Whole pattern
of {000 1], symmetry 6 mm. (¢) Zero order layer of [T102], symmetry m. (d) Whole pattern of [T 10 2], symmetry m.

parameters were confirmed by measurements of the
HOLZ in [000 1] and [10T10] CBED patterns and by
the measurement of basal plane lattice fringes.

In addition to aluminium and yttrium, all the oxides
also contained zirconium, between 0.2 + 0.1 and
13.5 + 0.5 cation at %. A typical EDS spectrum is
shown in Fig. 3. The presence of zirconium is irre-
futable; there were no other contaminants. All the
oxides deviated randomly from stoichiometry. There
was no consistent excess of either aluminium or
yttrium, nor was there a consistent variation in zir-
conium content with aluminium or yttrium concentra-
tion (cf Fig. 4).

4. Discussion

This work has confirmed that yttria does not occur in
MAG6000, but that it had transformed curing the early
stages of manufacture to a number of mixed Y-Al
oxides. During the course of this work, two unexpected
facts have been revealed: (1) a previously unidentified
oxide accounts for half the dispersoid, and (2) all the
oxides contain substantial amounts of zirconium. The
structure of the YAH phase, the zirconium contami-

nation and how the formation of the YAH phase is
dependent on the mechanical alloying process itself,
will be discussed in turn.

4.1. The YAH oxide

Because the YAH oxides studied here were small
spheres embedded in a superalloy matrix, single-crystal
X-ray data were not obtainable and atomic coordinates
cannot therefore be determined. A more complete
model of the structure than that given by the space
group and lattice parameters can, however, be con-
structed, by comparing it with other similar com-
pounds. There are six other hexagonal variants of the
ABO;-type compounds (Table I), although none of
these has the same space group as the YAH phase. Of
these six phases, BaTiO, and BaNiO; can be =xcluded
as possible models for the YAH phase, because they
consist of close packed BaO, layers with the Ba** ion
in 12-fold coordination. The Ba’* ion is approxi-
mately 60% bigger than the Y'* ion, which is too
small for cuboctahedron coordination: the Y/O radius
is 2 0.8 compared with a minimum ratio of 1 for 12-
coordination. The other four compounds all consist
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of six close packed (or eutactic) oxygen layers with
the cations in the interstices. The c¢ lattice parameter
for the YAH phase is 3.06 times that of the YAIO,
phase of Bertaut and Mareschal [13]. The YMnO,,
YGaO, and InGaO; phases have similar ¢ lattice par-
ameters to this YAIO, phase, because in these cases,
this is primarily determined by the oxygen stacking. It
therefore seems probable that the YAH phase consists
of 18 close packed oxygen layers with the metal cations
in the resulting interstices.

4.2. Zirconium
The zirconium contamination did not arise from

TABLE I The hexagonal variants of the ABO; compounds

Compound  Lattice parameter (nm) Space group  Reference
BaTiO, a = 0.5735 P6,/mmc [15]
¢ = 1.401
cla = 0.244
BaNiO, a = 0.5629 P6, /mmc [16]
¢ = 04811
cjfa = 0.085
a = 0.5580 P6;me [t7)
¢ = 0.4832
cla = 0.087
YMnO, a = 0.6125 P6;cm or 18]
¢ = 1.141 P3cl
cfa = 0.186
TGa0, a = 0.6065 P6,cm [19]
¢ = 1.1615
cla = 0.192
InGaO, a = 0.3310 P6,/mmec {20]
¢ = 1.2035
cja = 0.364
YAIO, a = 0.3678 P6,/mmc [13]
¢ = 1.052
cfa = 0.286
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Figure 3 Typical EDS spectrum of a YAM (Y,Al,O,) particle. (a)
whole spectrum, (b) detail of low energy portion. (¢} detail of high
energy portion. The silicon and sulphur peaks originate from the
carbon replica and the copper from the support grid.

the yttria starting powder but diffused into the
oxides during processing, gettering oxygen in the
process. The zirconium cation is intermediate in size
between the APT and Y°* cations [21-24] and
therefore neither the cationic site in any of the four
oxide types would be particularly favoured by the
Zr** ion. If the Zr*" ion substituted for either Y** or
APT, there would be the concomitant creation of
vacancies in order to maintain electrical neutrality.
If, for example, the zirconium substituted for yttrium,
then for every three Zr** ions entering the lattice,
four Y** jons would be ejected with the creation of
one vacancy. The resulting structure would be non-
stoichiometric with a molecular formula for YAP (or
YAH) of Y,_,,Al,Zr,, VO, for n > x. The Al to
Y + Zr ratio should then increase with increasing
zirconium content. The points derived on the assump-
tion that the Zr'* ion substitutes for Y**, together
with the observed values for the YAH phase, are
plotted on Fig. 4. Similar results are obtained if it is
assumed that Zr** substitutes for AP*. It therefore
appears that the Zr** cation randomly substitutes for
both the yttrium and aluminium cations. Because the
Zr** ion is intermediate in size between the Y’ and
AI’* ions, the octahedral sites would expand due to
the replacement of AI** with Zr** while the dodecahe-
dral sites would decrease in size as Y** was replaced
by Zr**. The expansion of the one site would then be
compensated for by a decrease in the other with a
corresponding decrease in the lattice distortions. It is
therefore reasonable that both cationic sites are occu-
pied by Zr** . This random substitution is in contrast
to previous work on mixed rare earth oxides where
Zr** was found to substitute for AP* [25] and where
Zr** replaced Y7 [26].

As zirconium is added to the structure to improve
the stress rupture life and ductility [27], its removal
from the matrix would presumably cause a decrease in
the alloy’s mechanical properties. In the finished
product, approximately 75% of the zirconium which
was added to the alloy is tied up in the oxide [28]. This
depletion presumably has a significant influence on
the mechancial properties. This effect is currently
being investigated.
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Figure 4 The Al/Y + Zr ratio as a function of the zir-
conium content showing that the Zr** ion does not directly
substitute for the Y** ion. (@) Experimental, (O) theoretical.
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4.3. The formation of the YAH oxide

It is most likely that the formation of the mixed
oxides, and in particular the YAH phase, occurred
during the mechanical alloying process itself and not
during consolidation by extrusion. During milling,
very high local stresses, strains and temperatures pre-
vail and these continue for 5 to 6 days and it is
therefore likely that the major structural and chemical
changes would have occurred in the oxides in this
time. Mechanical alloying would facilitate the forma-
tion of the YAH phase in a number of ways. The rate,
k, of a chemical reaction is given by the Arrhenius
equation

ko= Ae

where 4 is the pre-exponential factor, E the activation
energy, R the universal gas constant and 7 the tem-
perature. The activation energy is a measure of the
amount of energy required to form an activated com-
plex (the species which corresponds to the maximum
energy stage in the reaction process). The YAH phase
is highly ordered with a big unit cell and because it has
a complex structure it is likely to have a higher activa-
tion energy of formation than the other Y/Al mixed
oxides. The high temperatures and pressures provided
by the milling cycle will supply the additional energy
necessary to surmount this activation energy barrier.
The pre-exponential factor in the Arrhenius rate
equation is the probability that the molecules are in
the required energy state and it is a function of the
collision energy of the reactant molecules which
depends on the number of contacts between reactants
and on their kinetic, rotational and vibrational ener-
gies. Not only will the temperatures and stresses of
mechanical alloying increase the collision energy of
the reactants, but the large strains imposed by mech-
anical alloying will increase the number of defects in
the oxides, hence diffusion rates and collision fre-
quencies will also increase. Mechanical alloying
therefore provides, simultaneously, high stresses and
strains and temperatures which together increase the
reaction rate, thus enabling the stable YAH phase to
form. It is therefore probable that the YAH phase can
form only during mechanical alloying. That the YAH
phase has not been found in previous studies of the
Y,0,-Al,0, pseudo-binary system is therefore not
surprising because only high temperatures and static
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pressures were used to generate these oxides. To test
this hypothesis, it will be necessary to mechanically
alloy yttria and alumina and to examine the resulting
phases. This may prove a feasible route for the manu-
facture of single YAH crystals which could then be
used to determine the crystal structure.

5. Conclusions

1. Yttria does not occur in MA6000. Although it
was used as a raw material, it had transformed during
mechanical alloying into four mixed Y-Al oxides.
These are: Y,AlO,,, yttrium aluminium garnet,
YAG; YAIQ,, yttrium aluminium perovskite, YAP;
Y,ALO,, yttrium aluminium monoclinic, YAM; and
a previously unreported YAIO; phase, here designated
yttrium aluminium hexagonal, YAH.

2. This YAH phase, space group P6,mc, has lattice
parameters of ¢ = 2.206 + 0.035nm and ¢ = 3.219 +
0.096 nm. Its structure can be visualized as consisting
of 18 eutectic oxygen layers with the yttrium and
aluminium in the resulting interstices.

3. All four oxide phases contain zirconium which
randomly substitutes for both the yttrium and alumi-
nium cations. The bulk of the zirconium addition is
tied up in the oxides; only 25% remains in the matrix.
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