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a b s t r a c t

In the integrated oxy-fuel combustion and the turbine power generation system, turbine alloys are

exposed to high temperature and an atmosphere comprised of steam, CO2 and O2. While surface and

internal oxidation of the alloy takes place, the microstructure in the subsurface region also changes due

to oxidation that results in the loss of the strengthening precipitates. In an earlier study of the oxidation

of Inconel 939 Ni-based superalloy exposed to oxy-fuel combustion environment for up to 1000 h, a

high-temperature-oxidation-induced phase transformation in the sub-surface region was noticed and a

two-phase region formed at the expense of strengthening g’ phase. While one of the two phases was

identified as the Ni-matrix g solid solution, face-center-cubic) phase, the other product phase remained

unidentified. In this study, the crystal structure of the unknown phase and its orientation relationship

with the parent Ni-matrix phase was investigated through electron diffraction and high-resolution

transmission electron microscopy. It was determined that the crystal structure of the unknown phase

could be modeled as a ternary derivative of the ordered Z-Ni3Ti phase (D024) structure with lattice

parameters of a¼ .5092 nm and c¼ .8336 nm, a¼901, b¼901 and g¼1201.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

While new and promising oxy-fuel combustion turbine power
generation systems are being developed, materials performance
of candidate superalloys is a vital area of research. For the high-
pressure turbines that experience the highest temperatures,
materials with higher temperature capability than that of the
conventional turbines is required [1,2]. Among the essential
properties of the candidate materials, such as creep strength [3],
oxidation resistance [4] becomes more and more important with
increasing temperature of operation to the further development
of the oxy-combustion technology [1,2].

Inconel 939 is a nickel-based superalloy that is being used in
blades of gas turbines that can operate at temperatures up to
1123 K (850 1C) [5] and the structure of the alloy is characterized
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by the g solid-solution matrix and the g0 precipitates that are
critical for the mechanical properties. Relatively high volume
fraction of g0 precipitates can be achieved through heat treat-
ments [6]. However, sufficient knowledge is also required regard-
ing the stability and degradation of the strengthening g0
precipitates under service environments.

In an earlier work [7], the high-temperature oxidation micro-
structure of the Inconel 939 superalloy was examined for expo-
sures to a series of oxy-combustion environments for a number of
exposure times ranging between 250 and 1000 h at temperatures
between 903 and 1094 K. It was found that the surface and sub-
surface degradation resulted from high temperature oxidation
due to the service environment extended deeper into the bulk
alloy beyond the presence of oxides.

The general oxidation microstructure of Inconel 939 included
an external scale, an internal oxidation zone and a depletion zone
in which the g0 strengthening precipitates were depleted.
The depletion zone was of particular interest because a large
amount of twinning was observed (and hence dubbed the ‘‘twin-
ning zone’’) and the alloy in this region partitioned into two phases:
a Ni-matrix (face-centered-cubic structure, FCC) and an unknown
phase that was abbreviated as U phase. Thermo-Calc (version S) [8]
predicted the following phase transformation to be favored by
thermodynamic equilibrium based on the overall chemistry of the
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twinning zone:

gþg0
� �

depleted of Al
-FCCsolid solutionþZ ð1Þ

indicating the U phase being Z phase (prototype is Ni3Ti, D024).
However, electron diffraction pattern showed extra superlattice
reflections that were forbidden for Z phase and could not be
resulted from double diffraction. Preliminary results suggested that
the U phase might have a FCC derivative crystal structure. This
work is the continuation of the earlier effort, aiming to understand
the crystal structure of the U phase through electron diffraction and
high-resolution transmission electron microscopy (HR-TEM). With
more results available, it became clear that the crystal structure of
the U phase was not a FCC derivative; rather it was crystallographic
derivative of the Z phase.
2. Experimental

Bare alloy coupons of Inconel 939 were isothermally oxidized
in simulated oxy-combustion atmospheres of H2OþCO2þO2

mixed at different ratios. The nominal composition of the alloy
is shown in Table 1. A range of combinations of temperatures and
exposures times was tested. The details of these oxidation
conditions can be found in Ref. [7]. The furnace heating and
cooling rates were slow, on the order of 100–200 K per hour. The
alloy coupon oxidized at 1094 K for 1000 h in the atmosphere of
steam þ20% CO2þ .2% O2 was chosen as the case study for phase
identification. The oxidized alloy was then mounted, and a
metallographic cross section was prepared by fine polishing to
1 mm using diamond suspensions.

Transmission electron microscopy (TEM) specimens were pre-
pared with a Nova 600 DualBeam system (FEI Company, Eindhoven,
Netherlands) (electron beam/focused ion beam [FIB]) by in-situ liftout
technique. The specimen was sampled at approximately half depth of
the twinning zone. The specimens were fine polished to electron-
transparent with 30 kV focused Gaþ ion beam at a current of .1 nA,
and finally cleaned with a 5 kV ion beam at a current of 50 pA.

An FEI Tecnai F20 transmission electron microscope (TEM)
(acceleration voltage is 200 kV) was used for general imaging and
obtaining electron diffraction patterns. An FEI Titan 80–300
transmission electron microscope equipped with a spherical
aberration corrector and working under an acceleration voltage
of 300 kV was used for high-resolution (HR) imaging and obtain-
ing energy dispersive X-ray spectra (EDS) in scanning transmis-
sion electron microscopy (STEM) mode.

Phase contrast image simulation was carried out with the
QSTEM software package developed by Koch [9]. The structures
were initially constructed with the CrystalMaker software pack-
age. The outputs were then converted to the QSTEM format. Once
in QSTEM, the settings for the Titan 80–300 were used in the
simulation. Our values were: acceleration voltage: 300 kV, defo-
cus: �8 nm, Cs: .011 mm, Cc: 1.2 mm, convergence angle:
.15 mrad, and 1024�1024 samples across a 25 by 25 Å sample
size. Slice thickness was set at 2 Å per slice. The QSTEM package
has an option for simulating thermal diffuse scattering by running
multiple simulations with slight variations in atomic position
simulating atomic thermal vibrations, then summing the varied
exit waves into a final exit wave incorporating thermal variation
Table 1
The nominal composition of the Inconel 939 alloy, in weight percent.

Ni Co Cr Al Ti TaþNb W C

48.36 18.9 22.5 1.9 3.8 2.4 2 .14
in the atomic positions. This option was used with 50 variations,
set for a temperature of 300 K.
3. Results

Fig. 1 shows the crosssection of the overall oxidation structure
of the study alloy, after 1000 h of isothermal oxidation under
three simulated oxy-combustion conditions. The oxidation atmo-
spheres are indicated in the micrographs. SEM micrographs of the
alloy oxidized under the case study condition can be found in Ref.
[7]. The oxidation structure was comprised of an external scale,
an internal oxidation zone and a so-called twinning zone. Beneath
the twinning zone, the base alloy remained unaffected by the high
temperature oxidation and in its stabilized gþg0 microstructure.

The external scale was mainly Cr2O3. In the case of Inconel 939
alloy, the intergranular thread-like internal oxides were typically
Al2O3, sometimes TiOx, and/or NiAl2O4 under certain oxidation
conditions [10]. The region beneath the internal oxidation zone
was called the ‘‘twinning zone’’ because a large number of grains
appeared to be twins of one another in this region. In fact,
the twinning zone was comprised of a Ni-matrix (solid solution
with face-center-cubic crystal structure) and the slab-shaped grain
that appeared in a brighter contrast, i.e. the so-called ‘‘U phase’’. A
large number of the Ni-matrix grains were twinned. The formation
of the U phase was closely related to the progression of internal
oxides into the base alloy. When the internal oxide-forming
elements, i.e. Al and Ti, were depleted from the gþg0 microstructure
of the base alloy, phase transformation occurred. The twinning zone
microstructure was the result of such phase transformation.
3.1. The twinning-zone microstructure and electron diffraction

analysis

An electron-transparent specimen was prepared by the in-situ
lift-out technique with its plane view relative to the surface of
the alloy oxidized at 1094 K for 1000 h in the atmosphere of
steamþ20% CO2þ0.2% O2. A backscattered electron (BSE) image
of the specimen is shown in Fig. 2a, and b is a TEM bright field
micrograph of the U phase grain and its neighboring Ni-matrix.
The U phase grains always appeared in a high-aspect ratio slab
shape and were almost always delineated by straight boundaries.
Stacking faults are also present parallel to the phase boundary
between the Ni-matrix and U phase.

Selected-area zone-axis diffraction (ZAD) patterns (Fig. 2c) were
obtained from the U phase grain shown in Fig. 2b. The specimen was
tilted to each of the zone-axis orientations following the Kikuchi
lines observed in the microscope, which are also shown in Fig. 2c. By
obtaining d-spacings from these diffraction patterns and comparing
them to the diffraction patterns simulated with CaRine v3.1 software
package, it was found that the fundamental reflections in these
patterns closely matched the simulated pattern of the hexagonal Z
phase (prototype is Ni3Ti, D024). This phase was first reported by
Laves and Wallbaum [11] in 1939. Therefore, the ZAD patterns and
the Kikuchi bands shown in Fig. 2c were indexed with hexagonal
indices of Z phase. However, extra superlattice reflections that were
forbidden for Z phase were also seen in these patterns, and they
could not have resulted from double diffraction. For instance, in the
[11̄.0]Z pattern,1 the allowed superlattice reflections for Z phase are
at the 1=2g

,

o2204 locations (g
,

hkl refers to the reciprocal vectors), but
extra reflections can also be seen at 1=2g

,

o0044 and 1=2g
,

o224 4
1 For the hexagonal crystallography system, the 3-indices notations are used

for reciprocal space vectors and directions, etc.; and the 4-indices notations are

used for real space zone axises and planes, etc.



Fig. 1. Backscattered electron (BSE) image of cross-sections of Inconel 939 alloys after 1000 h of isothermal oxidation at (a) 1023 K, (b) 1094 K and (c) 1094 K in a higher

CO2 percentage atmosphere.

Fig. 2. (a) BSE-SEM micrograph of the thin foil lifted out from approximately half

depth of the twinning zone, (b) bright field TEM image of a U phase grain, from

which the ZAD patterns in (c) were obtained, with corresponding zone axes [11̄.0],

[33 :1] and ½1311:3� ([11̄0], [33̄1] and [53̄1] in three-index notation, respectively),

along with the indexed Kikuchi bands observed in the microscope.

Fig. 3. (a) Inverse pole figure (IPF) orientation map of the electron transparent

foil; (b) the bright field micrograph; (c) the [11̄0]g zone axis diffraction (ZAD)

pattern taken from grain A; (d) the [2̄1.0]Z pattern of the U phase grain at the same

specimen tilts as (c); (e) the [1̄12]g diffraction pattern taken from grain A and

(f) [4̄6.3]Z ZAD pattern of the U phase grain at the same specimen tilts as (e).
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locations. This suggested that additional atomic ordering existed,
which gave rise to extra superlattice reflections.

In the previous study [7], it was shown that some neighboring
U phase and Ni-matrix grains were configured such that the
longer direction of the U phase grain was parallel to the twin
boundaries of the neighboring Ni-matrix grains. Such an example
is shown in Fig. 3a. In this inverse pole figure (IPF) orientation
map, the Ni-matrix grains labeled with ‘‘A’’ and ‘‘B’’ are twins.
The black areas labeled by ‘‘U’’ are the U phase grains that are
believed to have precipitated from the ‘‘A’’ Ni-matrix grain. The U
phase slabs are parallel to the twin boundaries between A and B.
In this case, we say the ‘‘U’’ precipitates are related to ‘‘A’’ grains,
and the ‘‘A’’ grain is the parent grain of the ‘‘U’’ precipitates. A
bright field image of the ‘‘A’’ and ‘‘U’’ grains is shown in Fig. 3b.
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Because of the relation between grains ‘‘A’’ and ‘‘U’’, when the
specimen was tilted to certain zone axis orientations of the ‘‘A’’
grain, the ‘‘U’’ grain was also at a zone axis orientation of its own.

Fig. 3c is the [11̄0]g ZAD pattern of the ‘‘A’’ grain and Fig. 3d is a
[21̄0]Z ZAD pattern of the ‘‘U’’ grain taken at the same specimen
orientation. Fig. 3e and f shows another pair of ZAD patterns in
which the [1̄12]g zone of ‘‘A’’ grain is parallel to the [4̄6.3]Z zone
of the U grain. The experimental [4̄6.3]Z zone pattern shown in
Fig. 3f deviated slightly from the perfect zone axis orientation so
that some reflections were seen to split into two spots, such as
7[201]n (n denotes the directions in the reciprocal space).
By simulating the kinematical patterns with CaRine v3.1 software,
such splitting of spots can be seen with a large excitation error
(Ds), i.e. DsZ .038 Å�1. Specimen bending could also contribute to
the excitation error.

Two things can be noticed when comparing these ZAD pat-
terns. First, the U phase and Ni-matrix can be found to have the
following orientation relationship:

ð111ÞgJð00:1ÞZ

½110�gJ½21:0�Z

The close-packed planes, i.e. the (111̄) plane of the Ni-matrix
and the (00.1) plane of the U phase (adopting the hexagonal
indices of Z phase), are coherent; the close-packed directions, i.e.
the [11̄0] direction in the Ni-matrix and the [21̄.0] direction of the
U phase, are parallel. Second, in the [21̄.0]Z SAD pattern (Fig. 3d),
besides the reflections allowed by the Z phase, extra superlattice
reflections were also visible in the [004]nZ direction at n=4g

,

o0044

(n¼1, 2, 3).
The lattice parameters were obtained from these diffraction

patterns. For the U phase, a¼ .5092 nm and c¼ .8336 nm adopting
a hexagonal unit cell of the Z phase; and for Ni-matrix (g solid
solution) a¼ .3610 nm. These diffraction patterns will be further
analyzed along with high-resolution TEM imaging in the discus-
sion section.

3.2. High-resolution TEM imaging of the U precipitates

To further examine the atomic positions in the U phase, high-
resolution TEM images were taken from U phase grains. A region
containing a phase boundary between the Ni-matrix and the U
phase is displayed in Fig. 4. Both the Ni-matrix grain and the U
phase grain were simultaneously in zone-axis orientations, as
indicated by the diffraction patterns. The Ni-matrix was at [11̄0]g
zone axis orientation while the U phase was at [21̄.0]Z. In the
enlarged portion on the U phase side, repeating planes that
Fig. 4. High-resolution bright field image of a phase boundary between the Ni-matri

as shown by the ZAD patterns.
appeared brighter can be cleared identified. When measuring
the planar spacing between them, and comparing it to that of the
{111} planes of the Ni-matrix, the former was 4 times of the
latter. This is in accordance with the earlier d-spacing measure-
ment from the ZAD diffraction patterns.

From the atomic-resolution lattice image obtained from the U
phase grain shown in Fig. 5a, at the zone axis of [21̄.0]Z, the
stacking sequence along the [00.1] direction was identified to be
ABaCA, as displayed in the micrograph in Fig. 5b. The atoms in ‘‘A’’
and ‘‘a’’ planes were at the same stacking position but might have
different chemistries, due to the difference observed in intensity
profile in Fig. 5b along the sampling line in the [00.1] direction.
This is different from the Z-Ni3Ti structure whose stacking
sequence along the [00.1] direction is ABACA, i.e. all the planes
have the same composition.

3.3. Analytical microscopy results

A 500-nm long elemental profile across the phase boundary
between Ni-matrix and U phase was obtained with STEM-EDS.
The beam spot size used for acquiring spectra was approximately
1 nm, and the profile was collected along the line with intervals of
5 nm. The micrograph and the profile are shown in Fig. 6. The
quantification results showed similar elemental partition as
shown in the previous study [7] using SEM–EDS mapping, i.e.
elements including Ni, Ta, Ti, Nb and Al enriched in the U phase
while Co and Cr were ejected into Ni-matrix. The concentration
profiles of the abovementioned elements also displayed continu-
ity across the phase boundary. As expected, the diffusivities of the
elements in the U phase (ordered) were smaller as can be seen by
comparing the concentration gradient on the two sides of the
phase boundary (Table 1).
4. Disscusion

4.1. The crystal structure of the U phase

By examining the electron diffraction patterns, it was found
that the fundamental reflections of the U phase closely matched
those of the Z-Ni3Ti (D024) phase, whose structural data [12] and
unit cell are shown in Table 2 and Fig. 7, respectively. The stacking
sequence of this hexagonal close-packed structure is ABACA as
indicated in the figure. The presence of extra superlattice reflec-
tions from U phase suggested that additional ordering is present
for the U phase crystal structure. Thus, to resolve the crystal
structure of the U phase, we based the structure on that of the
Z-Ni3Ti (D024), and introduced additional atoms so that the
x and the U phase, which are simultaneously in zone axis specimen orientation,



Fig. 5. (a) Bright field micrograph of the U phase grain where the HR-TEM images were taken and (b) HR-TEM image that shows the stacking sequence of the U phase.

Fig. 6. (a) The high-angle-annular-dark-filed STEM micrograph of the U phase/Ni-matrix phase boundary. An elemental line profile was acquired along line AB using EDS

with a step size of 5 nm. (b) The corresponding quantified elemental line profile. The elements that were included in the quantification were: Ni, Ti, Ta, Co, Cr, Nb and Al.
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modified structure could give rise to matching diffraction pat-
terns to the ones obtained experimentally.

Fig. 8 compares the simulated diffraction patterns of the
Z-Ni3Ti phase to the experimental diffraction patterns obtained
from the U phase at zone axes orientations of [11̄.0] and [12̄.0].
At both zone axis orientations, Z phase shows systematic absence
of reflections {00l}, when l¼2nþ1, because of the presence of a 63

screw axis and a c glide plane in its space group; the reflections
{0,0,2n}, when n is odd, are missing because of the double
hexagonal stacking. In the two experimental patterns from the
U phase, the intensities are clearly seen at {002} positions. {001}
and {003} reflections were also visible in the [11̄.0] pattern of the
U phase.

From the STEM–EDS analysis shown in Fig. 6, the bulk
composition of the major elements in the U phase was obtained
by averaging over the first 150 nm of the line profile inside the U
phase grain, avoiding the concentration gradient near the phase
boundary. The resulting composition is displayed in Table 3 in
atomic percentages. It was evident that heavy elements such as
Ta and Nb were enriched in the U phase up to 3.23 at% and
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1.65 at%, respectively. It is known that all Ti sites can be randomly
substituted by Al atoms in ordered Ni–Ti intermetallic phases
[13], thus, for simplicity, Al and Ti will be treated as Ti. On the
other hand, Nb was found to preferentially occupy particular Ti
Table 2
The structure of Z-Ni3Ti phase [12].

Standard formula: TiNi3
System Hexagonal

Space group P63/mmc (no. 194)

Cell parameters a¼ .510, b¼ .510, c¼ .830 nm, a¼901, b¼901 and g¼1201

Site Elements Wyckoff no. Site symmetry x y z

Ni1 Ni 6h mm2 1/6 1/3 1/4

Ni2 Ni 6g .2/m 1/2 0 0

Ti1 Ti 2d 6̄m2 1/3 2/3 3/4

Ti2 Ti 2a 3̄m. 0 0 0

Fig. 7. The unit cell of the Z-Ni3Ti phase and a complete list of the 16 sites of the

unit cell.

Fig. 8. Comparing simulated diffraction patterns for the Z-Ni3Ti phase and the

experimental diffraction patterns obtained at zone axes orientations of [11̄.0] and

[12̄.0].

Table 3
Bulk composition of the major elements in the U phase in atomic percentage.

Element Ni Co Cr

Average at% 73.20 6.35 1.06

Standard deviation 1.2729 .7099 .2109

Max 75.6162 8.6352 1.5213

Min 70.7311 5.0281 .7165
site [14], such that the system became ternary instead of binary.
Also, Nb and Ta belong to the same column in the periodic table.
To enhance the contrast in high-resolution TEM simulation, Nb
and Ta will be treated as Ta due to a bigger atomic number
difference between Ta and Ni. Therefore, the alloy system is
simplified into a ternary system of Ni-Ti-Ta.

For the Z-Ni3Ti structure, because it is already a close-packed
structure, introduction of a third element into the system would
likely take place by substitution of certain atomic site(s) in the
unit cell; Ta (Nb) atoms should preferably occupy Ti sites as
stated earlier. The Z-Ni3Ti unit cell has 16 atomic sites in total,
4 of which are Ti sites and the rest are Ni sites.

We first introduced 1 Ta atom into the unit cell. By kinematic
diffraction patterns, it was seen that if only one of the 4 Ti atoms
was replaced by a Ta atom, the {001}, {002} and {003} reflections
appeared in both [11̄.0] and [12̄.0] zone axes diffraction patterns
of the structure, as shown in Fig. 9. The relative intensities of
these reflections may vary depending on which site in the unit
cell the Ta atom is substituting. In fact, these reflections would
also appear if any one of the 16 sites in the unit cell is replaced by
a Ta atom. This is because by doing so, the 63 symmetry and the c

glide plane of the original Z structure are lost, so that the
reflections {00l}, when l¼2nþ1, no longer have vanishing struc-
ture factors. The reflections {0,0,2n}, when n is odd, are also
present because of the introduction of the term fTa into the
structure factor, and that fNia fTia fTa.

This attempt did produce a matching [12̄.0] kinematic ZAD
pattern with the correct number of superlattice reflections.
However, the [11̄.0] kinematic ZAD pattern did not match the
experimental pattern in that it had too many superlattice reflec-
tions. This also revealed an incompatibility in the experimental
[11̄.0] and [12̄.0] ZAD patterns regarding the superlattice reflec-
tions {001}, {002} and {003}. The [12̄.0] experimental pattern
always had all the n=4g

,

o0044 (n¼1, 2, 3) reflections whereas the
[11̄.0] experimental pattern always only had 1=2g

,

o0044 reflec-
tion and never had n=4g

,

o0044 (n¼1, 3) reflections. The presence
of the superlattice reflections along the c-axis should be the same
even when projecting along two different zone-axis directions, at
least kinematically. This can only be explained through the
dynamic diffraction in the microscope, i.e. double diffraction.

Double diffraction occurs in hexagonal systems with space
group: P63/mmc, no. 194 [15]. The systematic absence of {00l}
reflections when l¼2nþ1 in the [11.0] ZAD pattern is due
of the presence of the 63 screw axis and a c glide plane. However,
{00l} (l¼2nþ1) reflections are almost always visible in
the experimental diffraction pattern due to double diffraction.
In the case of the U phase, the ABaCA stacking makes it a double
hexagonal unit cell. Thus, the first fundamental reflection for the
U phase is {004} instead of {002} for ABAB hexagonal structure.
Based on this analysis, a second attempt of modifying the Z phase
unit cell aimed to retain the 63 symmetry and the c glide plane
while making {002} reflection visible.

There are two different sites of Ti in the Z phase unit cell as
shown earlier in Table 2 and Fig. 7, which are Wyckoff 2d and 2a

sites. Each has two equivalents. Two Ta atoms can be substituted
into and ordered on either of the two different sites and this gives
Ta Nb Ti Al

2.54 1.08 11.51 4.27

.2764 .3183 .7433 .9145

3.2323 1.6541 13.4357 6.2219

1.9333 .0000 10.2696 2.4526



]0.11[:axiszone ]0.21[:axiszone

Fig. 9. Simulated [11̄.0] and [12̄.0] zone axis diffraction pattern for substitution of any one of the 16 sites in the unit cell of Z phase by a Ta atom (The spots that are labeled

by plane indices are the ones allowed for the structure.).

Fig. 10. Proposed U phase structures form A (left) and form B (right).
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rise to two different derivative structures of ordered Z phase,
which are shown in Fig. 10. They are called form A and form B,
substituting 2a and 2d sites with Ta atoms, respectively. Such
substitution retained the 63 symmetry and the c glide plane; in
fact, the space group remained unchanged as well as the stacking
sequence. The reflections {001} and {003} remain extinct because
the structure factor contribution from the two equivalents of the
2 sublattices sum to zero. This is shown in Table 4. However,
the structure factor for {002} becomes non-zero because the
contribution from the Ti on one sublattice can no longer be
canceled by the contribution from the other sublattice. Instead,
the intensity for {002} becomes 4 (fTi� fTa )2 or 4(fTa� fTi)

2, for
form A and form B, respectively, due to the specific ordering of the
two Ta atoms introduced.

Furthermore, although Ta atoms preferentially order on one of
the Ti sites, there is not enough Ta in the U phase grain to fully
occupy one of the Ti sites. According to the STEM–EDS results
shown in Fig. 6, the atomic ratio between Ti and Ta is roughly
4.50:1. Therefore, the Ti/Ta ratio on the 2d sites is 2.25:1, and this
gives the occupancy of Ta to be about .31.

The kinematic ZAD patterns of [11̄.0] and [12̄.0] poles of the
proposed structure form B are displayed in Fig. 11. The super-
lattice reflections in the [11̄.0] pattern match the experimental
ones, while the {001} and {003} reflections in the [12̄.0] pattern
are missing, as indicated by the open circles and arrows. However,
it is easy to see that these missing reflections can be present in
the experimental pattern through double diffraction. Because
when the 63 screw axis and the c glide plane in the space group
of the structure are directly responsible for the systematic
absence of these reflections, double diffraction usually becomes
possible. The fact that {001} and {003} reflections vanished in the
experimental patterns by tilting the specimen from the [12̄.0]
pole to [11̄.0] pole clearly showed these were dynamically
diffracted reflections. Therefore, both kinematic ZAD patterns
shown in Fig. 11 are in fact consistent with the experimental
patterns. Moreover, using the proposed ternary ordered Z struc-
tures, kinematical ZAD patterns with matching superlattice
reflections were also obtained for the rest of the zone-axis
directions shown in Figs. 2 and 3.

Since the space group of the two proposed structures, i.e. form
A and form B, is the same, the positions of all the reflections in
their ZAD patterns would be the same. However, due to the
different symmetries of the sublattices on which the Ta atoms
order, the relative intensities of the reflections are different for
the two. Fig. 12 shows the comparison of the relative intensities
of the simulated and experimental reflections of the row [20n]n

(n¼�2, �1, 0, 1 and 2) in the [12̄.0] ZAD patterns. The reason for
choosing this particular row of reflections for comparison is that
these are strong reflections and should be affected less by double
diffraction. It is quite clear that the relative intensity of the
experimental reflections is similar to that of the form B, which
strongly indicates that the Ta atoms tend to order on 6̄m2
sublattice (Wyckoff 2d sites) instead of 3̄m sublattice (Wyckoff
2a sites).

Simulated high-resolution images confirmed that the pro-
posed structure would indeed give the high-resolution images
observed in the Titan 80–300 TEM, as shown in Fig. 13a. However,
it needs to be pointed out that although the proposed crystal
structure form B produces matching electron diffraction patterns
to the experimental patterns, its stacking sequence in [00.1]
direction, which is ABACA—the same as the Z phase, is incon-
sistent with the intensity difference observed among the ‘‘A’’ and
‘‘a’’ planes in the HR-TEM micrograph (shown in Fig. 5). Since the
three planes: (00.0), (00.1/2) and (00.1) in the unit cell are
identical in terms of both stacking positions and chemistry,
these planes should have appeared with approximately the same
intensity in the HR-TEM image.

Through phase-contrast simulation of the tilting effect in the
microscope, it was believed that this noticeable intensity differ-
ence between the ‘‘A’’ and ‘‘a’’ planes was the result of deviation
of the beam direction from the true specimen zone axis orienta-
tion in the microscope. It was found that the relative intensities of
the ‘‘A’’ and ‘‘a’’ planes can change significantly in a 24 nm thick
simulated specimen with a slight deviation as small as 0.87
mrads. Fig. 13b and c show the micrographs simulated for
structure form B without and with a deviation of 1.17 mrads,
respectively. This is because the ‘‘A’’ planes have neighbor planes
in a ‘‘CAB’’ sequence while the ‘‘a’’ planes having neighbor planes



Fig. 11. Simulated [11̄.0] and [12̄.0] zone axis diffraction pattern for the proposed structure form B.

Fig. 12. Comparison of the relative intensities of the simulated and experimental

reflections of the row [20n]n in the [12̄.0] ZAD patterns.

Table 4
Calculated structure factor expressions of the reflections along [004]n direction.

Phase Reflection F from 3̄m sublattice F from 6̄m2 sublattice F2

Z-Ni3Ti 001 fTi(1þepi)¼0 fTi(ep/2i
þe3p/2i)¼0 0

002 fTi(1þe2pi)¼2fTi fTi(epi
þe3pi)¼�2fTi 0

003 fTi(1þe3pi)¼0 fTi(e3p/2i
þe9p/2i)¼0 0

004 fTi(1þe4pi)¼2fTi fTi(e2pi
þe6pi)¼2fTi 16(fTiþ3fNi)2

Form A 001 fTa(1þepi)¼0 fTi(ep/2i
þe3p/2i)¼0 0

002 fTa(1þe2pi)¼2fTa fTi(epi
þe3pi)¼�2fTi 4(fTa� fTi)2

003 fTa(1þe3pi)¼0 fTi(e3p/2i
þe9p/2i)¼0 0

004 fTa(1þe4pi)¼2fTa fTi(e2pi
þe6pi)¼2fTi 4(fTaþ fTiþ6fNi)2

Form B 001 fTi(1þepi)¼0 fTa(ep/2Ui
þe3p/2Ui)¼0 0

002 fTi(1þe2pi)¼2fTi fTa(epi
þe3pi)¼�2fTa 4(fTi� fTa)2

003 fTi(1þe3pi)¼0 fTa(e3p/2Ui
þe9p/2i)¼0 0

004 fTi(1þe4pi)¼2fTi fTi(e2pi
þe6pi)¼2fTi 4(fTaþ fTiþ6fNi)

2
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in a ‘‘BaC’’ sequence. In other words, the angles of the inter-planar
bonds are oriented differently. It turned out that the ‘‘BaC’’
stacking sequence was affected more by the deviation from the
true zone axis orientation than the ‘‘CAB’’ sequence. For this
reason, we refer to the stacking sequence of the proposed U phase
structure as ABA0CA, so as to distinguish the (00.0), (00.1/2) and
(00.1) planes. The underline for B and C planes shows that they
have different chemistry than A planes.

It can therefore be concluded that the Ta atoms preferably
ordered on the Wyckoff 2d sites. A ternary-ordered Z phase (i.e.
Ni6AlNb) has also been reported in the newly developed Allvac
718Plus Ni-based superalloy, in which the authors concluded that
the Nb ordered on the Wyckoff 2a sites while Al and Ti randomly
occupied the 2d sites [14]. Tantalum and Nb belong to the same
column in the periodic table and their radii are similar.
The difference in the ordering sites shown in this study may
be attributed to the atomic interaction between the Ta atoms and
their nearest and second nearest neighbors or possibly third
nearest neighbors.

Future investigation of this derivative phase of the ordered
Z-Ni3Ti is needed with respect to the effects of the decomposition
of the strengthening g0 precipitates and subsequent phase trans-
formation on the mechanical integrity of the alloy. Experimental
measurements of the mechanical properties of the U phase would
be desirable, such as yield strength, hardness, etc. However, the
small size of these precipitates would pose experimental chal-
lenges on such attempts. Synthesizing this intermetallic phase
from model alloys of simple ternary systems can be therefore
considered. Moreover, the mechanical response of the entire
sub-surface region compromised by oxidation under the turbine
service environment should be examined for potential mechan-
ical failures.
5. Conclusion

The high-temperature-oxidation of Inconel 939 Ni-based
superalloy exposed to oxy-fuel combustion environment for up
to 1000 h induced a phase transformation in the sub-surface
region, and a two-phase region formed at the expense of
strengthening g0 precipitates. The oxidation microstructure typi-
cally consisted of an external scale, an internal oxidation zone and
a twinning zone, i.e. Ni-matrix and an unknown phase abbre-
viated as the U phase. Through electron microscopy studies, the



Fig. 13. (a) Simulated high-resolution image embedded in the experimental micrograph. Simulated image of a 24 nm thick specimen with (b) no tilt and (c) with a tilt

of 1.17 mrads.

J. Zhu et al. / Materials Science & Engineering A 566 (2013) 134–142142
crystal structure of the U phase can be modeled as a ternary
derivative of the ordered Z-Ni3Ti phase (D024) structure with the
following parameters:
�
 The ordering occurred in a ternary system of Ni–Ti–Ta, in
which the Ta ordered on the Wyckoff 2d sites with occupancy
of .31.

�
 The lattice parameters are: a¼ .5092 nm and c¼ .8336 nm;
a¼901, b¼901 and g¼1201.

�
 The space group is P63/m 2/m 2/c (no. 194) and the Pearson

symbol is hP16.

�
 The stacking sequence is ABA0CA.

�
 The orientation relationship between the U phase and the

Ni-matrix (g solid solution) is

ð111ÞgJð00:1ÞZ

½110�gJ½21:0�Z

Further studies on the mechanical properties of the U phase
and its surrounding regions can add to the knowledge on the
effects of the decomposition of the strengthening g0 precipitates.
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