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Abstract

This work focuses on the formation and
protective capabilities of the TiNb,O7 and
CrTaO4 complex refractory oxides. Binary Ti-
Nb alloys were oxidized to investigate the
compositional limits of TiNb,O7 formation.
The resulting thermally grown oxide scales
were characterized via micro-area x-ray
diffraction, scanning electron microscopy, and
energy dispersive spectroscopy. A critical Nb
concentration that controls oxidation
resistance and TiNb,O7 growth within the
binary system was observed. Determination of
the intrinsic oxygen diffusion coefficients of
CrTaO4 were measured to quantify the
protectiveness of CrTaOs. Measurements were
achieved through the combmatlon of tracer
diffusion experiments (using '0), time-of-
flight secondary ion mass spectroscopy, and
modeling Fick’s second law. Preliminary
results indicate that CrTaO4 could be used as a
protective oxide.

1. Introduction

The development of next-generation land-
based gas turbines or aeroengines is driven by
the need for improved engine efficiency!-?
This improved efficiency is achieved through
raising the combustion temperature and
therefore, through raising the temperature of
the hot-section structures within the engine.

The temperature is currently limited by the Ni-

base superalloys employed as structural
components, as they have a maximum
operational temperature of approx1mately
1100 C 23. Above 1100°C, the y’ phase in the
v- ¥’ microstructure coarsens, leading to
precipitate dlssolutlon and henceforth
incipient meltlng - Design parameters of the
next-generation engines call for materials that
can not only survive at temperatures above
1300°C, but also maintain load bearing
capablhty Therefore, replacement materials
are needed to break the temperature barrier
imposed by Ni-base superalloys.
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Of the possible candidates, refractory alloys
are considered due to their high melting points
(>2000° C)’. In the 1960s, the high melting
points of refractory alloys gained attention for
use in processes with aerothermal heating,
such as hlgh-ve1001ty flight or re-entry
vehicles®. From this research effort, the
current commercially available Nb-alloy,
C103 (Nb-10Hf-1Ti wt%), was developed
and has since been used i in rocket nozzles’ and
as thrust augmenter flaps'®. However,
refractory alloy use within combustion
system-like environments is limited due to
their poor oxidation resistance. For example,
an uncoated C103 sample fully oxidized in lab
air at 1350°C after 24 h (Figure 1). This is
problematic, as the service life required for
some combustion engine components can
range from tens to thousands of hours,
depending on the specific application®.
Therefore, the catastrophic oxidation of C103
demonstrates the undeniable need to develop
refractory alloys with improved, intrinsic,

oxidation resistance.
(b) / \
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Figure 1. (a) C103 coupon prior to exposure and
(b) the completely oxidized C103 coupon after
exposure to lab air at 1350° Ifor 24 h. Figure

adapted from"'.

5 mm

The poor oxidation resistance of refractory
alloys is due to the non-protective binary
metal oxides that form (i.e., AxOy), as these
oxides can allow for fast oxygen diffusion,
promote crack propa%atlon and growth, and
form gaseous oxides ' ~. Therefore, binary
refractory oxides cannot be the main thermally
grown oxide (TGO) of a refractory alloy for
the alloy to have inherent oxidation resistance.
Rather, it has been proposed that the presence
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of some complex refractory oxides (i.e.,
ternary oxides AxByO;) can improve the

oxidation resistance of these alloys'>2°.

Numerous complex refractory oxides have
been identified in the literature as potential
protective oxides, including HfsTa,017'>!4,
ZrsNbyO17'3, TiND,O7'¢, ZtNb,O5'7,
CrTa04'%2° and CrNbO,4'®. In most studies,
this identification originated from the
observation of reduced alloy oxidation
coupled with the presence of the
corresponding complex oxide within the TGO.
Therefore, this work focuses on developing an
understanding of the protectiveness of
individual complex refractory oxides.

To accomplish this, this work is divided into
two tasks and focuses on TiNb,O7 and
CrTaOg. In the first task, binary Ti-Nb alloys
were studied to understand the compositional
effects of varying Ti/Nb ratios on the
formation of TiNb2O7. The second task
focuses on quantifying the protectiveness of
CrTaO4 through measuring the intrinsic
oxygen diffusion coefficients.

2. Methods and Materials
2.1 Thermal Growth of TiNb;O7

Five single-phased Ti-Nb alloys were prepared
via arc-melting (nominal compositions in
Table 1). The chamber was purged and
backfilled with Ar three times and a final
pressure of approximately 0.99 atm was used
for melting. Alloys were melted and flipped
five times to ensure full melting and
homogenization, a Ti-getter was melted each
time before and after the alloys to scrub any
residual oxygen from the environment. As-
cast alloys were homogenized in Ar at 1250°C
for 24 h via encapsulation in fused quartz
tubes. For homogenization, samples were
purged and backfilled with Ar three times
prior to a final backfill of approximately 0.99
atm of Ar. Ti-sponge was included within the
capsule as a getter for any remaining oxygen
within the system.
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Table 1. Nominal Composition of Investigated

Ti-Nb Alloys
Alloy | Alloy | Alloy | Alloy | Alloy
1 2 3 4 5
(a?/) 80 66 50 40 20
0
(;{3) 20 | 34 | s0 | 60 | 80
0

2.1.1 Oxidation Exposures

Oxidation exposures were conducted in a
horizontal tube furnace (CM Furnaces,
Bloomfield, NJ) at 1050°C for 20 hin a
flowing 1% Oz — Ar atmosphere (100 sccm);
such conditions are common within
literature®!. All sample faces were polished to
an 800-grit finish with SiC prior to oxidation.

The specific mass change of each sample was
used to quantify the degree of sample
oxidation and was calculated via normalizing
the mass change by sample surface area. Mass
change was determined from pre- and post-
exposure weights. Sample surface area was
calculated using the face area, initial
thickness, and perimeter of the sample; face
area and perimeter were measured via
thresholding in ImageJ??. Relative metal
recession measurements were also calculated
and taken as the thickness lost (initial alloy
thickness — post-oxidation alloy thickness)
normalized by the initial alloy thickness (post-
oxidation alloy thickness was measured from
cross-sectional SEM images in ImageJ??).
Error bars of the recession measurements were
determined through the propagation of
uncertainty method.

2.1.2 X-Ray Diffraction

Oxidized samples were characterized via
micro-area x-ray diffraction (u-XRD) to
confirm phases present and to conduct
quantitative phase anal;/sis through Rietveld
refinement in GSAS-ii**. Micro-area XRD can
collect high-intensity scans from 0.5 mm? or
0.2 mm? sized areas (roughly 0.5 mm or 0.2
mm by 1 mm), allowing specific regions
within an oxide scale to be studied. 0-26 scans
were collected on a Rigaku SmartLab X-ray
diffractometer and 0.5 mm? cross-beam optics
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were used on plan-view samples to identify
the thermally grown oxides. HighScore+ %*
was used for phase identification.

Rietveld refinement was used for phase
volume fraction quantification, a powder-LaBg
standard was used to determine instrument
parameters in GSAS-ii*»*, ICDD PDF-5+
was used to generate .cif files for each phase;
TiNb,O7 files lacked the crystallographic
parameters needed for Rietveld refinement,
therefore, lattice parameters and atomic
positions were taken from?’. The volume
fraction (vy) of each oxide within a TGO was
calculated from the GSAS-ii reported weight
fraction and density of each oxide.

2.1.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was
employed for phase distribution information
(FEI Quanta 650 SEM) and was coupled with
energy dispersive spectroscopy (EDS) for
elemental information (Oxford Silicon drift
detector). All samples were polished to a 0.25
um surface finish and sputter coated with a 16
nm thick AuPd coating.

2.1.4 Thermodynamic Predictions

Gaskell?® proposed a model that enables the
prediction of the constitution of an oxide scale
based on the composition of the base alloy and
the assumption that the oxides and metals are
in respective ideal solutions. This approach
has previously been applied to the Hf-Zr-O
system?. The calculation is governed by an
equilibrium reaction between the oxides of
interest and metals within the base alloy. As
TiNb2O7 only exists as a line compound*?, the
TiOz + TiNb2O7 phase region was modeled.
Equation (1) was taken as the equilibrium
reaction, where the more stable oxide, TiO»,
was a product and the metals, Ti and Nb, were
placed on the reactants or products side
according to mass balance.

From (1), the Gibbs free energy of the reaction
(4Grxn) was calculated using the educational
FactSage 8.4 software, the TiO>
thermodynamic data in the FactPS database®!,
and TiNb2O7 thermodynamic data from the
Thermo-Calc TCOX11 v11.1 database®?. From
AGy, the reaction product, K, can be
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calculated per (2); K can also be calculated
from the equilibrium molar fractions of each
species (denoted with an ‘x’ in (2)). As the
oxides are assumed to be in an ideal solution
with each other, their molar fractions must
sum to one, allowing (2) to calculate the molar
fraction of TiNb2O7 as a function of alloy
composition.

5 1 1 2
ﬁTl‘F 7T1Nb207 = ETIOZ + 7Nb (1)

_AGrxn
K=e R'T

[xTiOz]% - [xNb]

2
7

1 5
[xTiNb,0,]7 - [xTi]14 (2)
1 2
[1 — xTiNb,0,]Z - [xNb]7

1 5
[xTiNb,0,]7 - [xTi]1%

Results for the TiOz + TiNb2O7 system at
1050°C are shown in Figure 2, wherein
TiNb2O7 is predicted to never form at 1050°C
across the Ti-Nb compositional range. Per the
phase diagram?, this result is unexpected as
TiO2 and TiNb2O7 can exist in equilibrium
together. These modeling results also differ
from the experimentally observed results,
which are discussed in future sections; this
indicates that the growth of TiNb2O7 is either
significantly influenced by kinetics, that the
TiNb2O7 data used within the calculation
requires improvement, or that the model does
not accurately describe the system.
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Figure 2. Compositional balance diagram of the
Ti-Nb-TiO,-TiNb;O; system. No TiNb,O; was
predicted to form across the Ti-Nb
compositional space.



2.2 Oxygen Diffusion Coefficients of CrTaOq

A CrTaO4 puck (20 mm diameter x 2 mm
thick) was synthesized via spark plasma
sintering (SPS) from an equimolar mixture of
the binary oxides (e.g., Cr203 (Thermo Fisher
Scientific) and TaxOs (ABCR, Karlsruhe)),
which was ball milled with ZrO, media for
approximately 24 h prior to SPS. Powders
were sintered at 1500°C and 65 MPa for 15
min and the resulting puck was measured to
be 99% dense per the Archimedes method™.
XRD and SEM were conducted on the as-
sintered puck to ensure single phase and gain
grain size information. CrTaO4 samples were
polished to a 0.05 pm finish prior to
encapsulation.

2.2.1 Tracer Diffusion

Tracer diffusion experiments consist of a
double oxygen exposure, where the first

. . 6 .
exposure is in an °O; environment and held
for a significantly longer time than the second
exposure. The second exposure is conducted
- 18 - 18
in an "°O; environment for "°O to exchange
with the 'O in the oxide. The longer '°0,
exposure ensures a constant chemical potential
of 10 throughout the sample such that an
intrinsic diffusion coefficient can be
accurately measured. Exposure times and
temperatures are in Table 2.

Table 2. CrTaO; Tracer Diffusion Times and

Temperatures
Exposure 160, Time 180, Time
Temperature (°C) (h) (h)
1100 240 36
1200 168 16.8

Samples were encapsulated in fused quartz
tubes via a system schematically shown in
Figure 3. For the '°0, environment, the
sample was pumped down to < 20 mT and
backfilled to 0.68 atm with '°O» to ensure that
the capsule would not cave-in from external
pressure. The system was not flushed with Ar
prior to backfilling, as '°0; is naturally
abundant in any residual air within the
capsule. Capsules were then loaded into a box
furnace (CM Furnaces, Bloomfield, NJ) at-
temperature and water quenched immediately
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after the exposure was complete. The process
of encapsulating in an 805 environment
follows the same steps as the %0, process,
except that the system is purged and flushed
with Ar three times prior to the final '*0,
backfill; 0.68 atm of '®0, was used.

Pressure gauge
for backfill

D

TC gauge
/ for vacuum
Fused —

quartz s D)

tube Y

- Specimen

i

g .f'\/%
Vacuum pump
Figure 3. Schematic of the encapsulation system
used for obtaining '°0> and '*O; exposure
environments.

2.2.2 Time-of-Flight Secondary Ion
Mass Spectroscopy

Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) was employed to
measure the '°O fraction depth profile within
samples. ToF-SIMS was conducted at North
Carolina State University, where the
instrument is equipped with a Cs ion gun for
sputtering and a Bi ion gun for exciting the
sample ions. The concentration of secondary
ions (i.e., those emitted from the sample by
the Bi-gun) are captured by a detector, where
the ions are sorted by mass and charge via
their time-of-flight from the sample to the
detector; this allows for differentiation
between the oxygen isotopes. Sputter time is
converted to sputter depth by measuring the
crater depth, post-ToF-SIMS, via optical
profilometry (Zygo NewView 7300) and
assuming a constant sputtering rate. Ionic
compounds of the same formula and cation,
with both 0 and '°O anions, were used to
calculate the '®0 fraction profile (c(x,?)). This
130 profile is then fit to the semi-infinite
solution of Fick’s second law (referred to as
the bulk solution, (3) *#), with a surface
exchange limited boundary condition

Dy (g)po = ks(cg - cs),



where c; is the fraction of '*0 at the sample
surface. The '*0 fraction is also adjusted in (3)
to account for the natural abundance of 30 (cy
=0.2%, 0.002) and purity of the encapsulating
180, gas (cg = 97%, 0.97). Ultimately, Dj, the
intrinsic oxygen self-diffusion coefficient, and
ks, the oxygen tracer surface exchange
coefficient, are solved for when fitting (3) to
the 180 fraction depth profile. The MATLAB
app TraceX * was used to fit the bulk solution
to the 'O profile.

predicted and measured spectra. The
maximum amount of TiNb2O7 within an oxide
scale (vr= 0.75) corresponded to the sample
that oxidized the most, Ti-60Nb. Similarly, the
alloy with the least amount of TiNb,O7 (vy=
0.11), Ti-20Nb, had the lowest specific mass
change and metal recession. Volume fraction
of TiNb,O7 was found to trend with specific
mass change and relative metal recession, in
which TiNb,O7 volume fraction increased
until Ti-60Nb, where after, it decreased
(Figure 4).

) c(x,t)—co ; ( x ) <ksx+k§t> ; X t
c'(x,t) = ——— =erfc —exp| —+—erfc —
g — Co 2,/Dpt D, * Dy 2Dyt Db
at% Ti
3. Results ~ 100 80 60 40 20 0
g 100 ] b 1
3.1 Thermal Growth of TiNb,O7 5] " Speilic Mass Chanes -2
E 2 80+ 8.7 T 08 &
3 . 1 .1 Odeatlon ResultS % 0 :-0 T'iNb,O; Volume Fraction + ‘ 8.1 I o Z
< .0 N
Specific mass change of the alloys was § w0l e 7 o loaZ
observed to increase with Nb content until Ti- § ] ¢ L =
60Nb, which had a maximum value of 71 o 201 g3 4 02 &
mg/cm?, where then oxidation decreased with 3 . ) | , =
Ti-80Nb (40 mg/cm?); the Ti-20Nb alloy & 0 20 20 60 80 100
oxidized the least (33 mg/cm?) (Figure 4). The at% Nb

same trend was observed for the relative metal
recession measurements. Error bars of the
recession measurements appear relatively
large due to some samples having a large
range of initial thickness measurements from
slight beveling from prepping sample faces for
oxidation. The beveling did not appear to
affect the thickness of the thermally grown
oxide scale or metal recession (i.e., the TGOs
had uniform thickness).

3.1.2 X-Ray Diffraction Results

Micro-area XRD revealed that the thermally
grown oxide scales of each alloy were two-
phased. For all alloys except Ti-80Nb, TiO>
and TiNb,>O7 were present. TiNb>O7 and
TioNb10O29 were present in the scale of Ti-
80Nb. These results disagree with those of the
thermodynamic modeling (Figure 2), where
TiNb>O7 was not predicted to form.

Rietveld refinements were finalized when the
GSAS-ii reported weighted profile R-factor
(Rwp%) errors were less than 10% and when
there was good visual agreement between
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Figure 4. Specific mass change, relative metal

recession, and TiNb>O; volume fraction trends

with alloy composition. Oxidation and TiNb>O;

content increased until Ti-60Nb, beyond which,

they both decreased. GSAS-ii Rwp% values are
included for each alloy.

3.1.3 Scanning Electron Microscopy
Results

Cross-sectional SEM images revealed that
each scale was two-phased, as informed by p-
XRD, and contained some porosity. Across the
TiOz + TiNb207 containing scales, three layers
were observed: (i) a thin outer layer at the
gas/oxide interface, (ii) the main oxide layer,
and (iii) a thin inner layer at the alloy/oxide
interface (Figure 5).

The main oxide layer was composed of an
inhomogeneous distribution of oxides that
appeared to grow around each other rather
than in a layered structure. EDS identified Ti-
rich and Nb-rich regions in the oxide scale and
that the oxygen content was relatively
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constant across the scale; this gave confidence
in confirming that the dark grey oxide
corresponded to TiO2 and the light grey one to
TiNb,O7 (Figure 5).

The remaining alloy material in all tested
compositions was also found to be two-phased
post-oxidation and per EDS, there existed Ti-
and Nb-rich phases (Figure 5); u-XRD was
conducted and confirmed the presence of an
hcp and bee phase in Ti-34Nb. EDS also
informed that the Ti-34Nb alloy contained a
total of approximately 33 at% O across both
phases, where the darker phase had at least 50
at% Ti and the lighter phase had about 25 at%
Nb. It is expected that the darker phase is a Ti-
O hcp phase, and the lighter phase is bcc.

As Ti-80ND thermally grew a TiNb,O7 +
Ti2Nb10O29 scale, it demonstrated a different
oxide layering scheme than the other alloys.
No distinct layer existed at the gas/oxide
interface, and a thick single-phase layer was
present at the alloy/oxide interface. The main
layer of inhomogeneously distributed oxide
exhibited three distinct levels of porosity and
the contrast between TiNb2O7 and Ti2Nb10O29
decreased with increased pO,. With respect to
the remaining Ti-80Nb alloy material post-
oxidation, it was also two-phased like the
other alloys, but demonstrated a significantly
more refined microstructure.

3.2 Oxygen Diffusion Coefficients of CrTaO4
3.2.1 Tracer Diffusion Results

The 1200°C 30 profile for CrTaOs is in
Figure 6. The data used to fit the bulk solution
with TraceX 3’ was limited for both samples,
as the diffusion distance was approximately

respectively. Using data from deeper within
the profiles resulted in poor fits (grain
boundary data is identified in Figure 6).
Additionally, the '*O concentration near the
surface of the samples was ignored due to the
presence of surface containments (i.e., C, Si,
Al, or Ca). Only the bulk data in which Cr
and/or Ta were the dominant cations was used
within the bulk model; such data is identified
in Figure 6. From this, the intrinsic oxygen
diffusion coefficients were not found to
significantly differ between the two
temperatures (Table 3).

04 1
035+, Bulk Solution — -
o Bulk Data &
- 03 1 Y Grain Boundary Data O
2025 *¢  Surface Contaminated Data O
3 1 »
2 02 .
o015+ *
- 1 CrTaO, e
! T1200°¢ **oes
o *%e
O'OZ T168h 10, 168050, 270200000
0 0.1 0.2 0.3 0.4 0.5
Depth (pm)

Figure 6. The measured 1200°C CrTaO, "*O
profile; demonstrating a short diffusion depth
and a measured profile tail higher than the bulk
model, indicating the influence of grain

boundary diffusion. Surface contaminated data
is labeled.

phased and porous, pores are black, TiNb>Oy7 is light grey, and TiO: is dark grey. (Right) is an inset of the
remaining Ti-20Nb alloy, phase separated into Ti-rich (grey) and Nb-rich (white) phases.
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Table 3. TraceX Fit Dy and ks Terms for 1100°C

and 1200°C
Temperature | TraceX Fit Dy | TraceX Fit k;
(°C) (cm?/s) (cm/s)
1100 3.2x 10" 3.1 x10™M
1200 55%x 10" 5.0 x 10°

4. Discussion
4.1 Thermal Growth of TiNb,O7
4.1.1 Oxidation Trends

The oxidation exposures revealed that the
extent of alloy oxidation increased with
increased Nb content and TiNb>O7 volume
fraction until Ti-60Nb, beyond which both
measurements decreased. This oxidation trend
informs that a critical Nb content exists within
the Ti-Nb binary alloy system, where sample
oxidation increases until this critical Nb
amount, and decreases when the alloyed Nb
content exceeds this concentration. The exact
critical composition was not determined, but is
speculated to be Ti-67Nb to match the Ti:Nb
ratio in TiNb2O7.

This oxidation trend also suggests that a TGO
comprised of only Ti-Nb-O complex oxides
(e.g., TiNb20O7 + Ti2Nb19O29 in Ti-80NDb) is
potentially more protective than a TiO2 +
TiNb2O7 scale, even when a majority of the
scale consists of TiNb2O7 (Ti-60Nb). This
result suggests that the Ti-Nb-O complex
oxide scale behaves more like a single,
continuous layer of oxide (i.e., a characteristic
of protective oxide scales), as it has less
porosity and improved adhesion to the alloy
compared to the TiO> + TiNb,O7 scales.

4.1.2 Proposed Oxidation Mechanism

Ogawa et al.* also observed an
inhomogeneous TGO distribution of TiO2 +
TiNb20O7 in Ti-Nb binary alloy TGO scales
(ranging from 1.5 — 26 at% Nb) and phase
separation of the base alloy in post-oxidation
characterization; samples were exposed at
1000°C in lab air for 1 h. It was noted that the
alloy microstructure appeared to continue into
the oxide scale, and this was also observed for
all TiO2 + TiNb20O7 TGOs in this study; Figure
7 demonstrates this for Ti-20Nb at the
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alloy/oxide interface. Ogawa et al. also
observed an increased growth rate of TiO2 +
TiNb,O7 TGOs with increased Nb content?®.
From the results presented here, it is assumed
that the faster growth rate was due to
increased TiNb2O7 content. From the
measured growth rate, Ogawa et al.
determined the oxide scale activation energy
to be that of Ti or Nb diffusion in Ti-Nb
alloys, indicating that the rate determining
step for Ti-Nb oxidation is metallic element
diffusion®®. However, it should be noted that
the activation energy for Ti or Nb in Ti-Nb
alloys is heavily dependent on alloy
composition and Ogawa et al. compared the
measured activation energy to a literature

value not representative of the tested alloy*"-%,

] ' \‘,\ ; v.- "‘ _:‘! e
Figure 7. Micrograph of the Ti-20Nb

alloy/oxide interface, demonstrating the
continuity of the alloy microstructure into the
oxide scale.

In a later study, Fujiwara and Ogawa®
proposed a mechanism for Ti-Nb oxidation as
follows: (1) the alloy oxidizes and phase
separates into hcp + bec, (i1) hep phase
transforms to TiO», where when Nb exceeds
its solubility (~13 at%), (ii1) Nb precipitates to
form TiNb2O7. This proposed mechanism does
not align with what is observed in the TGOs
of this study, as TiO: is not believed to solely
exist at the alloy/oxide interface due to
compositional differences observed in the
backscattered micrographs of the interface
(Figure 7). However, it is accepted that
TiNb207 grows from the Nb-rich phase in the
phase separated alloy, as the TGOs mimic the
microstructures of the alloys investigated here.
Future work will be conducted to elucidate
whether TiNb,O7 forms from Nb exceeding its
solubility limit in TiO., or if it forms from a



reaction between TiO2 + Nb2Os, as proposed
by Cornie and Goodspeed'®.

4.2 Oxygen Diffusion Coefficients of CrTaO4

Due to the shallow depth of the '30 profiles in
both tracer diffusion samples measured in this
study, uncertainty is expected to be associated
with each determined Dj. The cause of this
shallow depth is likely due to the short 30,
exposure times and slow 30 surface exchange
rather than an insufficient amount of 30
within the capsule during exposures. To
address this, future 30, exposure times for
CrTaOg4 will be conducted on the time scale of
days rather than hours.

In previous studies, CrTaO4 has been proposed
to be a protective oxide?’, where the growth
rate of CrTaO4 was measured to be
intermediate to that of ALOj3 and Cr,05%°. The
determined oxygen self-diffusion coefficients
of CrTaO4 from this work suggest that CrTaO4
has similar coefficients to those of single
crystal Cr2O3 and polycrystalline Al,O3, two
of the most protective oxides (Figure 8). It
should also be noted that the growth of Cr203
is not controlled by the diffusion of O, but
rather that of Cr, which is three orders of
magnitude faster than O diffusion in CrTaO4
at 1200°C (Figure 8). This indicates that
CrTaOq4 has the potential to be used as a
protective oxide in refractory systems.

5. Conclusions

From this study, four main conclusions can be
drawn:

1. Thermodynamic modeling does not
accurately predict the oxide scale
constitution of the Ti-Nb-TiO2-TiNb,O
system, indicating that kinetics likely
plays a more significant role in the
oxidation of Ti-Nb alloys.

2. Oxidation of Ti-Nb increases with Nb and
TiNb2O7 content until a critical Nb
concentration is reached, where the
oxidation then decreases and Ti2Nb1oO29
preferentially forms relative to TiOx.

3. An inhomogeneous oxide distribution
occurs in the TiO2 + TiNb2O7 oxide
forming scales. It is proposed that TiNb,O7
grows directly from the Nb-rich phase
formed by phase separation of the alloy
during oxidation.

4. Preliminary results suggest that CrTaO4
has similar oxygen self-diffusion
coefficients to those of polycrystalline
Al>05 and single crystal Cr203 at 1200°C.

— rutile-TiO, (*, Kofstad)
— 0-AlL,O; (*, Single Crystal)
ALO; (*4, Polycrystal)
= Cr,05 (*?, 2-3 Grains)
Cr,05 (*3, Polycrystal)
# Crin Cr,0; (¥, Polycrystal)
CrTaO, (This Study, Polycrystal)
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Figure 8. Intrinsic oxygen self-diffusion coefficients of rutile-TiO>", single crystal’"* and
polycrystalline™** A1,03 and Cr:0s, and Cr in polycrystalline Cr05". CrTaQy is observed to have an
oxygen diffusion coefficient similar to that of polycrystalline Al;O3 and single crystal Cr,0s.
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