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Abstract

The isothermal and cyclic oxidation behavior of a multi-principal element (MPE)
TiNbCr alloy at 800-1000 °C in air was studied and compared to Co-based alloy
188. The phase constitution of the MPE alloy consisted of a Nb-rich body-centered
cubic (BCC) matrix and Cr-rich Laves precipitates. While isothermal tests con-
ducted at 800 °C led to the formation of a complex mixture of Nb, Ti and Cr oxides,
tests at 900 and 1000 °C resulted in the formation of an innermost Cr,O5-rich scale
layer which provided improved oxidation resistance. However, for all exposure tem-
peratures, the scaling kinetics of the alloy were linear and therefore deemed non-
protective. In contrast, alloy 188 exhibited parabolic scaling kinetics and smaller
mass gain per area than the MPE alloy. The similarity between isothermal and cyclic
test results for the MPE alloy confirmed that the scale does not offer much protec-
tion. Additionally, for all tests, there was extensive internal oxidation and nitridation.
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Introduction

Studies on multi-principal element (MPE) alloys have been increasingly reported in
recent years, but those aimed at high-temperature oxidation behavior are still very
recent and little explored. As highlighted by Birbilis and colleagues [1], achiev-
ing environmental resistance for MPE systems is still a challenge. Even so, MPE
alloys based on refractory metals have potential to replace conventional alloys in
some applications, such as the replacement of nickel-based superalloys used in aero-
turbine engines.

Miracle and Senkov [2] reported that additions of Al, Cr, Ti and Si tend to
increase the oxidation resistance of MPE alloys, while the addition of V reduces
it. The addition of Al also leads to a reduction in the density of the alloy, as does
the addition of Ti, but the formation of binary or ternary intermetallic phases may
occur. This may be avoided by reducing the amount of Cr in the alloy [3-6], together
with balanced composition control.

Previous work on MPE alloys based on refractory metals has generally found that
the formation of a protective aluminum and chromium oxides (Al,O; and Cr,05)
rarely occurs, since these have very slow formation kinetics relative to the oxides
of the principal constituents [2, 7-10]. Even so, mixed oxides such as NbCrO, may
form and can impart slower oxidation kinetics than conventional refractory alloys [6,
11-14].

Comparing the oxidation behavior of MPE alloys with refractory elements to
refractory commercial alloys, Gorr and colleagues [8] deduced that mixed-oxide
formation may reduce the oxidation kinetics, as noted for NbCrO,, NbTiO, and
TiNb,O, compared to pure Nb oxides. To that end, Gorr and colleagues [8] showed
that MPE alloys containing Ta, Nb, Ti, Cr, Al and Si are among promising refrac-
tory alloys resistant to oxidation. In agreement with this, Butler and colleagues [15]
found that the 24-h oxidation kinetics of NbCr and TiNbCr alloys at 1200 °C in air
were similar and almost parabolic (over the entire exposure period), whereas the
kinetics of a TaTiNbCr alloy were lower and showed parabolic behavior only up to
8 h, but then linear thereafter. It was reported by that research group that the linear
kinetics were associated with scale spallation and mixed-oxide-scale formation in
the form of repetitive and non-continuous layers that had a high amount of pores and
cracks.

Butler and colleagues [16] also characterized these NbCr-based MPE alloys
and verified that: (i) the microstructure of the NbCr alloy consists of a Laves phase
matrix (C15) and BCC phase precipitates; (ii) the addition of Ti to the NbCr alloy
inverts the microstructure to a predominantly BCC matrix (rich in Ti) with Laves
precipitates; and (iii) the addition of Ta to the ternary alloy (TiNbCr) can increase
the volumetric fraction of the BCC matrix and retain the precipitation of the Laves
phase.

Welch and colleagues [17] studied the oxidation behavior of TaTiCr-based MPE
alloys in air at 1200 °C up to 24 h. Differently from that observed by Butler and
colleagues [15], the former researchers did not observe parabolic scaling kinetics
behavior. Instead, they observed that: (i) the TaTiCr MPE alloy had the slowest
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kinetics that exhibited near-cubic behavior, with the scale characterized as a coher-
ent and layered scale composed of a TiO, outer layer, followed by Cr,0; and mixed
rutile-structured oxides and then an extended internal reaction zone; (ii) the second-
best performer was a Ta,TiCr; MPE alloy and it exhibited three different kinetics
regimes, i.e., near-parabolic up to 9 h, linear from 9 to 16 h and a higher-rate linear
behavior from 16 to 24 h, all attributed to oxide rumpling, cracking and subsequent
internal oxidation; and (iii) the Ta,TiCr and Ta,Ti;Cr MPE alloys exhibited near-
linear kinetics and formed thick, porous oxides that showed severe cracking.

Studies on the oxidation behavior of MPE alloys, as outlined by Gorr et al. [8],
have predominantly focused on high-temperature isothermal conditions. However,
it is important to assess different temperature regimes, which may reveal distinct
mechanisms and phenomena, including enhanced oxidation (e.g., pesting) at low
temperatures and oxide volatilization at higher temperatures. Additionally, it is
important to understand the oxidation behavior of these alloys exposed to thermal
cycling conditions.

In this context, the present study was conducted with the aim of investigating the
TiNbCr MPE alloy oxidation behavior in air over a range of temperatures lower than
previously reported. Specifically, the alloys were processed by HIP and casting and
then isothermally oxidized at 800, 900 and 1000 °C for 20, 60 and 100 h in air. For
comparison, cyclic oxidation testing in air was also conducted at 800 and 900 °C.

Experimental Procedures

The TiNbCr MPE alloy was first cast by vacuum-arc melting using high purity con-
stituents (99.95%); the melting atmosphere was oxygen-gettered by initially melt-
ing high-purity Ti. A given alloy casting was flipped and re-melted several times
to ensure chemical uniformity. Some samples were studied in the as-cast condition
and others were hot isostatic pressed (HIP) at 1400 °C for 3 h using a pressure of
207 MPa after casting, with heating and cooling rates of 15 °C/min. In this study,
both types of samples were not subjected to any heat treatment.

For oxidation tests, both as-cast and HIPed TiNbCr MPE coupon samples with
approximate dimensions of 5X5X2 mm were cut, drilled with a hole diameter of
1.5 mm, surface-abraded using SiC grinding pads up to a 1200-grit finish and then
ultrasonic cleaned in ethanol. Isothermal oxidation tests in air were conducted using
a tube furnace. Exposures were at 800, 900 and 1000 °C for 20, 60 and 100 h. Test
specimens suspended by Kanthal (FeCrAl alloy) wires above alumina crucibles
were inserted into the hot zone of the pre-heated furnace kept in place throughout
the test duration. At the completion of a given test, the samples were removed and
cooled naturally in air.

Cyclic tests were conducted using a WT Industry automatic furnace with software
to control insertion and removal of the test samples. Only the HIPed TiNbCr MPE
alloy was tested at 800 and 900 °C to 100 cycles of 60-min exposure and 10 min at
room temperature. Additionally, due to the observed spallation at 900 °C, a speci-
men was suspended above a crucible to collect as much spallation as possible.

@ Springer



792 High Temperature Corrosion of Materials (2024) 101:789-810

To provide a comparison of the isothermal oxidation behavior of the TiNbCr
MPE alloy to a commercial system, alloy 188 specimens were also tested. The alloy
188 specimens were prepared in the same way as the TiNbCr MPE specimens. The
compositions of the alloys tested are shown in Table 1. The TiNbCr composition is
an average of at least three EDS measurements of relatively large areas, and alloy
188 is the nominal composition.

The topography and cross sections of the oxidized specimens were analyzed
using an FEI Apreo scanning electron microscope (SEM) with EDAX EBSD and
Octane Elite EDS Inspect S50 or a ZEISS Sigma 500 VP SEM with Oxford Aztec
X-EDS. X-ray diffraction (XRD) analyses were performed using a Bruker D8 XRD
system with copper-Ka radiation and in the 26 range of 25°-90° and a step of 0.5°
for 2 s/step and analyzed using the software packages Search-Match and GSAS-
I, enabling the identification of the phases. Cross-sectional mounts were prepared
using standard metallographic procedures.

Results

The microstructure of the TiNbCr MPE alloy in each processed condition is shown
in Fig. 1. Each microstructure was found to consist of a BCC matrix (Points 2 and 4)
rich in Nb and Ti with Laves phase (Points 1 and 3) rich in Cr. The EDS measured
phase compositions are presented in Table 2. Comparing Fig. 1a and b, it is of note
that in the as-cast condition, the Laves phase is dispersed in the dendritic structure
to the extent that it was not possible to distinguish BCC and Laves phase, as in the
HIPed condition, and Nb segregated to the interdendritic areas. Additionally, it was
found by Rietveld analysis of the XRD spectra that the HIPed TiNbCr MPE alloy
has a higher Laves phase fraction, which is inferred to be due to the high tempera-
ture processing applied during HIPing.

Isothermal Oxidation Tests

Linear and logarithmic plots of the oxidation kinetics obtained at each test tempera-
ture for each alloy are shown in Fig. 2a—c. The TiNbCr MPE alloy exhibited simi-
lar kinetics in both processed conditions, with a higher mass gain per area at lower
temperatures, suggesting a different scaling mechanism at different temperatures.
However, it exhibited overall higher mass gains compared to alloy 188. Additionally,
alloy 188, consistently, showed an increase in mass gain per area with the increase
in test temperature (Fig. 2b), suggesting the same scaling mechanism. It should be
noted that the total mass gain considered in these plots is the combination of oxida-
tion, nitridation and spallation, as will be presented later.

A general growth-rate law was used to analyze the kinetics according to Eq. (1),
in which AW is the mass gain (mg), A is the initial surface area (cm?), k is the rate
constant, ¢ is oxidation time and # is the time exponent. Oxidation kinetics char-
acterized by n =1 are linear, with the rate constrained by reaction occurring at
the scale-gas and/or metal-oxide interface. At n = 0.5, the scale grows according
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Fig. 1 SEM images of TiNbCr MPE alloy in condition a as-cast and b HIPed, with EDS areas indicated
and XRD spectra in condition ¢ as-cast and d HIPed

Table 2 EDS analysis (at.%)
results for points shown in
Fig. laand b

at.% Cr Nb Ti (0]

1 314 +2.1 283+ 1.6 333+02 6.7+03
2 30.5+0.7 324+2.1 309+19 63+0.1
3 59.7+038 21.2+£0.2 189+06 0.2+0.1
4 14.7+0.8 352+04 374+09 127+14

to parabolic kinetics, indicating a diffusion-controlled growth process through the
growing scale. Exponents ranging between 1 and 0.5 suggest a mixed-mode behav-
ior, involving both diffusion- and interface-controlled mechanisms. Kinetics exhibit-
ing sub-parabolic behavior below 0.5 indicate diffusion-controlled reactions perhaps
combined with volatilization effects, as seen in cubic kinetics with n = 0.3 [17]. The
results for the current tests are shown in Table 3.

ln<A—W)=1nk+nlnt )
A

Referring to Table 3, it becomes evident that at 800 °C, the TiNbCr MPE alloy
displays an approximately linear kinetic behavior, as indicated by the time expo-

nent close to 1. However, as the temperature increases, this exponent lies within
the range of 0.5-1, indicating mixed-mode behavior involving both diffusion and
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Fig.2 Comparison of mass change per area for TiNbCr MPE alloy and alloy 188 at 800, 900 and
1000 °C during isothermal oxidation in air represented in: a linear plot, b for alloy 188 only, and ¢ a
comparison in natural logarithmic plot

e Snt Al e R
TiNbCr MPE and alloy 188 at
800, 900 and 1000 °C As-Cast TINDCr 800 1.07 095 202x10°®
900 083 093 1.16x107
1000 0.67 098 235x107°
HIPed TiNbCr 800 1.09 092 4.78x107®
900 079 0.88 1.11x10°
1000 062 099 3.34x107°
Alloy 188 800 0.88 0.84 2.89x107
900 046 099 4.02x107®
1000 047 099 647x1078

@ Springer



796 High Temperature Corrosion of Materials (2024) 101:789-810

reaction-controlled mechanisms, a pattern similar to that observed in alloy 188 at
800 °C. This finding for TiNbCr MPE alloy suggests a transition in the oxidation
mechanism with an increase in temperature.

Representative topography images by optical microscopy (OM) and SEM of all
alloys after 100-h oxidation at 800, 900 and 1000 °C are shown in Figs. 3, 4, 5 and
6. Oxide identification was based on EDS analysis and supported by XRD (Fig. 7).
Due to the similarity between the as-cast and HIPed TiNbCr MPE alloy, only OM
images for the as-cast are shown in Fig. 3 and the XRD in Fig. 7.

Figure 3 highlights that spallation areas were present for the as-cast TINbCr MPE
alloy after all exposure temperatures, with more severe spallation observed in the
sample tested at 800 °C. This suggests that the mechanism at 800 °C offers reduced
protection compared to 900 and 1000 °C, as also indicated in Fig. 2a with the higher
value for the mass gain per area for the as-cast TiNbCer.

Comparing Figs. 4, 5 and 6, it is seen that alloy 188 forms denser external oxides
scale than the two types of TiNbCr MPE alloy. The oxide scales on the MPE alloys

®)

Fig. 3 OM topography images of as-cast TINbCr MPE alloy after 100-h test in air at a 800 °C, b 900 °C
and ¢ 1000 °C

@) — ®) o

Fig.4 SEM topography images of as-cast TiINbCr MPE alloy after 100-h test in air at a 800 °C, b 900 °C
and ¢ 1000 °C

Fig.5 SEM topography images of HIPed TiNbCr MPE alloy after 100-h test in air at a 800 °C, b 900 °C
and ¢ 1000 °C
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Fig.6 SEM topography images of alloy 188 after 100-h test in air at a 800 °C, b 900 °C and ¢ 1000 °C
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Fig.7 XRD spectra from as-cast TINbCr MPE alloy after 100-h oxidation in air at the indicated tempera-
tures

are characterized by a higher density of pores than the scales on the alloy 188. The
presence of porosity enables gas ingress through the scale and may detrimentally
affect overall protection, as indicated by the higher weight gains in Fig. 2a. Addi-
tionally, an increase in temperature generated higher porosity.

Representative cross-sectional SEM images of the oxidized samples are presented
in Figs. 8, 9 and 10. The inferred oxides, based on EDS and XRD analyses, are indi-
cated in each image. It is of note that on the TiNbCr MPE alloy a clearly non-pro-
tective and non-adherent oxide scale is formed at all temperatures, suggesting linear
kinetics, regardless of processing route. Additionally, even though the time exponent
obtained from Fig. 2 and shown in Table 3 suggests a mixed-mode behavior, there is
a predominant appearance that would be associated with linear behavior. The oxide
product has a stratified porous layer morphology and an internal reaction zone.
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Fig.8 Cross-sectional SEM images of as-cast TiNbCr MPE alloy after 100-h test in air at a 800 °C, b
900 °C and ¢ 1000 °C. Detailed SEM images of as-cast TiNbCr MPE alloy after 100 h in air at d 900 °C
and e 1000 °C

By contrast, looking at the alloy 188 it is noted that a thin and adherent oxide
layer with no evidence of an internal reaction zone formed at all temperatures
studied. This fact suggests a parabolic behavior, even at 800 °C which is in agree-
ment with the results of Herchenroeder and Deodeshmukh and colleagues [19,
20]. The time exponent in Table 3 suggests a mixed mode behavior, but this may
be due to the limited resolution when using log—log plots to determine kinetic
exponents.

Figures 11, 12 and 13 present element maps of the oxide scales formed on the
as-cast TiNbCr MPE alloy after 20 h of testing at 800, 900 and 1000 °C in air,
respectively. Due to the similarity between the as-cast and HIPed TiNbCr MPE
alloy, only the as-cast condition is shown. Furthermore, as mentioned previously,
for all tested conditions, the oxide scale spalled, and this spalling increased with
testing time. Therefore, only the 20-h map is included. It is seen that at 800 °C
the oxide scale is composed of a mixture of Nb, Ti and Cr oxides; however,
increasing temperature to 900 °C causes Cr-rich oxide layers to form which, in
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Fig.9 Cross-sectional SEM images of HIPed TiNbCr MPE alloy after 100-h test in air at a 800 °C, b
900 °C and ¢ 1000 °C

10007 : 100um A 100um
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Fig. 10 Cross-sectional SEM images of alloy 188 after 100-h test in air at a 800 °C, b 900 °C and ¢
1000 °C. Detailed SEM images of alloy 188 after 100 h in air at d 800 °C, e 900 °C and f 1000 °C

accordance with the XRD results in Fig. 8, is deduced to be Cr,0;. Additionally,
at 1000 °C a Ti-rich oxide is observed as the most external layer. This layer was
confirmed by XRD to be TiO,.
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Fig. 11 EDS maps of cross section of as-cast TINbCr MPE alloy after 800 °C isothermal oxidation in air
for 20 h

Fig. 12 EDS maps of cross section of as-cast TiNbCr MPE alloy after 900 °C isothermal oxidation in air
for 20 h

More detailed EDS compositional analyses are presented in Figs. 14 and 15,
with corresponding compositions in Tables 4 and 5, respectively. At 800 °C
(Fig. 14), three regions were identified: A—external, B—intermediate, and C—
interface between the scale and metal surface. Within these regions, three areas
were chosen, and their compositional averages are presented in Table 4. As indi-
cated in Fig. 11, the scale is composed of a mixture of Nb, Ti and Cr oxides with
no defined layers.

By contrast, at 900 °C (and also at 1000 °C) (Figs. 12 and 13), an external Ti-
rich layer formed followed by a Cr-rich oxide layer that is intermixed with layers
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Fig. 13 EDS maps of cross section of as-cast TINbCr MPE alloy after 1000 °C isothermal oxidation in
air for 20 h

Fig. 14 SEM cross section of HIPed TiNbCr MPE alloy after 800 °C isothermal oxidation in air for
100 h with EDS areas shown by the numbers in the images

rich in Ti and Nb. According to XRD results, this inner structure is comprised of
TiO,, Cr,0; and the complex oxides NbTiO, and TiNb,O.

Additionally, Fig. 15 shows the presence of an internal reaction zone. As indi-
cated in Table 5, this zone contains nitrides and oxides. The Laves phase contains
oxides (point 2) and its boundary is rich in nitrogen (point 1). On the other hand, the
BCC phase of the alloy is rich in oxygen, nitrogen, Nb and Ti (point 3), with some
precipitates rich in these elements (point 4).

Moreover, according to Table 3, the TiNbCr MPE alloy demonstrates lin-
ear behavior at 800 °C and a mixed behavior at 900 and 1000 °C. However,
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Fig. 15 SEM of cross section of HIPed TiNbCr MPE Alloy after 900 °C isothermal test in air during
100 h with EDS areas shown by the numbers in the image

Table 4 EDS analysis (at.%) results for areas shown in Fig. 14

Composition Cr Nb Ti N (6]

at.%

1 93+17 95+ 1.7 11.5+12 0.00 +0.00 69.7+23
2 83+38 105+ 1.1 11.9+1.6 0.00 +0.00 69.4+0.8
3 8.8+2.9 10.7+2.3 10.0+2.4 0.00 + 0.00 705 +£1.8
4 33+28 239+ 1.7 249+ 1.4 258 +3.8 22.1+9.7

Table 5 EDS analysis (at.%) results for areas shown in Fig. 15

Composition Cr Nb Ti N (0]

at.%

1 93+1.7 9.5+ 1.7 11.5+12 0.00 £ 0.00 69.7+23
2 83+3.8 105+ 1.1 11.9+1.6 0.00 + 0.00 69.4 +0.8
3 88+29 10.7+£2.3 10.0+2.4 0.00 + 0.00 705 +£1.8
4 33+28 239+ 1.7 249+ 1.4 258 +3.8 22.1+9.7

cross-sectional analysis (Figs. 8 and 9) suggests from the preponderance of
cracks and voids that the kinetics should be linear.

Based on EDS analysis, the penetration of oxygen and nitrogen to form the
internal reaction zone (IRZ) was determined. All test conditions generated an
IRZ with the associated kinetics compared in Fig. 16. An increase in exposure
temperature generated an increase in the IRZ depth. Additionally, Fig. 16 shows
that the IRZ depth in the HIPed samples is consistently deeper than as-cast sam-
ples, suggesting the detrimental behavior of the Laves-phase size and fraction,
as will be discussed later.
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Fig. 16 Comparison based on cross section SEM analysis of internal reaction zones after 100-h testing
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MPE Alloy testes at 800 and 900 °C. a Mass gain of sample with no collected spallation and b mass gain
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Cyclic Oxidation

The mass gain per area as a function of the number of thermal cycles from 800 and
900 °C for the TiNbCr MPE alloy in the HIPed condition and with no spallation col-
lected is shown in Fig. 17a. The results for the same test at 900 °C but with spalla-
tion collected are shown in Fig. 17b. After 15 cycles at 800 °C, the amount of spal-
lation increased as shown in Fig. 17a. Linear kinetics at 800 °C can be fitted from
the first to the 15th cycle, with the rate constant found to be k, = 1.38x107" . In
the case of samples tested at 900 °C, linear kinetics can also be fitted, as 1ndlcated
in Fig. 17b, with a rate constant of k, = 7.7x107% £~ - calculated and a R? of 0.99. A
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Spallation

/

Fig. 18 Topography section of HIPed TiNbCr MPE alloy samples test in air after 100 cycles at a 800 °C
and b 900 °C

d

Fig. 19 Cross-sectional SEM images of HIPed TiNbCr MPE alloy after 100 cycles test in air at a 800 °C
and b 900 °C. Detailed SEM images of HIPed TiNbCr MPE alloy after 100 cycles test in air at ¢ 800 °C
and d 900 °C
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similar 900 °C rate constant was determined for the case when scale spallation was
not collected (Fig. 17b). The 900 °C rate constants obtained from the cyclic tests
were similar to the linear rate constant obtained from the 900 °C isothermal test
(Table 3). This suggests that the scale was fairly tenacious but still nonprotective due
to its growth rate being linear.

Representative topography and cross-sectional SEM images from the samples
cyclic oxidized at 800 and 900 °C for 100 cycles are shown in Figs. 18 and 19,
respectively. Due to the cyclic testing, the samples experienced tensile and compres-
sive stresses from thermal expansions, resulting in oxide layer spallation with each
cycle. The depicted images illustrate the samples’ condition after 100 cycles, reflect-
ing the cumulative impact of oxide layer formation and spallation over this duration.
Similar observations to the samples oxidized isothermally can be found. However,
the cross section of the HIPed TiNbCr MPE alloy isothermally oxidized for 100 h
at 900 °C (Fig. 9) shows more Cr,0; layers and complex (Ti,Nb) oxide layers in the
scale than the scale product formed on the alloy cyclically oxidized (100 cycles total
of 60 min at 900 °C for each) (Fig. 19b). This may be due to scale damage incurred
during thermal cycling, but it was not further investigated.

At both 800 and 900 °C, the internal reaction zone thickness for samples tested
isothermally and cyclically has similar values (Fig. 19), suggesting similar scaling
behavior. However, the scale thickness has different values presumably due to scale
damage incurred during thermal cycling.

Discussion

The TiNbCr MPE alloys in this work had the same composition (equimolar element
amounts) and the same phase constitution, i.e., a combination of a BCC matrix rich
in Nb and Ti and Laves-phase precipitates rich in Cr (Table 2). As characterized by
Butler and colleagues [16] Laves phase results from a eutectic-like reaction to form
BCC and Laves C14 during cooling (Lig <> BCC + LavesC14) [16]. The Ti enrich-
ment in the BCC is due to Ti acting as a BCC stabilizer in refractory systems, while
Cr acts as a Laves stabilizer, as characterized by Butler and colleagues [15, 16] for
the same alloy processed by HIP under the same conditions.

However, comparing Fig. la and b, there is a difference between the TiNbCr
structure processed by the two processing methods studied. The as-cast structure
is dendritic and, according to the EDS and XRD analyses, it is comprised of Nb,
Ti- rich BCC dendrites with fine (Nb, Ti)Cr, Laves precipitates in the interdendritic
regions and along grain boundaries (Fig. 1a). In contrast, after the homogenization
promoted by the HIP process, the dendritic structure in the alloy’s metallic matrix
transforms into a uniform BCC structure, and the fine Laves precipitates observed
after casting coalesce into blocky, polygonal particles, located both along grain
boundaries and within the grains. Similar findings were reported by Welch and col-
leagues [17] for both as-cast and HIPed samples from the TaTiCr MPE system.

Additionally, comparing Fig. 1c and d, there is a difference between the phase
fractions. Butler and colleagues [16] analyzed the phase transformation of TiNbCr
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MPE alloy by CAPHALD methodology using the Nb database in Pandat software.
These researchers observed that by increasing the temperature, the BCC fraction
also increases. Indeed, the XRD spectra in Fig. 1c and d show a difference between
the as-cast and HIPed alloys, most likely due to differences in the thermal process-
ing temperatures. Butler and colleagues [16] also reported that, when comparing the
microstructure of the TiNbCr MPE alloy with the NbCr alloy, there is a reversal in
the microstructural pattern. While the binary alloy consists of a Laves matrix with
BCC precipitates—comprising coarse, near-spherical primary particles and fine
lamellae—the introduction of Ti facilitates the formation of an alloy with a BCC
matrix containing Laves phase precipitates. The rise in the BCC volume fraction
is attributed to a decline in the fraction of the eutectic constituent. This reduction
is influenced by the amount of Cr in the alloy and its solubility in the BCC phase,
thereby affecting the volume fraction of the Laves phase.

Figures 8 and 9 show that the oxide scale exhibits a different morphology and
composition depending on the exposure temperature, suggesting different oxidation
mechanisms. While at 800 °C the scale is composed of a mixture of Nb, Ti and Cr
oxides with stratified porosity (Fig. 11), an increase in the exposure temperature to
900 and 1000 °C resulted in the clear establishment of an inner Cr,05 layer (Figs. 12
and 13).

Stringer [10] reported the oxidation behavior of pure Nb which scales according
to linear kinetics and the scale morphology is similar to that formed on the TiN-
bCr MPE alloy at 800 °C, i.e., stratified porosity. According to that study, the strati-
fied porosity occurs at temperatures greater than or equal to 800 °C and forms by
a sequential vacancy supersaturation mechanism. Specifically, during the oxidation
process, a compact Nb,Os scale forms and then grows predominantly by the out-
ward substitutional diffusion of Nb. This outward Nb cation diffusion is balanced
by the inward diffusion of vacancies that are injected at the metal/scale interface.
In the absence of further migration into the metal, vacancy supersaturation eventu-
ally occurs to result in the formation of free space at the metal/scale interface until
the supersaturation has been removed. This process of vacancy supersaturation and
condensation (i.e., free space formation) is repeated throughout the scale-growth
process to result in the appearance of stratified porosity throughout the scale [10].
Important to this mechanism is the rapid growth rate of the Nb,Os scale coupled
with vacancy condensation favored at the metal/scale interface.

According to Jiang et al. [9], the interaction between Nb and Ti during oxida-
tion is directly related to the Nb fraction in the alloy. These researchers studied the
influence of Nb addition on oxidation behavior of Ti-(0-50 at.%) Al alloys in air at
900 °C up to 24 h. They reported that the scaling kinetics were parabolic up to 20
at.% of Nb addition, after which the kinetics transitioned to linear. It was inferred
that for up to 15 at.% Nb addition, the Nb exists as a solid solution with TiO,.
Beyond this Nb level the complex oxide TiNb,O; is stable to form. An increase in
the scaling kinetics is in conjunction with the spinel formation until eventually linear
growth of a stratified porous scale structure is observed. Comparing the oxidation
kinetics of TINbCr MPE alloy, Table 3, with pure Nb at 800 °C (k;y,~9.4x 1076 g/
cm? s) [21], it is noted that the former exhibits a slower rate, suggesting that a scale
containing the complex oxides composed of Nb and Ti is more protective than pure
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Nb,Os. This agrees with the findings of Gorr et al. [8], but it doesn’t diminish the
inference that the linear scaling kinetics of the TiNbCr MPE alloy is nonprotective.

Increasing the oxidation temperature to 900 and 1000 °C resulted in the forma-
tion of an inner Cr,0; layer in the scale on the TiNbCr MPE alloy and a kinet-
ics inversion (i.e., scale growth rate drops with an increase in exposure temperature
above 800 °C). The oxidation process of chromium or chromium-alloys is marked
by the development of a compact and protective chromium-oxide layer, primarily
composed of Cr,0;. This layer acts as a barrier, isolating the metal from the oxi-
dizing environment. The scaling kinetics are typically parabolic [22]. However, at
temperatures higher than 1000 °C, the volatilization of Cr,0; is reported, leading to
a subsequent decrease in oxidation resistance.

According to Butler et al. [15], when they compared the oxidation behavior of
NbCr and the TiNbCr MPE alloy, the inner Cr,0; layer offers some protection, espe-
cially at high temperatures (greater than 1000 °C), because the outer scale product
rich in TiO, can protect against Cr,0; volatilization, thus resulting in an increase in
protection. The establishment of a continuous inner Cr,0; layer would be expected
to lower the chemical potential of oxygen at the alloy/scale interface, which, in turn,
would reduce the extent of oxygen diffusion into the alloy.

The results show that a higher exposure temperature kinetically favors the estab-
lishment of an inner Cr,0j; scale layer. The same trend was reported by Welch et al.
[17] for the TaTiCr MPE system. Thus, it is reasonable to conclude that oxidation
at relatively low temperatures (below about 900 °C) should be considered a harsher
test for refractory-metal MPE alloys than exposures at higher temperatures. This is
noteworthy, since a review of the literature reveals that little attention has been given
to the low-temperature oxidation testing of these alloys.

The nonprotective nature of the outer scale formed on the TiNbCr MPE alloy—
regardless of whether an inner Cr,0; layer can establish—can enable the formation
of oxides and nitrides inside of the alloy. Butler and colleagues [15] showed that a
HIPed TiNbCr MPE alloy oxidized at 1200 °C in air for 8 h forms internal oxides
and nitrides. They highlighted that the BCC matrix has the favorable formation of
Cr;NbsN, TiO,, small pockets of Nb,O; and highly faceted TiN precipitates. At the
same time, the Laves phase forms Cr;Nb;N, TiO, and Cr,0;. The differences in the
oxidation behavior of the two phases provide insight to the differences in oxidation
behavior between the cast and HIPed TiNbCr MPE systems found in this study. To
that end, Fig. 1 shows that the cast alloy has thinner Laves precipitates and also
a smaller Laves phase fraction than the HIPed alloy. Gesmundo and Gleeson [25]
showed that in the case of two-phase alloys, protective oxide scale formation is more
difficult if the precipitates do not have a homogeneous distribution and/or if the oxi-
dation kinetics of the matrix phase is high. Additionally, the ratio of precipitate vol-
ume fraction to size must exceed a critical value to have the exclusive formation of
the solute-metal oxide on the two-phase alloy, which means that a decrease in the
precipitate sizes may help to form a protective scale composed by the solute, in this
case Cr [26].

Since the oxidation protection of the TiNbCr MPE alloy occurs due to the Cr
oxidation, it is postulated that because the cast alloy has a smaller size distribution
of Laves phase than the HIPed version, the Cr,0; formation is promoted to a greater
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extent on the former, resulting in slower oxidation kinetics (Fig. 16). Furthermore,
the smaller Laves phase fraction indicates a greater amount of chromium is available
in the BCC matrix. The simpler structure of the BCC matrix facilitates the outward
diffusion of chromium, leading to the formation of Cr,0; and resulting in a decrease
in kinetics.

Analyzing the measured time exponents, at 900 °C there is an apparent transition
mixed-mode behavior. Based on EDS analysis, Cr,05 layers start to form, indicating
that Cr becomes a competing factor with the Nb. The kinetics of the HIPed condi-
tion slow down compared to the as-cast condition.

Finally, Figs. 11, 12 and 13 suggest that the two phases presented in the TiNbCr
MPE alloy oxidize cooperatively to form a uniform scale due to the constant alloy
morphology along the exposure time and a scale composed by continuous layers in
composition. This is in agreement with a mechanism described by Gesmundo and
Gleeson [25].

Conclusions

This paper represents one of the first steps in the investigation of the oxidation
behavior of a TiNbCr MPE alloy at intermediate temperatures. Tests were conducted
in air at 800, 900 and 1000 °C up to 100 h. The following key points can be made:

(1) The microstructure of TINbCr MPE alloy is composed of a Nb, Ti-rich BCC
matrix with Cr-rich Laves phase and, due to the high temperature applied during
the HIP process, the Laves phase fraction increased and the precipitate size was
larger.

(2) For all the temperatures tested, the oxidation kinetics of TiNbCr MPE alloy can
be described as linear, exhibiting the formation of a nonprotective, stratified
porous layer which allows gas ingress through the scale and the formation on an
internal reaction zone comprised of oxides and nitrides.

(3) The oxidation behavior of TiNbCr MPE alloy at 800 °C differs from that at
900-1000 °C. At 800 °C, the scale is composed of a mixture of Nb, Ti and Cr
with no defined layer, exhibiting a morphology close to Nb oxidation. In this
condition, the as-cast MPE exhibited better behavior; however, as the tempera-
ture increased, the establishment of an inner Cr,0Oj; layer decreased the oxidation
rate, shifting the favorable behavior to the HIPed condition.

(4) Cyclic testing results were found to be similar to those of isothermal testing from
the standpoint of kinetics, but the former did result in more scale damage and
consequently differences in scale microstructure.
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