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Abstract

In this work, the influence of 0.5 at.% and 1 at.% Y additions on ijie temperature oxidation
resistance of the equiatomic alloy NbMoCrTiAl at 1000°C in air was investigatedinGaoums
isothermal and cyclic thermogravimetric experiments (TGA) were conduotezhdracterize the
oxidation kinetics of the alloys. Various analytical methods such as X-riraatibn (XRD) and
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EBX used to study the
growth, morphology and composition of the oxide scales. It was found thatddditons led to the
formation of AbY phase along grain boundaries. The isothermal oxidation experiments of both Y-
containing alloys shoed lower oxidation rates after a short period of transient oxidatiobhably due

to a reduction of fast growing and voluminous @ oxides within the oxide layer. During the
steady-state period, however, oxidation ofYAtaused local stresses resultingcrack formation and
subsequent breakaway oxidation, i.e. pronounce increase of the oxidation rates. Thexiclatiicn
experiments reveatl lower oxidation rates and thinner, more adherent oxide scales formed on the
alloy NbMoCrTiAIlY compared to NbMoCrTiAl. The increased scale adherence was attributed t
formation of pegs due to the oxidation obXlphase at the oxide/metal interface.

Keywords: High-Entropy Alloys, Refractory metals, Y-Effect, Reactive element effect, Pegs

Introduction

Following the most innovative concepts in material science in the last decadétigheEntropy

Alloys (HEASs) [1], a huge number of new alloys have been manufactured and some have shown
exceptional or unexpected propertjigs4]. On the basis of the HEA concept, refractory high entropy
alloys (RHEASs) with promising mechanical properties for high temperaturecapplis have been
designed5-9]. Most of the RHEASs, however, possess poor oxidation resistance because of the high
amount of refractory metals [4, 5, 10, 11]. The classic approach to improve thgooximhavior of

high temperature materials is with the addition of Cr, Al or Si, i.e. dflatv the formation of
potentially protective scale€r.0s, Al;Os; and SiQ [12-14]. The identification of proper
concentrations of Cr, Al or Si is usually a challenging task, since high concentrations of these elements
ensure the formation of protective oxide scales on the one hand. On thearitiethey typically lead

to formation of undesired intermetallic phases such as Laves, sigma as vedinasides and
silicides.
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Rareearth element additions of Y, Ce, La etc. may potentially increase the high-temperature oxidation
resistance of alloys and allow to keep the concentrations of Cr, Al or Sirarderate levelSmall
additions of Y, for example, were reported to increase oxidation resistance arfsvalioys by: (i)
reduction in the scale growth rate, (ii) change in the scale growth nmigechdii) decreasing oxide

scale spallation and (iv) increasing the plasticity of the oxide scale thgraghrefinement [1517].

In particular, the beneficial effect of Y on the oxidation resistancE-& and Nb-Ti-Al alloys was
demonstrated. It was shown that with increasing Nb content higher concesti@tiy are required
though Y concentrations above 0.3 at.% should be avoided due to the excessive formation of
intermetallic compounds like A that lead to embrittlement [121]. ALY with C15-type crystal
structure, however, also has a positive impact by increasing the oxideadbaleence through the
formation of pegs [1&1]. Although the effect of rare-earth elements has bedansivey
investigated in common high-temperature materials, no studies have been repditedRblEAS to

the best of the authors’ knowledge.

Our previous research on microstructure and high temperature corrosion behavioeauisttemic
RHEA NbMoCIrTiAl revealed a multi-component microstructure containing a B2 ordeetdx
phase with small volume fractions (<0.5 vol.%) otNlly Laves phase (C14 type) and Al(Mo,Alb)
phase (A15 type) located predominately at grain boundarie422A moderate oxidation resistance
of this alloy was observed in the temperature range from 900 to 1100°C [22, 26hnhinuous,
protective scales form on the metallic surface. Instead, rather thick and porexssdagsisting of
mixed rutile- and corundum-type oxides were observed [22, 25]. It is cledh¢hiatrinsic oxidation
resistance of this alloy should be improved by modification of its chemicapasition, e.g. by Y
additions. In this contribution, new selected results on the equiatomic RHEA NbMoCafaAl
presented. The focus of this study is to explore the effect of 0.5 and lYah@tlitions to the
equiatomic alloy on the isothermal and cyclic oxidation behavior and to identifasbeiated
oxidation mechanism.

Experimental Procedures

The present study deals with the equimolar reference alloy NbMoCrTiAl and twooadbitilloys
which were modifiedby 0.5 at% or 1 at.% Y-additions and which are designated as
NbMoCrTiAI0.5Y and NbMoCrTiAIlY. All alloys were cast from elemental bulk materials by arc-
melting (arc-melter AM 0.5 by Edmund Bihler GmbH) in ~0.6 am.Before melting the elements
the residual oxygen within the processing chamber was gettered by liquefyingjlabidlte. The
purities of the bulk materials Nb, Mo and Al were 99.9%, while Cr, @iarhad purities of 99.9 %,
99.8% and 99.9, respectively. The prepared buttons were flipped and remelted for ivel¢iast$ in

a water-chilled copper mold to facilitate alloy homogenization. All alloysvesibsequently heat-
treated at 1300 °C for 20 h in &m atmosphere (see Table 1) to remove the dendritic microstructure
The ingots were cut by electrical discharge machining (EDM) to dimensions of apgtelyi 5 mm x

5 mm x 2 mm. The EDM surfaces polished up to grit 1200 and ultrasonically cleamthanol
directly before high temperature exposure to air.

Oxidation tests were carried out in a Rubotherm thermogravimetric systder isothermal and
cyclic conditions at 1000°C in laboratory air. For the cyclic oxidation experim@otsgycles
consisting of 1h each at 1000°C in the furnace followed by rapid cooling at room tempefature
15 min in air were conducted.

To analyse the oxide morphology, a Focused lon Beam - Scanning Electron Micros&&kp)l
DualBeam system of type FEI Helios Nanolab 600 equipped with a backscatteonel@38E)
imaging detector as well as an energy-dispersive X-ray spectroscopy (EBX)used. The crystal



84  structures of the samples apdoducts within the thermally-grown scales were analysed by X-ray
85 diffraction (XRD). For this, the samples were crushed to powders wittclpasizes below 40 um
86  whereas the oxidized samples were measured as a bulk specimen without any add:{anatiqn

87 directly after exposure. Th&RD measurements were conducted using an X’Pert Pro MPD

88 diffractometer operating in Bragg-Brentano geometry withK@uradiation. A Ni-filter to decrease

89 the beta radiation and divergence slits of 1 and 0.5° to achieve high intensities@intions was

90 used. In addition, the step size was set to 0.01°/sec with an acquisit®mfti4d5 s per step. The
91 substrates and the oxide phases were identified by using the Inorganic Crystalr&tatabase

92 (ICSD) in the HighScore Software (Malvern Pananalytical).

93 Results

94  Microstructures

95 The microstructures of NbMoCrTiAl without and with additions of 0.5 at.%l oat.% Y after

96 homogenization are shown in Fig. 1. As already presented in our previous studies &, &%

97  microstructure of the alloy NbMoCrTiAl shovesB2-ordered matrix with two intermetallic phases of

98 Cr,Nb Laves and Al(Mo, Nb) A15, which were identified to form predominately at the grain

99 boundaries. XRD investigations of the Y-free and Y-containing alloys, whictisplayed in Fig.2,
100 clearly indicate the occurrence of a B2 super lattice peak forlajlsaln the Y-containing alloys,
101 another Laves phase of C15-type was identified by means of XRD (Fig. X)akflysis revead a
102  stoichiometry similar to AY (not shown here). As indicated in Fig. 1, theYAls predominantly
103 formed at grain boundaries. In addition, minor amounts of Cl4-type Laves phase were observed
104 predominantly at the grain-boundaries; the formation of the A15 phase, howasarptidentified in
105 both Y-added alloys. The volume fractions of the various phases were determinedll@analysis of
106 BSE contrast images with ImageJ and are listed in Table 1. Obviously, the vioheten of AbY
107 phase, was found to be higher in the alloy with 1 at. % Y than in the alloy cogt@i®at% Y (see
108 Tade1l).

109 Tade 1: Designation of the investigated alloys, homogenization conditions, obgdraees and their
110 volume fraction determined.

alloy annealing conditions identified phases volume fractions
NbMoCIrTiAl 1300 °C, 20 h Matrix (B2) 99%

Al(Mo,Nb)s (A15) 0.5%

Cr:Nb (C14) 0.5%
NbMoCrTiAl0.5Y 1300 °C, 20 h Matrix(B2) 97.25%

Cr2Nb (C14) <0.5%

AlY (C15) 2.25%
NbMoCrTiAl 1Y 1300 °C, 20 h Matrix (B2) 94.25%

Cr2Nb (C14) <0.5%

AlL,Y (C15) 5.25%

111



112  Oxidation kinetics

113 In Fig. 3, the mass change curves of NbMoCrTiAl, NoMoCrTiAl0.5Y and NbMoCrTiAILlY in (a)
114 linear and (b) double-logarithmic plot during isothermal exposure to air at @08 shown.

115 Qualitatively, three distinctive stages can be recognized in each oxidatios: (stage I) transient
116 oxidation up to approximately 2 h with a strong increasing mass gain, (sjagewl oxidation

117  kinetics and (stage lll) a strong increase of the oxidation rates. The mage gles unit arealW/A4)

118 during isothermal oxidation over time can be explained as in equation (1) where n means th& oxidatio
119 rate exponent, t time and the oxidation constant. Using the double logarithmic plot of mass change
120 versus time, the kinetic parameters, i.e., oxidation rate exponamtl oxidation constant, kcan be

121  evaluated according to equation (2). The n aivbkues for the corresponding stages Il and Il of the
122  oxidation curves shown in Fig. 3 are listed in [Egh

123 (AW /A" =kt (1)
124 INAW/A = ~Ink, +-Int )

125 During the transient oxidation (stage I), the mass gains of both Y-contahoys are higher
126 compared to that of the Y-free alloy. Stage Il yields, on the contrary, loxigation rate exponents
127 and longer durations for both alloys NbMoCrTiAl0.5Y and NbMoCrTiAIlY compared to the parent
128 alloy (see Tale 2). In fact, NoMoCrTiAIlY shows oxidation kinetics obeying to a quartic rate law
129 (n =4.5) in this stage indicating highly protective oxide scales, whétels®CrTiAlI0.5Y exhibits

130 near-parabolic kinetics (n = 1.7). However, the stage Il is slightly longer fotldlyenath 0.5 at.% Y
131 than that with 1 at.% Y. The stage Ill of all alloys is characterizedduoglerated oxidation and
132 oxidation rate exponents near or below 1. It should be pointed out that the timeakaviay
133 oxidation, i.e. the transition from stage |l to stage Ill oxidation, appardatyeases with increasing
134  Y-content. Further, the oxidation kinetics of the Y-free alloy becomes owglytlglifaster in the Il
135 stage after approximately 8.5 h of oxidation, while the oxidation rates of ‘tentdining alloys
136 increase dramatically. Finally, the alloy with the highest Y content exhibitsghedt mass gain and
137 consequently the highest oxidation rate in the stHgeavhile the Y-free alloy possesses the lowest
138 corresponding values.

139 In Fig. 4, the mass change curves of the cyclic oxidation of alloys NbMoCrTiAl and NbMoCrTiAIlY
140 at 1000°C as linear plots are displayed and the corresponding oxidatioarealisted in Table 2. The
141 cycling oxidation experiments were stopped after 20 cycles, including 20 h in fimnatal and 5

142 in the cooling zone. The Y-free alloy exhibits overall lower mass gain up to Jsaamipared to the
143 Y-added alloy. However, as marked by the arrows in Fig. 4, abrupt increase of mass alhesudy
144  after three cycles indioca¢ a much earlier transition to stage Il oxidation for the Y-free alloy. In
145 contrast, the mass gain rate of the Y-added alloy continuously decreases up to 168f @ydtiion,
146 indicating the formation of closed, protective oxide scales. As marked by the bluaraffmw4, the
147  cyclic oxidation experiment was stopped right at the end of #itamaedation for NoMoCrTiAILY.
148 Comparing the oxidation kinetics of the isothermal and cyclic oxidation expesir(ssd Table 2p
149 short interval of parabolic oxidation can be observed for NbMoCrTiAl (n = 2liged by a linear
150 oxidation period with lower oxidation rates during cyclic oxidation compaoethe isothermal
151 conditions Although the parabolic period during cyclic oxidation of NbMoCrTiAl is relatiwtlgrt,
152 the parabolic oxidation rate is lower compared to the Y-added alloy.
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Tabe 2: Oxidation rate exponents (n) with regression coefficied} éRd n-dependent oxidation
constants k derived from a double-logarithmic plot using eq. (2). The subscriptaridm were used
to define linear (0.5<n<1.5), parabolic (1.5<n<25)- and quartic (3.5<n <4.5)i@xidat
constant, respectively. Oxidation rates with corresponding rate exponents outsidénitien range

(n < 0.5) are designated with the subscript n.

alloy stage| duration n R? oxidation rate ky
h
= Isothermal Oxidation
NbMoCrTiAl Il 1.7-8.5 1.5 0.98 ki = 1.210%*mg/cnt-h
I 8.5-48 0.8 0.99 ki = 3.510°*mg/cnt-h
NbMoCrTiAI0.5Y Il 1.5-21 1.7 0.98 ko = 2.010% mg?/cmt-h
I 21-48 0.4 0.99 kn = 6.410%mgY/cn?™h
NbMoCrTiAILY I 1.7-18 4.5 0.99 Kq = 8.910% mg¥/cmP-h
I 18-48 0.4 0.99 kn = 9.010%mgYcn?™h
Cyclic Oxidation
NbMoCrTiAl Il 1.4-3.2 2.5 0.97 ko = 2.310%2mg/cmt-h
1] 3.2-25 0.8 0.98 ki = 1.310°*mg/cnt-h
NbMoCrTiAILY Il 6.2-25 1.6 0.98 ko = 1.410% mg?/cmf-h

Corrosion products

To identify the corrosion products of the oxidized samples, XRD measurements on N@MpCrT
NbMoCIrTiAIO.5Y (results are not shown here) and NbMoCrTiAIlY after 10 min, 3 h arid &4
exposure to air at 1000°C were conducted (see Fig. 5). After thesttaxidation time, all alloys
show the formation of mainly rutile-type oxides (ICSD Code 9161), only smafidBpeaks of XOs
(ICSD Code 23811) are visible in the diffraction pattern of NoMoCrTiAlENMther oxides, namely
Al,Os (ICSD Code 88027) and £: (ICSD Code 167268), which possibly form corundum solid
solutions, were identified after 3 h of oxidation. For all alloys tren&tion of CrNbQ@ (ICSD Code
72275) and NiDs (ICSD Codes 29, 17027) after 3 h and 24 h of oxidation can be confirmed
Interestingly, YNbQ (ICSD Code 239207) was additionally found after 3 h and 24 h of exposure in
both Y-containing alloys. After 24 h of oxidation, the rutile-type oxides are thandamoxides
according to the XRD analysis.

The surface morphologies of the alloys NbMoCrTiAl and NbMoCrTiAILlY after 6hisothermal
oxidation at 1000°C in air are shown in Figs. 6 (a) and 6 (b), respectively. EDX meassrémoént
shown here) reveal the formation of Ti-rich oxide on the surface. The oxides formed on top of the pegs
further show high concentrations of Al and Y. The oxide scale formed on NbMoCrTiAl Bxhibi
cracks suggestive of poor adherence, especially at the sample cornerscdiftailving alloy shows,

on the contrarya less defective scale with only few cracks. Further, hillocks are glesible (see

Fig. 6 (b)) which result from the oxidation of thexAlphase as revealed by means of cross-section
micrographs and EDX-measurements (see for example Fig. 8 (c)).

Macroscopic and microscopic images of the surfaces after cyclic oxidatioa alidiigs NoMoCrTiAl
and NbMoCrTiAIlY are displayed in Fig. 6 (c) and 6 (d), respectively. The axige of the Y-free
alloys shows a severe tendency to spallation (see Fig. 6 (c)). By contrastiddecale of the alloy
NbMoCITIAILlY does not show any signs of cracks or spallation.



183 The oxidation behavior ahe alloy NbMoCrTiAl at 1000°C in air has been investigated and can be
184 found in [22, 25, 27]. In this study, only selected results arehpneEsented. The BSE-image of
185 NbMoCrTiAl after 10 min of exposure to air at 1000 °C shows an adherent maltethg.3 pm thin
186 oxide scale and an internal corrosion zone 4.diuthickness (see supplementary materials Fig. S1).
187  After 6 h of oxidation, oxide scales of various thicknesses (in averagmpaqusisting of rutile-type
188 oxides are formed beside to comparatbiy regions of the scales (see Fig. 7 (a)). In Fig.)7 tfte

189 BSE cross-section image of relatively thin scales formed on the alloy NbMoCriigl 24h

190 oxidation at 1000 °C in air is displayed. In fact, the same corrosion produetsdsatified compared
191 to those formed after 6 h of oxidation, However, the amount of thick andspmgionss increased
192 significantly. As marked in the images, the thick oxide scales are compasgiteetype oxide richn

193 Ti, Nb, Cr and Al. The comparably thin oxide scales exhibit a multi-layer steuctaluding an outer
194  TiO: layer and an inner layer composed of@| Cr.Os, CrNbGy and NhOs (see also [22, 25, 27]).
195 Below the oxide scale, internal corrosion zone indicated by needle-sAbg®dand spherical TiN
196 particles was identified. Besides, minor amounts of other nitrides lité Were confirmed by XRD
197 in our previous studies [22, 25].

198 The morphologies and the structures of the oxide scales formed on both Y-contaoyaged! very

199 similar. Therefore, results of the microstructural investigations of oehallioy NoMoCrTiAILY are

200 shown here. Figure 8 (a) shows the BSE cross-section image of NbMoCrTiAIlY after 10 min of
201 exposure to air at 1000 °C. The results of the XRD- and EDX-analyses (see Fig. 5 and supplementar
202 materials Fig. S2) reveal (similar to the Y-free alloy) the formation of aar outile-type TiQ oxide

203 scale. Below, a\l .03 scale was identified. At the metal/oxide interface, the formation of Nb and Ti-
204  rich oxides with rutile-type structure ahlb,Os was observed. After 6 h of exposure to air at 1000 °C,
205 an oxide layer consisting of rutile-type CrNbé@nd TiQ with embedded ADs particles is clearly

206 visible below the outer TiPscale (see Fig. 8 (b) and supplementary materials Fig. S3). Interestingly,
207 near the metal surface and close to CriNb@rich oxides were identified which, according to the
208 results of the XRD measurements, wes®yand YNbQ. Obviously, the AlY phase rapidly oxidizes

209 to yttria and alumina forming pegs between metal and the oxide scale. Withgaloxidation time,

210 the oxide scales consisting of mainly rutile-type mixtures of Nb, Ti, Cr arxides (see Fig. 8 (c), 8

211 (d) and supplementary material Fig. S4) become highly porous. According wstlies of the EDX

212 measurements, the Mo content in the oxide scale yields a negligibly low valuerethpaMo

213 oxidizes to the volatile Mo®which was found as white needleaped particles in the reaction
214 chamber after cooling. The internal corrosion zone consists, similar to theNddMpCrTiAl, of

215 needle-shaped ADs; and round-shaped TiN precipitates. Also, the internal corrosion along f¥ie Al
216 phase boundaries is clearly visilalel marked as “corrosion-path” in Fig. 8 (d).

217 BSE cross-section images of the alloys NboMoCrTiAl and NbMoCrTiAILlY after theccggidation
218 experiments (25h is the total test duration including 20h at 1000°C and 5h at Rii3phaged in
219 Figs. 9 (a) and 9 (b), respectively. The oxide scale formed on NbMoCrTiAl is tinig&lr (~60 pum)
220 and more porous than that formed on NbMoCrTiAI1lY (10-25 pm). According to the a6 EDX
221 investigations, the porous oxide layer on NbMoCrTiAl consists of Ti-, Nbs, Arich rutile-type
222  oxides (see supplementary materials Fig. S5). The oxide layer observed on thebMm@riAILY
223 generally resembles in appearance the one formed during the short-time isothediaizon. At the
224  metal/oxide interface, big pegs - oxidized regions of the forkhgf phase - are clearly seen. These
225 pegs consist, according to the EDX-investigation, of Al and Y-rich oxides (see Fig. & (@n be
226 assumed that the pegs contribute to the good adherence of the oxide scale. At taee interf
227 metal/oxide, Cr-, Nb- and Ti-rich mixed oxide layer were detected in addititre pegs (Fig. 9 (b)-
228 (c)).
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Discussion

The results presented above reveal that the addition of 0.5 at.% and Y ab%IbMoCrTiAl
significantly alters the alloy microstructure. The solubilityYoin the bcc phase of pure Nb, Mo and
Ta is known to be below 0.1 at.% even at temperatures of about 1000°C [28, 29]. Further)i¥ the A
system, AlY possesses a very high thermodynamic stability and solidus temperature of 15@°C. |
therefore conclusive that precipitatof Al.Y phase form even in the alloy with the lowest Y-
concentration of 0.5 at.%.

The Y additions also significantly influence the oxidation behaviour of the studied alloys. Oxide scales
formed on the Y-containing alloys are rather complex. In addition t@, W;0s, Al2Os3, CrOs,
MoQOs, CrNbQ, which were found as corrosion products on the Y-free alle@; ¥nd YNbQ were
identified on the Y-containing alloys..®; and YNbQ form according to equation (3) and (4),
respectively. These oxides were found at the metal/oxide interface, Wheewas also observeas
fine precipitates within the scale.

4ALY + 90, = 4 ALOs + 2Y>03 (3)
1/2 Y,04(s) + 1/2 NBOs (s) = YNDQ (s) (4)

The standard free energies of formation of the relevant oxides at 1000°C Vegitated using the
commercial software FactSage. The results are summarizedle3[dbterestingly, ¥YOs, Al2Os and
TiO, are by far the most stable oxides among the others. The rapid oxidatioglYohokbrding to
equation (3) appears conclusive taking into account: (i) the high thermodynannig dorce for the
formation of Y,0O; and AkOs; and (ii) a high number of phase boundaries which offer fast diffusion
paths.

Tale 3: Standard free energy of formation of relevant oxides at AD00

Oxide Cr203 Y203 Ti02 Al 203 |V|003 szOs YNbO4 CrNbO4
(rutile)

AG° -538 -1026 -713 -853 -293 -540 -783 -539

[kJ/mol

0]

The standard free energy of formation of YNbfas calculated considering equations (4) and (5
which were proposed in [30]. Apparently, the stability of YNk©substantially higher compared to
that of Nb,Os (see Table 3). Therefore, it is not surprising that YNk@s found at the interface
oxide/metal (see Fig.8 (b)). In our previous studies on NbMoCrTiAl [25], it was concihdedapid
growth of oxides scales is mainly attributed to the formatioNmOs accompanied by high volume
expansion and growth stresses-{34]. It can be speculated that the formation of denser and slowly
growing YNbQ instead of NBOs has a positive effect on the oxidation of the Y-containing alloys as
YNbO;, increases the fracture toughness of the oxide scale. It was found that tiyet@lilbsorb
cyclic stress, i.e. the damping capacity, of.®#stype ceramics can be improved by sintering with
Y203 forming a rutile-type oxide mixture of 95% YNb(BO0, 35].

AGvynbos= 1/2 (AGy203 + AGnb205) (5)

As discussed in the previous section, the oxidation behaviour of the YAue¥-eontaining alloys
during isothermal oxidation can be divided into three periods characterizedféngrndi oxidation
kinetics During transient oxidation, the mass gains of the Y-containing alloys leadychigher
compared to those of the Y-free alloy. Microscopic investigations (see sugppidesn materials Fig.
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S8) reveal very fasbxidation of the AlY phase forming stable oxidég.,0s; and Y,Os(see Take 3)
which clearly account for the higher values of the mass gain of the Y-dagtahtoys. With
progressive oxidation time, i.e. in the stagealsemi-continuous alumina layer probably effectively
decreases the oxygen inward diffusion and reasons the lower oxidation kineticse@hisery-
containing alloys (see Figs. 3, 8 (b) and 9). A similar phenomenon was also found inllother a
systems. For example, Y promotes an accelerated formation of alumina on Ti48AISN[2@/Iag]
After prolonged oxidation, i.e. during stage lll, the oxidation rates ineréasall alloys, for Y-
containing alloys, however, particularly dramatically. TheYAphases at the metal/oxide interface
seems to play a crucial role as its oxidation causes high local stirefisevicinity of theAl,Y phase
provoking crack formation and, finally, massive oxygen ingress. Sigfilects have been reported by
Zhao et al. [20]. They investigated the microstructure and high temperaturearxlathaviour of Ti-
45A1-8Nb alloy with various Y additions between 0.1 and 1 at.%. It was found tbahcentrations
above 0.1 at.% result in the precipitation of theYAphase along the grain boundaries. The high-
temperature corrosion resistance of alloys was increased by Y concentbsiseen 0.2 and 0.3
at.%. Lower Y contents had virtually no effect, while Y contents abovet®®@ led to pronounced
internal corrosion and provoked severe scale spallation.

Regarding the oxidation rate exponents of the allaygnificant deviataion from the ideal linear or
parabolic rate laws as observed. Linear oxidation refers to the formation of non-protective oxide
scales which exhibit cracks or flaws. Therefore, the oxidation rate is limpibedily to the phase
boundary reactionParabolic kinetics indicate that the oxidation process is governed by the difusivit
of ionic and electronic species through the oxide scale. In case of NbMoCrTfafléxamplea
guartic oxidation rate exponent was measured during isothermal oxidhatterestingly, quartic
oxidation rates were observed during oxidation of various high-entropy alloys, suchaSrTaAl

(n = 4.6) [25], TaMoCrAl (n = 4.4) [25] an@r-17.6Al-20.3M0-15.2Nb-2.9Si-13.4Ta-5.4Ti (n = 4.3)
[36]. As mentioned in the works of Lo et al. [36], these significant deviafrons the ideal parabolic
case might be attributed to the evaporation of gaseous specious such ag3Wlo@hich was
identified as white-yellowish precipitate in the furnace. Apparently, evaporatiMoQ;, even in low
contents, affects the mass change recorded during oxidation experiments suggestinglioze of
mass gain which, in turn, result in atypical oxidation rates such as gaavtimbkerved in this work.
Obviously, the determination of the correct oxidation rates of our RHBAmMay potentially form
MoOs needs additional thorough studies that will be performed in our futurarchseAs a first
approach, a method proposed by Azim et al. will be applied [38].

For the sake of comparison, the linear and parabolic oxidation rates of pure Ti, Nb as wofedn
Al,Os- and aCr,Os-forming Ni-based alloys are shown in Table 4. Obviously, the linear oxidation
rates of Ti and Nb are significantly higher than those observed for NoMoGwTiAlnd without Y-
additions (see Table 2). Possibly, the evaporation of Me@uces the linear oxidation rate of the
high-entropy alloys while any evaporation effects can be excluded during oxidatiGroofNb at
1000 °C in air. The parabolic oxidations rates observed during oxidation of the srite¥-added
NbMoCrTiAl alloys are comparable toahof a Cr.Os-forming Ni-based alloy whereas the alumina
forming alloy exhibits a significantly lower oxidation rate. In fabts is not surprising as none of the
alloys developed a fully-closed alumina scale during high-temperature oxiditiongh the alumina
scales on the Y-added alloys appeared more distinctive in the cross-section microggapfe (
example Fig.9 (b)). Again, it should be pointed out that the comparison of oxidatésnof RHEA
with those of Ni-based alloys should be considered critically because of the eleampotratioO; that
may occur during oxidation of RHEA.
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Table 4:Data on oxidation kinetics of Ti, Nb and tvidi-based alloys IN718Qr.Os-former) and
DD32 (Al,Os-former) at 1000 °C in air.

Substrate k (mgdYcn?" h) n Reference
Ti (pure) 7.8 1.0 | [39]
Nb (pure) 60.0 1.0 | [40]
IN718 (Cr.Os-former) 1.0- 10% 2.0 | [41]
DD32 (AlOs-former) 6.5- 10% 2.0 | [42]

During cyclic oxidation (within the | and Il stages of the corresponding isotieoxidation),
adherent and protective oxide layers form on the alloy NbMoCrTiAIlY, while the Y-freg all
exhibits loose, exfoliating and non-protective scales. Alh¥ phase oxidizes quickly forming pegs
(see Fig. 9(b)) which apparently increase the oxide scale adherence. This hymathd®s support by
experimental observation on Ti48AI8Nb-Y amdAl-Y alloys where rapid oxidation of & led to
the formation of oxide pegs improving the scale adherence18In Fig. 10, the stages I-lll and
their characteristic features occurring during isothermal oxidation of the “éinomg NbMoCrTiAl
alloys are schematically summarized.

It can be concluded that Y generally has ambivalent effect on the oxidation behaviour of the
NbMoCITiAl alloys. Initially, the fast oxidation of AY creates pegs between the oxide/metal
interface enhancing the scale adherence. Further, the formation of,\iht€ad of the fast-growing
Nb,Os reduces oxidation rate and increases the scale cohétievever, during the steady-state
regime further oxidation of AY increases local growth stresses within the metal/oxide interface
leading to crack formation and partial scale delamination. It can be assumed thatiarrexfuhe Y
concentration up to about 0.1 at.% to supress the formation of fiiermthe alloyNb-Mo-Cr-Ti-Al
might improve its oxidation behaviour.

Conclusions
Based on results and discussion presented above, following conclusions can be drawn:

0] The addition of Y leads to the formation of a highly stablg¥Alhase but suppresse®th
formation of the intermetallic phase Al(Mo,Nb)A15 in the equiatomic alloy
NbMoCIrTiAl.

(ii) The results of the isothermal oxidation reveal lower oxidation rates of ttwntdining
alloys in the initial stage because of the formation of YiNWZhin the multi-phase oxide
layer instead of the quickly growing Mbs that forms on the Y-free alloy.

(i) During the steady-state oxidation, the severe oxidatiofl of leads to crack formation
and oxide failure.

(iv) The rapid oxidation of A¥ causes the formation of pegs at the metal/oxide interface
accounting for the good scale adhesion during cyclic oxidation.

(V) To suppress the formation of Al in the equiatomic alloy NbMoCrTiAl, the
concentration of Y should be reduced, presumably up to 0.1 at.%.
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Figures

Fig.1l: SEM images (BSE contrast) of (a) NbMoCrTiAl, (b) NbMoCrTiAl0.5Y, and (c)
NbMoCIrTiAILY.
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Fig.2: Powder XRD patterns of NoMoCrTiAl, NoMoCrTiAl0.5Y, and NbMoCrTiAI1Y.
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Fig. 3: Oxidation kinetics of NbMoCrTiAl, NbMoCrTiAl0.5Y and NbMoCrTiAILlY during iketmal
exposure to air at 1000°C; (a) mass change curves and (b) double-logarithmaf phatss change
against time.
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Fig. 4: Linear Mass change cusvagainst time for NoMoCrTiAl and NbMoCrTiAI1Y during cyclic
oxidation at 1000°C in air. The arrows mark the onset of stage Il oxidatiorransition to linear
oxidation kinetics, for the corresponding alloys.
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Fig.5 Results of the XRD analysis after 10min, 3h and 24h of exposure to air at 1000°C; (a)
NbMoCrTiAl and (b) NbMoCrTiAILY.



Fig. 6: Surface morphologies of NbMoCrTiAl and NbMoCrTiAIlY (a), (b) after 6h of isothk
oxidation at 1000°C in air as well as (c), (d) after the cyclic oxidation experiments.
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Fig. 7: Oxide scales formed on the alloy NbMoCrTiAl after oxidation at 1000°C; (a) B&geiafter
6h of oxidation showing areas with thick and thin oxide scales and (b) high magmificaage ofa
thin oxide scale formed after 24h of oxidation.
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Fig 8: BSE cross-section image of NboMoCrTiAILY after isothermal oxidatiofo(a)Omin, (b) 6h, (c)
12h and (d) 24h at 1000°C in air.



Fig. 9: Oxide scale formed after 24h of cyclic oxidation; (a) BSE cross-sectidbM6CrTiAl, (b)
BSE cross-section of NoMoCrTiAIlY and (c) corresponding EDX mapping of (b).
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Fig. 10 Oxidation behavior of Y-containing NbMoCrTiAl alloys during oxidation at 100&)CStage
| + II: Formation of a protective multi-phase oxide layer and pegs, (b) Stagexidation along th
Al,Y phase provokes crack formation and failure of the protective oxide layer.



