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The microstructure and oxidation behavior at high temperatures ranging from 900 °C to 1100 °C
of equiatomic CrMoNbTaV high-entropy alloy produced by vacuum arc melting were investi-
gated. The phase component, microstructure, and microhardness of the alloy were examined by
using X-ray diffraction, scanning electron microscopy equipped with an energy-dispersive X-ray
spectroscope, and Vickers hardness tests, respectively. The as-cast alloy consists of a single
body-centered cubic (BCC) refractory metal solid solution due to the high mixing entropy effect
and exhibits a dendritic microstructure. The alloy has a very high microhardness value of 923 HV
due to the strong solid solution strengthening effect. The average microhardness in interdendrites
(950 HV) was higher than that in dendrites (896 HV) because of composition segregation.

The oxidation kinetic curves of the alloy after exposure to air at 900 and 1000 °C follow the
pseudo-parabolic rate law, while the mass gain increases first and then decreases at 1100 °C. The
thickness of the oxide layer increases with the increasing of oxidation time. The long rod-shaped
oxidation products are composed of Nb,Os, NbO,, CrTaO,, CtNbOy,, TagVO,5, NbgVO,5, and
TaO after oxidation at 900 and 1000 °C for 25 h. The oxides of CrTaO4 and CrNbQO, disappear as
the oxidation temperature elevated to 1100 °C.

I. INTRODUCTION

High-entropy alloys (HEAs), a new alloying concept,
which originally proposed by Yeh et al.'™* According to
this experimentally supported concept, the high entropy of
mixed different metallic elements (generally =5) with near
equimolar concentrations can considerably decrease the
Gibbs free energy and stabilize disordered solid solution
phases with relatively simple crystal structures rather than
forming the conventionally expected complex intermetallic
phases. Since proposed, a number of HEAs have attracted
extensive research attention for both functional and
structural applications due to the simple phase composition
and excellent properties, which mainly consist of face-
centered cubic (FCC) and/or body-centered cubic (BCC)
crystal structures. So, HEAs have demonstrated favorable
combinations of microhardness, strength, ductility, oxida-
tion resistance, thermal stability, and corrosion
resistance.”'' Among all these investigated HEA systems,
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the microstructures and properties of HEA systems with
elements, such as Al, Cu, Co, Cr, Fe, Mn, Ni, Ti, and V,
have been widely studied >~+6-8:10-14

Recently, to develop new alloys for elevated-
temperature applications in advanced gas turbines or
airplane engines, intensive research efforts have been
devoted to refractory HEAs based on refractory elements
such as Ta, Mo, W, Nb, Hf, Ti, V, and Zr. To the authors’
knowledge, the concept of refractory HEAs is proposed
by Senkov et al. at 2010."° Since then, more and more
researchers began to study and investigate refractory
HEAs. A series of refractory HEAs are reported, which
show very encouraging properties. For example, the
TaNbH{fZrTi alloy has high compression yield strength
(Go2 = 929 MPa) and very high ductility (¢ > 50%),'°
the MoTaWNDbV alloy has high microhardness (HV 5 =
7576 = 201 MPa) and shows good wear resistance,'” and
other refractory HEAs such as NbTiVZr, CrNbTiZr,
X-NbTaTiZr (X = Al, V, Cr, and Sn), HINbTaTiZr,
and HfNbTiVSios also exhibit great properties.'®2!
These refractory HEAs consist of single BCC solid
solution phase and are proved to be usable at high
temperatures due to their high strength, but the oxidation
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studies on the HEAs or equimolar alloys are not been
extensively investigated.”**

Based on the analysis above, a new refractory HEA
CrMoNbTaV has been prepared in this work. The
purpose of the present paper is to analyze the micro-
structure, microhardness, and high temperature oxidation
behavior of the equiatomic CrMoNbTaV HEA.

ll. EXPERIMENTAL PROCEDURE

The CrMoNbTaV HEA is prepared by vacuum arc
melting in a water-cooled copper crucible under a Ti-
gettered high-purity argon atmosphere. To synthesize the
CrMoNbTaV HEA, first high-purity Cr, Mo, Nb, Ta,
and V are compacted before being arc-melted. The
purities of raw elemental materials Cr, Mo, Nb, Ta,
and V are 99.7%, 99.95%, 99.95%, 99.95%, and 99.7%,
respectively. The prepared buttons are flipped over and
remelted at least four times to ensure the compositional
homogeneity. X-ray diffraction (XRD) analysis is carried
out on a Rigaku D/max2550VB diffractometer (Rigaku,
Tokyo, Japan) with Cu K, radiation and graphite mono-
chromator operated at 40 kV. The diffraction peaks are
identified using MDI Jade 6.0 software (Materials Data,
Inc., Livermore, California). The microstructure and com-
position analysis are investigated by means of a scanning
electron microscope (SEM; JSM-6360LV, JEOL, Tokyo,
Japan) in the backscattered electron (BSE) mode equipped
with an energy-dispersive X-ray spectroscope (EDS). The
microhardness of the CrMoNbTaV HEA is measured on
polished cross-sectional surfaces using a Vickers diamond
pyramid under 9.807 N load applied for 15 s. For the
oxidation tests, samples with dimension approximately
4 mm X 4 mm X 3 mm are cut from as-cast bars. They
are ground to 1000 grit and polished in distilled water, then
ultrasonically cleaned in ethanol to remove any dirt and
grease. These samples are dried by electrothermal air blow
drying cabinet before the tests. Isothermal oxidation tests of
the samples are carried out at different temperatures (900,
1000, and 1100 °C) in air with the exposure times of 5 h, 10
h, 15 h, 20 h, and 25 h, respectively. Before and after
oxidation experiments, the weight of the samples is
examined and recorded by using an electronic balance with
0.0001 g sensitivity. The morphology and composition of
oxidation products is analyzed by using the same experi-
mental techniques as mentioned above. The cross section of
the oxide scales is observed and analyzed by SEM.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD pattern of the as-cast
CrMoNbTaV HEA. According to the XRD pattern
analysis, it reveals four sharp diffracted peaks at 20 =
39.7°,57.5°,72.2°, and 85.2°, which corresponded to the
reflection planes of (110), (200), (211), and (220),

respectively. This observation confirms that the as-cast
alloy has a single BCC structure like many other re-
fractory HEAs such as, HfNbTiVSiy s,>! TiZrHfNbTa,>
Moy sNbHf, sZrTi,>* and MoNbHfZrTi.>> And the lattice
constant of the BCC structure is 0.320 nm. Back
scattered-electron (BSE) SEM images of the as-cast alloy
are presented in Figs. 1(b) and 1(c). It can be seen that the
dendritic microstructure is obviously formed in the
CrMoNbTaV alloy, which is typical of as-cast ingots.
The dendrite arms appear to be more brighter (in terms of
SEM image contrast) than the interdendritic regions. The
dendrites are slightly rounded and rather branched in
shape. The EDS analysis results show that the dendrite
region is enriched in Mo and Ta elements with relatively
higher melting points. By contrast, the interdendritic
region is enriched in Cr and V elements which have
lower melting points. The distribution of the Nb element
with moderate melting point between dendrite and
interdendritic is relatively uniform.

Based on the previous studies, there are five
parameters in formulating thermodynamic rules for the
formation of the HEA phase: the atomic radius difference
(9), the mixing enthalpy (AH.;y), the mixing entropy
(ASmix), the electronegativity difference (Ay), and the
valence electron concentration (VEC). They are defined
by Egs. (1)—(5), respectively.

26-29

where, c; is the at.% of the ith element, r; is the atomic
radius of the ith element, 7 is the average atomic radius of
all the alloying elements in the present system, and # is
the number of components. The numerical factor 100 is
used to amplify the data for clarity; and

AHmix = Z Q,:/-CiCj, Q,:/‘ = 4AH$B( s (2)
i=1,i#j

where AHAB is the mixing enthalpy of binary AB atomic

. mix
pairs; and

ASmix = —R Z Ci In ci (3)
i=1

where R is the universal gas constant; and
) n
0% =Y . @
i=1

where y; is the Pauling electronegativity of ith element
and ¥ is the average Pauling electronegativity of all the
alloying elements in the present system; and
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VEC = "(VEC), , (5)

i=1

where (VEC); is the valence electron concentration of ith
element.

The at.% (c;), the atomic radius (r;), the Pauling
electronegativity (y;), and the valence electron concen-
tration [(VEC),] of each element are exhibited in Table L.
Meanwhile, as shown in Table II, the chemical mixing
enthalpy (AHAB) of the binary equiatomic alloy was
calculated based on Miedema’s model proposed by Sun
et al.,>* to calculate the thermodynamic parameters for
the present system. According to Egs. (1)—(5), the
thermodynamic parameters of the CrMoNbTaV HEA
are calculated in Table III.

Guo et al.*” showed that solid solution phases only
form when the three parameters, 8, AH;x, and AS,;, are
satisfying these criteria: 0 =< 6 = 8.5, —22 =< AH;;, =
7 kJ/mol and 11 = AS;ix = 19.5 J/(K mol), respectively.
In this study, the calculated values of & (6.95), AH ;i\
(—4.64 kJ/mol), and AS,,;x [13.38 J/(K mol)] are well

e
Element Cr Mo Wi Ta v

Dendrite (A) 120 26.2 2Ly 236 163

Interdendrite (B)

39

.

(€

FIG. 1. XRD pattern (a) and BSE SEM images of the as-cast HEA CrMoNbTaV: (b) low magnification SEM image and (c) high magnification
SEM image with EDS analysis results (at.%).

TABLE I. The at.%, the atomic radius, the Pauling electronegativity,
and the VEC of each element in HEA CrMoNbTaV.

Atomic percentage Atomic radius  Electronegativity
Element (c) (/A o VEC*
Cr 0.2 1.249 1.66 6
Mo 0.2 1.363 2.16 6
Nb 0.2 1.429 1.60 5
Ta 0.2 1.480 1.50 5
\% 0.2 1.316 1.63 5

TABLE II. The chemical mixing enthalpy (AHAZ) of binary equia-
tomic alloys calculated by Miedema’s approach.

AHAE (kJ/mol) Mo Nb Ta \%
Cr 0 -7 —7 -2
Mo . -6 -5 0
Nb . e 0 —1
Ta . .. . -1

within the criteria. Guo et al.?’ also found that the valence
electron concentration (VEC) plays a decisive role in
determining the FCC- or BCC-type solid solution in
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HEAs, and specially larger VEC (=8) favors the formation
of FCC-type solid solutions, while smaller VEC (=6.87)
favors the formation of BCC-type solid solutions. FCC
and BCC coexist when VEC is larger than 6.87 and less
than 8. The value of VEC is 5.4 in the present work, which
indicates that BCC solid solution could exist steadily in
our synthesized alloy, agreeing with the experimental
results.

However, Guo et al.”” thought that Ay almost does not
have an effect on the formation of the solid solution
phase. But Singh et al.*® found that Ay is also an
important factor in predicting solid solution formation;
when Ay = 10%, compound phases are also likely to
form along with HEA solid solution. In this study, Ay is
calculated to be 23.13%; however, reflections of BCC
single solid solution without compound phase are iden-
tified for the as-cast CrMoNbTaV HEA [Fig. 1(a)]. This
result is well consistent with the criteria for the formation
of solid solution of Guo et al.*’

Microhardness measurements should provide first in-
sight into the mechanical properties of the alloy at room
temperature,”’ carried out on the as-cast sample. As
expected, the interdendric regions show higher micro-
hardness values compared to the dendrite areas. As
shown in Fig. 2, the average microhardness value of
the interdendritic regions is about 950 HV, while the
corresponding value for the dendrite regions is about
896 HV. It may be caused by the content of element Cr,
which in the interdendritic regions is higher than that in
the dendrites regions. Compared to other HEAs such as

TABLE III. Calculated parameters 8, AHpix, ASmix, AY, and VEC for
CrMoNbTaV HEA.

Parameters S AHix (kJ/mol)  ASnix [J/(K mol)] Ayx/% VEC

Value 6.95 —4.64 13.38 2313 54

1100

1050 |- &=

1000 |- ¥

w

w

o
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900 - "
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FIG. 2. The microhardness values and SEM images of dendrite and
interdendrite regions of the as-cast HEA CrMoNbTaV.

TaNbHfZiTi (390 HV),'® AlCrFeNiMoy, (465 HV),*
and NbCrMoy sTao sTiZr (539 HV),*? the microhardness
value of this alloy is much higher for the reason of the
large difference of the atomic radius between the element
Cr and other four elements. This difference makes the
alloy has more significant lattice distortion effect, which
strengthens the alloy so as to improve the microhardness.
The microhardness indentation carried out on the as-cast
sample clearly demonstrates the ductile nature of the
alloy since cracks are neither detected in the dendrites nor
in the interdendritic regions.

Figure 3 shows thermogravimetric curves of the
CrMoNbTaV HEA in the as-cast condition during expo-
sure to laboratory air at 900, 1000, and 1100 °C. The
oxidation kinetic curves at 900 and 1000 °C show the
same tendency that the mass gain increases as the exposure
time extends. The oxidation kinetic curves obtained at 900
and 1000 °C obey pseudo-parabolic rate law indicating
that the growth of the oxide scale proceeds through solid
state diffusion. And the oxidation rate at 1000 °C is
substantially higher than that at 900 °C, and it reveals that
the oxide scales belong to the nonprotective oxide scales.

To understand whether a simple kinetics law can
apply, the curves can be fitted by an equation model** as

AM, = k,t | (6)

where AM,, is the mass grain per unit surface area of the
specimen, ¢ is the exposure time, and k, is the rate
constant. The rate constant k, and exponent n were
evaluated from the linear regression fitting of In(AM)
versus In ¢ data. And the relationship®* of the two data is
as follows:

ln(AM):llnt—f—llnkn . (7)
n n

And after taking logarithm of mass gain and exposure
time, the oxidation kinetic curves of this alloy at 900 and

50 —
.+9UU-C
[ | —=—1000°C
40 l——1100C
a0t
E
E
520 L
2 /
10k
0 A L A L i 1 A L A L
0 5 10 15 20 25
Time(h)

FIG. 3. Oxidation kinetics curves of the HEA CrMoNbTaV.
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1000 °C obey pseudo-parabolic growth kinetics, and the
values of n of this alloy after oxidation at 900 and
1000 °C for 25 h are 0.95 and 1.00, respectively.
However, the thermogravimetric curve for 1100 °C
shows a different tendency compared to that at 900 and
1000 °C. With the exposure time increasing, the mass
change is found to increase first at 5 h, followed by
continuous reduction. This may result from the fact that
the oxide scale of this alloy after 1100 °C oxidation is
likely to be detached from the matrix with the oxidation
time increasing. It is proved that the oxidation behavior

/s

100jim
wp &

of this alloy is greatly influenced by the oxidation
temperature.

Figure 4 presents the surface morphologies of the
oxides after oxidation at 900, 1000, and 1100 °C for 25 h.
The SEM micrographs reveal that a thick and continuous
oxide-rich region is formed on the surface of this alloy,
and the morphologies of the oxides formed at 900, 1000,
and 1100 °C are similar. After oxidation at these three
temperatures, long rod-shaped oxidation products are
observed on alloy surface. It can be seen that the size
of long rod-shaped oxidation products at 1100 °C is

FIG. 4. BSE SEM images and EDS analysis results (at.%) of the surface morphologies after oxidation at (a and b) 900 °C, (c and d) 1000 °C,

(e and f) 1100 °C.
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FIG. 5. XRD pattern of the CrMoNbTaV HEA after oxidation for
25 h.
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somewhat larger than those of 900 and 1000 °C. One can
note that all the oxidation products at these three temper-
atures show a trend of directional growth. The different
oxides that are observed by the energy spectra analysis
are marked in Figs. 4(b), 4(d), and 4(f). The EDS results
show that most of the oxides are rich in Ta, Nb, and V.
With the oxidation temperature increasing, the content of
O increases gradually while the contents of Nb, Ta, and V
decrease.

Figure 5 shows the XRD results of the surface oxides
of this alloy after oxidation at 900, 1000, and 1100 °C for
25 h. It can be noted that the oxidation products formed
on the alloy surfaces are similar at 900 and 1000 °C,
being mainly Nb,Os, NbO,, CrTaO,4, CrNbOy, TagVO,s,
NbyVO,s, and TaO. As the oxidation temperature is
elevated to 1100 °C, it can be seen clearly that all the
peaks of CrTaO, and CrNbO, disappeared. The
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FIG. 6. BSE cross-sectional micrographs of the scales formed on the CrMoNbTaV HEA oxidized for 25 h at (a) 900 °C, (b) 1000 °C, and (c) at

1100 °C.
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TABLE IV. Quantitative EDS chemical analyses (at.%) of the
oxidation products indicated in Fig. 6.

Element Cr Mo Nb Ta A% (0]

A 17.89 10.98 13.93 16.61 11.65 28.94
B 12.46 . 10.43 11.65 8.74 56.73
C . e 15.77 12.42 6.50 65.31
D 11.12 6.17 11.35 11.43 8.59 51.34
E 10.82 . 10.38 12.13 8.70 57.97
F .. . 17.32 13.70 5.06 63.92
G 6.14 7.38 6.94 7.43 7.59 64.53
H 14.23 .. 8.22 10.06 6.08 61.42
1 17.11 11.40 2.74 68.76

disappearance of CrTaO4 and CrNbO, in the oxidation
products at 1100 °C can be mainly attributed to the
detachment of oxide scale from the matrix caused by
oxidation temperature increasing.

To further investigate the oxide-rich region, the char-
acteristics of cross sections are analyzed by SEM in
Fig. 6 with corresponding EDS in Table IV. The images
in Fig. 6 reveal that a thick and continuous oxide scale is
formed on the surface of this alloy after oxidation at 900,
1000, and 1100 °C for 25 h. The thicknesses of oxide
scales are measured to be about 530 pm, 1132 pm, and
600 pm at 900 °C, 1000 °C, and 1100 °C, respectively.
From the pictures we can see that the morphologies of
oxide scales at different oxidation temperatures are very
similar. All the oxide scales can be divided into three
regions: (I) a thin and attached to the substrate region, (II)
a thick and porous oxide mixture, and (III) a relatively
thin outer region. The innermost layer (region I), usually
a diffusion layer, is thin and dense. A distinct crack
is observed in the region I after oxidation at 900 and
1000 °C, while more cracks are formed in it as the
oxidation temperature increased to 1100 °C. Region II
with the largest thickness is composed of two micro-
structures, namely gray and white regions. In region II,
more pores can be observed as compared with the case in
regions I and III, indicating that the structure of oxide
scale is looser. The outer oxide layer (region III) consists
almost entirely of white phase. In addition, all the oxide
scales at these three temperatures exhibit a slight ten-
dency to flake.

The EDS analysis of the oxide scales in Table IV
reveals that the scales consist of a mixture of Cr, Mo, Nb,
Ta, and V oxides. The enrichment of Mo is only found at
the interface oxide/substrate, which indicates that the
evaporation of Mo oxides can be neglected.” According
to the EDS analysis, the gray region in region II consists
of a mixture of Cr, Nb, Ta, and V oxides, and the white
region consists of a mixture of Nb, Ta, and V oxides. To
sum up, the oxide scale consists of three regions: (I)
a mixture of Cr, Mo, Nb, Ta, and V oxides, (I) a mixture
of Cr, Nb, Ta, and V oxides, and (III) a mixture of Nb,
Ta, and V oxides.

Based on the above results and discussion, the oxida-
tion behavior of the CrMoNbTaV HEA can be summa-
rized as follows. There is a thick and porous oxide layer
formed on the surface of this alloy after oxidation at high
temperature ranging from 900 °C to 1100 °C. This is
mainly because that this alloy contains Mo and V
elements, both of which have negative effects on the
high-temperature oxidation behavior of the metallic
material. The chemical stability of the Mo element is
relatively lower, and Mo will react with O in the air when
the temperature increases to 600 °C. The corresponding
oxidation product MoOj is volatile with low melting
point of 795 °C. The volatile process of MoOj can cause
the structure of oxide scale loose and porous so that the
alloy surface can not form a dense oxide thin layer. As
a result, the alloy will have been “destructive” oxida-
tion.>® This is also the reason why there is no Mo element
observed on the surface of the oxide layer. Adding too
much V element will be adverse to the high temperature
oxidation resistance of the alloy. This is because that V
oxides including VO, VO,, and V,0s5 all have a low
melting point and easy to volatilize at high temperature.
With the oxidation temperature increasing, V oxides
come out from the alloy oxide scale, which destroys
the formation of the dense oxide layer.*®

IV. CONCLUSIONS

In this paper, the microstructure, microhardness, and
high temperature oxidation behavior of the equiatomic
refractory HEA CrMoNbTaV are investigated. The main
findings can be summarized as follows:

(1) The as-cast CrMoNbTaV HEA exhibits a dendritic
microstructure with single BCC phase. The EDS analysis
reveals that the dendrite region is enriched in Ta, Nb, and
Mo, whereas the interdendritic region is enriched in Cr
and V.

(2) The alloy has a very high microhardness value of
923 HV due to the strong solid solution strengthening
effect. The average microhardness value in interdendrites
(950 HV) was higher than that in dendrites (896 HV)
because of composition segregation.

(3) The oxidation kinetic of the alloy after exposure to
air at 900 and 1000 °C follows the pseudo-parabolic rate
law, while the mass gain increases first and then
decreases at 1100 °C. The metal surface is largely
covered by thick, porous, and nonprotective oxide scales
consisting of a mixture of various oxides. The thickness
of the oxide layer increases with the increasing of
oxidation time. The long rod-shaped oxidation products
are composed of Nb,Os, NbO,, CrTaO,, CrNbOy,
TagVO,5, NbgVO,5, and TaO after oxidation at 900
and 1000 °C for 25 h. The oxides of CrTaO, and
CrNbO, disappear as the oxidation temperature is ele-
vated to 1100 °C.
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