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Formation of the o phase has been observed in quite a few high-entropy alloys (HEAs) recently. The o phase significantly enhances
the hardness of the alloys but reduces their ductility. Thus, controlling the formation of o phase through proper design is critical for
HEAs. However, theories to predict the o phase formation based on HEA composition are still not available. Here, we demonstrate
that the o phase formation is directly related to the valence electron concentration (VEC) of the alloy. The o -phase-forming VEC
range was systematically studied and revealed. Such finding is of crucial importance to the future design of HEAs.
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High-entropy alloy (HEA) is a new class of metallic
material featuring more than five principal elements. [1]
Studies have shown that this kind of alloy can have
high strength/hardness,[2—4] superior resistance to ther-
mal softening,[5,6] outstanding resistance to wear and
corrosion,[7] and good thermal stability.[8] Thus, these
alloys have received significant attention recently. Due
to their equimolar or near-equimolar composition, HEAs
have high configuration entropy that enhances the for-
mation of solid solution phases. Thus, the majority of
as-cast HEAs form solid solution phases that have sim-
ple structures such as body centered cubic (BCC) and
face centered cubic (FCC).[9,10] However, recent stud-
ies show that the as-cast solution phases may transform to
intermetallic phases when the alloys are aged at interme-
diate temperatures.[4,7,11—14] Since high-temperature
structural component is an important potential applica-
tion of HEAs, the formation of intermetallic phases at
intermediate temperatures and its effect to the properties
of HEAs becomes a critical issue. In particular, the for-
mation of sigma phase is frequently observed in aged
HEAs.[4,11-13,15,16] Sigma phase is a very hard but
brittle phase, so its formation leads to significant changes
in mechanical properties. For example, the formation
of a sigma phase matrix in AlsCrs;FessNiyTig hard-
ens the alloy to HV 950 but reduces the K;¢ to ~5.[14]
Consequently, controlling the formation and amount of

sigma phase according to the desired application is vitally
important to the design of HEAs.

Sigma phase forms between so-called 4 and B
elements, where A is usually a group VB or VIB element
and B is usually a VIIB or VIIIB element.[17] o is known
as an electron compound, which means its formation is
closely related to the electron concentration of the outer
shell. This characteristic provides the foundation for the
theories to predict the formation of o phase. For exam-
ple, PHACOMP [18,19] and new PHACOMP [20] were
proposed to predict the o phase formation in superalloys.
The PHACOMP method evaluates the average number of
holes (N;,) based on the composition of the gamma matrix.
When Nj, is higher than a critical value, the o phase is
likely to form. In contrast, the new PHACOMP approach
calculates the average energy level of the d-orbital (M)
of Ni3Al. The o phase formation is expected if alloy-
ing leads to a M, value higher than the threshold value.
These predictive methods provide valuable guidelines in
the development of superalloys. However, they cannot be
used to predict the o phase formation in HEAs. This is
because they are based on the premise that the o phase
precipitates from an FCC matrix with a known compo-
sition, which is apparently not the case for HEAs. For
example, in the Aly3CrFe; sMnNigs alloy, the dendrite
region is composed of B2 precipitates embedded ina BCC
matrix.[13] During annealing at 700°C, the BCC matrix
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transforms into the o phase directly without changing its
composition, just like the case in the Fe—Cr binary sys-
tem. Therefore, in HEAs, the o phase formation can be
totally different from the above premise: they can form
from BCC phase without precipitation.

Here, we propose a simple parameter, the average
valence electron concentration (VEC), as a predictive
index for o phase formation in HEAs. We start from
the Al-Cr—Fe—Mn—Ni alloy system, which is known to
form a large amount of o upon aging between 600°C and
900°C.[4] The VEC in AI-Cr—Fe—Mn—Ni was changed
systematically to observe the effect of VEC on the for-
mation of o phase. Then, a series of test alloys with
VEC values spanning from 6.27 to 8.44 was designed
to determine the o-phase-forming VEC range. Finally,
the high-temperature phase-stability information of other
HEAs available in the literature was analyzed to test the
efficacy of the VEC theory. The targets of our analysis
include HEAs containing Cr and/or V as 4 elements.
The other known 4 element in HEAs, Mo, is not con-
sidered in the present research because the number of
Mo-containing alloys available is not sufficient for a
reliable analysis yet.

The HEAS studied in the present research were pre-
pared by vacuum arc-melting. Raw materials with purities
higher than 99.5% were melted in Ar for at least four
times to ensure the materials were well-mixed in their
liquid state. The Al,CrFe;sMnNigs alloys were aged
at 700°C for 1, 2, 5, 10, 20, and 50h in air, and sub-
sequently air-cooled. Other alloys were aged at 700°C
for 20 h to allow the o phase formation. Crystal struc-
tures were identified using an X-ray diffractometer (XRD)
(Rigaku ME510-FM2) in the 6 — 26 configuration. A Cu
K, radiation operated at 30kV, 20mA was used, and
the scanning speed was 4 min~'. Hardness was measured
using a MATSUZAWA SEIKI MV-1 hardness tester with
a load of 5kg. The VEC of an alloy is the weighted
average VEC value of the constituent elements: VEC =
>, ci(VEC);, where n is the number of components in
the alloy, ¢; and (VEC); are the atomic concentration, and
the VEC of component ;.

Figure 1 shows the XRD patterns of the
Al,CrFe; sMnNig s alloys. Alloys with x = 0, 0.3, 0.5,
0.8, 1.2 will henceforth be referred to as A10, Al10.3, Al0.5,
Al0.8, and Al1.2, respectively. Since Al has a small VEC
value (VEC = 3), Al is the most effective choice to mod-
ify the VEC of the alloy. It is seen that the main structure
of the alloys changes from FCC (Al0) to FCC + BCC
(Al0.3), and eventually to solely BCC (Al0.5, Al0.8, and
All.2). This trend agrees well with the general under-
standing that Al is a very effective BCC former.[9,21]
Moreover, the trend also agrees with the conclusion of
Guo et al., which states that VEC plays a decisive role
in the phase formation of as-cast HEAs.[22] Guo et al.
suggested that when the VEC of the alloy is larger than 8,
FCC phases are stable; when VEC is smaller than 6.87,
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Figure 1. XRD patterns of the as-cast Al,CrFe; sMnNig s
alloys.
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Figure2. XRD patterns of the Al,CrFe; sMnNiy 5 alloys after
aging at 700°C for 20 h.

BCC phases are stable. When the VEC is between these
two values, BCC and FCC phases co-exist.[22] The VEC
of Al0.8 and All1.2 falls below 6.87 and thus BCC phase
is expected. Although the main phase in Al0 alloy is FCC,
it is noted that the o phase already exists in as-cast state.
As for Al0.3 and Al0.5, XRD peaks corresponding to the
o phase appear after aging at 700°C for 20 h (Figure 2). In
fact, o phase peaks are already detected after a short aging
time of 2h (XRD pattern not shown here). In contrast,
the patterns of Al0.8 and All.2 remain almost unchanged
after aging for 20 h. The o phase was not observed even
after a long aging time of 50 h (XRD pattern not shown
here). This shows that for these two alloys, aging does
not lead to the o phase formation. The above results
demonstrate the substantial influence of Al content on
the o phase formation. The o phase is suppressed by the
increase in Al in Al,CrFe; sMnNiy s alloys. The VEC of
these alloys are listed in Figures 1 and 2. It is seen that
the o phase is suppressed when VEC is smaller than a
critical value.

Although the effect of VEC is clearly observed in
the Al,CrFe; sMnNig 5 alloys, the VEC range attainable
in these alloys is not sufficiently wide. This is because
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Table 1. Composition and VEC of the test alloys designed in this study.
Phase after

Designation Alloy VEC 700°C aging

T1 Alg 5CrFeNiTiV 6.27  Heusler 4 Laves (C15)

T2 AlCoq 5Crg sFeg. sMnNiV 6.64 BCC

T3 AlCoq 5Crg5FegsMnNiVys 6.8 BCC

T4 AlCo1 5CrpFe; sMnyNiV 6.95 o

T5 Alp.4CoCrFeMnNiV 7.2 o

T6 Alp3CoCryFeNi 7.53 FCC + o + BCC

T7 Cog.5CrFeMn; 5Ni 7.80 FCC + o

T8 CoCryFeNi 7.80 FCC+o

T9 Alp3CoCrFeNi 7.88 FCC

T10 CoCrj 25FeMng »5Ni 8.06 FCC

TI1 CoCrg 75FeMng 75Ni 8.19 FCC

T12 CoCrFe0.5Mng 5Nij 5 8.33 FCC

T13 Co1.5Crg 5FeMng sNi 8.44 FCC

Note: The phases in each alloy after aging are also listed.

except Al, the VEC values of composing elements in
Al-Cr—Fe—Mn—Ni are similar. Therefore, within the com-
position range of HEAs (i.e. concentration of any major
element should be between 5 and 35 at.%), variation of
VEC in AI-Cr—Fe-Mn—Ni alloy is limited. In order to
probe the effect of VEC on the o phase formation over a
wider spectrum of VEC, a series of test alloys with differ-
ent composing elements and VEC values spanning from
6.27 to 8.44 was designed. As-cast test alloys were aged
at 700°C for 20 h to allow the o phase formation. Seven
hundred degree Celsius was selected as the aging temper-
ature because virtually all Cr- and V-containing binary
o phases are stable at this temperature.[23] Moreover, it
also offers rapid reaction kinetics so that 20 h is more than
sufficient for o phase to form. After aging, the phases

were identified by XRD. The composition, VEC, and
phase (after aging treatment) of the test alloys are listed in
Table 1. The presence of o phase in aged test alloys and
Al,CrFe; sMnNij 5 alloys is plotted against the VEC of
that alloy in Figure 3, where o -forming alloys are colored
red, while o -free alloys are colored green. Figure 3 clearly
demonstrates the strong dependence of o phase formation
on the VEC of the alloy: there is a o-forming VEC range
within which o phase develops upon aging at 700°C. This
VEC range can be determined from Figure 3. The lower
critical VEC value is around 6.88 and the higher critical
VEC (HCVEQC) value is around 7.84. The o phase did
not develop in aged Cr- and/or V-containing HEAs with
VEC values outside of this range. It is also noted that VEC
not only controls the presence of o phase, but also affects

o-free

c-prone . c-free

6.0 6.5

Figure 3.

— -
7.0 7.5 8.0 8.5 9.0

T T J T
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Relationship between the VEC and the presence of o phase after aging for a number of HEAs. Green and red icons

indicate the absence and presence of o phase after aging, respectively. The aging condition for the Al,CrFe; sMnNig s alloys and
the test alloys is 700°C 20 h, while those for alloys collected from the literature are listed in Table 2. Note the similarity between
the o -phase-forming VEC range and the BCC 4+ FCC VEC range proposed by Guo et al. (colour online only).
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Table 2. Presence of sigma phase in aged HEAs collected from the literature.

Designation Alloy VEC Presence of o Aging condition

L1 Alg3CrFe; sMnNig 5 [13] 7.19 o -prone 700°C, 2h

L2 AlCoCrFeNi [15] 7.2 o-prone o presents in as-cast alloy

L3 AlsCr3pFe3sNix Tig [14] 7.31 o -prone 700°C, 10h

L4 CoCrCuFeMnNiTiV [24] 7.5 o-prone o presents in as-cast alloy

L5 Alp 5CoCrCuFeNiV [25] 7.77 o-prone o presents in as-cast alloy

L6 AlCoCrCuFeNi [26] 7.83 o-prone o presents in as-cast alloy

L7 CrpCuFeoMnNi [11] 8.0 o-prone 700°C, 12h

L8 Alp 5CoCrCuFeNi [12] 8.27 o-prone 700°C, 24h

L9 Cug.sCoCrFeNi [27] 8.56 o-free 350-1250°C (150°C interval) for 24 h

Note: Alloy composition, VEC, and aging conditions are listed. For o-prone alloys, aging times at 700°C are shown. For o-free
alloys, all the tested temperature and time are listed. Alloys that already contain o phase in their as-cast state are also listed.

the phase formation of the alloys. Aged alloys with high
VEC have a single FCC structure (T9-T13). With the
decrease in VEC, the o phase appears. Further decrease
in VEC leads to the formation of single BCC structure
(T2-T3, Al1.2, and Al10.8). This trend is basically similar
to that observed by Guo et al. in as-cast HEAs.[22]

To understand the efficacy of the VEC criterion,
high-temperature phase-stability information of other
HEAs is also collected from literatures (Table 2) [11—
15,24-27] and summarized in Figure 3 (data points
L1-L9). Alloys that already contain o phase in their
as-cast state are also included (L2, L4, L5, and L6).
Although the data available are very limited, it does sup-
port the existence of a o-free zone at the high-VEC end
(point L9). However, apparent contradictions to the o-
forming VEC range proposed above are observed: L7
and L8 alloys have VEC values higher than the HCVEC,
but they are actually o-prone. To understand this con-
tradiction, we should take a closer look at these alloys.
The composition of L7 is CryCuFe,MnNi and thus it
has a VEC of 8. Structure analysis indicates that the o
phase formed during aging treatment at 600-950°C.[11]
Careful examination of its microstructure reveals that L7
contains a Cu-rich phase which has 43.8-86.9at.% of
Cu, depending on the aging temperature. This means that
most of the Cu in this alloy separates from other ele-
ments to form its own phase. Therefore, although the
overall concentration of Cu in the alloy is 14.29 at.%,
much less Cu actually participates in the phase formation
of the rest of the alloy. Indeed, Cu concentration in the
dendrite area is only 1.8-5.5 at.%.[11] This factor is not
considered in the calculation of VEC, so the effect of Cu
is over-estimated. Unfortunately, Cu has a very high VEC
of 11. Therefore, the over-estimation of Cu leads to an
apparent shift of VEC to the right side of Figure 3. This
explains why o phase was observed in L7 and L8, because
their ‘effective’ VEC values are probably below 7.84. For
example, assume only 1/5 of Cu participates in the phase
formation of the non-Cu-rich phases in L7, the ‘effective’
VEC will be 7.61 only. This finding thus suggests that
one should be particularly careful when using the VEC
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criterion on alloys containing elements that separate from
other components to form their own phases, because the
effective VEC of these alloys may be evidently different
from their apparent VEC.

As mentioned earlier, Guo et al.[22] showed that
VEC strongly affects the phase formation in as-cast
HEAs. They concluded that at VEC < 6.87, the sta-
ble phase is BCC; at VEC > 8, the stable phase is
FCC. When VEC is between the two values, BCC and
FCC phases co-exist. Interestingly, the o-prone VEC
range in the present study (6.88 < VEC < 7.84) is very
close to the BCC + FCC VEC range (6.87 < VEC < 8)
proposed by Guo et al. (i.e. alloys whose as-cast states
have BCC + FCC phases are prone to the o phase forma-
tion when aged at suitable temperature). This is actually
logical. Guo’s conclusion suggests that if an HEA is com-
posed mostly of BCC elements, the cast alloy will have
a BCC structure (because most BCC elements have a
VEC of 5 or 6, and will easily result in a VEC smaller
than 6.87). Similarly, if an HEA is composed mostly of
FCC/HCP elements (with the exception of Al, which is
FCC but leads to the formation of BCC phase due to its
low VEC), the cast alloy will have an FCC structure. If
an HEA contains both BCC and FCC elements, and their
amounts are similar, the cast alloy will have BCC + FCC
structures. Recall that the formation of a binary o phase
requires an A—B element pair, where 4 is usually a BCC
element (group VB or VIB) and B is usually an FCC or
HCP element (group VIIB or VIIIB). Thus, the o phase
formation requires the alloy to contain both BCC and
FCC/HCP elements—which means the as-cast state of
these o -prone alloys will have BCC + FCC structures.

The effect of electron concentration on phase stability
has been observed for a long time.[28] For example, when
electron concentration is expressed as average number of
valence electrons per atom (e/a), there is a strong correla-
tion between this value and the stable phase type in many
Cu and Ag alloys.[28,29] This phenomenon is usually
explained by the formation of pseudogap.[30] Pseudogap
is the depression in the density of state across the Fermi
level, which is a result of the Fermi surface—Brillouin
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zone (FsBz) interaction.[30] When this happens, the elec-
tronic energy is effectively lowered and the phase is sta-
bilized. Though in the present paper, the other definition
of electron concentration (VEC) is used, it is noted
that VEC is closely related to another mechanism for
pseudogap formation, the orbital hybridization.[30] For
example, pseudogap formation around the Fermi level
was suggested in A-Mn alloys.[31] It is not sure whether
pseudogap formation is the reason for the stabilization of
o phase in such VEC range. Clearly, more theoretical
work needs to be done to clarify this issue.

Some limitations to the present VEC criterion shall
be discussed. First, the o-forming VEC range proposed
here is based on alloys composed of the following nine
elements: Al, Co, Cr, Cu, Fe, Mn, Ni, Ti, and V. How-
ever, the VEC range for o phase formation depends on
the element involved. In particular, the 4 element appears
to have a more evident effect on the o-forming VEC
range.[17] Therefore, for HEAs that contain 4 elements
other than Cr and V (e.g. Mo) or have very different
composing elements (e.g. refractory HEAs), the VEC
range may be different. Second, the aging temperature
selected in this study is 700°C. As explained previously,
this is because virtually all Cr- and V-containing binary
o phases are stable at this temperature.[23] However,
due to the multi-component nature of HEAs, o phases in
HEASs may contain multiple elements, too. This can lead
to the shifting of their stable temperature above or below
700°C. Although unlikely, the possibility that the ‘o -free’
alloys reported here can actually develop o phase at other
temperature cannot be completely ruled out. These two
limitations clearly indicate that subsequent works involv-
ing more alloy compositions and aging temperatures are
still needed to gain a more comprehensive understanding
of o phase formation in HEAs.

In summary, the first criterion to predict the exis-
tence of o phase in HEAs is proposed. Alloys having
VEC values between 6.88 and 7.84 are prone to o phase
formation either in the as-cast state or during aging at
suitable temperatures. The criterion works well for Cr-
and/or V-containing HEAs. Being able to predict the o
phase formation is crucial to the design of HEAs, particu-
larly for alloys aimed for high-temperature applications.
It is also found that such VEC rule needs to be applied
carefully when the target alloy contains elements that do
not tend to mix with other constituent elements. These
elements separate from other elements and form their
own phases, thus their effect to the VEC of the rest of
the composition may be significantly weaker.
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