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INTRODUCTION

Ten years ago, J.W. Yeh developed scientific foun�
dations and formulated formal criteria of material
belonging to a new class of alloys that were called high�
entropy equiatomic alloys (HEAs) [1]. According to
these criteria, HEAs are alloys that contain no less
than five elements. The content of each element
should not exceed 35 at % and should not be lower
than 5 at %. Classical examples of HEAs include mul�
ticomponent alloys, in which elements are present in
equal atomic fractions.

This class of alloys is indeed new since the pro�
cesses of structure and phase formation in them, as
well as the diffusion mobility of atoms, mechanism of
the formation of mechanical properties, and thermal
stability differ substantially from similar processes in
traditional alloys. The latter include the alloys that
contain base elements (Fe, Ni, Mo, Al, etc.) that
determine the crystal lattice of the material. The phase
composition of such alloys can be easily predicted
starting from binary or ternary phase diagrams, while
the introduction of alloying additives leads either to
the solid�solution strengthening of the initial lattice or
the precipitation of dispersed phases.

Despite a large number of elements in HEAs, they
most often crystallize in the form of simple bcc, fcc,
and hcp solid solutions, and no precipitation of dis�
persed intermetallic compounds is observed in them [2].
This character of phase formation in HEAs is deter�

mined by a high entropy of mixing (Smix > 11 J/(mol K));
therefore, the formation of low�entropy phases during
crystallization from the melt occurs with a low proba�
bility. Currently, more than 100 various HEAs have
been investigated. Despite that the investigations still
have a purely scientific character, being still focused
on establishing the regularities of the influence of var�
ious factors, including atomic size, electronegativity,
enthalpy of mixing, electron concentration, etc., on
the properties of formed HEAs [3], among the stud�
ied alloys there are materials that are already com�
petitive with best traditional special alloys regarding
hardness, heat resistance, fire resistance, corrosion
resistance, wear resistance, and thermal stability.

As for the influence of the previously listed factors
on phase formation in HEAs, only the relationship
between the average electron concentration of alloy ρ
and the type of the crystal lattice of the forming solid
solution has been reliably established [4–5]; i.e., the
hcp lattice is formed at ρ < 4.25 el/atom, the bcc lat�
tice is formed in a range from 4.25 to 7.2 el/atom, and
the fcc lattice is formed at ρ > 8.2 el/atom. A mixture
of bcc and fcc solid solutions is formed in alloys with
an electron concentration from 7.2 to 8.2 el/atom. In
fact, the se concentration boundaries can shift
depending on the crystallization rate of alloys and,
therefore, the results of various authors for various
alloys can be different [6]. From the viewpoint of prac�
tical application, the two�phase alloys that are formed
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as a result of joint crystallization of bcc and fcc phases
are of most interest, since they represent a natural
composite, in which branched bcc dendrites are the
strengthening phase, while the interdendrite fcc solid
solution is a plastic matrix. Varying the average elec�
tron concentration of the alloy in the coexistence
range of two phases, we can control their volume ratio
and, consequently, the strength and plastic properties
of the material within wide limits.

We took the AlCrFeCoNi alloy, which is single�
phase (bcc) and has already been studied rather well
[7], as the initial HEA. We took copper as the sixth ele�
ment for varying the electron concentration of the
alloy for the following four reasons:

(1) each copper atom introduces maximum
amount of electrons (eleven) into the system, which
allows us to vary the average electron concentration in
wide limits;

(2) copper has positive enthalpies of mixing with all
elements except for Al and should fulfill the functions
of a strongly segregating element during the crystalli�
zation;

(3) the atomic size of copper is very close to atomic
sizes of Cr, Fe, Co, and Ni, which excludes the influ�
ence of the additional factor⎯dimensional mis�
match⎯on the properties of the alloy;

(4) copper is situated in the same period as other
elements of the alloy, which prevents an energy imbal�
ance when combining the electrons in the alloy.

Investigations were aimed at establishing the regu�
larities of the influence of copper on the phase and
structure formation in AlCrFeCoNiCux alloys (х = 0,
0.5, 1.0, 1.0, 3.0), as well as on their physicomechani�
cal properties.

EXPERIMENTAL

Multicomponent AlCrFeCoNiCux alloys were pre�
pared in a MIFI�9 vacuum�arc furnace with an non�
consumable tungsten electrode by remelting a charge
of 50 g in weight on a copper water�cooled bottom in
purified argon. Components with purity no worse than
99.5% were used as the starting materials. Ingots were
remelted six to seven times to homogenize the compo�
sition. Fragments weighing 7 g were melted out from
the ingots and crystallized in the form of disks, which
provided a cooling rate of 80–100 K/s. The bottom
part of the ingots, in which the maximum cooling rate
is implemented and crystallization defects (shrinkage
porosity) and crystallographic texture are absent, was
used for the investigations.

X�ray diffraction studies were performed in Cu Kα
radiation using an Ultima IV diffractometer (Rigaku,
Japan). X�ray diffraction patterns were recorded by
stepped scanning in the range of angles 2θ = 28°–88°.
Experimental results were processed using the Pow�
dercell 2.4 program for the full�profile analysis of
X�ray diffraction spectra from a mixture of polycrys�
talline phase components.

Alloy microstructure was investigated using Super�
probe�733 (JEOL) and 106I Selmi scanning electron
microscopes (SEM); the latter is equipped with an
energy dispersive analysis system (EDS), which
allowed us to perform a local chemical analysis in the
range of atomic numbers of elements from 11 (Na) to
92 (U) with a locality of 1 μm.

The physicomechanical characteristics of alloys
were investigated by the microindentation method
using a Micron�Gamma installation [8] under a load
of up to F = 0.3 N with a diamond Berkovich tip with
an angle of 65°, and loading and unloading automati�
cally performed for 30 s. Diagrams of loading, hold�
ing, and unloading were recorded simultaneously in
coordinates F–h. The accuracy of determining force F
was 10–3 N and that of determining the indenter pen�
etration depth h was ±2.5 nm. Characteristics of the
diagram F, hmax, hres, hc, hs were fixed using the data of
2000 points in the indentation diagram. In addition,
characteristics of the material, such as hardness (Н)
and contact elasticity modulus (Er) were automatically
calculated according to the ISO 14577�1:2002(E)
international standard.

RESULTS AND DISCUSSION

Phase Composition

Figure 1 shows X�ray diffraction patterns recorded
for AlCrFeCoNiCux alloys. It can be seen that, despite
that the alloys include six elements, they crystallize as
simple solid solutions with bcc and fcc lattices.

The initial AlCrFeCoNi alloy crystallizes in the
form of a single�phase disordered bcc solid solution
with lattice parameter 0.2884 nm. As the copper con�
centration in the melt increases, an fcc phase (х = 0.5,
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1.0) appears along with the bcc phase, and one more
fcc2 phase is precipitated at x = 2 and x = 3. Thus, over
the entire concentration range of variations in the cop�
per content, the number of phases varies from one
(bcc) to three (bcc + fcc1 + fcc2). Figure 2 shows
increased diffraction peaks for AlCrFeCoNiCu2 and
AlCrFeCoNiCu3 alloys in the angle range 2θ = 40°–52°.

It can be seen that phases fcc1 and fcc2 only differ
from one another by a small distinction in lattice
parameters 0.3634 and 0.3603 nm, and the clear sepa�
ration of these peaks is only possible at large angles
(2θ > 70°). The kinetics of varying the volume ratio
between the phases is shown in Fig. 3.

It can be seen that, as the copper content varies
from х = 0 to х = 3.0, the amount of the bcc phase
decreases from 100 to 5%, and we can assume that, at
a higher copper concentration, the alloy will be two�
phase with (fcc1 + fcc2) lattices. It should be also noted
that, in all of the studied alloys, the lattice parameter
of the bcc phase varies insignificantly, just as the lattice
parameters of the fcc1 and fcc2 lattices.

Structure

Like the phase composition, the structure of alloys
is subjected to substantial changes as the amount of
copper increases. The initial AlCrFeCoNi alloy crys�
tallizes into the normal polygonal structure with grain
size d ≈ 0.32 mm and manifests no traces of a dendritic
character of crystallization (Fig. 4a). The character of
crystallization does not change at х = 0.5 except for
the fact that the grain size substantially decreases (d ≈
0.03 mm), while the grain boundaries are decorated by
a thin interlayer of the fcc phase (Fig. 4b). The charac�
ter of the structure formation changes at х = 1.0
(Fig. 4c); the dendritic character of crystallization of
the bcc phase (DR) with traces of fragments of the seg�

regating fcc phase between the branches of the grow�
ing dendrite (white points inside the dendrite body)
are clearly distinguishable. The interdendrite space
crystallizes in the form of the fcc phase (ID), and its
amount increases. At copper content х = 2.0, the bcc
phase crystallizes first in the form of well�branched
dendrite as before (Fig. 4d, dark DR fragments). The
structure of the interdendrite space becomes more
complex. The larger part of this space is filled with
well�branched gray dendrites SDR (fcc1), which can
be called secondary. The residual fcc2 phase crystal�
lizes in the space between the primary and secondary
dendrites (Fig. 4d, bright ID phase). The character of
crystallization does not change significantly at х = 3.0,
but the contrast between the fcc1 and fcc2 phases
becomes hardly distinguishable (Fig. 4e).

Mechanical Properties

Figure 5 shows experimental values of microhard�
ness (Н) and Young modulus (Е) for all studied alloys
over the entire range of variations in the copper con�
centration. The variations in microhardness are not
monotonic, exhibiting a peak at х = 0.5, while the
Young modulus decreases continuously as the copper
content increases. Microhardness remains rather high
for all alloys (from 3.4 to 6.1 GPa), while the Young
modulus is rather low, especially when compared with
the theoretical values calculated by the additivity law
(the difference almost twofold) (Fig. 5).

DISCUSSION

The presented results show that the variations in
the copper concentration in AlCrFeCoNiCux alloys
lead to both variations in the phase composition of
alloys and variations in their structure and mechanical
properties. The large degree of influence is probably
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because copper has a positive enthalpy of mixing with
all elements of the alloy Cu–Fe, Cu–Cr, Cu–Co, and
Cu–Ni except for Al (Table 1). It is thermodynami�
cally unfavorable for copper atoms to be situated in the

same lattice as these elements; therefore, it should be
rejected by the crystallization front, i.e., it should seg�
regate.

On the other hand, copper atoms increase the
entropy of the alloy and, consequently, decrease its
free energy and should partially enter the lattice. This
compromise between a decrease in the internal energy
of the crystallizing phase and an increase in the
entropy leads copper to enter the bcc solid solution in
a rather large amount of ~9 at % (Table 2).

Here, the size of copper atoms hardly differs from
the size of other atoms (except for Al), which excludes
the segregation due to the size discrepancy, and is a
positive factor for the dissolution of copper. A similar
system was investigated in [10], where copper was
added by its analog silver, that has even larger enthalp�
ies of mixing and a very unfavorable size factor. In this
system, segregation leads to the complete separation
of the alloy into pure silver and high�entropy alloy (sil�
ver hardly enters alloy lattice). Therefore, it is the
behavior of copper during the alloy crystallization that
mainly determines its phase and structural state.
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No noticeable segregation occurs in the initial
AlCrFeCoNi alloy with nonzero or negative enthalp�
ies of mixing of all elements, and the alloy has a usual
polygonal structure. The low copper concentration in
the AlCrFeCoNiCu0.5 alloy does not vary the charac�
ter of crystallization, but leads to the appearance of the
fcc phase (Fig. 4b). The analysis of the chemical com�
position of the grain and intergranular interlayer shows
that copper hardly segregates at this concentration and
its content in the grain body is even higher than in the
intergranular interlayer (Table 2). There is also no
large difference in the concentration of other elements
in these phase regions; nevertheless, these regions
crystallize into various lattices (Fig. 6). It can be seen
from Fig. 6 that neither copper nor chromium in the
alloy actually segregate.

The calculation of the average electron concentra�
tions in these phases showed a small difference in their
values (7.55 and 7.61 el/atom). It is probable that an
electron concentration of 7.55 el/atom is the bound�

ary at which the bcc lattice is still stable. It is probably
appropriate to compare the reduced electron concen�
tration with the electron concentration for pure metals
at which the bcc lattice is stable. It is undoubtedly sta�
ble at electron concentrations of 5 el/atom (V, Nb, Ta)
and 6 el/atom (Cr, Mo, W). At ρ = 7 el/atom, Mn has
three allotropic modifications based on a cubic lattice,
while Tc and Re have hexagonal lattices. Therefore,
the question of stability of the bcc lattice at electron
concentration ρ > 6 el/atom remains open both for
pure elements and alloys.

The ability to achieve any electron concentration
in the crystallizing phase and, thus, determine the
boundary between the bcc and fcc lattices more pre�
cisely based on the electron concentration is a signifi�
cant advantage of high�entropy alloys. The analysis of
the results found based on the AlCrFeCoNiCu0.5 alloy
allows us to affirm that a concentration of 7.55 el/atom
is the boundary of the bcc lattice existence at least for
this set of elements and selected crystallization rate.
Copper already noticeably segregates in the equi�
atomic alloy, in which the copper concentration
exceeds its solubility in the bcc phase (~9 at %), and its
concentration in the interdendrite fcc phase is 50 at %,
which leads to the appearance of a clearly pronounced
dendritic character of the crystallization of the bcc
phase (Fig. 4c).

Excess undissolved copper in the
AlCrFeCoNiCu2.0 alloy leads to the formation of three
solid solutions (Fig. 4d), and primary bcc dendrites
have a close composition and the same lattice param�
eter as in alloys with х = 0.5 and 1.0. The segregating
copper also governs the redistribution of other ele�

Table 1. Enthalpies of mixing for atomic pairs with each
element of the AlCrFeCoNiCux alloy (kJ/mol) [9]

Al Cr Fe Co Ni Cu

Al 0 –10 –11 –19 –22 –1

Cr –10 0 –1 –4 –7 +12

Fe –11 –1 0 –1 –2 +13

Co –19 –4 –1 0 0 +6

Ni –22 –7 –2 0 0 +4

Cu –1 +12 +13 +6 +4 0

Table 2. Chemical composition (at %) of the system of cast AlCrFeCoNiCux HEA

Alloy Al Co Cr Cu Fe Ni r, el/atom Smix 
J (mol K)–1

AlCrCoFeNi Rated composition 20 20 20 0 20 20 7.2 13.3

AlCrCoFeNiCu0.5 Rated composition 18.2 18.2 18.2 9 18.2 18.2 7.54 14.6

Grain, DR 17.7 19 17.5 9.3 18 18 7.55 14.67

Intergranular region, ID 17.6 20.3 16.1 8.4 19.6 18 7.61 14.62

AlCrCoFeNiCu Rated composition 16.7 16.7 16.7 16.7 16.7 16.7 7.83 14.9

Dendrite, DR 15 20 25 7 21 12 7.40 14.3

Interdendrite region, ID 14 9 7 50 8 12 8.99 12.3

AlCrCoFeNiCu2 Rated composition 14.3 14.3 14.3 28.6 14.3 14.3 8.28 14.53

Dendrite, DR 18 19.4 19.9 11 16.3 15.4 7.50 14.72

Secondary dendrite, SDR 
(fcc1)

11 21.5 19 15 18.5 15 8.03 10.48

Interdendrite region, ID (fcc2) 11 8.2 6.6 55.7 7.5 11.5 9.34 11.58

AlCrCoFeNiCu3 Rated composition 12.5 12.5 12.5 37.5 12.5 12.5 8.64 13.85

Dendrite, DR 8.5 23 23 12 20 13.5 7.97 14.38
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ments, due to which the sequence of phase formation
is as follows. As the primary bcc dendrites grow, the
excess copper is collected before the crystallization
front in the form of a thin interlayer that limits the dif�
fusion exchange between the growing dendrite and
host alloy. The presence of diffusion limitation at the
crystallization front forces the dendrite to branch in
the upper part, while the growth is retarded in the
lower part because of the weak inflow of elements that
would support the lattice parameter of the growing
dendrite. As a result, the copper�enriched interden�
drite melt starts to crystallize independently, and a new
type of the lattice of new crystallization centers is
determined by the electron concentration of the inter�
dendrite liquid, which differs from the initial melt in
the composition. In this case, the interdendrite melt
has electron concentration ρ > 7.55 el/atom, since it is
enriched with copper and crystallizes in the fcc lattice
(SDR). Other elements that appeared at the lower
concentrations in the crystallizing melt are present in
the fcc phase in a considerable amount despite positive
heats of mixing with copper (Cr, Fe, Co, Ni) (Table 2).
The presence of segregating elements leads to the
instability of the crystallization front, which results in
a dendritic character (SDR) of crystallization of both
the fcc and bcc phases, while the melt rejected by the
crystallization front crystallizes as an independent
third ID phase (the fcc2 solid solution). This sequence
of crystallization processes leads to the observed struc�
tural state of the alloy (Fig. 4d).

The higher copper concentration in the
AlCrFeCoNiCu3 alloy leads to a further decrease in
the amount of the bcc phase. The fact that the primary
dendrite in this alloy, which is associated with the bcc
phase, has an electron concentration calculated by a
chemical composition of 7.97 el/atom, is associated
with the specificity of a fine dendrite structure and the
features of determining its chemical composition. The
authors of [11, 12] showed that dendrites are not sin�
gle�phase (bcc) but contain dispersed inclusions of the
fcc phase. Since we perform the local chemical analy�
sis from an area of ~1 μm2, where bcc and fcc phases
find themselves simultaneously, this integral analysis
leads to an apparent increase in the amount of copper
and electron concentration of the bcc phase. The
chemical analysis with higher locality is necessary in
these cases. The bulk fraction of the bcc phase visually
seems to be higher than 5% by the same reason.

Processes of phase formation are more informative
if we turn our attention from the copper concentration
to the electron concentration of the melt from which
the crystallization occurs (Fig. 7). Numerous articles
[3, 4, 13] are devoted to the interrelation of the type of the
alloy lattice and average electron concentration, and dif�
ferent regions of electrons concentrations are prescribed
to the joint separation of (bcc + fcc) phases, notably,
(6.89–8.0) el/atom in [13] and (7.2–8.2) el/atom in
[3, 4]. It seems likely that this range is unique for each
alloy depending on the element, as a result of which the
electron concentration changes and its extension is
determined by the degree of segregation of this element
in this system. For copper, which can be considered a
strongly segregating element because of the positive
enthalpy of mixing, the coexistence range in our alloys
is extended from 7.5 to 8.7 el/atom (Fig. 7). We plotted
the results of investigations [14] for the AlxCrFeCoNi
system, in which the electron concentration varied
due to Al, on the same figure for comparison. From
the viewpoint of enthalpies of mixing, Al is not a seg�
regating element, although the segregation is possible
from the viewpoint of the size factor. The coexistence
range of (bcc + fcc) phases in this system turns out to
be the narrowest among those previously presented in

(b)5 μm 5 μm 5 μm(а) (c)

Fig. 6. Distribution of elements over the plane of the AlCrFeCoNiCu0.5 sample in (a) backscattered electrons, (b) Cr Kα radia�
tion, and (c) Cu Kα radiation.
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Fig. 7. Coexistence ranges of bcc and fcc phases depending
on the average electron concentration for AlCrFeCoNi
and AlCrFeCoNiCux alloys.
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publications (from 7.2 to 7.66 el/atom). It seems likely
that if we additionally decrease the degree of segrega�
tion of elements in the alloy and narrow the crystalli�
zation range due to the selection of elements, the
region of the coexistence of phases can be even nar�
rower.

In general, the type of lattice of the crystallizing
phase and its lattice parameter are formed during the
formation of the crystallization nucleus from the high�
entropy melt. The liquid–solid phase transition will
occur as follows when the free energy in the Gibbs
equation will be smaller than zero:

ΔF = ΔH – TΔS < 0.

ΔH and ΔS completely depend on what elements and
in what amounts will participate in the formation of
the crystallization nucleus. From the viewpoint of ΔH,
the formation of a nucleus due to elements with nega�
tive enthalpies of mixing is more favorable energeti�
cally. Therefore, the elements with the positive
enthalpy of mixing only enter the crystallization nuclei
due to the entropy factor, and their concentrations in
the nucleus can be considerably lower than in the melt.
If these elements are principal electron donors (ρ >
8 el/atom), the electron concentration in the crystalli�
zation nucleus can turn out to be considerably lower
than in the melt, and if this concentration will be
<7.55 el/atom, the nucleus will have the bcc DR lat�
tice. As the nucleus grows, its lattice parameter
remains invariable, while the electron concentration
can vary right up to the limiting one for the bcc phase
of 7.55 el/atom (Fig. 8). It can be seen that the elec�
tron concentration of the melt, which is the basic fac�
tor when developing the alloy composition, is not real�
ized in any of crystallized phases (DR, SDR, and ID).
If we speak about general regularities, then the con�
centration coexistence range of bcc and fcc phases is
determined by the extent to which the elements with a
high electron concentration participate in the forma�
tion of the crystallization nucleus, i.e., the lower their
concentration in the nucleus, the more extended their
range.

The bcc phase has the maximum hardness, and in
a two�phase alloy the latter is proportional to the bulk
fraction of the bcc phase. The regularities of varying
the microhardness and Young modulus completely
coincide with the character of varying the bulk ratio
between the phases. The maximum microhardness at
copper concentration х = 0.5 is apparently condi�
tioned by the size factor, since, compared with the
average grain size in the initial AlCrFeCoNi alloy,
their sizes in the AlCrFeCoNiCu0.5 alloy decrease
more than tenfold, which leads to additional strength�
ening according to the Hall–Petch relation. Copper is
a good modifier at this concentration. An increase in
the copper concentration decreases both the theoreti�
cal Young modulus and the one determined experi�
mentally. The fact that the actual modulus in each
alloy is almost twofold smaller than the theoretical

value is associated with strong lattice distortion due to
the size and elastic discrepancy of the atoms caused by
the difference in interatomic interaction forces, as a
result of which the atoms are shifted from lattice sites
and maximum forces of the interatomic bond are not
implemented.

It should be noted that plasticity at room tempera�
ture appears in alloys in the range of the copper con�
centration from х = 1.0 to х = 2.0 due to an increase in
the amount of the fcc phase. A high plasticity (16%) is
observed even for the equiatomic AlCrFeCoNiCu
alloy during the compression test at room tempera�
ture, and it increases as the copper concentration
increases. Microhardness of alloys remains at a suffi�
ciently high level in this case. Due to the broad coex�
istence range of bcc and fcc phases, we can find such
combination of elements in the AlCrFeCoNiCuх sys�
tem of alloys that will provide a satisfactory ratio of
strength and plasticity due to the favorable balance of
phases.

CONCLUSIONS

(i) The phase composition in the alloys of the
AlCrFeCoNiCuх system (х = 0, 0.5, 1.0, 2.0, 3.0)
changes from a single�phase (bcc) to three�phase
(bcc + fcc1 + fcc2) as the copper concentration
increases, while the structure changes from simple
coarse�grain polygonal to three�component one (pri�
mary bcc dendrite + secondary fcc1 dendrite + fcc2

interdendrite spacing). Lattice parameters of forming
phases in various alloys have close values abcc =
0.2877 nm,  = 0.3634 nm, and  = 0.3603 nm.

The sequence of phase formation depends on the
degree of segregation of copper being determined by
values of its enthalpies of mixing with other elements.

(ii) The stability boundary of the bcc lattice for
these alloys and selected crystallization rate lies at the
electron concentration ρ ~ 7.55 el/atom. It is note�
worthy that the bcc and fcc phases coexist in a broad
range of electron concentrations of alloys from 7.5 to
8.7 el/atom. The extension of the range is determined
by the concentration of copper atoms and other ele�
ments with a high electron concentration in primary
dendrites of the bcc phase. The lower their concentra�

afcc1
afcc2

76543 8 9 121110

bcc–fcc
boundary

DR SDR ID

Al Cr Fe Co Ni Cu

Initial
melt

ρ, el/at

Fig. 8. Electron concentrations of phases in the
AlCrFeCoNiCu2 alloy.



474

THE PHYSICS OF METALS AND METALLOGRAPHY  Vol. 116  No. 5  2015

KRAPIVKA et al.

tion, the wider the range of the joint crystallization of
the bcc and fcc phases.

(iii) As the copper concentration in HEAs
increases, microhardness decreases from 6.1 to
3.7 GPa and the Young modulus decreases from 112 to
85 GPa. This behavior is a reflection of the variations
in the fraction of the bcc phase in alloys. High micro�
hardness and low Young moduli are associated with
lattice distortions caused by the size and elastic dis�
crepancy of the atoms, which is caused by the differ�
ence in interatomic interaction forces. Satisfactory
room�temperature plasticity appears in alloys in the
range of copper concentrations from х = 1.0 to х = 2.0.
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