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For thousands of years the development of practical alloy
systems has been based mainly on one principal element as
the matrix, as in iron-based, copper-based, and aluminum-
based alloys, and nickel-based superalloys, limiting the num-
ber of applicable alloy systems, even though a substantial
amount of other elements is incorporated for property/pro-
cessing enhancement.!"?
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Since the 1970s, metal-matrix composites and intermetallic
compounds have attracted much attention.®*! In the former,
the matrices are conventional alloys, particularly aluminum
alloys. The latter are derived from Ti-Al, Ni-Al, and Fe-Al
binary systems. During this time, new processing technolo-
gies such as rapid solidification and mechanical alloying have
become popular.>”" These allow the exploration of new,
enhanced performance alloys with fine microstructure, ex-
tended solubility, or even amorphous phases. All these alloy
systems are based on one principal metallic element. In the
last two decades, many researchers have explored a wide
range of bulk amorphous alloys, including Pd-, Ln-, Zr-, Fe-,
and Mg-based alloys.”* The design concept of multi-com-
ponent bulk amorphous alloys was, once again, based on one
principal element.

The present study is focused on a new approach to alloy
design with multiple principal elements in equimolar or
near-equimolar ratios. Based on a general understanding of
physical metallurgy and facts concerning binary and ternary
phase diagrams, the formation of many intermetallic com-
pounds using multiple principal elements may be antici-
pated."™ Their complex microstructure is expected to result
in brittleness, difficulty in processing, and challenging analy-
sis. This expectation has discouraged alloy design with multi-
ple principal elements. Nonetheless, solid solutions of many
elements will tend to be more stable because of their large
mixing entropies. Following Boltzmann’s hypothesis on the
relationship between entropy and system complexity,!" the
configurational entropy change per mole, AS.y, during the
formation of a solid solution from n elements with equimolar
fractions may be calculated from the following equation.

AS —kInw =

conf —
“R(Yinly,+ Yyl Yl = —Rln% —RInn (1)

where k is Boltzmann’s constant, w is the number of ways of
mixing, and R is the gas constant: 8.314 J/Kmole. As a result,
for example, AS qn¢ for equimolar alloys with 3, 5, 6,9, and 13
elements are 1.10R, 1.61R, 1.79R, 2.20R, and 2.57R, respective-
ly. By Richards’ rule,"® the entropy changes in fusion of most
metals are only empirically equal to R at their melting points.
In comparison, equimolar alloys with three elements already
have a AS.on¢ of 1.10R, larger than that of metal fusion, let
alone those with five or more constituent elements. In fact,
considering other positive contributions from factors such as
vibrational, electronic, and magnetic moment randomness,
the entropy change of mixing for equimolar alloys is even
higher than that calculated.™ Furthermore, if the formation
enthalpies of two strong intermetallic compounds, such as
NiAl and TiAl were divided by their respective melting
points, the resulting AS.on, 1.38R and 2.06R, are in the same
range as the entropy changes of mixing in a system with more
than five elements. This indicates that the tendency of order-
ing and segregation would be lowered by the high mixing
entropy."””! Consequently, alloys with a higher number of
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principal elements will more easily yield the formation of
random solid solutions during solidification, rather than in-
termetallic compounds, except for those with very large heats
of formation, such as strong ceramic compounds: oxides, car-
bides, nitrides, and silicides.

In practice, to fully utilize the merit of high mixing entropy
in the liquid- or solid-solution state, we define such high-en-
tropy alloys (HE alloys) as those composed of five or more
principal elements in equimolar ratios. In order to extend the
scope of alloy design, HE alloys may contain principal ele-
ments with the concentration of each element being between
35 and 5 at.-%. Extensive trials have led to many alloy sys-
tems with simple crystal structures and extraordinary proper-
ties.1519)

Based on the experience with conventional alloys, a large
number of intermetallics or other complex phases were ex-
pected to form in multi-element alloy systems.">*"! However,
the resultant phases in all investigated HE alloys were rather
simple. Taking the as-cast CuCoNiCrAl,Fe alloy system as an
example, only very simple solid-solution structures, essen-
tially bece and fcc, were identified from the X-ray diffraction
(XRD) patterns shown in Figure 1. Those alloys with alumi-
num contents from x = 0 to x = 0.5 showed a simple fcc struc-
ture. As x exceeded 0.8, a bec structure appeared in addition
to the fcc, and a spinodal decomposition occurred further on,
leading to a modulated structure composed of ordered (B2)
and disordered (A2) bcc phases, as confirmed by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) in Figure 2, and corresponding selected area diffrac-
tion (SAD) analyses. A single bcc structure was subsequently
obtained for x > 2.8. Similar simple structures were also ob-
served in other as-cast HE alloys with various contents of Cu,
Co, Nj, Cr, or Fe. As a further example, a 10-element equimo-
lar alloy, CuCoNiCrAlFeMoTiVZr, also exhibited a simple as-
cast microstructure in which three main solid-solution phases
were found, including two bcc phases (lattice constants
2.99 A and 3.15 A) and an amorphous phase. The superiority
of simple solid solutions due to the aforementioned signifi-
cant lowering of free energies by the high entropy of mixing
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Fig. 1. XRD analyses of as-cast CuCoNiCrAl Fe alloy system with different x values:
/\, XRD peaks of fcc phase; ®, XRD peaks of bee phase.

Fig. 2. Microstructures of as-cast CuCoNiCrAlFe alloy. A) SEM micrograph of etched
alloy with dendrite (spinodal structure of disordered bcc and ordered bec phases) and
inter-dendrite (fcc phase) structures. B) TEM bright-field image; Ba, inter-spinodal
plate, 70 nm wide, disordered bce phase (Ay), lattice constant 2.89A; Bb, spinodal plate,
100 nm wide, ordered bec phase (B,), lattice constant 2.89A; Be, nanoprecipitation in
spinodal plate, 7 nm to 50 nm in diameter, close to fcc phase; Bd, nanoprecipitation in
inter-spinodal plate, 3 nm in diameter, disordered bee phase (Az). C, D, and E, corre-
sponding SAD patterns of B, Ba, and Bb with zone axes of bee [011], bee [001] + (010)
superlattice, and fcc [011], respectively.

was thus manifest. The absence of complex phases or micro-
structures showed the significance of simple-structured HE
alloys, whose development will further be encouraged.

It is expected that HE alloys might undergo phase trans-
formations, such as spinodal decomposition, ordering, or pre-
cipitation during cooling, because of the importance of high
mixing entropy in stabilizing solid solutions is reduced with
decreasing temperature. However, from the viewpoint of ki-
netics, long-range diffusion for phase separation was sluggish
in solid HE alloys that are devoid of a single principal matrix
element. Difficulty in substitutional diffusion of elements in
these alloys and interactions among interdiffusing species
during partitioning lowered the rates of nucleation and
growth, leading to the formation of ultrafine crystallites. As
shown in Figure 2, the ultra-finely spaced and modulated
structure of an as-cast CuCoNiCrAlFe equimolar alloy, re-
sulted from spinodal decomposition within which crystallites
precipitated at sizes of only several nanometers. In general,
nanostructures were observed in the as-cast, homogenized,
and even fully annealed states of HE alloys. On the contrary,
similar nanocrystalline structures are rarely seen in the corre-
sponding states of conventional alloys or bulk amorphous al-
loys, which require special heat treatments to produce nano-
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sized precipitates.[z’ﬂ‘m We conclude, therefore, that HE al-
loys have a strong tendency to form microstructures consist-
ing of simple matrices in which nanosized phases are dis-
persed.

As-cast HE alloys exhibited hardness values from 130 to
1100 Hy, depending on the alloy system. Table 1 shows nine
typical alloy systems with hardness values higher than
590 Hy, and several commercial alloys for comparison pur-
poses. Since in HE alloys there is no matrix element per se, all
atoms may be regarded as solute atoms, and as a result the al-
loys form to a large extent saturated solid solution. A solid-
solution strengthening effect impeding the motion of disloca-
tions is therefore expected to enhance dramatically the
strength of these alloys. Furthermore, the microstructural ex-
amination indicates that nanocrystallite dispersion would
provide an effective precipitation strengthening. A nanos-
paced spinodal structure would also produce a nanocompos-
ite strengthening effect. In some cases of the co-existence of
an amorphous phase that is stronger than the crystalline one,
the strength will be further increased. These multi-strength-
ening mechanisms are expected to be responsible, to different
extents, for the high hardness values of HE alloys, as shown
in Table 1.

Figure 3 shows the strong effect of aluminum concentra-
tion on the hardness of the CuCoNiCrAl Fe alloy system. A
wide span of hardness values, from 133 to 655 Hy, was
achieved depending on the x value. Since the CuCoNi-
CrAlFe system has been identified as being composed of fcc
and bcc solid solutions, the contribution of aluminum atoms

Table 1. Hardness of as-cast and fully annealed high-entropy alloys and commercial
alloys. The high-entropy alloys exhibit very high hardness and excellent resistance to
anneal softening even at 1000 °C for 12 h. Data scattering errors were within 3%.

Alloys Hardness, HV Hardness, HV
as-cast annealed
CuTiVFeNiZr 590 600
AlTiVFeNiZr 800 790
MoTiVFeNiZr 740 760
CuTiVFeNiZrCo 630 620
AlTiVFeNiZrCo 790 800
MoTiVFeNiZrCo 790 790
CuTiVFeNiZrCoCr 680 680
AlTiVFeNiZrCoCr 780 890
MoTiVFeNiZrCoCr 850 850
316 Stainless Steel 189 155
17-4 PH Stainless Steel 410 362
Hastelloy C?! 236 280
Stellite 6! 413 494
Ti-6A1-4V 412 341

[a] Ni-21.5Cr-2.5Co-13.5Mo—4W-5.5Fe-1Mn-0.15i-0.3V-0.01C in wt.-%, [b] Co-
29Cr—4.5W-1.2C in wt.-%
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Fig. 3 Hardness and lattice constants of CuCoNiCrAl Fe alloy system with different x
values: A) hardness of CuCoNiCrAl,Fe alloys, B) lattice constant of fcc phase, C) lat-
tice constant of bee phase.

to the hardness of each phase must be related to a solution-
hardening mechanism. It was apparent that aluminum not
only had strong binding forces with other metallic atoms, but
also a much larger atomic radius (1.4317 A) than the
others.!"”?*2°! The increased tensile Young’s modulus of Cu-
CoNiCrAl,Fe alloys with x value (114, 145, and 163 GPa for x
= 0.5, 0.8, and 1.0, respectively) is a good evidence of the
strong binding effect. The increase in lattice constant with in-
creasing Al content indicates a corresponding larger lattice
strain effect. Both binding energy and lattice strains are be-
lieved to be crucial to strengthening.

HE alloys were also found to exhibit excellent resistance to
anneal softening. Table 1 shows that their hardness after an-
nealing, even at 1000 °C for 12 h, remains almost the same in
the as-cast condition, as is also the case for Ni-based Hastel-
loy and Co-based Stellite, which exhibit a lower hardness.
Some HE alloys, especially those with an fcc structure, have
the benefit of sustained high strength and extended ductility
at elevated temperatures. The compressive yield strength of
fcc CuCoNiCrAljsFe alloy remained the same from room
temperature up to 800 °C, as shown in Figure 4. Obvious bar-
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Fig. 4. Compressive yield strengths of CuCoNiCrAl Fe alloy system tested at different
temperatures: A) CuCoNiCrAlysFe, B) CuCoNiCrAl;gFe, C) CuCoNiCrAl, Fe
alloys.
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rel-shape deformation without fracture was observed after a
compression leading to a significant reduction of 30% even at
room temperature, stressing the high plasticity of this HE al-
loy. The combination of excellent stability, high-temperature
strength, and ductility makes these alloys good candidates
for high-temperature applications.

It was also found that the wear resistance of HE alloys was
similar to that of ferrous alloys of the same hardness."®!!
Furthermore, many of the HE alloys, especially those contain-
ing Cu, Ti, Cr, Ni, or Co, exhibited corrosion resistance as
good as stainless steels, and the HE alloys containing Cr or Al
demonstrated an excellent oxidation resistance, up to
1100 °C."®! In addition to the ingot metallurgy route men-
tioned above, other processing technologies of rapid solidifi-
cation, mechanical alloying, and thin-film coating deposition
have also been applied to produce HE alloys with different
features. These HE alloys also easily yielded a simple nano-
crystalline matrix or an amorphous matrix, depending on
their compositions and processing conditions. For instance,
this is shown in Figure 5 where both the as-splat-quenched
CuCoNiCrAlFeTiV foil and the as-sputtered CuysCoNiCrAl
film consisted of a simple becc structure. In Figure 5A the
average grain size of the as-splat-quenched CuCoNiCrAlFe-
TiV foil is 0.8 um, whereas that of the as-sputtered CugsCo-
NiCrAl film shown in Figure 5B is only 7 nm.

The promising properties of nanostructured HE alloys
make them potentially suitable for many applications, such
as tools, molds, dies, mechanical parts, and furnace parts that
require high strength, thermal stability, and wear- and oxida-
tion resistance. They also possess excellent corrosion resis-
tance and can be used as anticorrosive high-strength materi-
als in chemical plants, IC foundries, and even marine
applications for piping, and pump components. In addition,
coating technology will further expand the application of HE
alloys to functional films, such as hard-facing of golf heads

Fig. 5. TEM bright-field images and corresponding SAD patterns of high-entropy al-
loys: A) as-splat-quenched CuCoNiCrAIFeTiV foil with zone axes [014] and [111]; B)
as-sputtered CuysCoNiCrAl film. Both alloys exhibited a simple solid-solution phase
with a bee crystal structure. The phase grain size in A was 0.8 wm, and the nanophase
grain size in B, calculated from dark-field image, was about 7 nm.

and rollers, diffusion barrier for Cu connections in ultralarge-
scale integrated circuits, soft magnetic films for ultra-high-
frequency communication. Most importantly, the tolerance to
impurity elements of HE alloys is quite high, allowing their
synthesis from recycled/scrapped metals in a cost effective,
and environmentally sound fashion.

An arbitrary choice of a group of 13 mutually miscible me-
tallic elements enables the design of 7099 HE alloy systems
with 5 to 13 elements in equimolar ratios, such as CuCoNi-
CrAlFe

CPH+CP+CP+CP+CP+CR+C+CR+C =709 (2)

where C)}is the number of combinations of m items taken n at
a time. The huge number of alternatives considering the total
80 metallic elements in the periodic table may be easily ima-
gined. Unequal mole alloys with minor alloying elements,
such as CuCoy 5Ni; ;CrAlFe; 5Ag0 02B0.1Co.15 may be easily de-
signed for further modification of processing and properties.
As a result, HE alloys with multiple principal elements be-
come countless in number, even after excluding chemically
incompatible elements that produce liquid immiscibility. In
contrast, there are only about 30 commonly used traditional
alloy systems, including steels, aluminum alloys, and copper
alloys. They have been thoroughly studied for centuries and
reviewed in the 20-volume ASM Metals Handbook. It is recog-
nized that their development was mature and nearly saturat-
ed at the end of the 20th century. Our new concept of HE al-
loys may lead to a new and uncharted territory, in which
many possible new materials, new phenomena, new theories,
and new applications are waiting to be discovered or created
in the 21st century.

Experimental

Fabrication of High-Entropy Alloys. The multiple principal element HE alloys
in this study were prepared by arc melting the constituent elements at a current
of 500 A in a cold copper hearth. The solidified ingots were approximately
50 mm in diameter and 20 mm thick. Melting and casting were performed at a
pressure of 0.01 atm after purging with argon three times. Repeated melting
for at least five cycles was carried out to improve chemical homogeneity of the
alloy. Specimens (2.5 g) from the HE alloy ingots were re-melted, and splat-
quenched at a cooling rate of 10°~10* K/s, with a graphite hammer built inside
the melting chamber, forming round foils about 200 um thick. Cast HE alloy in-
gots were also machined to a thickness of 5 mm and used as sputtering targets.
Thin films of the alloys were then deposited on silicon substrates by RF sputter-
ing at a power of 80 W for 20 min at a pressure of 5 mTorr.

Microstructure Characterization. The ingots were sectioned, polished, and
etched with aqua regia for observation under an optical microscope and a JEOL
JSM-5410 SEM. Thin-foil specimens were prepared by mechanical thinning fol-
lowed by ion milling, and subsequently were observed under a JEOL JEM-2010
TEM. A Rigaku ME510-FM2 X-ray diffractometer was used for identification of
the crystalline structure. The typical radiation condition was 30 kV, 20 mA, Cu
target, with the 26 scan ranging from 20 to 100°, and performed at a speed of
1°/min.

Mechanical Property Evaluation. Hardness measurements of the alloys were
conducted using a Vickers hardness tester (Matsuzawa Seiki MV-1) at a load of
49 N, and a speed of 70 um/s for a loading time of 20 s. Seven indentations
were performed and five medium data were averaged for each specimen. Scat-
tering errors were within 3%. For high-temperature mechanical property tests,
cast alloy specimens were prepared by vacuum induction melting, water-knife
cut along the direction of thickness, and then polished to obtain cylinders of

302 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.aem-journal.de

ADVANCED ENGINEERING MATERIALS 2004, 6, No. 5



ENGINEERING

10 mm diameter and 15 mm height. A Gleeble 2000 testing machine under a
compression mode was used for these tests, which were conducted from room
temperature to 1200 °C at a strain rate of 107/s.
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Hypereutectic Al-Si Binary Alloys
Prepared by Melt Spinning
Method

By Z. K. Zhao, J. C. Li,and Q. Jiang*

Since Al-base amorphous alloys with high tensile strength
above 1000 MPa were found in 1988, non-equilibrium Al-
base alloys have attracted great attention.”” Recently, it is
further found that the alloys whose structures consist of
amorphous phases and nanocrystals process a better mechan-
ical property than a single amorphous alloy or a single nano-
structured alloy'®®'” since the mixed-structured alloys have
both high strength induced by nanocrystals and good plastic-
ity due to appearance of amorphous alloys.

Although an Al-Si binary alloy has wide industrial appli-
cation with lower cost, it has not been paid great attention
since the eutectic Al-Si alloy has a bad glass forming ability
(GFA) while a eutectic alloy should have the best GFA among
the alloy system due to its lowest melting point. Although
ternary Al-Fe-Si, Al-Fe-Ge and Al-Mn-Si alloys have amor-
phous structure by the melt-spun technique,'? the struc-
tures of binary Al-Si"™ and Al-Ge'™ alloys through a gun
quenching technique are mixtures of amorphous and crystal-
line phases where the amorphous phase is unstable and crys-
tallize even at room temperature. However, according to a
polymorphous diagram of Al-Si system, which is schemati-
cally shown in Figure 1, when the composition range of Si%
(atom percentage) is located between 25% and 45 %, glass
may be formed from liquid with a high cooling rate!!>1¢!
where the polymorphous crystallization is absent. The model
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