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Abstract

Multicomponent alloys containing several components in equal atomic proportions have been manufactured by casting and melt spinning,
and their microstructures and properties have been investigated by a combination of optical microscopy, scanning electron microscopy, electron
probe microanalysis, X-ray diffractrometry and microhardness measurements. Alloys containing 16 and 20 components in equal proportions
are multiphase, crystalline and brittle both as-cast and after melt spinning. A five component Fe,,CryoMn,oNiyCoyg alloy forms a single fcc
solid solution which solidifies dendritically. A wide range of other six to nine component late transition metal rich multicomponent alloys
exhibit the same majority fcc primary dendritic phase, which can dissolve substantial amounts of other transition metals such as Nb, Ti and
V. More electronegative elements such as Cu and Ge are less stable in the fcc dendrites and are rejected into the interdendritic regions. The
total number of phases is always well below the maximum equilibrium number allowed by the Gibbs phase rule, and even further below the
maximum number allowed under non-equilibrium solidification conditions. Glassy structures are not formed by casting or melt spinning of
late transition metal rich multicomponent alloys, indicating that the confusion principle does not apply, and other factors are more important

in promoting glass formation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Conventional strategy for developing metallurgical alloys
is to select the main component based on a primary prop-
erty requirement, and to use alloying additions to confer
secondary properties. This strategy has led to many multi-
component alloys based on a single main component. Typi-
cal examples include Ni superalloys, wrought Al alloys and
stainless steels. In a few cases two or three components are
present in substantial proportions, e.g. the Cu—Zn brasses or
Sn—Pb solders.

Conventional alloy development strategy leads to an
enormous amount of knowledge about alloys based on one
component, but to very little or no knowledge about al-
loys containing several main components in approximately
equal proportions. Theories for the occurrence, structure
and properties of crystalline phases are similarly restricted
to alloys based on one or two main components. Informa-
tion and understanding is highly developed about alloys
close to the apexes and edges of the phase diagram, with
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much less known about alloys in the centre of the diagram.
This imbalance becomes rapidly much more pronounced
as the number of components increases. For quaternary,
quinary and higher order systems, information about alloys
in the centre of the phase diagram is virtually non-existent.
Since most of the possible alloy compositions are based on
more than one component, it is clear that conventional alloy
development strategy has been very restrictive in exploring
the full range of possible alloys.

This paper describes an initial attempt to investigate the
unexplored central region of multicomponent alloy phase
space, concentrating particularly on multicomponent tran-
sition metal alloys which are found to exhibit a surprising
degree of intersolubility in a single fcc phase.

2. Experimental

Approximately 10g ingots of a wide variety of multi-
component alloys were made by induction melting pure el-
ements in equal atomic proportions in an Al;O3 crucible
under Ar. Some of the alloys were melt spun by remelting
in quartz crucibles under Ar, and then ejecting with Ar at
14-21 kPa through a 1 mm orifice onto a Cu drum rotating at
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15-40ms~!. Samples were sectioned and polished for mi-
crostructural and compositional characterisation and hard-
ness testing, using an Olympus OM-2 optical microscope,
Philips 501 scanning electron microscope (SEM), Cameca
Camebax electron probe microanalyser (EPMA), Philips PW
1050 X-ray diffractrometer (XRD), and Vickers microhard-
ness tester model UHT-1 with 10 g load.

Fig. 1. (a) Optical micrograph of etched FeyoCraypMnyoNizgCono;

3. Results

The first alloy investigated consisted of 20 elements in
equal atomic proportions, i.e. 5at.% each of Mn, Cr, Fe,
Co, Ni, Cu, Ag, W, Mo, Nb, Al, Cd, Sn, Pb, Bi, Zn, Ge, Si,
Sb, Mg. The second alloy consisted of 16 elements in equal
atomic proportions, i.e. 6.25at.% each of Mn, Cr, Fe, Co,

SEM  micrographs of (b) Fey6.7Cri6.7Mny6.7Ni16.7C016.7Nb16.7;

()  Fey6.7Cr16.7Mni67Nij67Co167Ge16.7;  (d)  Fei.7Cri67Mny67Ni167Co16.7Cu16.7; ()  Fers.7Cri6.7Mny6.7Nij67Co16.7Tite7;  and  (f)

Fey6.7Cr16.7Mnj6.7Ni16.7C016.7Vi6.7-
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Table 1
Dendritic (D) and interdendritic (I) compositions (at.%)
Alloy Region Fe Cr Mn Ni Co Nb Ge Cu Ti v
FeCrMnCoNi D 20.2 20.5 19.4 19.5 20.4
1 16.1 27.0 23.0 17.0 17.0
Nb D 16.5 15.7 12.0 13.0 17.8 25.0
1 15.5 19.4 25.4 23.7 14.2 1.9
Ge D 21.7 21.0 12.0 13.5 19.2 12.6
I 8.9 11.0 20.3 22.3 13.5 24.0
Cu D 21.6 18.4 12.7 16.9 23.7 6.8
1 33 3.6 244 15.6 5.9 47.4
Ti D 19.7 7.3 14.3 13.5 20.5 24.8
1 18.4 10.1 24.0 22.7 15.9 8.9
\% D 18.8 19.5 7.7 25.6 18.3 18.9
1 18.4 16.4 8.0 21.5 19.6 16.2

Ni, Cu, Ag, W, Mo, Nb, Al, Cd, Sn, Pb, Zn and Mg, the
same as the first alloy but without the semi-metals Bi, Ge, Si
and Sb. Both alloys were multiphase and brittle, as-cast and
after melt spinning. Surprisingly, however, the alloys con-
sisted predominantly of a single fcc primary phase, contain-
ing many elements but particularly rich in transition metals,
notably Cr, Mn, Fe, Co and Ni. In addition, there were a
few interdendritic phases. Further investigation concentrated
on exploring the multicomponent fcc single phase field, by
manufacturing a five component alloy consisting of 20 at.%
each of Cr, Mn, Fe, Co and Ni, as well as six, seven, eight
and nine component alloys consisting of 16.7, 14.3, 12.5
and 11.1 at.% each, respectively, of the same five elements
together with other elements such as Cu, Ti, Nb, V, W, Mo,
Ta and Ge. This paper concentrates on the five component
FeCrMnNiCo alloy, with 6th element additions of Nb, Ge,
Cu, Ti and V.

Fig. 1 shows microstructures of (a) the as-cast five com-
ponent FeCrMnNiCo alloy; and (b—f) the Nb, Ge, Cu, Ti and
V alloys, respectively. All the alloys exhibited a dendritic
microstructure, with the dendrite size and morphology vary-
ing from one alloy to another. The Ti, Nb and V alloys con-
tained rounded dendrites with an average primary arm width
of 20 wm, but the dendrites in the other alloys were more
regular and highly branched. The average primary dendrite
arm width was 15 pm in FeCrMnNiCo, but only 5 wm in
the Cu alloy. The secondary dendrite arm spacing was also
smaller in the Cu alloy. There was interdendritic segrega-
tion with no second phase in FeCrMnNiCo and the Cu al-
loy, but the Nb and Ti alloys showed a second interdendritic
phase, and the V alloy exhibited multiphase interdendritic
regions.

Dendritic and interdendritic compositions varied from one
alloy to another, as listed in Table 1. The dendrite composi-
tion in FeCrMnNiCo consisted of equal proportions of Fe,
Cr, Mn, Ni and Co, with an interdendritic composition low
in Fe and high in Cr and Mn, as shown in the Fe X-ray map
in Fig. 2. Table 1 shows that Nb and Ti segregate preferen-
tially to the dendrites and are depleted in the interdendritic

regions; Ge and Cu segregate preferentially to the interden-
dritic regions and are depleted in the dendrites; and V par-
titions equally between the dendrites and the interdendritic
regions. There was a slight tendency for Mn to segregate
preferentially to the interdendritic regions in the six compo-
nent alloys. A typical example can be seen in the Mn X-ray
map from the Nb alloy in Fig. 3.

Fig. 4 shows XRD traces from: (a) the five component
FeCrMnNiCo alloy; and (b—f) the Nb, Ge, Cu, Ti and V
alloys, respectively. In all the alloys, the dendrites were fcc
with a lattice parameter in the range 0.358-0.364nm, as
listed in Table 2. Minor interdendritic bcc and other phases
were present in the Ge, Ti and V alloys.

Table 3 gives dendritic and interdendritic microhardness
values. Dendritic and interdendritic hardnesses were 300

IOOEm

Fig. 2. Fe X-ray map from Fe;oCraoMnyoNizoCoog.
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Fig. 3. Mn X-ray map from Fej47Cri6.7Mnj7Nij6.7C016.7Nb16.7.

Table 2

Lattice parameters of dendritic fcc and interdendritic bce phases (nm)
Alloy fec bee
FeCrMnNiCo 0.359

Nb 0.362

Ge 0.358 0.229
Cu 0.359

Ti 0.364 0.482
\% 0.358

and 290 kg/mm?, respectively, in FeCrMnNiCo. The den-
drite hardness was similar to FeCrMnNiCo in the Ge and Cu
alloys, but increased sharply to approximately 1000 kg/mm?
in the Nb, Ti and V alloys. The interdendritic hardness was
similar to FeCrMnNiCo in the Nb, Cu and V alloys, but in-
creased sharply to approximately 650 and 1000 kg/mm? in
the Ti and Ge alloys, respectively.

Similar features were found in six component alloys with
different sixth alloying additions to FeCrMnNiCo, and were
also found in seven, eight and nine component alloys with
various combinations of additional alloying additions. The
alloys all solidified with fcc primary dendrites, interdendritic
segregation and one or two interdendritic phases.

Table 3

Average dendritic and interdendritic microhardness values (kg/mm?)
Alloy Dendrite Interdendritic
FeCrMnNiCo 300 290

Nb 1031 399

Ge 298 1068

Cu 310 314

Ti 998 643

v 1007 287

4. Discussion

Multicomponent alloy phase space contains an exten-
sive single fcc phase field for late transition metal rich
compositions. An extensive glass forming phase field
and an extensive Laves phase field have recently been
found in early transition metal rich multicomponent al-
loys [1]. The fcc phase field includes the composition
Fep9CryoMnpoNizgCoog, and is capable of dissolving sub-
stantial amounts of Nb, Ti and V, as well as smaller amounts
of Cu and Ge. It presumably extends to include the fcc
austenite phase in pure Fe, pure Ni and binary Fe—Ni alloys.
The multicomponent fcc lattice parameter is in the range
0.358-0.364 nm, and increases with incorporation of larger
atoms such as Nb and Ti. This is similar to the Fe fcc lattice
parameter of 0.357 nm, and somewhat higher than the Ni
fce lattice parameter of 0.352nm. It is somewhat surpris-
ing that fcc austenite can dissolve such large amounts of
elements such as Cr, Mn, Co and particularly Nb and Ti
which are not fcc. More electronegative elements such as
Ge and Cu show considerably less solubility. In Pd-based
binary alloys, it has been shown that solutes that reduce the
number of valence electrons per atom stabilize an fcc solid
solution because of a negative structure-dependent enthalpy
[2].

The morphology, size and hardness of the dendrites are
sensitive to alloying content. Highly regular dendrites in
Fey0CryoMnyoNipgCoyg are refined in size with additions of
Ge and Cu, and become more rounded and irregular with
additions of Nb and Ti. Fep(CryoMnygNirgCosg has a micro-
hardness of approximately 300 kg/mm?, which is increased
substantially with additions of Nb, Ti and V.

The Gibbs phase rule gives the maximum number of equi-
librium phases as p = ¢ + | in a ¢ component system
at constant pressure. The maximum number of phases can
be greater under non-equilibrium conditions such as during
casting or melt spinning, i.e. in general p > ¢ + 1. The late
transition metal rich multicomponent alloys described above
all solidify dendritically to form a majority fcc primary den-
dritic phase, with interdendritic segregation, and sometimes
additional interdendritic phases. The total number of phases
is always well below the maximum equilibrium number al-
lowed by the Gibbs phase rule, and even further below the
maximum number allowed under non-equilibrium solidifi-
cation conditions. It is often claimed that glass formation is
favoured in multicomponent alloy systems because of a con-
fusion principle, with different sized and chemically dissim-
ilar atoms hindering the process of crystallization [3]. The
multicomponent alloys described above do not form metal-
lic glasses during casting or melt spinning. The difference
in atomic radius between each component is less than 15%
[4] and would therefore be expected to form a solid solution
according to Hume—Rothery Rule [5] on substitutional solid
solutions. Hence, the confusion principle does not apply in
this case, and other factors are more important in promoting
glass formation.
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Fig. 4. X-ray diffraction patterns from: (a) FezoCraoMnaNizCoz; (b) Fei6.7Cr16.7Mny6.7Nij6.7C016.7Nb16.7; (c) Fer.7Cri6.7Mny6.7Nij6.7Co16.7Ge16.7;
(d) Fei6.7Cr16.7Mny6.7Ni16.7Co16.7Cu16.7; (€) Fei6.7Cri6.7Mni6.7Nii6.7C016.7Ti16.7; and (f) Feye.7Cr16.7Mny6.7Nij6.7C016.7V16.7 Obtained using Cr source

with V filter (a, b, d, e) and Mo source with Zr filter (¢ and f).

5. Conclusions

Alloys containing 16 and 20 components in equal
proportions are multiphase, crystalline and brittle both
as-cast and after melt spinning. A five component
Fey9CraoMnyoNizgCorg alloy forms a single fec solid so-
lution which solidifies dendritically. A wide range of other
six to nine component late transition metal rich multi-
component alloys exhibit the same majority fcc primary
dendritic phase, which can dissolve substantial amounts of
other transition metals such as Nb, Ti and V. More elec-

tronegative elements such as Cu and Ge are less stable
in the fcc dendrites and are rejected into the interden-
dritic regions. The total number of phases is always well
below the maximum equilibrium number allowed by the
Gibbs phase rule, and even further below the maximum
number allowed under non-equilibrium solidification con-
ditions. Glassy structures are not formed by casting or
melt spinning late transition metal rich multicomponent al-
loys, indicating that the confusion principle does not apply,
and other factors are more important in promoting glass
formation.
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