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a b s t r a c t

The microstructure of the as-cast AlCoCrFeNi high entropy alloy has been investigated by transmission

electron microscopy and atom probe tomography. The alloy shows a very pronounced microstructure

with clearly distinguishable dendrites and interdendrites. In both regions a separation into an Al–Ni

rich matrix and Cr–Fe-rich precipitates can be observed. Moreover, fluctuations of single elements

within the Cr–Fe rich phase have been singled out by three dimensional atom probe measurements.

The results of investigations are discussed in terms of spinodal decomposition of the alloying elements

inside the Cr–Fe-rich precipitates.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

High-entropy alloys have been known for some years as a new
class of materials, which is defined ideally as a solid solution of
five or more elements, each being present with 5–35 at% [1–5].
Another criterion for the definition, beside of course the high-
entropy, is the small difference in atomic radii d of the constitut-
ing elements, which should be dr6.6% [6]. d has been defined as

d¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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i ¼ 1

ci 1�
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where ci is the atomic percentage of the ith component,
r¼

Pn
i ¼ 1 ciri is the average atomic radius and ri is the atomic

radius [7].
The most studied alloy is the as-cast equiatomic AlCoCrCuFeNi

alloy, which stands out by its interesting thermomechanic prop-
erties such as high hardness, resistance to softening at high
temperatures and good compressive strength [8,9]. As the
mechanical properties depend highly on the microstructure, the
latter was studied intensively in order to understand the macro-
scopic behavior. The as-cast equiatomic AlCoCrCuFeNi alloy
contains mainly Al–Ni- and Cr–Fe-rich phases with bcc structures,
the Al–Ni-rich phase being an ordered phase of B2 type and the
Cr–Fe-rich phase being a disordered phase [10]. In addition,
several Cu-rich phases were detected. Detailed investigations on
the Cu-rich phases can be found in recently published work [10].
The knowledge of the microstructure can e.g. explain the
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ferromagnetic behavior in this type of alloys, as has been shown
recently [11].

In order to inhibit the formation of Cu-rich phases at the grain
boundaries and inside the grains and thus reduce the number of
phases, this element has been omitted in this alloy. In the
literature there is only little information about the microstructure
of the 5 component equiatomic AlCoCrFeNi alloy [4,12–14]. Wang
et al. [13] showed that the alloy solidifies into dendrites and
interdendrites, both of which show a separation into two or three
phases. However, no information is available on a nanometer
level, which is why this alloy has been studied in detail by
transmission electron microscopy (TEM) and three dimensional
atom probe (3D-AP) in the present study.
2. Materials and methods

All alloying elements with 99.999% purity were melted in an
equiatomic ratio in an induction levitation furnace under argon
atmosphere. The produced ingots were remelted several times in
order to ensure homogeneity and then cooled inside the furnace.

Specimens for investigation by light microscope were etched
with a solution of molybdenum acid with H2O, HCl and HNO3.
Samples for TEM observations were prepared in two steps, first by
mechanical grinding down to a thickness of 10 mm, and second by
argon milling down to electron transparency. The TEM that was
used for this study was a Philips CM 30, operated at 300 kV. It is
equipped with an energy-dispersive X-ray spectrometer (EDX)
which has been used for microchemical observations.

A focused ion beam (FIB, ZEISS 1540 EsB Crossbeams) oper-
ated at 30 kV, has been used for the 3D-reconstruction of the
phases in the alloy. Images have been taken with a secondary
electron detector while subsequently cutting new sections by
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gallium ions with a beam current of 50 pA, which induces a
milling step in the z-direction of �13 nm. The 3D reconstruction
has been done with the software ‘‘Avizo Fire 7.0.1’’.

Rods of 0.25�0.25�10 mm3 were cut from the ingot and
polished mechanically down to a tip radius of �2 mm for micro-
chemical studies in a 3D-AP. They were subsequently polished
down to a tip diameter of �100 nm by annular milling with
gallium ions in the FIB, operated at 30 kV with beam currents
from 2 nA in the beginning down to 10 pA for the final polishing.
The 3D-AP (CAMECA) was operated with a pulse fraction of 20%
and a pulse penetration frequency of 1000 Hz. 7 samples were
investigated in a vacuum of better than 10�7 Pa at a temperature
of 70 K.
3. Results and discussion

The etched samples were investigated by light microscope and
they show very large grains up to 1 mm in length (not shown
here). A pronounced dendritic solidification as shown in Fig. 1 can
be seen in every grain. Dendrites as well as interdendrites contain
the same phases, namely Cr–Fe-rich precipitates embedded in an
Al–Ni-rich matrix. Whereas the bright interdendrites are
Fig. 1. Optical micrograph of the AlCoCrFeNi alloy. Dendrites are imaged dark and

the interdendrites bright.

Fig. 2. BF TEM images of the microstructure of the as-cast AlCoCrFeNi alloy: (a) inter

pattern of the [001] zone axis of bcc structure is shown in the inset of (b). The matrix

The red box corresponds to a region where the investigated sample from Fig. 4 could ha

the reader is referred to the web version of this article.)
characterized by an intertwined structure where Al–Ni- and
Cr–Fe rich phases alternate with a period of �100 nm in the
width (see Fig. 2a) the dark contrasted dendrites are characterized
by Cr–Fe-rich precipitates of cuboidal morphology (see Fig. 2b).
The observed microstructure of the interdendrites is different
from that of the 6 component equiatomic AlCoCrCuFeNi alloy
[10]. The existence of Cu in the 6 component equiatomic alloy
leads to the formation of a single Cu-rich interdendritic phase
[10]. However, in the interdendrites of the 5 component equia-
tomic alloy two phases can be observed, each one with a similar
composition to those in the dendrites.

In the following, the present work concentrates on the micro-
structure investigations in the dendrites only. A bright field TEM
micrograph (Fig. 2b) shows the presence of a dark Al–Ni-rich
matrix indicated by A and Cr–Fe-rich precipitates indicated by B.
The selected area diffraction (SAD) pattern shows that the matrix
has a B2 structure. The bright roundish, about 25–100 nm wide
precipitates have a disordered bcc structure. The structures of
the phases obtained in the 5 component equiatomic alloy are the
same as those of the 6 component alloy [10]. Fig. 3 visualizes the
morphology of Cr–Fe-rich precipitates by FIB tomography. The 3D
reconstruction reveals that the Cr–Fe-rich precipitates are not
interconnected, which is made more visible by using different
colors for the individual precipitates. Their volume percent in the
Al–Ni-rich matrix is �30% according to the calculation by Avizo
dendrites and (b) dendrites. The corresponding selected area electron diffraction

indicated by A is Al–Ni rich. The bright precipitates indicated by B are Cr–Fe-rich.

ve been taken. (For interpretation of the references to colour in this figure legend,

Fig. 3. Visualization of the individual Cr–Fe rich precipitates by FIB tomography in

a volume of 600�560�460 nm3.



Table 1
Microchemical composition of the investigated areas of the AlCoCrFeNi alloy. A and B have been determined by TEM/EDX measurements, 1–3 by 3D–AP. The relative error

is given by the standard deviation 2s.

Symbols Regions enriched Al [at%] Co [at%] Cr [at%] Fe [at%] Ni [at%]

A Al–Ni 32.073.4 22.672.0 4.971.4 13.071.1 27.572.6

B Cr–Fe 4.973.6 22.370.6 35.775.1 29.972.1 7.773.4

1 Al–Ni 31.573.5 19.671.9 3.770.7 13.171.6 32.072.1

2 Cr–Fe 8.571.4 19.271.5 35.775.3 27.070.4 9.471.9

2a Fe–enriched 5.871.0 24.676.4 15.375.8 47.173.4 7.072.1

2b Cr–enriched 7.172.8 14.071.4 50.171.8 21.871.7 6.871.5

3 Al–Ni without Co 35.970.3 6.970.2 1.970.1 3.370.1 51.970.3

3a Al–enriched 50.872.1 4.671.4 2.871.3 5.571.1 36.171.7

3b Ni–enriched 7.372.3 3.670.8 0.970.7 4.371.5 83.971.8

Fig. 4. (a) Three dimensional reconstruction of Al, Co, Cr Fe and Ni atom positions in an investigated volume of 13�13�83 nm3 of the AlCoCrFeNi as-cast alloy and (b) the

concentration depth profiles of all alloying elements taken along a cylinder of 1 nm in radius placed in the middle axis of the investigated volume in (a).

Fig. 5. (a) Three dimensional reconstruction of Fe-clusters (threshold 440%), in blue, and Cr-clusters (threshold 445%), in green, and (b) the corresponding concentration

depth profiles for Fe and Cr, taken along the cylinder defined in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fire 7.0.1. The Al–Ni rich matrix has not been visualized here.
It can be concluded that the Cr–Fe-rich phase is more pronounced
in the interdendritic region, which is indeed the case (see Fig. 2a).
Its volume percent has been found to be �52%. The composition
of both phases has been determined by TEM–EDX and is given in
Table 1. The compositions of the two phases correspond sensibly
to the corresponding ones observed in the equiatomic AlCoCrCu-
FeNi alloy, given in [10].

Microchemical information on a nanometer scale has been
obtained by three dimensional atom probe measurements. Fig. 4
shows the 3D reconstruction of all alloying elements in an
investigated volume of 13�13�83 nm3 and the concentration
depth profiles taken along a cylinder of 1 nm in radius which
was located in the z-axis of the specimen (not shown here).
The investigated sample is characterized by a non-uniform
distribution of all alloying elements and a correlation between
Al and Ni on the one hand and Fe and Cr on the other hand.
Two regions, labeled 1 and 2, can be distinguished both in the 3D
reconstruction and in the concentration depth profiles. Region 1 is
Al–Ni-rich, whereas region 2 is Cr–Fe-rich:
(a)
 Al–Ni rich region
Region 1 shows quite a homogeneous distribution of the
elements and will not be examined in detail, because it
corresponds well to the Al–Ni rich phases observed in the 6
component AlCoCrCuFeNi alloy [10]. The average composi-
tion of this region is given in Table 1. When comparing the
composition of the Al–Ni-rich phase in both the 5 and
6 component equiatomic alloys it is obvious that within
the error bars it is similar.
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(b)
 Cr–Fe-rich region
Unlike the Al–Ni rich phase, the Cr–Fe-rich phase in this alloy
is characterized by contents of Al, Fe and Ni that differ strongly
from those in the 6 component alloy [10]. Fig. 5a shows the
reconstruction of Fe- and Cr-rich clusters in region 2 from
Fig. 4b, defined by thresholds of 440% for Fe clusters and of
445% for Cr clusters. The concentration depth profiles along a
cylinder of 1 nm in radius (Fig. 5a) for the elements Fe and Cr
are shown in Fig. 5b. The other elements have been omitted for
the sake of clarity. The definition of the Fe- and Cr-rich clusters
and their concentration in Fe and Cr are regrouped in Table 1
as 2a and 2b, respectively. An alternation of Fe- and Cr-rich
clusters is visible in Fig. 5a. It should be mentioned that a
reconstruction of Fe- and Cr- iso-surfaces representing the
same amount of Fe and Cr like in the clusters (not shown here)
indicates that these two types of clusters are highly inter-
twined.
Strong anti-correlated fluctuations of Fe- and Cr-atoms can be
observed over the whole concentration depth profiles (Fig. 5b).
In regions of about 2 nm width the local Fe or Cr concentration
can climb up to about 55 at% for both elements or fall down to
about 5 at% in the case of Cr and about 25 at% in the case of Fe.
These opposite fluctuations, as well as the highly intertwined
morphology, have been observed in previous [11,15] and have
been attributed to the spinodal decomposition of Fe- and Cr-
rich phases. The amplitude of the fluctuations is more pro-
nounced in the present AlCoCrFeNi alloy than in the equia-
tomic AlCoCrCuFeNi alloy. This difference might be due to the
absence of Cu in the present alloy.
4. Summary

The combined TEM and 3D-AP investigations of the equia-
tomic AlCoCrFeNi high-entropy alloy demonstrate the following:
(a)
 The alloy decomposes into dendrites and interdendrites
which contain the same phases, namely Cr–Fe-rich precipi-
tates embedded in an Al–Ni-rich matrix.
(b)
 The Al–Ni rich matrix shows quite a homogeneous distribution
of all alloying elements, and it corresponds well to the Al–Ni rich
phases investigated in the 6 component equiatomic alloy.
(c)
 The Cr–Fe-rich precipitates show a small scale decomposition
within the phase. Anti-correlated fluctuations of Fe- and Cr-rich
domains have been attributed to the spinodal decomposition.
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