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The structure of a family of high entropy alloys based on the composition CoCrFeNi, to which Pd and Sn
have been added, is presented. The results stem from combined investigations by atom probe tomography as well
as by scanning and transmission electron microscopy on samples produced by arc melting. Although CoCrFeNi is
of fcc structure, the sample is not homogeneous on atomic scale. The addition of Pd as a fifth element retains the
fce lattice with the indication of the coexistence of at least two additional phases. The addition of Sn changes the

general structure considerably.
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1. Introduction

The name high entropy alloys (HEA) has appeared
about ten years ago to describe mostly single-phase al-
loys, often with fcc and/or bcee lattices, consisting of at
least four metal components. Since then, a lot of stud-
ies have been published showing the exciting challenge to
understand their formation by different production pro-
cesses and to conceive alloys with suitable properties [1-
6]. According to literature, HEAs have close to equimolar
composition, form mostly fcc and/or bee phases and solid
solutions, i.e. the elements take random occupations on
available lattice sites. However, additional intermetal-
lic phases can also be found. Several publications have
been devoted to finding rules for whether a melt after
solidification forms a HEA or not. The understanding
of the structure and the stability of HEAs is neverthe-
less still very incomplete and the mechanism behind the
composition-property relationship is largely unclear.

In the present work, we focus on a basic HEA alloy
(CoCrFeNi at equiatomic composition) to which is added
a fifth element, Pd and Sn, in different amounts. The mi-
crostructure is examined by standard techniques: optical
as well as scanning (SEM) and transmission (TEM) elec-
tron microscopy. The composition is measured by energy
dispersive X-ray spectroscopy (EDS) and atom probe to-
mography (APT). Few APT studies on HEA have been
reported until now and in only a few of them structural
inhomogeneities could be observed [7-10]. In the present
study, APT investigations were performed on alloys in
which neutron (ND) and X-ray (XRD) diffraction mea-
surements have suggested deviations from a single-phase
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structure [11] and because fluctuations in composition
were observed by EDS. For short, CCFN will be used in
the following to denote the CoCrFeNi equimolar alloy.

2. Sample preparation
and experimental techniques

The CCFN, CCFN-Pd, (x = 0.5, 1.0, 1.5) and CCFN-—
Sn alloys were prepared as presented elsewhere [2] from
99.9wt.% pure raw materials. Cylindrical rods were pre-
pared by copper-mould suction casting into a water-
cooled Cu hearth. Each alloy was remelted at least
4 times to ensure good mixing of the elements.

The observation of the morphology and the study
of the composition of the different phases have been
performed by SEM with a Zeiss 1530-XB microscope
equipped with energy-dispersive X-ray detector. For re-
vealing the microstructure, the standard metallographic
procedure has been performed, i.e. grinding, polish-
ing and etching using aqua regia solution. CCFN and
CCFN-Pd samples were characterized by TEM in a
JEOL 2010 microscope at 200 kV.

The study of the element distribution on the atomic
scale has been performed by APT (energy compensated
wide angle tomographic atom probe (ECOWATAP)) in
1078 Pa ultrahigh vacuum, at 80 K, with 20% pulse frac-
tion and 30 kHz pulse generation frequency on needle-
shape samples prepared in a two steps electropolishing
procedure by two solutions: 90% acetic acid + 10% per-
chloric acid and 98% butyl cellosolve + 2% hydrochloric
acid. The GPM 3D software (Rouen/Cameca) was used
for data reconstruction.

3. Results

The CCFN alloy observed by SEM exhibits a single
phase microstructure formed by large columnar grains
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(Fig. 1) up to 100 gm in width. SEM-EDX analysis
reveals a homogeneous composition through the sample
close to the nominal equimolar composition (Table I).
No macroscopic segregation was observed. The locations
in the ingot from where the TEM and APT samples were
taken are shown in Fig. 2. The compositional differences
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H

Fig. 1. SEM image of CCFN alloy showing columnar
grains.
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Fig. 2. Light optical microscopy pictures of CCFN in-
got. Arrows indicate APT and TEM sampling regions.

Fig. 3. Bright-field image of the CCFN alloy and the
corresponding diffraction pattern along [0 0 1] zone axis.

observed between region 2 in Fig. 2 and the central region
as well as region 1 can be explained as follows: region 2 is
calculated from a single APT experiment, while the data
obtained from central region and from region 1 are av-
erages obtained from 2 and 4 experiments, respectively.
Furthermore, due to the large grain size only one grain is
measured in one single APT experiment. The representa-
tive bright-field TEM image in Fig. 3 shows a columnar
grain. The corresponding diffraction pattern along the
[0 0 1] zone axis in the inset indicates an fcc structure.
The lattice parameter obtained from different patterns is
afee = 3.56 £ 0.03 A as calculated from different reflec-
tions. The standard deviation is smaller than the obser-
vational error, +0.05 A.

TABLE I

Nominal composition and average compositions obtained
by SEM-EDS from different regions in the CCFN ingot.

Element Composition by Nominal composition
SEM-EDS [at.%)] [at%)]
Co 24.8+0.4 25.0
Cr 25.8+0.9 25.0
Fe 2454+ 0.6 25.0
Ni 24.94+0.2 25.0

In order to determine the compositional differences
in the ingot, several APT samples obtained from dif-
ferent regions in the ingot (Fig. 2) were investigated.
Although some fluctuation in the lattice parameter [11]
could be observed through the ingot, no macroscopic in-
homogeneity could be detected. In order to investigate
the chemical homogeneity at atomic scale, several boxes
of 10 x 10 x 10 nm? along the reconstructed volumes
were used, each of them containing between 40000 and
50000 atoms (Fig. 4). Fluctuations (slightly above the
error bar of 1 at.%, especially for Cr and Ni) but no de-
fined clusters were observed in all the performed APT
measurements.

CCFN-Pd,, alloys of different compositions were inves-
tigated in order to study the influence of Pd as fifth com-
ponent. A full characterization procedure has been per-
formed including SEM-EDS on all compositions as well
as APT and TEM-EDS for z = 1.0. An overall fcc struc-
ture is conserved for the three compositions as observed
by TEM and confirmed by XRD [11]. The SEM obser-
vation reveals dendritic solidification as shown in Fig. 5.
Table II presents the different compositions measured in
both dendritic and interdendritic regions for all three in-
vestigated alloys. All alloys present a higher amount of
Pd in the interdendritic region but in the case of CCFN—
Pd; 5 this difference is only about 2%. In addition, de-
pletion in both Pd and Co as compared to nominal com-
position is observed for all compositions.

The APT reconstruction of CCFN-Pd; o tip shows a
homogeneous element distribution (Fig. 6). The arrow
indicates the direction of the analysis. Enrichment of Pd
is observed at the end of the tip. This can indicate that



Combined Atom Probe Tomography and TEM Investigations. .. 559

TABLE II
tf{;é;; ;g;;)’ Nominal composition and average compositions obtained
Ni (22.11 +0.27) % by SEM-EDS of dendritic and interdendritic regions in
the CCFN-Pd, sample for x = 0.5, 1.0 and 1.5.
x | Element | Dendritic | Interdendritic | Nominal
e Co |232+04| 204+1.0 22.22
ol gl 2:((;;;;33::)} o Cr 22.24+0.2 22.440.2 22.22
Cr(2224£0.45 NE[23.60:£1048) % 0.5 Fe 23.44+0.2 22.74+0.2 22.22
i ‘ afpae Ni | 226403 224+05 92.22
;’I(éég‘;to Pd 854+0.8 12.1+£0.8 11.11
Co 18.1+0.6 17.94+0.3 20
Fig. 4. 3D-reconstruction of a CCFN sample tip. Av- Cr 2094+ 1.1 20.4+1.3 20
erage atomic compositions in boxes of 10 x 10 x 10 nm? 1.0 Fe 211417 19.4 4+ 0.1 20
are shown. Ni 225407 | 204411 20
Pd 174+04 21.9+0.1 20
Co 18.8 £0.2 18.1+ 0.6 18.18
Cr 18.4+0.1 18.4+0.2 18.18
1.5 Fe 194+04 18.8 £ 0.3 18.18
Ni 17.7+0.3 17.6 £ 0.3 18.18
Pd 25.6 £0.4 271+ 1.2 27.27

the end of the tip is located in the interdendritic region,
the Pd content being lower in the dendritic regions as
compared to the interdendritic ones during the solidifica-
tion process. The nearest neighbour analyses performed
20 ym for the 1st, the 5th, and the 10th nearest neighbour do
not show aggregation nor cluster. The composition of
Fig. 5. SEM image of the CCFN—Pd; o alloy using different 1_0 X .10 x 10 nm:j’ ques alF)ng the tip axis is
BSE detector. presented in Fig. 7. Depletion in Co is also observed.
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Fig. 7. Composition measurement on CCFN-Pd; ¢ al-
loy on different statistical boxes in a reconstructed
volume.

TABLE III

Nominal composition and average compositions obtained
by SEM-EDS of dendritic and interdendritic regions in
the CCFN-Sn; ¢ sample.

Element Dendrites Interdendrites Nominal
Fig. 6. APT reconstruction of a 10 x 10 x 70 nm? Cr 2624 1.9 15.7£3.0 20
CCFN-Pd; .o sample tip (4 million collected atoms). Fe 26.74+2.2 15.6 & 2.8 20
Dots represent the positions of individual atoms. Co 24717 171+17 20
The color correspondence is given in the legend indi- Ni 13.6 £1.8 23.8+2.5 20
cating the average composition and the relative error. Sn 8.8+4.0 278+ 5.0 20

The arrow indicates the direction of the analysis.
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Fig. 8.

SEM image of the CCFN-Sn;. o alloy showing
dendrites.

The general observation of CCFN-Sn; o alloy shows
a dendritic solidification (Fig. 8) process in the sam-
ple. By SEM-EDS observation the element composi-
tion presents a homogeneous distribution along the in-
got. The study of the different features shows that the
dendrites are depleted in Sn and Ni and enriched in Fe—
Co—Cr while interdendritic regions show the opposite be-
haviour (Table IIT). XRD investigations have confirmed
the existence of several phases [11].

4. Discussion

The CCFEN alloy, containing two fcc phases from ND
and XRD results [11], does not seem to be homogeneous
on atomic scale. APT analysis on a nanometer scale,
and also EDS on a higher scale, reveals a fluctuation of
composition not only through the ingot as indicated by
XRD. This observation is similar to the discrepancies re-
ported in [12, 13]. This fluctuation of composition may
be understood by the excess of entropy existing in these
materials which thus results in a neither random nor pe-
riodic occupation of the fcc sites by the different atoms
all having very similar atomic radii.

When another element such as Pd is added to CCFN,
the structure retains its overall fcc character for the three
studied compositions. Although dendrites can be clearly
observed, the difference in composition between the den-
dritic and the interdendritic domains is small. The ob-
served depletion in both Co and Pd suggests the existence
of another phase.

When Sn is added, clear dendritic microstructure is
observed in the alloy of equimolar composition as seen
in Fig. 8. XRD reveals two phases, an orthorhombic one
and an fcc one [11]. Table III indicates a clear difference
between the two phases: one dendritic richer in Fe, Co
and Cr, one interdendritic richer in Ni and Sn.

5. Conclusions

The basic CoCrFeNi high entropy alloy is not homoge-
neous on atomic scale.

The different elements although of similar atomic size,
are distributed neither randomly nor periodically in the
alloy.

With the addition of Pd as fifth element to the al-
loy, the overall fcc structure remains although there is
strong indication for the existence of at least two addi-
tional phases.

The addition of Sn leads to the separation of the alloy
into two phases with different composition and crystalline
structure.
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