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Abstract—Co—Cr—Fe—Mn—Ni alloys with a change in the manganese and iron concentrations from 5 to
35 at % providing the optimum ratio between the strength and ductility have been investigated. Using a com-
prehensive study of the structure and mechanical properties of the samples, data on the effect of the elemental
composition on the micro- and nanohardness of the Co—Cr—Fe—Mn—Ni alloys have been obtained and an
optimum Mn-to-Fe ratio ensuring high strength has been determined. The structure and the phase and
chemical compositions of the materials have been examined by X-ray diffraction analysis and scanning elec-

tron microscopy.
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INTRODUCTION

A conventional approach to creating structural
materials consists in selecting a basic element as a
matrix to obtain a desired combination of mechanical
properties. In this way, a great number of alloys based
on iron, copper, aluminum, etc., used in practice have
been obtained. In recent years, the approach to creat-
ing multicomponent alloys with a matrix consisting of
five or more elements in equiatomic ratios has evoked
interest [1—7]. When alloys contain more than five
elements, the entropy of mixing significantly
increases, which is why they are called high-entropy
alloys (HEAs). It is believed that high entropy facili-
tates the formation of disordered substitutional solid
solutions instead of intermetallic phases due to a
decrease in free energy. At present, it is known that
the formation of the phase structure of HEAs is
determined not only by the entropy of mixing (i.e.,
the number and concentration of constituents), but
also by the nature of alloy components themselves.
Among the most well-studied alloys based on tran-
sition elements, a single-phase structure of a disor-
dered substitutional solid solution is only observed in
the Co—Cr—Fe—Ni and Co—Cr—Fe—Ni—Mn alloys,
while the formation of intermetallic or ordered phases is
observed upon additional doping with many other ele-
ments. The aim of this study was to establish the effect of
changes in the Mn and Fe concentrations on the struc-

ture and mechanical properties of the Co—Cr—Fe—Ni—
Mn alloys and to determine formation criteria
depending on changes in the manganese and iron con-
tents.

MATERIALS AND METHODS

Six samples of Co—Cr—Fe—Mn—Ni HEAs with
manganese and iron contents from 5 to 35 at % (Table 1)
obtained by high-frequency induction melting were
investigated.

The microhardness of the alloys was measured
according to GOST (State Standard) 9450-76 using a
diamond pyramid with a base angle of 136°, a load of

Table 1. Chemical composition of ingots (at %)

Alloy Co Cr Fe Mn Ni
1 20 20 35 5 20
2 20 20 30 10 20
3 20 20 25 15 20
4 20 20 15 25 20
5 20 20 10 30 20
6 20 20 5 35 20
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Fig. 1. Mesh of 5 X 5 indents with a load of 50 mN on the HEA samples.
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Fig. 2. XRD analysis of (a) Coy)CryoFe;5Mn sNiy,

100 g, and an exposure time of 10 s. Nanoindentation
of'the alloys was carried out on a NanoScan-4D device
according to the ISO 14577 and GOST (State Stan-
dard) R 8.748-2011 standards using a trihedral dia-
mond pyramid (Berkovich indenter) with a blunt
radius of about 20 nm at the apex; the distance
between indents was 20 um (Fig. 1).

(b) C020CI'20FC 15M1’125Ni20,

(C) COzocrzopeloMn30Nizo,
(d) COZOCrzoFesMn35Ni20, (e) CO20CI'20F610MH30N120, and (f) C020CI'20F65MH35Ni20 alloys. (g) SEM image of
Co,(CrypFesMn;5Niy alloy obtained using a backscattered electron detector.

Phases in the investigated alloys were identified by
X-ray diffraction (XRD) analysis and scanning elec-
tron microscopy (SEM). XRD analysis was carried
out using a diffractometer (Cu Ko radiation). The
microstructure was examined on a KYKY EM-6900
SEM at an accelerating voltage of 30 kV using both a
classical secondary electron detector (SED) and a
back-scattered electron detector (BSED) [8, 9]. When
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Fig. 4. Electron microscopy images of Co,(Cr,Fe;yMn3(Ni,, alloy obtained at different magnifications with a backscattered

electron detector.

using an SED, almost noiseless images with topo-
graphic contrast were obtained. When using a BSED
with a working distance of up to 15 mm, the resulting
images had a lower edge contrast, but brought infor-
mation on the composition with a high sensitivity.

RESULTS AND DISCUSSION

XRD analysis (Fig. 2) showed that the presence of
Mn greatly contributes to the formation of the struc-

TECHNICAL PHYSICS LETTERS 2024

ture of a solid solution, in contrast to the medium-
entropy Co—Cr—Fe—Ni alloys [10]. The investigated
alloys are single-phase solid solutions with an fcc lat-
tice, which is fully consistent with the results of the
study of the Cantor alloys with equiatomic contents of
elements. The crystal lattice parameter was 3.6 %
0.003 A. An increase in the Mn content to 35 at %
(Fig. 2) makes the crystal structure of the alloy more
resistant to expansion and enhances the energy of frac-
ture, which indicates a stronger interatomic bonding.
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Fig. 5. Microstructure of Co,,Cr,gFe,5Mn 5Ni,( alloy visualized using secondary electron and backscattered electron detectors,
elemental mapping, and energy spectra.

Table 2. Change in micro- and nanohardness depending on

the elemental composition of the HEA

Series no. | Microhardness, HV | Nanohardness, GPa
1 177+ 7 1.88 £ 0.06
2 151 £ 16 1.59 £ 0.32
3 117+ 6 1.24 £ 0.06
4 173+ 4 1.83 £ 0.115
5 134 £ 6 1.34 £ 0.04
6 184+ 14 1.94 £ 0.12

Figure 2g shows a microphotograph of a
Co,,Cr,yFesMn;sNi,, HEA obtained using a BSED.
This alloy has the highest manganese content, due to
which another strengthening intermetallic phase
emerges in it.

Table 2 and Fig. 3 present the micro- and nano-
hardness data at different percentage of manganese
and iron. The  Co04CryyFe;sMnsNi,, and
Co0,Cr,yoFesMnssNi,, alloys exhibited the highest
hardness, which is confirmed by the results of the
hardness and microhardness tests. The highest nano-
hardness (up to 1.94 GPa) can be caused by both an
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Fig. 6. SEM image of Co,,Cr,oFe,5Mn oNi, alloy obtained with secondary electron and backscattered electron detector, ele-
mental mapping, and energy spectra of the alloy region containing the interdendritic spacer.

increase in the manganese content to 35 at % for the
Co,,CryFesMn;sNi,, alloy and the presence of
strengthening intermetallic phases (see the XRD data
in Fig. 2f) for the Co,,Cr,,Fe;sMnsNi,, alloy

To evaluate the structure of the alloy, Fig. 4 shows
SEM images obtained with a detector that provides
information about the composition of the examined
area of the Co,5;CrysFe;\Mn;)Ni,, alloy with a high
sensitivity It can be noted that this alloy represents a
single-phase solid solution with an fcc lattice (Fig. 2e)

Table 3. Chemical composition of the dendritic region of
Co0,(CryyFe,5Mn yNiy alloy

Total mapping spectrum

Element Line type | wt% S:;gn;oa at %
Cr K series 18.69 0.06 20.17
Mn K series 11.24 0.06 11.48
Fe K series 29.38 0.08 29.59
Co K series 20.75 0.08 19.76
Ni K series 19.95 0.09 19.07
Total K series 100.00 100.00
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and a heterogeneous structure in the form of dendrite
branches (Figs. 4a—4d). The first- and second-order
dendrites can be seen, which are enriched with cobalt,
chromium, and iron in the bulk of a grain and with
manganese and nickel in the border areas (Figs. 4c,
44d).

The Co,,CryyFe,sMn sNi,, alloy (Figs. 5, 6; Table 3)
also has a simple single-phase structure (Fig. 2) con-
sisting of simple disordered substitutional solid solu-
tions with an fcc lattice. When studying the micro-
structure of this alloy, it is worth noting its dendritic
segregation (Fig. 4), a high content of refractory ele-
ments in the dendritic regions (Table 3), and release of
low-melting Ni and Mn elements in the interdendritic
layers (Fig. 5). The average grain size was
200—300 wm; black globules 5—10 wm in size are non-
metallic inclusions of the Mn,0O; oxide.

CONCLUSIONS

(i) In this study, the presence of intermetallic
phases in the Co,,Cr, FesMn;sNi,, alloy positively
affecting the mechanical properties was established,
which is related to a high (up to 35 at %) Mn content.
The remaining alloys are single-phase solid solutions
with a fcc lattice parameter of 3.6  0.003 A.

(ii) The highest nanohardness among the investi-
gated alloys was exhibited by the Co,,Cr,oFesMn;sNi,,
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and Co,,Cr,,Fe;sMnsNi,, samples: 1.88 = 0.06 and
1.94 = 0.12 GPa, respectively.

(iii) Using scanning electron microscopy, the
structure of the materials was found to be dendritic
segregation with a grain size of 200—300 um and the
presence of nonmetallic Mn,0O; inclusions was
observed.
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