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Abstract

Single-phase Co-Cr-Fe-Ni high-entropy alloys boast exceptional mechani-
cal and electrical properties. These alloys are suitable for various func-
tional applications, particularly as strain gauges and high ohmic resistors,
due to this fact. The resistance-tension tests of the equiatomic CoCrFeNi
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high-entropy alloy demonstrate higher strain gauge factor (GF) and elastic
limit values than commercial strain gauges. In the elongation range of
€ = 0-0.2%, the resistivity of the studied alloys follows a strictly linear

pattern with respect to the applied load, up to 435 MPa. Heat treatment
enhances the GF value of the as-cast alloy from 3.07 to 3.45. The annealing
process changes the sample structure, resulting in an increase in the GF.

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

High-entropy alloys, unlike traditional alloys and steels, are
multicomponent systems [1, 2] without a dominant ele-
ment. 20 years after their discovery, HEAs continue to gar-
ner significant interest due to their versatility as both func-
tional and structural materials. Recent studies have shown
[3] that such applications may include strain gauges and
high ohmic resistors based on refractory or 3d metals. The
tensile strength values of 1100-1500 MPa and plasticity
reaching a value of 63-71% at room temperature, weak lin-
ear changes in electrical resistivity depending on tempera-
ture and tension [4, 5], and the paramagnetic state [6]
above room temperature allows us to consider HEAs as a
replacement for commercial strain gauges. The unique
structure of HEAs enables the favorable combination of
above-mentioned properties. In such systems, BCC, FCC, or
FCC-structured single-phase solid solutions are stabilized
by augmented configurational entropy [1]. In addition, in
high-entropy alloys, crystal lattices exhibit disordered and
defective structures because of differences in the atomic ra-
dii and valences. Configurational entropy and chemical
complexity are essential features of equiatomic high-en-
tropy alloys.

Here, we selected equiatomic CoCrFeNi alloy for re-
search, guided by the following reasons: 1) it forms a single-
phase solid solution with a simple FCC crystal structure [7];
2) it is paramagnetic [8] above 100 K, so there is no influ-
ence of the magnetic component on the electron and lattice
subsystem; 3) it has high electrical resistivity, low temper-
ature resistivity and thermal expansion coefficients [5, 9].
Thus, the equiatomic CoCrFeNi alloy is an ideal system for
studying the influence of heat treatment and structure on
strain gauge and electrical resistivity.

In our study, we selected an equiatomic CoCrFeNi alloy
and for the first time determined its strain sensitivity as
one of the most important parameters indicating the pro-
spects for further consideration of this alloy as a pressure
and mechanical deformation sensor. The purpose of this
work was to determine the functional applicability of the
equiatomic CoCrFeNi alloy to baric and/or strain gauge ap-
plications.

2. Experimental procedure

Initially, the as-cast ingot was produced by arc melting on
a water-cooled furnace mold from appropriate quantities of
Ni, Co, Fe and Cr (>99.9% purity). The ingot was turned
over and remelted five times in high-purity argon and then
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subjected to thermal treatment as described below. The
sample was annealed in a resistance furnace at 9oo °C for
24 h under an inert environment. The heating speed was
3K/min, the cooling speed - 10 K/min. The YUMO B-9M de-
vice was used to cold-roll the foils. The ingots were cold-
rolled to a thickness of 200 um, the deformation of the sam-
ple was approximately 98%. 200x4x0.2 mm foils, both as-
cast and annealed, underwent resistance-tension tests.

Resistivity testing was performed on an original auto-
mated device following the application of a load. The elec-
trical resistivity data were recorded using a standard 4-con-
tact method with a DC current source AKIP-2101 and AKIP-
6304 resistivity meter. The device was calibrated using
standard alloys manganin, constantan, and nichrome for
strain gauges. Three sets of measurements were performed
on each sample until the foils were ruined.

To estimate the GF, we use the following relation:

_ AR/R,
T e

GF (1)

where AR/R, is the relative resistivity and ¢ is the relative
elongation, %.

The relative elongation was calculated using Hooke's
law as follows:

(2)

e=g
where ¢ is the cross-sectional strain measured by the direct
method, MPa, and E is the Young's modulus, MPa , whose
value for equiatomic CoCrFeNi alloy was obtained from ex-
perimental data [9].

A Shimadzu XRD-7000 diffractometer, a LOMO MMU-3
microscope with a SONY ICX452AQ CCD camera, and a Carl
Zeiss EVO 40 electron microscope fitted with an EDS INCA X-
Act Energy microanalyzer were employed to examine the
crystal structure, microstructure, and local chemical compo-
sition of the sample surfaces.

3. Result and Discussion

The X-ray diffraction patterns, images and unit cell param-
eters for the as-cast (A) and annealed (B) pre- and post-cold
rolling alloys are presented in Figure 1 and Table 1. A and B
samples only show FCC symmetry peaks. Based on the XRD
analysis, all samples are identified as single-phase FCC
solid solutions. The unit cell parameters remain practically
unchanged. The SEM-EDS mapping results (Figure 2) indi-
cate that the alloy compositions closely match their nomi-
nal values. Along the (200) plane, A sample exhibit a tex-
ture with a preferential orientation. Rolled A and B samples
demonstrate texturing along (111) and (220) plane. The im-
ages are consistent with their corresponding XRD patterns.
As shown in Figure 1, the as-cast sample features both large
and small elongated grains, 100-300 pm wide large grains
are needle-shaped with lengths of 800-1200 um, while the
small grains are 100-300 pm in size. The elongated grains,
oriented toward the

texture is heat flow during
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solidification. At higher magnification, coarse grains ap-
pear as assemblages of columnar blocks of diverse sizes and
orientations. Annealing increases in size and a shift toward
an oval shape for these columnar blocks (Figure 1). The
grain size of B sample is about 1000-1200 pm, and the grain
shape is close to equiaxed. The crystallite sizes are 2-4 pum,
so the structure of the annealed sample can be classified as
fine-grained. The microstructure of the foil from sample A
is represented by crystallites of non-uniform shape and
size. The crystallites in B sample exhibit a fine equal-band
structure of continuous length. Twinning, which occurs un-
der cold rolling conditions, promotes reorientation of col-
umns along the rolling axis. In this case, grains with (111)
and (220) plane prevail on the surface sample.

The dependence of relative resistivity AR/Ro versus € for
the cold rolled A and B foil and the GF values are displayed
in Figure 3.

Table 1 Unit cell parameters of cubic phases the CoCrFeNi alloys.
Annelead

As-cast

Alloy As-cast cold-rolled Annealed cold-rolled
Unit 80(1) 1) (1) 6(1)
cell a, A 35 3-574 3575 >57
a) A —
K —— A after cold-rolled il
= B
8 —— B after cold-rolled
[\
(2]
C
8] =
E|lc
] =) Il
8 2 7
)T .
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Figure 1 XRD patterns (a) and images (b, c, d) of the equiatomic
CoCrFeNi alloy in the as-cast (A), annealed (B) and cold rolled (d)
condition.
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Figure 2 Elemental maps of Cr, Fe, Co and Ni for the as-cast
CoCrFeNi alloy.
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Figure 3 Relative resistivity AR/R, versus strain ¢ for the cold-
rolled CoCrFeNi alloy in as-cast (A) and annealed (B) states.

The resistivity shows a linear response to an applied
load up to € = 0.2%, while above this point the response
becomes nonlinear because the elastic limit oy is reached.
For the A and B foil, the specific electrical resistance p,
gauge factor and elastic limit oy at room temperature are
collected in Table 2.

According to the data from Table 1, GF rose by 12% from
3.01 to 3.45. The GF increase is attributable to the evolution
of the microstructure due to thermal treatment. Heat treat-
ment at 900 °C enlarges grain sizes after cooling. The micro-
structure becomes uniformly fine-grained at the same time.

Widely used commercial strain gauges such as those
of manganin (GF = 0.5-0.7) [10], constantan
(GF = 1-3) [10, 11] and nichrome (GF = 1.2-2.7) [12,13] were
discovered more than a hundred years ago. Despite their

made

lower GF and oy, compared to modern strain gauges based on
platinum, gold and palladium [14, 15], they offer a significant
cost advantage. The 3d classical metal alloy strain gauges
come with a low elastic limit of 300-350 MPa and a limited
€ range where AR/Ro(g) dependence is linear. They are un-
suitable for use under loads exceeding 400 MPa. Commercial
strain gauge alloys are metallic systems based on one or two
elements that cannot compete with HEAs for many reasons.
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Table 2 Specific electrical resistivity p, gauge factor (GF) and elas-
tic limit oy.

Alloy p (nQ-cm) GF oy, (MPa)
A foil 79+2 3.07+0.30 450+33
B foil 76+2 3.45+0.33 435%15
Cug,Mn.Ni, - 0.47-0.71 00-400
(manganin) [10] 43-44 .47-0.7 3 4
Nisocrzo
(nichrome) [12, 13] 100-200 1.20-2.70
CugsNiys (constantan) _ _
[10, 11] 45-50 1.0-3.0 302
Pty,Ws [14, 15] 59 3.7-4.0 -
Ptyslrs [14, 15] 112 5.1-6.6 513

The potential strain gauge applications of HEAs are due
to several favorable circumstances. Many HEAs form sin-
gle-phase, thermally stable solid solutions. These systems
are characterized by a unique combination of ductility and
high corrosion resistance, which is extremely important for
strain gauge applications. An increase in the strain sensitiv-
ity coefficient after cold rolling compared with classical
strain gauges occurs due to the crystallographic anisotropy
of the FCC lattice and the texture. The presence of texture in
the as-cast sample positively affected the tensile strength,
creep, corrosion resistance, and fatigue characteristics of the
cold-rolled high-entropy alloy. These structural features ul-
timately significantly increase the HEAs strain sensitivity,
which is greater than that of commercial binary alloys. For
example, in the binary alloy NiCr (nichrome), ordering ef-
fects may occur, which leads to the formation of a phase with
a Ni:Cr supercell or a cluster structure based on Cr [16].
The formation of secondary phases or ordered cluster struc-
tures negatively affects the strain sensitivity due to an in-
crease in the brittleness of the Ni-Cr alloy.

The success of employing materials as strain gauges
hinges on their sensitivity gauge factor. The electrical re-
sistivity must remain strictly linear with respect to both the
applied load and temperature. The cold-rolled equiatomic
CoCrFeNi alloy exhibited a strain sensitivity coefficient of
3.45 and a linearly increasing resistivity under loads up to
435 MPa. These parameters surpass those of most commer-
cial strain gauges. The measurement results of strain sen-
sitivity and electrical resistance of single-phase equiatomic
CoCrFeNi alloy indicate that it is a promising material for
strain gauge production.

4. Limitations

The study involved heat treatment of the CoCrFeNi alloy at
1123 K for 24 h. The annealing temperature and duration
influence the sample structure and strain sensitivity. More
research is required to establish the optimum annealing
temperature and duration.

5. Conclusions

In this study, we produced a single-phase equiatomic
CoCrFeNi alloy and examined the impact of heat treatment

DOI: 10.15826/chimtech.2024.11.4.12


https://doi.org/10.15826/chimtech.2024.11.4.12
https://doi.org/10.15826/chimtech.2024.11.4.12

Chimica Techno Acta 2024, vol. 11(4), No. 202411412

on its structure, strain sensitivity, and electrical resistivity.
The findings are novel in terms of the measured GF values.
The main results of this work are as follows:

1. According to microstructure analysis, the annealed
equiatomic CoCrFeNi high-entropy alloy is a chemically
uniform, single-phase disordered solid solution with a
finely grained microstructure.

2. Cold-rolled foils produced from annealed samples
have a 12% greater GF value than those from as-cast alloys.

3. The resistivity of the alloys remains linear under elas-
tic stress up to 450 MPa within the € = 0-0.2% range.
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