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Abstract

The equiatomic CoCrFeMnNi alloy is now regarded as a model face-centered cubic single-
phase high-entropy alloy. Therefore, determination of its intrinsic properties such as the
temperature dependencies of elastic moduli and thermal expansion coefficient are important
to improve understanding of this new class of material. These temperature dependencies were

measured over a large temperature range (200 — 1270 K) in this study.
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1. Introduction

High-entropy alloys (HEAS) were defined as alloys containing at least five major elements,
each of which has a concentration ranging between 5 and 35 at.% [1]. The term “high-
entropy” is based on the hypothesis that the high mixing entropy of these alloys can overcome
the enthalpies of compound formation, i.e., favor the formation of a single solid solution
phase at the expense of a multiphase microstructure including intermetallic or secondary solid
solution phases. In spite of experimental results which proved that this assumption is not
universally valid [2, 3], the term “high-entropy alloys” is now-often used in the literature to
describe all multi-principal-element alloys, even those that are multi-phase. Nevertheless, a
few true single-phase body-centered cubic (BCC) [4-8], orthorhombic [9] and face-centered
cubic (FCC) [2, 3, 10, 11] HEAs have been reported so far.

First reported by Cantor et al. [2], single-phase FCC HEAs based on the five elements Co, Cr,
Fe, Mn and Ni are receiving increasing attention in the scientific community. One reason for
this is that CoCrFeMnNi HEAs have been shown to exhibit remarkable microstructural
stability [3, 10, 12-15], i.e., they remain single-phase even after elevated temperature
exposures of several days [3, 15]. It is thus not surprising that among the various HEAs the
CoCrFeMnNi solid solution alloy is the one on which the most fundamental mechanical
characterizations have so far been conducted.

In its equiatomic form the CoCrFeMnNi HEA has been reported to exhibit interesting
mechanical properties, which might be intrinsic to certain sub-sets of single-phase HEAs. For
example, in tensile tests the yield strength, ultimate tensile strength and elongation to fracture
were found to simultaneously increase when the temperature was lowered from room
temperature to 77 K [16, 17]. In a more recent study, very high fracture toughnesses were

measured at 77 K for the same alloy [18]. These results are in sharp contrast to the behavior of



most metals that wusually show an inverse relationship between strength and
ductility/toughness. Microstructural observations indicate that increases in the ultimate tensile
strength, ductility and toughness are related to changes in the governing deformation
mechanism from conventional dislocation plasticity at room temperature and above to nano-
twinning at 77 K [17, 18]. The reason for the temperature-dependent yield stress is still
unclear, although a recent study of equiatomic lower-order alloys based on the elements in the
CoCrFeMnNi HEA suggests that it may be related to changes in the dislocation width with
temperature [19]. It can, however, be ruled out that it originates from a variation in the shear
modulus, which depends only weakly on temperature in the range between 55 and 300 K [20].
Although HEAs have been mentioned as potential candidates for high temperature
applications due to their anticipated sluggish diffusion kinetics [21, 22], no attempt has yet
been made to investigate the elastic properties of the equiatomic CoCrFeMnNi high-entropy
alloy at temperatures above 300 K. In the present study, we address this deficiency by
measuring the Young’s modulus-and the shear modulus as a function of temperature in the
range between 200 and 1000 K, which will allow the flow stress of the equiatomic
CoCrFeMnNi HEA at elevated temperatures to be normalized by the variation in the shear
modulus. In addition, we report results from dilatometry measurements recorded in the
temperature range between 300 and 1270 K. In combination with the elastic property
assessments, knowledge of the thermal expansion behavior allows for a better estimation of

thermally induced stresses in the CoCrFeMnNi solid solution alloy.

2. Experimental methods

2.1 Material



A 1kg ingot of the equiatomic CoCrFeMnNi alloy was produced by vacuum induction
melting using pure elements (purity > 99.9 wt.%) as starting materials. Since Mn rapidly
oxidizes in air, the Mn flakes were cleaned in an aqueous solution of nitric acid right before
they were added to the other materials in the vacuum induction melter. Moreover, to
compensate for the Mn loss by evaporation, 2 g Mn were added prior to melting. Melting was
performed using a Leybold Heraeus IS 1/11l vacuum induction furnace operating at 5-20 kW
in a high purity argon (Ar) atmosphere (99.998 vol.%). Prior to melting, the walls of the mold
were coated with a yttria slurry, the furnace was evacuated to 3 mbar and then backfilled with
Ar to a pressure of 500 mbar. The raw materials were vacuum induction melted and cast into
a cylindrical mold having a diameter of 40 mm and a height of 120 mm. The cast ingot was
sealed in an evacuated quartz tube and homogenized at 1470 K for 48 h followed by air-
cooling. The homogenized ingot was processed by means of rotary swaging using a four-die
swaging machine of type HMP R6-4-120-21S (HMP Umformtechnik GmbH, Pforzheim,
Germany). In seven steps, the diameter of the cylindrical ingot was reduced from 40 to 16.5
mm. After the final reduction, the swaged material was subjected to a recrystallization heat

treatment for one hour.at 1170 K followed by air-cooling.

2.2 Micrastructure

Metallographic specimens were taken from the recrystallized CoCrFeMnNi HEA with their
surface normal parallel to the longitudinal axis of the cylindrical rod. Prior to microstructural
investigations, the sample surfaces were ground and polished with SiC abrasive paper down
to a grit size of 8 um and subsequently with diamond suspension down to 1 um. A final
polishing step was performed using a vibratory polisher (Buehler Vibromet 2) and colloidal
silica with a particle size of 0.06 um; long polishing times of up to 48 h were employed to

remove all residual deformation from the near-surface regions.



The phase characterization was carried out by X-ray diffraction using a PANalytical X’Pert
Pro MRD diffractometer (Cu Ko radiation A = 0.154 nm; 26-range from 20° to 120°; step size
4260 = 0.006°; integration time 280 s). Microstructural characterization was performed using a
LEO 1530VP field emission gun scanning electron microscope equipped with an electron
backscatter diffraction (EBSD) detector. The texture as well as the grain size were determined
by EBSD at an accelerating voltage of 30 kV, a working distance of 11-15 mm and step sizes
between 1 and 5 um. Pattern analysis was performed using the TSL OIM Analysis software
(version 6.2.0).

The chemical composition of the homogenized ingot was determined at a commercial analysis
laboratory (Revierlabor GmbH, Essen, Germany) where the metallic elements were analyzed
by means of X-ray fluorescence analysis (XRFA) while the oxygen, carbon and sulfur levels

were measured using the inert gas fusion IR and the combustion IR absorption methods [23].

2.3 Measurements of the coefficient of thermal expansion and elastic moduli

Cylindrical samples with'4 mm diameter and 10 mm height along the longitudinal axis of the
recrystallized cylindrical rod were electric discharge machined for thermal expansion tests by
dilatometry from 300 K to 1270 K at a heating rate of 5 K s™.

The elastic moduli of recrystallized CoCrFeMnNi rods were measured as a function of
temperature between 200 and 1000 K following the ASTM E1876-01 standard test method.
Two sample geometries (beams and plates) with a 30 mm gauge length along the longitudinal
axis of the recrystallized cylindrical rod were fabricated using electric discharge machining
and subsequently polished with SiC papers of successively finer grades from 14 to 4 um.
Beam samples with sizes of 30 x 5 x 1 mm?® and plate samples with sizes of 30 x 12 x 1.5
mm® were tested in bending and torsion modes, respectively. Young’s modulus E was

determined using the resonant frequency technique in bending mode on the beam samples. In
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this technique, the samples are maintained by steel wires located at vibration nodes. Both
excitation and detection are performed by an electrostatic device that measures the
capacitance between the sample and the excitation electrode [24]. The tests were performed at
a heating rate of 1 K min™ under high vacuum (10 Pa) at strain amplitude lower than 10°.
The bending resonance frequency Fg was determined by sweeping the excitation frequency
with a network analyzer in the kHz frequency range. Young’s modulus E was then calculated

according to

1LY (e
E =0.9464p F,’ ﬁu(i’vj (1),

B IB

where p is the density (7.9 g/cm® measured at room temperature (RT)), v is Poisson’s ratio,
and eg, Ig and hg are the beam thickness, gauge length and width, respectively. For our sample
geometry, the correction factor U(eg/ls, v) which slightly depends on v is close to 1 [25, 26].

The shear modulus G.-was determined using torsional deformation of plates and was

calculated using [27]:

G = pF? (he* +e: ")’ ),
(1— or ]eT2
V3 h,

where Fr is the torsion resonance frequency, er, It and hy are the thickness, gauge length and

width of the plate samples, respectively. For measurements at high temperature, the calculated
moduli can be corrected for thermal expansion effects according to the ASTM E1876-01

standard test method



wir)=u) £ o

where M(T) and M(T,) are the moduli (either Young’s modulus E or shear modulus G) at
temperature T and at RT, Ty, respectively. F(T) and F(Ty) are the resonant frequencies at
temperature T and Ty, respectively. a is the thermal expansion coefficient and AT is the

temperature differential between the test temperature T and RT.

3. Results and discussion

3.1 Material

The chemical composition of our alloy determined by XRFA,
C020.26Cr19.41F€2065Mn20 10Ni1958  (COMposition in at.%), is consistent with the targeted
equiatomic composition, see-Tab. 1. Additional EDX measurements along the length and
across the diameter of the cylindrical rod show that the chemical composition is homogeneous
at the level of the EDX detection limit (0.5 at.%). During processing, HEAs can come into
contact with carbon and oxygen. The uptake of carbon and oxygen in HEAs results in the
precipitation of carbides and oxides, respectively [15, 28]. For the objectives of the present
work it -was important to produce materials with small amounts of carbon and oxygen, as
shown in Tab. 1, to investigate the intrinsic properties of FCC single-phase CoCrFeMnNi
HEAs. For comparison, the carbon level of low carbon steels is below 0.3 wt.% which is one
order of magnitude higher than the carbon content of our HEA (0.03 wt.%). Finally the sulfur

content of our HEA (0.005 wt.%) is also below the upper limit of 316L steels (0.01 wt.%).



A representative X-ray diffraction pattern of the swaged and recrystallized CoCrFeMnNi
HEA is shown in Fig. 1a. The diffraction peaks indicate the presence of a single FCC phase
with a lattice parameter a = 0.360 nm. No additional peaks can be found which would indicate
the presence of significant amounts of a secondary phase. The single-phase character is
confirmed by EBSD results which are given in Figs. 1b-e. While these are relatively coarse-
scale observations that could miss small second-phase particles [29], TEM analysis of this
composition had previously shown it to be single-phase even when examined at a much finer
scale [17].

Fig. 1b shows an inverse pole figure map of the recrystallized sample where the individual
grains are colored according to their crystallographic orientation relative to the sample surface
normal (the surface normal is parallel to the swaging directions, i.e., the long axis of the
swaged rod). In Fig. 1b, equiaxed grains (grain size: 15 + 5 um) containing annealing twins
can be observed. Figs. 1c-e show (001), (011) and (111) pole figures calculated from the
EBSD data. The pole density scale is shown on the right side of Fig. 1e where the orientation
distribution function was normalized to express densities in multiples of a random
distribution. The texture of the CoCrFeMnNi HEA is almost random, with a slight (111) fiber
texture, indicated by a maximum pole density of ~ 2.3 times random (Fig. 1e). This slight
texture obtained after swaging is similar to the texture observed after cold rolling, i.e.,
<111>//RD which was attributed to the formation of annealing twins enhanced by the low

stacking fault energy of the CoCrFeMnNi alloy [13].

3.2 Thermal expansion
Recently, van Bohemen [30] showed that the thermal expansion AL/L, = (L-Lo)/Lo, of
austenitic steels can be satisfactorily fitted to an exponential temperature dependence in the

temperature range (100 - 1600 K):



o, T+ay G)D(e*T’@D —1) ),

where L is the sample length, T is the temperature, ®p is the Debye temperature, apur is the
value of the coefficient of thermal expansion o« in the high temperature limit and L, is the
sample length at T = 0 K. The temperature dependence of AL/L, of our CoCrFeMnNi HEA is
shown in black in Fig. 2a. Using Lo = 9.975 mm, ayr = 23.7 x 10° K and ©p = 299 K, an
excellent fit is obtained between Eq. (4) and the experimental data. Fig. 2a clearly shows that
ALIL, is not linearly dependent on the temperature over the investigated temperature range
from 300 to 1270 K. This behavior is similar to that observed in FCC steels [30], as well as in
other metals [31] where no phase transformation occurs in the investigated temperature range.
The value of « as a function of temperature is shown in Fig. 2b (red curve) and is obtained by

differentiation of Eq. (4):

o= i(A—Lj =7 (1— e /o ) (5).

In addition, literature values of o for FCC steels [30] measured by dilatometry are presented
in Fig. 2b. It is worth noting that the temperature dependence of a of CoCrFeMnNi HEA is

very similar to that of FCC steels.

3.3 Elastic properties
The microstructural information presented in Fig. 1 is representative for samples that were
used to measure Young’s modulus E and the shear modulus G. Fig. 3a shows E and G
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measured between 200 and 1000 K (black points) and those corrected for thermal expansion
effects (red points) according to standard test methods ATSM E1876-01 using Eqg. (3) and the
thermal expansion coefficients given in Fig. 2b. The corrected data slightly deviate from the
raw data with a maximum deviation of 1.5 % at 1000 K. In Fig. 3b, corrected moduli
measured between 200 and 1000 K (red curve) are given together with measurements between
55 and 300 K (blue curve) which were recently reported by Haglund et al. [20]. The
experimental errors, obtained from 3 sets of experiments are + 4 GPa and + 1 GPa for E and
G, respectively. At RT, the measured moduli are E = 203 GPa and G = 81 GPa. The E- and G-
values at RT are in excellent agreement with those reported by Haglund et al. [20], Fig. 3b.
Both E and G decrease monotonically with the slopes of the E(T) and G(T) curves becoming
steeper towards higher temperatures, see Fig. 3b. The temperature dependence of Young’s
modulus is similar to what is obtained for paramagnetic materials where no phase
transformation occurs over the investigated temperature range [32]. This behavior has been
observed in several materials such as pure metals [32, 33], steels [34, 35], intermetallics [36,
37], quasicrystals [38, 39] and superalloys [40, 41].

The E(T) and G(T)-curves can be fitted to the empirical equation proposed by Varshni [42]

(T =cif -s1(&"=1) (6),

where T is the temperature, ¢;(7) the temperature dependence of an elastic modulus (e.g., £ or
G), c,~j-0(7") an elastic modulus at 0 K, and s and ¢ are fitting parameters. Varshni [42] showed
that Eq. (6) describes the temperature dependence of the elastic moduli of many materials. All
the E and G data in Fig. 3b (literature data [20] and the experimental results of the present
study) can be rationalized by fitting Eq. (6) using the method of least squares (black dashed

lines in Fig. 3b). Good agreement was found for G’ = 85 GPa, s = 16 GPa and ¢ = 448 K for
10



the shear modulus and E” = 214 GPa, s = 35 GPa and ¢ = 416 K for the Young’s modulus over
the temperature range 55 — 1000 K. Note that the fitted curve (black dashed line in Fig. 3b)
reproduces well the temperature dependence of the two sets of data (literature data [20] and
the experimental results of the present study). It is also worth mentioning that the moduli at O
K (fitting parameters) determined in the present study are in good agreement with DFT

calculations G’ = 86 GPa and E”= 207 GPa reported by Zaddach et al. [43].

As the CoCrFeMnNi rod is nearly untextured (see Fig. 1), it can be considered as an
elastically isotropic polycrystal. Therefore, Poisson’s ratio v and bulk modulus K can be

calculated using the following expressions

|4 =—1+E (7)’
EG
= 3(3G-E) ®.

Using Eqs. (7-8), the Poisson’s ratio and bulk modulus are v = 0.25 + 0.1 and K = 137 + 8

GPa at room temperature.

The temperature dependence of the Young’s modulus E of the HEA is compared to those of
the elemental constituents taken from the literature, i.e., pure Co, Fe, Mn, Ni [32] and Cr [33]
in Fig. 3c. Irregularities observed in the curves for pure metals correspond to phase
transformations or ferromagnetic to paramagnetic transitions, for more details, see [32, 33].

Due to the large number of alloying elements in HEAs, a high degree of solid solution

11



hardening has been hypothesized [1]. Recently, Wu et al. showed that hardness [14] and yield
strength [19] are not related simply to the number of alloying elements in FCC solid solution;
rather the nature of the added element also plays an important role in the hardening of
equiatomic HEAs. In particular, Wu et al. [14] suggested that hardening effects in
CoCrFeMnNi HEAs might be largely due to the modulus mismatch between Cr and the other
elements. As shown in Fig. 3c, the large mismatch at room temperature in the Young’s

modulus of Cr and the other elements extends also to other temperatures from 200 to 1000 K.

The reduced modulus E/E® where E° is the Young’s modulus extrapolated to 0 K as a function
of the reduced (or homologous) temperature (fraction of the melting point for pure metals and
fraction of the solidus temperature for the CoCrFeMnNi HEA) is shown in Fig. 3d.
Comparison of Figs. 3d and 3c shows that all the data in Fig 3c lie within a narrow scatter
band in Fig. 3d over the temperature range from 0 to 0.5 times the melting or solidus
temperature. As for the pure constituent metals, the reduced modulus of the equiatomic HEA
seems to be correlated to the melting or solidus temperature, i.e., the reduced modulus for all
materials decreases linearly with the reduced temperature in the temperature ranges where no
phase transformations or ferromagnetic to paramagnetic occurs, see Fig. 3c. It is worth noting
that this effect has also been reported for the Ni-Mn system [44, 45]. Thus, the temperature
dependence of the Young’s modulus of the CoCrFeMnNi HEA does not appear to be

anomalous relative to other metals and alloys.

4. Conclusion

A 1-kg ingot of the equiatomic CoCrFeMnNi high-entropy alloy was produced by vacuum

induction melting and drop casting. The as-cast material was homogenized at 1470 K for 48 h

12



and the diameter of the ingot was subsequently reduced by swaging. After a diameter
reduction of 60 %, the HEA rod was annealed at 1170 K for 1 h. The recrystallized material is
a single-phase solid solution with a FCC crystal structure and exhibits equiaxed grain
microstructure (grain size: 15 £ 5 pm) with a nearly random texture. Temperature
dependencies of its coefficient of thermal expansion and elastic moduli were studied over a
large temperature range (200 — 1270 K). From the experimental results presented in this

paper, the following conclusions can be drawn:

(1) No discontinuities in the thermal expansion coefficient or elastic moduli indicative of
obvious bulk phase transformations could be detected during heating from 200 to 1270 K.

(2) The coefficient of thermal expansion o_of FCC CoCrFeMnNi HEA is not linearly
dependent on the temperature. This temperature dependence is similar to that of FCC steels: it
increases monotonously from 15 x 10° K™ to 23 x 10® K™ between 300 and 1270 K and can
be described using

a=237x10° (1-e"*)

(3) At room temperature, the measured elastic moduli are:

- Young’s modulus E = 203 GPa,

- Shear modulus G = 81 GPa,

- Bulk modulus K = 137 GPa,

- Poisson’s ratio v = 0.25.

(4) The change in the Young’s and shear moduli with temperature reported by Haglund et al.
[20] between 55 K and 300 K and in the present study between 200 and 1000 K can be
described satisfactorily using the following equations:

G=85-16/E"*""-1)

E=214-35/(""T-1)
13
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Table

Table 1. Chemical composition (in at.%) of the CoCrFeMnNi HEA. The precision of the values

are 0.02% and 0.005% for metallic and non-metallic elements, respectively.

Co

Cr

Fe

Mn

Ni

C

@)

20.26

19.41

basis

20.10

19.58

0.051

0.033

0.009




Figure Captions

Fig. 1: Fully recrystallized CoCrFeMnNi high-entropy alloy (a) X-ray diffraction pattern
showing FCC peaks, (b) inverse pole figure map, (c) to (e) (001), (011) and (111) pole figures,

respectively.

Fig. 2: (a) Relative change in specimen length AL/L, of the CoCrFeMnNi high-entropy alloy with
temperature. (b) Coefficient of thermal expansion a as a function of temperature for the

CoCrFeMnNi high-entropy alloy (red line) and FCC steels [30].

Fig. 3: (a) Young’s modulus E and shear modulus G of the CoCrFeMnNi high-entropy alloy as a
function of temperature. Black and red data points correspond to raw data and data corrected for
thermal expansion effects according to standard test methods ATSM E1876-01. (b) Corrected E
and G measured in the present study between 200 and 1000 K (red curve) together with
measurements between 55 and 300 K (blue curve) reported by Haglund et al. [20]. (¢) Young’s
modulus E as a function of temperature for the CoCrFeMnNi high-entropy alloy (red line) and
for Co, Cr, Fe, Mn and Ni pure metals. (d) Reduced Young’s modulus vs reduced (homologous)
temperature for the CoCrFeMnNi high-entropy alloy (red line) and for Co, Cr, Fe, Mn and Ni

pure metals.
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Highlights

» An FCC CoCrFeMnNi high-entropy alloy (HEA) was cast and processed by swaging.
* Recrystallization resulted in homogenous microstructure (grain size 15 pm).

» The HEA is nearly untextured after swaging (60% reduction) and recrystallization.

« First report of the thermal expansion coefficient between 300 and 1270 K.

» Elastic moduli measured between 200 and 1000 K are reported for the first time.



