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Abstract: We determined the entropy of high entropy alloys by investigating single-crystalline nickel

and five high entropy alloys: two fcc-alloys, two bcc-alloys and one hcp-alloy. Since the configurational

entropy of these single-phase alloys differs from alloys using a base element, it is important to quantify

the entropy. Using differential scanning calorimetry, cp-measurements are carried out from −170 ◦C to

the materials’ solidus temperatures TS. From these experiments, we determined the thermal entropy and

compared it to the configurational entropy for each of the studied alloys. We applied the rule of mixture

to predict molar heat capacities of the alloys at room temperature, which were in good agreement with

the Dulong-Petit law. The molar heat capacity of the studied alloys was about three times the universal

gas constant, hence the thermal entropy was the major contribution to total entropy. The configurational

entropy, due to the chemical composition and number of components, contributes less on the absolute

scale. Thermal entropy has approximately equal values for all alloys tested by DSC, while the crystal

structure shows a small effect in their order. Finally, the contributions of entropy and enthalpy to the

Gibbs free energy was calculated and examined and it was found that the stabilization of the solid solution

phase in high entropy alloys was mostly caused by increased configurational entropy.

Keywords: HEA; entropy; multicomponent; differential scanning calorimetry (DSC); specific heat

1. Introduction

The conventional strategy of alloy design is based on the selection of one base element for the

primary properties of a material, e.g., iron in steels or nickel in nickel-based superalloys. This base

element dominates the chemical composition, usually representing more than 80 at. %, and relatively

small amounts of other elements are added to modify the alloys’ properties [1–3]. Thus the regions

next to a single element of multicomponent phase diagrams have been well investigated in the past.

A novel way of alloy design concentrates on the unexplored centers of phase diagrams, where the

alloys consist of elements in near equiatomic ratios. Such an alloy was pointed out by Cantor et al. [1]

in 2004, when the equiatomic system of Cr, Mn, Fe, Co and Ni was found to result in a single-phase

material. This simple face-centered cubic microstructure is free of any precipitates and stable over a
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wide temperature range [4]. Merely after long time annealing for 500 h at intermediate temperatures

precipitations may segregate, e.g., a Cr-rich phase at 700 ◦C and three different phases (NiMn-rich,

FeCo-rich, Cr-rich) at 500 ◦C [5]. However, a single-phase microstructure is the key factor for a high

configurational entropy. In the same year Yeh et al. [3] pointed out the concept of high entropy alloys,

independent of Cantor’s work. His definition of high entropy alloys is to consist of at least five or

more elements with concentrations of each element between 5 and 35 at. % [6].

Many elements, and therefore a high value of configurational entropy, can lead to a more stable

solid-solution phase with randomly distributed atoms [3]. A solid-solution phase with statistically

distributed atoms in the crystal lattice is claimed to lead to interesting and outstanding properties, e.g.,

high hardness, wear resistance, high temperature strength and stability, sluggish diffusion, oxidation

and corrosion resistance [6,7].

Yeh et al. [8] named four core effects, which are characteristic for microstructures and properties

of high entropy alloys: the formation of one random solid-solution phase to reach a high entropy

effect [8]; severe lattice distortion in the random solid-solution [9]; sluggish diffusion kinetics [6,10];

the so called “cocktail effect” [8].

Nevertheless the major part of investigated alloys with compositional requirements of high

entropy alloys do not form single solid-solutions, but consist of several, mostly intermetallic phases,

which can be brittle, difficult to process. This observation particularly disagrees with the crucial issue

of a single-phase microstructure.

Numerous examinations deal with the prediction of the conditions when a solid-solution phase is

stable or additional intermetallic compounds are forming [7,10–12], but no reliable approaches have

yet been proposed. Thus we follow the idea to calculate the total Gibbs free energy of an alloy system

in single-phase state to compare it with formation enthalpies of several intermetallic compounds.

Therefore the determination of thermal enthalpy and especially of entropy over a wide temperature

range is necessary. A short insight in thermodynamics and in the way of calculating different parts of

the entropy is given in the following part of the introduction:

The terms and definitions of the entropy theory, as well as the basic approach of determinations

refer to Gaskell [13]. Changes in Gibbs free energy ∆Gtotal of a system at any state and temperature

depends on the entropy Stotal and on the enthalpy Hthermal (see Equation (1)). The consideration of

both thermochemical parameters leads to a description of the equilibrium state of an alloy system by

minimization of the Gibbs free energy at a fixed temperature:

∆Gtotal = ∆Hthermal − T∆Stotal, (1)

The entropy of an alloy consists of the configurational entropy Sconf [7] and the thermal entropy

Sthermal [13]:

Stotal = Sconf + Sthermal, (2)

∆Sconf = −R·∑
n

i=1
xi· ln xi, (3)

The calculation of configurational entropy, also called mixing entropy, is given in Equation (3)

with n as the number of elements, xi the concentration of each element i and R as the universal gas

constant. The equation is derived from the mixing of noble gases and is adopted to fully disordered

solid solution, which are assumed in our work. If elements are distributed non-equally between

possible sub-lattices, then a more general equation should be used [14]. In case of an equiatomic

alloy, Equation (3) is reduced to ∆Sconf = R ln n. Thus the configurational entropy of 5-component

equiatomic alloy is ~1.6·R. At 0 K the resulting total entropy may not be zero. This does not violate the

third law of thermodynamics ( dS
dT

∣

∣

∣

T=0
= 0) which is often misinterpreted as S(T = 0) = 0. Crystalline

solids may exhibit a non-zero entropy at the absolute zero point due to a randomly crystallographic

orientation. A change of entropy in this point is not possible, because there is no ability of motion

or diffusion.
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2. Materials and Methods

The temperature dependent molar heat capacity cp(T) of the specimen was experimentally

determined in alumina crucibles using differential scanning calorimetry (DSC 204, Netzsch, Selb,

Germany) in the temperature range from −170 ◦C to 600 ◦C under a flushing flow of nitrogen. In this

temperature range oxidation of the samples is not critical. For T = 20 ◦C − TS (if TS < 1600 ◦C) samples

were measured using a Netzsch DSC 404 F1 Pegasus under an Ar 5.0 gas flush with a rate of 70 ml/min

in crucibles composed of 80% Pt and 20% Rh. The crucibles are lined with ceramic inlays to prevent

interaction of the metallic specimens with the Pt-Rh crucible. The calibration of temperature and

enthalpy of the two Netzsch devices was performed using the calibration set 6.239.2–91.3 under the

conditions of 10 K/min and a nitrogen flow of 40 mL/min. The two measurements were evaluated for

each material and the curves were connected in the common temperature range from room temperature

to 600 ◦C.

Single-crystalline (SX) nickel and SX-Cantor alloy (favored equiatomic composition of Cr, Mn, Fe,

Co, Ni) were cast using a proprietary Bridgman investment casting furnace. Cylindrical specimens (Ø

5 mm, height 1 mm) were then cut out of the rods by electrical discharge machining (EDM). All other

alloys were in poly-crystalline state. The bcc-alloys were provided by Senkov et al. [15], the noble

metal alloy by Freudenberger et al. [16] and the hcp-alloy by Feuerbacher et al. [17]. The recast layer of

the EDM samples was removed by etching and the base of all samples was finely ground with SiC

paper up to 2000 grit to ensure good thermal contact to the DSC-sensor. All materials tested several

times showed good reproducibility in their DSC-signal, even at different heating rates of 10 K/min

and 20 K/min respectively.

Except for pure nickel all materials belong to the high entropy alloys group. They form a single-phase

microstructure and contain at least four elements in desired, near equiatomic composition. The single-phase

solid-solution has been confirmed by the authors using X-ray diffraction experiments. Homogenization

of the samples was reached by very slow cooling rates after melting, except of fcc-noble metal that was

annealed for 24 h at 1000 ◦C and bcc 5-component was annealed for 24 h at 1200 ◦C.

Although the ROM may only represent a very rough estimate of the melting temperature of the

alloys, it has been applied for the bcc-5 component and hcp-alloys. The reasons are twofold: (i) the

melting temperature of the bcc-5 component alloy cannot be experimentally determined with our

set-up and (ii) we are facing significant reactions of the metals with the crucible during investigation

and, therefore, the determined values would not reflect the samples under investigation.

The Mn content of 11 at. % in the Cantor alloy is due to the single-crystal investment casting

process. Mn evaporates from the melt in the vacuum of 10−2 Pa of the Bridgman furnace during the

slow withdrawal of the single-crystal.

3. Results and Discussion

The specific heat capacity in units of J/(g·K) has been converted into the molar heat capacity in

units of J/(mol·K) by multiplication with the molar mass of the alloys corresponding to their chemical

composition. Figure 2 shows the molar heat capacity of all materials as a function of temperature.

For temperatures below −170 ◦C, the curves were extrapolated using the fit-function a·T3 (parameter

a is listed in Table 1) and cp(0 K) = 0.

Table 1. Values of the parameter a in J/mol·K4 in the fit-function a·T3.

hcp bcc-4 Comp. bcc-5 Comp. fcc-Cantor fcc-Nickel fcc-Noble

1.8 × 10−5 7.6 × 10−6 8.2 × 10−6 9.8 × 10−6 9.0 × 10−6 1.0 × 10−5
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