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Abstract: Key thermophysical properties necessary for the successful design and use of CoCrFeNi alloy in 
thermophysical applications have been measured experimentally, and the results have been compared with 
literature values and results previously obtained for commercial Ni-Cr alloys and equiatomic CoCrFeNi alloy. 
In particular, the thermal diffusivity, coefficient of thermal expansion (CTE), and specific heat capacity were 
measured for the as-cast and homogenized equiatomic CoCrFeNi alloy over a temperature range allowing the 
thermal conductivity to be calculated up to 1173 K. The thermal conductivity and thermal diffusivity of the 
equiatomic CoCrFeNi alloy were found to deviate from monotonic behavior in the temperature range from 773 
to 1100 K. Such a deviation was previously observed in the behavior of the temperature dependence of CTE 
and specific heat capacity of the equiatomic CoCrFeNi alloy. The non-linear behavior is primarily the result of 
order/disorder phenomena for the as-cast and homogenized sample, as well as additionally for the as-cast 
sample, non-equilibrium solidification under arc melting conditions. The measured data of thermophysical 
properties are provided for thermally differently treated samples, and it is shown that there is a difference in 
the behavior of the temperature dependences of CTE, thermal diffusivity, and heat capacity.  

Keywords: CoCrFeNi alloy; dilatometry; differential scanning calorimetry; thermal conductivity; 
specific heat capacity; short-range ordering 

 

1. Introduction 

The CoCrFeNi system belongs to single-phase concentrated solid solution alloys and served as 
a basis for the creation of the Cantor-CoCrFeNiMn alloy (the most studied face-centered cubic (fcc) 
alloy, due to its excellent low-temperature ductility, reaching a value of 71% at room temperature)). 
[1,2]. Interest in the study of CoCrFeNi-based alloys, is related to their structural features, namely the 
formation of high-temperature stable fcc single-phase or fcc + bcc two-phase solid solution depending 
on the additives Al, Si. Cu, etc., as well as excellent mechanical and corrosion properties [3–5]. In 
addition, an effect similar to K-state transition [7] has been found in the CoCrFeNi system [6]. K-state 
is observed in alloys such as Ni-Cr, Fe-Co, Ni-, Fe-based FCC alloys [8–11] and has a marked effect 
on electrical conductivity, thermal conductivity, heat capacity, and thermal expansion. For example, 
the electrical resistivity of commercial Ni-Cr-Al-Fe precision resistance alloy increased by 11.5% after 
aging treatment [12]. The K-state leading to anomalies and changes in the physical properties of 3d 
metal-based alloys is believed to be due to a special atom arrangement called short-range order (SRO) 
[13–15]. There is another view point that high-temperature anomalies of physical properties in 
chromium-based alloys (Ni-Cr, Ni-Cr-Mo...) are caused by the formation of long-range ordered Ni2Cr 
phase, which can appear after hundreds to thousands of hours of annealing at temperatures below 
500-600 °C [16,17]. There is currently no strict physical theory of the K-state phenomenon and an 
explanation of the causes of anomalies in the physical properties of the CoCrFeNi system. Most of 
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the conducted scientific studies point to the formation of SRO in single-phase face-centered cubic 
alloys [18,19]. 

CTE, density and thermal conductivity as temperature functions are important for the study of 
phase transformations, materials design, heat transfer, and thermal expansion of materials, i.e., they 
are fundamental parameters in the fields of materials science and condensed state physics. Despite 
numerous studies of the physical and chemical properties and structural state of the CoCrFeNi 
system [20], the key thermophysical characteristics of CoCrFeNi alloys at high temperatures and their 
relationship with the structure have been insufficiently studied. Without knowledge of the behavior 
of density, CTE, and thermal conductivity with increasing temperature, it is not possible to create 
new functional and structural materials based on the CoCrFeNi system for high-temperature 
applications. 

In this study, we systematically investigated the thermophysical properties of the as-cast and 
homogenized equiatomic CoCrFeNi alloy. The thermal diffusivity and thermal expansion as 
functions of temperature were measured by laser flash analysis and dilatometry, respectively. 
Subsequently, thermal conductivity, specific heat capacity and CTE were calculated and compared. 
To identify reversible and irreversible structural effects and changes in key physical parameters 
during the thermal evolution of the sample, we measured the temperature dependence of the thermal 
properties of the as-cast and homogenized equiatomic CoCrFeNi alloy in two heating series. 

2. Experiments and Methods 

2.1. Materials 

The as-cast (A) equiatomic CoCrFeNi alloy was synthesized from pure cobalt, nickel, chromium 
and iron (>99.98%) by arc melting under helium atmosphere. The alloy was remelted four times on a 
water-cooled copper mold in a Centorr 5SA furnace to achieve a homogeneous chemical and 
structural state. The arc melting time and electric current at each stage of the synthesis are presented 
in Table 1.  

Table 1. Arc melting conditions. 

Stage of the Synthesis Electric Current, А Arc Melting Time, s 

1 200 20 

2 200 20 

3 250 25 

4 250 25 

Samples before and after synthesis were weighed; the mass loss did not exceed 0.1 wt%. The 
homogenized sample (H) was heat treated in a resistance furnace under inert atmosphere, with an 
isotherm at 1473 K for 24 h; the heating rate of the dynamic segment during annealing of the samples 
from room temperature to 1473 K was 3 K/min, followed by quenching in water after 24 h of 
annealing. Further investigations of the as-cast and homogenized samples were performed using all 
the experimental devices presented in this work. 

2.2. Experimental Methods and Conditions 

The phase analysis and structural state of the A and H samples were investigated by X-ray phase 
analysis of the ingot surface. X-ray data were obtained using a Shimadzu XRD-7000 diffractometer. 
Imaging conditions: CuKα-radiation, graphite monochromator, external standard - silicon powder, 
angle range 2ϑ = 20÷80º, step - 0.04º, exposure at the point 3 sec. The microstructure of the samples 
was studied using an optical Olympus GX-51 and a Carl Zess EVO40 scanning electron microscope 
operated in the backscattered electron mode(BSE) with an INCAEnergy EDS X-ray Microanalysis 
analyzer (EDX). 
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Thermal diffusivity was determined by the laser flash method (LFA) on a Netzsch LFA 457 
instrument in the temperature range T=300-1273K in vacuum at a residual pressure of 0.1 mPa. 
Square samples with a diameter of 10 mm and a thickness of 3 mm were used for the measurements. 
Both surfaces of the sample discs were sputter coated with colloidal graphite to increase the 
emissivity. Data were collected every 50 K from room temperature to 1173K during heating. After 
cooling to room temperature, the sample was measured again using the temperature program and 
mode as in the first measurement. The sample temperature was equilibrated with a constant value of 
±1 °C from the measurement temperature before the laser pulse was started. The rate of linear 
temperature change in the intervals between the measurement points was 4 K/min. The measurement 
error was ±3%. The heat capacity at constant pressure was determined by the LFA and DSC methods, 
independently. In the LFA method, the heat capacity Cp of the sample was determined by a standard 
technique [21] of comparison with a reference sample (NIST SRM 864 - Inconel 600 calibrated 
reference). Experiments to measure the heat capacity of the equiatomic alloy were performed on a 
NETZSCH DSC 214 Polyma calorimeter in aluminium Concavus® crucibles with lids, in the 
temperature range 293 - 900 K. The heat capacity of CoCrFeNi was determined using the ratio method 
according to ASTM E 1269. The heat capacity measurements were carried out in dynamic mode 
during heating at a rate of 10 K/min in a nitrogen current (99.998% N, gas flow rate - 50 ml/min) in 
the temperature range 293-873 K and in isothermal modes of heating for 10 min before and after the 
dynamic segment, respectively. A sample of synthetic sapphire single crystal with mass 25.2 mg, 
height 0.25 mm, and diameter 6.0 mm was used as a standard. Thermal analysis was performed using 
the Netzsch Proteus software. 

Thermal linear expansion ((฀ L/Lo(T))) was measured using a DIL 402C dilatometer (NETZSCH) 
using a highly sensitive linear displacement sensor. The experiments were performed in a high-purity 
helium atmosphere under heating at a rate of 3 K/min. The temperature dependence of the density 
d(T) was determined by the following relation: 𝑑𝑑(𝑇𝑇) = 𝑑𝑑0

1 + 3 ∙ 𝑇𝑇 ∙ 𝛼𝛼(𝑇𝑇) (1) 

where do is the density at room temperature (determined by geometric method), α(T) is the 
temperature dependence of the linear expansion coefficient (determined by dilatometric method as 
α= d/dT(฀ L/Lo). 

The density of the samples at room temperature was measured by hydrostatic weighing in 
distilled water as a reference liquid; the measurement error was less than 0.2%. The CTE was 
estimated from the linear thermal expansion data; the estimation error was 3%. 

3. Results and Discussion  

3.1. Structural Analysis 

According to the XRD data, A and H samples represent only a solid solution of fcc, and the 
presence of other phases was not detected. The A and H samples show a trend toward the formation 
of a columnar structure with a predominant direction (200). X-ray diffraction patterns (Figure 1a) 
show Bragg reflections of different intensities, indicating the presence of a strongly textured 
structure. According to the EDX data, sample A has a chemical composition close to the calculated 
composition. As an example, Figure 1b shows microphotographs of the sample A slip surface and 
element distribution maps. Optical images of samples A and H are shown in Figure 2a,b. As shown 
in Figure 2, the samples have a developed macrostructure in the form of columns and directional 
crystallization, which agrees well with the XRD data. 
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(a) (b) 

Figure 1. X-ray and BSE analysis (a) X-ray diffraction patterns of CoCrFeNi alloy in the as-cast and 
homogenized states; (b) microstructure and EDХ scans of CoCrFeNi alloy in the as-cast state. 

  
(a) (b) 

Figure 2. Optical photographs of CoCrFeNi alloy: (a) as-cast sample; (b) homogenized sample. 

3.2. Density, Thermal Expansion and CTE 

We have carried out detailed investigations of the temperature dependence of thermal 
expansion, CTE and density of A and H samples in the temperature range room temperature - 1173K. 
Figure 3a–d show the temperature dependences of density, linear expansion, the average CTE, and 
instantaneous CTE of A and H samples measured during heating. As can be seen from Figure 3b,c 
the thermal expansion and CTE have a general tendency to increase. The average CTE gradually 
increases with temperature, and the values range from 14.5×10-6 K-1 at 300K to about 17.5×10-6 K-1 at 
1173K. The dependence of the average CTE on temperature is essentially linear. However, as can be 
seen from Figure 3c, a significant change in the slope of the curve is observed at about 673K. This 
change in thermal expansion behavior can be better observed by examining the instantaneous CTE 
data shown in Figure 3d. For clarity, the data corresponding to the linear expansion derivative dL/Lo 
over temperature were smoothed using the Netzsch Proteus software package. As an example, for 
sample A, the procedure for smoothing the instantaneous CTE values is shown in the inset of Figure 
3d. The smoothed CTE values show the extremes of the CTE temperature curves. There are two 
valleys on the CTE curve of sample A with minima at 700 and 900K. The deviation from the straight 
run of the CTE curve for sample A starts at 650K and returns to the straight run after 1000K. On the 
second heating of sample A, no clear extrema are observed. There is a disappearance of the first and 
second minima, and in the temperature range 700-850K a rise in the CTE values were observed. For 
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sample H, the temperature dependences of the CTE curves at the first and second heating cycles 
repeat the course of the CTE curve of sample A at the second heating. 

The CTE of the equiatomic CoCrFeNi alloy has been studied in detail in [22–24]. A comparison 
of our data and the authors of [22–24] is presented in Figure 4. Chou et al. [23] were among the first 
to find a minimum on the temperature curve of the CTE of homogenized equiatomic CoCrFeNi alloy. 
The authors assumed that the change in CTE was caused by the transition from ferromagnetic to 
paramagnetic, i.e., the Curie point. Later in [25,26] it was found that the equiatomic alloy CoCrFeNi 
up to room temperature is paramagnetic. Andreoli et al. [22] found a similar anomaly in the CTE, 
heat capacity and electrical resistivity curves of an as-cast CoCrFeNi sample in the same temperature 
range and studied the change in the evolution of the anomaly on first and second heating. During the 
first heating of the sample, a depression in the CTE curve was observed (see Figure 4). According to 
the authors [22], the anomaly in the CTE curve of the equiatomic sample is due to annihilation of 
vacancies and defects from nonequilibrium solidification. The effects of relaxation and grain growth 
on the CTE curve are unlikely because there is no driving force for recrystallization after the synthesis 
of the samples. During the second heating, the depression disappears and there appears to be a rise 
in CTE in the same temperature range. The authors [22] explain this transformation of CTE at the 
second heating by diffusive local ordering as a K-state effect. In [24], no anomalous changes in CTE 
were found, and the absolute values of CTE coincided with our data up to a temperature of 650K. It 
is most obvious to assume, as in [22], that upon initial heating, sample A experiences changes in the 
unstable textured structure in the same temperature region where CSRO is observed. This is because 
the sample initially possesses a texture with disordered elements throughout, due to rapid cooling in 
the furnace floor. After heat treatment of sample A, we expect a change in the texture (as we can see 
from the X-ray data), disappearance or significant reduction in the number of stresses, vacancies, 
defects, etc. caused by non-equilibrium solidification conditions. It can be argued that the observed 
anomalies on CTE at the first heating of the as-cast sample are determined by the synthesis 
conditions, namely, under what thermal conditions and at what rate the sample solidified. These 
conditions determine the initial structure of the sample and significantly affect the temperature 
course of the CTE curve at first heating. Thermally treated sample A shows a clear reversible effect 
on the CTE curve. 

  
(a) (b) 
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(c) (d) 

Figure 3. Thermophysical properties of CoCrFeNi alloy in the as-cast (A) and homogenized (H) states: 
(a) density; (b) linear expansion; (c) mean coefficient of thermal expansion coefficient (CTE); (d) 
instantaneous coefficient of thermal expansion coefficient (CTE). 

 

Figure 4. CTE of equiatomic CoCrFeNi alloy as a function of temperature, compared with the data of 
the authors [22–24]. 

3.2. Specific Heat Capacity 

At present, experimental studies of the temperature dependence of the specific heat capacity 
Cp(T) of equiatomic alloy have been carried out up to 1200K using the DSC method [6,22]. In [22], 
studies of Cp(T) of the as-cast CoCrFeNi sample in the first and second heating regimes were 
conducted. The authors of [6] measured Cp(T) of a homogenized sample pre-annealed at 1473 K for 
24 h followed by quenching in water. Experimental results [6,22] show that the heat capacity values 
vary between 0.45 and 0.50 J·g-1·K-1 at room temperature. According to the authors [6,22], an 
endothermic reaction is observed in the temperature region accompanied by an S-shaped change in 
the Cp(T) curve. The authors [6,22], relate the transformation of the temperature curve of specific heat 
capacity with the chemical short-range order-disorder reaction. 

The temperature dependence of heat capacity Cp(T) of samples A and H, obtained by estimation 
from the comparison method (according to LFA data) and the DSC method, is shown in Figure 5a. In 
Figure 5b, comparison of Cp values of samples A and H with the data of other authors is shown. As 
can be seen from the Figure 5a Cp(T) of the A and H samples show similar behavior in the temperature 
range from 800 to 1100K. At the same time, the values of the specific heat capacity of sample A over 
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the entire temperature range lie lower on the temperature curve relative to Cp of sample H. We 
attribute the observed differences in specific heat capacity to the structural changes in A and H, as 
indicated in the discussion of the CTE data. As shown in Figure 5a, an S-shaped change is observed 
in the Cp(T) curves. This type of anomaly indirectly indicates the absence of magnetic transformation 
in the temperature region 300-1000 K. It is known that nickel undergoes a magnetic transition from 
the ferro- to paramagnetic state (Curie temperature) at 573 K, which is signaled by a lambda-shaped 
peak on the Cp(T) curve. Simultaneously, the Cp(T) curve of the original sample calculated from the 
DSC measurements shows a distinct minimum in the range 750-850 K. According to [22], the 
minimum on the curve of specific heat capacity appears only at the first heating of the as-cast sample 
(see Figure 5b) and is a consequence of the irreversible reaction caused by the non-equilibrium 
solidification of the sample. Because the heat capacity measurements by the LFA method are carried 
out in the heating mode with a step of 50 K and with holding at each temperature for 20 min, in 
contrast to DSC, where heating is continuous, it is not possible to record the change in heat capacity 
during the rapid metastable reaction. The data of the heat capacity of alloys A and H obtained using 
the LFA and DSC methods show coincidence within 1-2 %. The values of the heat capacity of sample 
H obtained from the LFA data coincide well with the Cp data of the authors of [6], as shown in Figure 
5b. The average values of specific heat capacity at room temperature of the tested samples are 0.45 
J·g-1·K-1. Here it should be noted that the data of heat capacity obtained by the DSC method are limited 
by the upper temperature boundary of measurement equal to 873K, therefore in calculations of 
thermal conductivity, we use the data of Cp(T) obtained from the LFA method. 

  
(a) (b) 

Figure 5. Specific heat capacity of CoCrFeNi alloy as a function of temperature: (a) our data from LFA 
and DSC measurements; (b) comparison with other studies [6,22]. 

3.3. Thermal Diffusivity and Thermal Conductivity 

The temperature dependence of the thermal diffusivity a of the as-cast and homogenized Cr-Fe-
Co-Ni sample in the temperature range T = 300 - 1200K have been obtained during the investigations. 
Note that the values of thermal diffusivity were studied in detail at high temperatures for the first 
time and no anomalies were observed in [6,23], where the thermal diffusivity of equiatomic alloy was 
studied.  

The results of the thermal diffusivity a(T) of samples A and H are presented in Figure 6. As can 
be seen from the graphs, similar behavior and course of the thermal diffusivity curve a(T) of both 
samples is observed. The thermal diffusivity values have very low absolute values compared with 
pure nickel and are characterized by a positive temperature coefficient. Based on Figure 6, the 
temperature dependence of the thermal diffusivity for both samples varies non-monotonically in the 
temperature range T = 850-1100 K. 

Note that all the observed features on the curves a(T) (Figure 6) correlate with the temperature 
dependence of the thermal diffusivity of the industrial Ni-Cr alloys, Inconel 617, Inconel 600 and 
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800H [27]. Differences are observed in the position and magnitude of the peak on the a(T) curve. As 
noted by the authors [27] in the binary alloy Ni-Cr the peak value is maximum and lies lower by 25-
50K compared with other industrial alloys containing chromium and nickel. As studies have shown, 
the formation of Ni2Cr phases, Ni3Cr, and carbides signaling the presence of long-range order in alloy 
617, which is close in chemical composition to CoCrFeNi, does not occur. Therefore, the presence of 
the peak and its shift in temperature in alloy 617 are attributed to a relatively fast and reversible near-
order reaction. Because the peak in the thermal diffusivity of CoCrFeNi and industrial alloys is 
extended in temperature by 60-100 K, this indirectly indicates the dependence of the reaction on the 
heating rate. Consequently, it is necessary to consider the kinetics of the SRO reaction, which can be 
slowed down by the presence of Fe, Co, etc. atoms. As shown by calculations [28] equimolar 
CoCrFeNi exhibits a pronounced ordering tendency toward the L12-(Fe,Co,Ni)3Cr structure. Because 
of the specific ordering between the alloy components, equimolar CoCrFeNi behaves as a quasi-
binary Me75Cr25 alloy with the L12 ordering type. In this ordering, only one sublattice is 
predominantly occupied by Cr atoms, whereas the other three fcc sublattices are chaotically alloyed 
with the remaining components. We suggest that the atomic cluster ordering regions in equimolar 
CoCrFeNi are mainly formed based on the L12-Ni3Cr structure and do not decay instantaneously for 
several reasons. Perhaps atomic cluster ordering is simultaneously determined by the challenging 
magnetic state within the regions and the strong chemical interaction of the alloy components. In any 
case, a rigorous description of the anomaly manifested in the different physical properties of 
CoCrFeNi requires further nontrivial experiments and new theoretical investigations. 

 
Figure 6. Thermal diffusivity of the equiatomic CoCrFeNi alloy as a function of temperature. 

The measurement of the thermal conductivity coefficient in the high-temperature region is a 
difficult task because it is difficult to accurately account for the heat exchange between the sample 
and the environment. In this situation, instead of measurement, the thermal conductivity coefficient 
λ can be determined from measurements of thermal diffusivity a and data on the heat capacity Cp 
and density d of the material, using the following relationship: 𝜆𝜆 = 𝑎𝑎 ∙ 𝑑𝑑 ∙ 𝐶𝐶𝑝𝑝 (2) 

Figure 7a,b shows plots of the thermal conductivity versus temperature for A and H alloys in 
the temperature range 300-1173 K, calculated from Equation (2). The results of our experimental 
studies on the heat capacity Cp and density d were used to calculate the thermal conductivity values. 
Similar to the thermal diffusivity of CoCrFeNi alloy, the thermal conductivity has an increasing non-
monotonic dependence λ(T). The thermal conductivity data of alloys A and H are essentially 
identical. The thermal conductivity increases linearly with temperature up to about 800K. Between 
approximately 823 and 1023K, there is a broad peak in the thermal conductivity values is observed 
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due to the combined effect of the individual transitions observed in thermal conductivity and specific 
heat capacity. At approximately 1073K, the thermal conductivity increases linearly again up to 1173K.  

The thermal conductivity values for the homogeneous CoCrFeNi alloy are shown in Figure 7b 
together with data for the commercial alloys Inconel 617, Inconel 600, and the previously studied 
CoCrFeNi alloy. Prominent peaks were observed for 617 and 600 alloys, while a small but discernible 
peak was observed for CoCrFeNi. In terms of thermal conductivity curve behavior and values, the 
CoCrFeNi under study is close to the commercial alloy Inconel 600. 

  
(a) (b) 

Figure 7. Thermal conductivity of CoCrFeNi alloy as a function of temperature: (a) our data from 
calculated by Equation (2); (b) compared with other works [6,23,27,29]. 

4. Conclusions 

The thermophysical properties such as diffusivity, density, coefficient of thermal expansion and 
specific heat capacity of cast and homogenized high-entropy CoCrFeNi alloy in the temperature 
range of 300-1200 K have been studied. On the basis of the measured thermophysical values, the 
thermal conductivity was calculated. Columnar grains were observed in the cast and annealed 
CoCrFeNi alloy due to non-uniform solidification under arc melting conditions. XRD results showed 
that the as-cast and homogenized high-entropy CoCrFeNi alloy had a single-phase face-centered 
cubic structure. The thermal conductivity and the thermal diffusivity of the equiatomic CoCrFeNi 
alloy are found for the first time to deviate from monotonic behavior in the temperature range from 
773 to 1100 K. The observed features on the a(T) and λ(T) curves correlate with the temperature 
dependences of thermal diffusivity and thermal conductivity of the industrial Ni-Cr, Inconel 617, 
Inconel 600 and 800H alloys. The non-linear behavior of the transport properties is primarily the 
result of, order/disorder (SRO) phenomena for the homogenized sample, and for the as-cast sample, 
as well as non-equilibrium solidification under arc melting conditions. 
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