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Summary: Two high entropy alloy (HEAs) families, based on CoCrFe2Ni2 and MnCrFe2Ni2 compositions, with 

different additions of Cu and Mo, have been designed for high temperature applications. The CoCrFe2Ni2 alloys 

corresponds to the most studied system in the HEAs community, while in the MnCrFe2Ni2 alloys, Co is substituted by 

Mn in order to obtain more affordable alloys with similar or better mechanical properties and resistant to high 

temperatures in nuclear environments. The recrystallization and grain growth behaviour has been investigated in the 

initially deformed microstructure of these alloys between 1000 and 1200 °C (10 min holding time). Both alloy families 

fully recrystallize only after heating above 1100 °C. Segregation of Cu and Mn has been detected only at the grain 

boundaries of MnCrFe2Ni2 alloys, especially for the higher Cu contents and after heating above 1150 ºC. MnCrFe2Ni2 

alloys possess a higher yield strength but a lower strain-hardening exponent. 
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1. INTRODUCTION. 

High entropy alloys (HEAs) [1-5] emerged in 2004 as a 

new paradigm in metallurgy. As opposite to classical 

metallurgy, where a principal element defines the alloy, 

HEAs are based on the use of several elements in 

similar content. The term was initial proposed by Yeh et 

al [5], although, independently, a work by Cantor et al 

[6] developed a similar concept which was defined as 

multi-principal element alloys (MPEAs) [6]. Both alloy 

concepts are closely related to each other and show a 

great number of possibilities in the development of new 

alloys.  

The alloys that have been studied in this master's thesis 

are CoCrFe2Ni2 and MnCrFe2Ni2, both with additions in 

different amounts of Cu and Mo. A major limitation of 

the CoCrFeNi system is its mechanical properties [7], 

but on the other side, it has good microstructural 

stability [7-9]. Therefore, a large amount of research has 

been carried out investigating the influence of different 

additions of chemical elements, either to improve their 

mechanical properties or to improve other properties. 
The most relevant for this research work are solid 

solution hardening [10] and the exploration of 

TRIP/TWIP effects [11] without overly compromising 

their microstructural stability. On the other hand, a 

disadvantage of any alloy containing Co is that it cannot 

be applied in a nuclear radiation environment due to its 

activation. This is one reason why new HEAs are being 

developed to replace Co, which adds to its high price 

and scarce availability. 

The use of Co is common in HEAs since it helps 

stabilizing the FCC phase. Once Co is removed, other 

FCC-stabilizer must be added. This is the case of Mn, 

which has been seen to help in the microstructural 

stability in HEAs, but also in commercial alloys, such as 

austenitic stainless steels, which make alloys based on 

the CrFeNiMn system attractive for nuclear applications 

[12,13].  

Thus, in this project, the CoCrFeNi+Cu+Mo is studied, 

in parallel to the MnCrFeNi+Cu+Mo in order to 

investigate the Co-by-Mn replacement. The composition 

is selected according to the empirical solid solution 

formation rules, where Co (in the first family) is 

maintained with low content, as well as Cr in order to 

avoid σ-phase formation but high enough to keep 

oxidation resistance. Therefore, the compositions 

CoCrFe2Ni2 and MnCrFe2Ni2 are selected for the base 

alloys, and additions of Cu and Cu-Mo, in different 

amounts are included. The objective of this work is to 

study the recrystallization and grain growth behavior of 

these alloys after the application of different heat 

treatments between 1000 and 1200 ºC. Afterwards, 

mechanical properties of these microstructures were 

evaluated. The investigation is oriented to provide a 

deep insight into these alloys, and cover, at the same 

time, a wide range of microstructural and mechanical 

experimental skills. 

 

2.  METHODOLOGY. 

 

In this master's thesis several compositional variations 

around two base alloys have been studied (Table 1). The 

two base alloys have the designation A2 and MAT1 and 

have, as chemical composition, CoCrFe2Ni2 for A2 and 
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MnCrFe2Ni2 for MAT1. The samples have been 

homogeneized at 1200 °C for 5 h and hot-forged just 

after being removed from the furnace, and air cooled to 

room temperature. After the process of homogenization 

and forging, the alloys were subjected to different heat 

treatments (Table 2) using the heating and cooling 

system of a dilatometer. 

 

Table 2. Heat treatment conditions investigated. HR 

stands for Heating Rate, T is the temperature, t is the 

holding time and CR is the cooling rate. 

 

HR 

[°C/s] 

T  

[°C] 

t 

[s] 

CR 

[°C/s] 

A2_1, A2_3 5 
1000, 1050, 1100, 

1150,1200 
600 50 

A2_2, MAT1 5 1100, 1150, 1200 600 50 

 

A detailed characterization of the samples was carried 

out using optical microscopy, SEM, XRD, hardness 

tests and compression tests. The heat treated samples 

were prepared using standard metallographic 

techniques, finishing with a 0.25 µm diamond cloth. 

The grain boundaries were revealed using either using 

electrolytic etching with oxalic acid (10 %) or Kalling’s 

nº 2. 

 

3. RESULTS AND DISCUSSION. 

Firstly, to reveal the grain boundaries, several etchants 

have been tested. In this regard, kalling’s 2 reagent has 

given the best results in MAT1 alloys, whereas 

electrolytic etching with an oxalic acid solution has 

worked better for the A2 alloys.  

Figure 1 shows two examples of the microstructures 

obtained after the application of the homogeneization 

and hot forging treatments (alloys A2_1 and MAT1_1). 

Similar microstructures have been observed in all the 

alloys investigated. These optical images reveal that 

dynamic recrystallization has barely occurred during 

hot-forging; some recrystallized regions coexist with 

large areas that remain deformed, suggesting that the 

recrystallization temperatures (Tr) of A2 and MAT1 

alloys is located at very high temperatures. Therefore, 

the deformed microstructures possess a high thermal 

stability, comparable to nickel-based superalloys [14-

15]. X-ray diffraction analysis performed in all these 
microstructures confirm that A2 and MAT1 alloys 

possess an FCC single-phase crystal structure. 

 

 

 

 

 

 
Figure 1. Light optical images of the microstructure of 

the alloys a) A2_1 and b) MAT1_1 after the 

homogeniezation at 1200 °C for 5 h and hot forging plus 

air-cooling to room temperature. 

 

With the aim of recrystallizing the microstructure 

shown in Figure 1, the alloys have been subjected to the 

heat treatments described in Table 2. Surprisingly, the 

A2 alloys do not recrystallize after heating to 1000 °C 

and 1050 °C and holding for 10 minutes (images not 

shown), confirming the high thermal stability of these 

microstructures. Only after heating to or above 1100 °C, 

a complete recrystallization has been achieved within 10 

minutes. It should be mentioned that longer holding 

times than those tested in this work should likely 

promote recrystallization at lower temperatures. 

However, the lower the temperature, the longer this time 

should be. Figure 2 provides several examples of 

recrystallized microstructures in some of the alloys 

investigated at 1100 and 1200 ºC.  

The micrographs have been digitally treated to obtain a 

detailed description of the grain size distribution. Table 

3 summarizes the average grain size (with the associated 

standard error) for all the alloys and conditions 

analysed. As it would be expected, the larger the heating 

temperature, the larger the grain size for a given alloy. 

Besides, A2 alloys have larger average grain sizes than 

MAT1 ones. In Figure 2, it can be also realized that in 

MAT1_1 alloy the grain boundaries appear severely 

etched in black at temperatures higher than 1100 ºC (see 

Figure 2f). Similar behaviour has also been detected in 

the MAT1_2 alloy.  

Along with the average grain size values, Table 3 

summarizes the activation energies (Q) for grain 

growth. These have been estimated considering a 

parabolic grain growth law: 

d2-d2
0=kt (1) 

With d the grain size and t the time, and an Arrhenius 

type of equation for parameter k:  

k=k0exp(-Q/RT) (2) 

 

Table 1: High entropy alloys investigated in this research (as-designed). Compositions are provided in at.%. 

 
Co  Cr  Fe  Mn  Ni  Cu  Mo  

(CoCrFe2Ni2) 0.9 (CuxMo1-x) 0.1 

A2_1 15 15 30 - 30 10 - 

A2_2 15 15 30 - 30 6.67 3.33 

A2_3 15 15 30 - 30 5 5 

(MnCrFe2Ni2)0.9 (CuxMo1-x) 0.1 

MAT1_1 - 15 30 15 30 10 - 

MAT1_2 - 15 30 15 30 6.67 3.33 

MAT1_3 - 15 30 15 30 5 5 

a) b) 

50 m 50 m 
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With R the ideal gas constant and T the temperature. In 

MAT1 alloys, the higher the amount of Cu, the higher 

the activation energy, due to the co-segregation of Cu-

Mn at the grain boundaries, which lowered their 

mobility and decelerated the grain growth. 

To investigate further the etching response observed in 

MAT1 alloys, as-polished samples of the 

microstructures of alloy MAT1_1 obtained after heating 

to 1150 and 1200 ºC have been inspected using 

backscatter electron (BSE) images (Figure 3a and b, 

respectively). These images also show that a second 

lighter phase seems to be present at the grain 

boundaries. Energy dispersive spectroscopy (EDS) line 

scans (yellow dash lines) and point analysis S1-S2 (see 

results in Table 4) confirm the presence of Cu and Mn 

segregated at the grain boundary. This type of 

segregation during thermal treatments is a major 

problem in many Cu added alloys, since the presence of 

these Cu/Mn rich regions lowers the melting 

temperature at these locations [16]. In this regard, 

softening (bending) of the samples has been observed 

during heating, especially in alloy MAT1_1 after 

heating to 1200 ºC. This segregation behaviour has not 

been detected in A2 alloys. 

Table 4. EDS point analyses pointed out by white 

arrows in Figure 3c (Alloy MAT1_1 - 1200 °C held for 

10 min). The analysis are provided in at.%. 

MAT1_1  

1200 °C 
O  Cr  Mn  Fe  Ni   Cu  

S 1 - 3.3 20.1 7.1 18.1  51.4 

S 2 - 3.7 20.0 7.5 20.6  48.2 

S 3 - 15.8 10.7 32.6 29.3  11.6 

S 4 - 15.6 11.2 30.4 30.7  12.1 

S 5 62.6 25.4 12.0 - -  - 

 

To complement the microstructural characterization, 

compression tests have been carried out to investigate 

the mechanical behaviour of alloys A2 and MAT1. 

From these compression test, the yield strength has been 

determined. In addition, the strain hardening exponent 

(n) has been obtained after fitting the experimental 

stress-strain curve to Eq (3): 

σ = C0 εn  (3) 

Figure 2. Light optical micrographs of the 

microstructure of alloys A2_1 (a,b); A2_3 (c,d); 

MAT1_1 (e,f) and MAT1_3 (g,h) after heating to 1100 

and 1200 ºC and holding for 10 min. Images a) to d) 

have been taken under bright field illumination while e) 

to h) using Nomarski differential interference contrast 

(DIC) microscopy. 

Figure 3. SEM-BSE images of the microstructure 

MAT1_1, after heating to a) 1150 and c) 1200 ºC. The 

yellow dashed line shows the location where the EDS 

line analysis have been measured (results shown in plots 

b) and d). Labels S1 – S5 show where the point EDS 

analyses have been performed in c). The results have 

been summarized in Table 4. 

 

In this equation, σ is the true stress, ε the true strain, C0 

is the strength coefficient and n the strain hardening 

exponent. In the plot depicted in Figure 4, the strain 

hardening exponent is compared against the yield 

strength for the two alloy families (A2 and MAT1). 

Table 3. Average grain size vs temperature and activation 

energy Q for the alloys. 

 Grain Size [m] Q [KJ/mol] 

 
1100 °C 1150 °C 1200 °C 

 
A2_1 83.7 ± 3.6 126.5 ± 8.5 151.6 ± 10.4 374 

A2_2 88.6 ± 5.2 118.3 ± 8.6 162.5 ± 8.1 358 

A2_3 62.4 ± 2.3 115.0 ± 5.4 259.7 ± 18.4 369 

MAT1_1 29.2 ± 0.8 37.6  ± 1.4 45.4 ± 1.3 405 

MAT1_2 45.7 ± 2.1 60.5 ± 2.6 76.7 ± 5.0 391 

MAT1_3 61.5 ± 3.9 86.0 ± 7.0 158.5 ± 11.3 370 

a) b) 

25 m 

c) d) 

25 m S 5 S 3 

S 1 
S 4 

S 2 
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Two areas with different properties have been 

highlighted with an ellipse. The MAT1 alloys have a 

higher yield strength but a lower strain hardening 

exponent compared to A2 alloys. This is likely related 

to the presence of Mn, used as a substitute for Co in the 

composition of MAT1 alloys. The expected 

strengthening effect of Mo is more obvious in the 

MAT1 alloys. In addition, a different behaviour is 

observed when comparing each alloy heat treated at 

different temperatures; alloys treated at 1200 ºC 

(marked with ×) have a lower work hardening ability 

than the alloys treated at lower temperatures, where the 

best performance is observed in the samples heat 

treatments at 1100 ºC (marked with dots). 

 
Figure 4. Strain hardening exponent vs yield strength. 

 

4. CONCLUSIONS. 

The following main conclusions can be highlighted 

from this investigation concerned with the influence of 

different heat treatments on the recrystallization and 

grain growth behaviour of two different families of high 

entropy alloys (A2 and MAT1) as well as their 

mechanical compression performance: 

1) Kalling’s 2 reagent has been demonstrated to reveal 

clearly the grain boundaries in MAT1 alloys, whereas 

an electrolytic solution of 10 % oxalic acid works best 

for A2 alloys.  

2) Only after heating to 1100 ºC the initially deformed, 

hot-forged microstructure of both alloy families MAT1 

and A2 can be recrystallized after 10 min holding time, 

pointing out the high recrystallization temperature (Tr). 

This result along with the high activation energy for 

grain growth estimated for these alloys show that they 

possess a high thermal stability. 

3) High temperature heat treatments performed in alloys 

MAT1_1 and MAT1_2 at 1150 ºC and 1200 ºC promote 

the co-segregation of Cu and Mn at the grain 

boundaries, reaching values of ~50 at.% Cu, ~20 at.% 

Ni and Mn, and ~10 at.% of Fe+Cr. The decrease in Cu 

and increase in Mo, minimizes this segregation so that it 

was not detected in MAT1_3. In addition, the absence 

of this segregation in the Co-alloyed (A2) samples, 

suggest that the presence of Co avoids this segregation. 

4) Compression tests performed in both alloy families 

show that MAT1 alloys have a higher yield strength and 

a lower strain hardening exponent than A2 alloys. This 

can be attributed to the presence of Mn, used as a 

substitute for Co in the composition of MAT1 alloys. 

The expected strengthening effect of Mo is only 

relevant in the MAT1 alloys and not so evident in A2 

alloys.   
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