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A B S T R A C T   

Cu5Cr35Fe35V20Ti5, Cu10Cr35Fe35V10Ti10, Cu15Cr35Fe35V5Ti10 and Cu20Cr30Fe30V10Ti10 were produced by low- 
pressure arc-melting to evaluate the feasibility of developing reduced activation high entropy alloys contain-
ing copper. The materials present a dendritic microstructure and some Cu and Ti segregation in the as-cast 
condition, being the Cu5Cr35Fe35V20Ti5 the most homogenous alloy. Copper particles, with a mean size of 
about 10 nm, are found distributed inside the dendrites. The volume fraction of the copper particles is ~ 7 times 
higher in the alloy with 5 at.% Cu content that in the alloy with 20 at.%, with values ranging from 22 ± 5 to 3 ± 2 
particles/μm2. Combination of massive Berkovich nanoindentation, statistical analysis and analytical scanning 
electron microscopy, has been successful for determining the hardness and elastic modulus values of each phase 
and quantifying their contribution to microhardness values obtained by standard Vickers microindentation.   

1. Introduction 

High entropy alloys (HEAs) are defined as those alloys constituted by 
at least five elements whose compositions range between 5 and 35 at. %, 
all of them dissolved in a single highly distorted crystalline lattice. They 
are often termed as multi-principal component alloys, MCA. Due to the 
large number of compositional possibilities [1,2], HEAs are a promising 
approach for the fabrication of high-level performance alloys with 
enhanced mechanical strength and toughness, high thermal stability, 
improved oxidation and corrosion resistance [3,4]. Moreover, some 
HEAs have demonstrated elevated resistance under irradiation, exhib-
iting less irradiation-induced segregation and lower density of disloca-
tion loops than conventional alloys [5,6,7], and self-healing 
characteristics [8,9]. These excellent properties make them interesting 
for structural and functional applications, and specifically in the 
development of more efficient power plants, which require the use of 
new materials capable of withstanding extreme operating conditions. 
This is especially critical for the new generation of nuclear fission and 
future fusion power plants under design, such as DEMO, that require 
new high-performance materials for the extreme temperature and ra-
diation conditions of the in-vessel components. However, the develop-
ment of HEAs for the fusion reactor vessel imposed a strict restriction in 

the selection of the possible alloying elements: i) only reduced/low 
activation elements are allowed for safety and environmental consid-
erations and ii) the transmutation of the alloying elements due to heavy 
irradiation with highly energetic fusion neutrons must be considered. 
Cr, Fe, V and Ti are some of the elements that accomplish the criterium 
of low level of radioactive waste but, since the activity values depend on 
the amount of the element present in the particular component and its 
location, that is, if it is in the first layer faced to the plasma or deeper 
layers, other elements are considered acceptable [10–12]. 

Copper-based alloys are the selected materials for the heat sinks of 
the high-heat-flux components in the water-cooled divertor designs. 
According to [13], although Cu is often regarded as being medium- 
activating, Cu with a dose of up to 20 dpa reaches the class of low- 
level waste after decay time of 100 years. Several works have pre-
dicted that the maximum values of dpa for the CuCrZr heat sink are in 
the ranges 6.4–12.8 (water cooled) and 8.4–14.2 (He cooled) after 2 full 
power year operation [14,15]. In addition to be part of the heat inter-
change systems, they will assume certain structural functions and will be 
subjected to high irradiation levels, so they must exhibit a great strength 
and a high level of resistance to irradiation. CuCrZr alloy is the present 
baseline material for the heat sink components of ITER and future fusion 
reactors, however it exhibits a loss of strength under irradiation above 
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300 ◦C and an upper operative temperature relatively low [16]. Some of 
the approaches that have been studied to overcome these drawbacks are 
the development of reinforced copper alloys, as oxide dispersion 
strengthened (ODS) copper alloys [17–20] or materials that act as 
thermal barrier, interlayed between the plasma facing components and 
the CuCrZr heat sink [21,22]. These materials should also facilitate the 
junction between the W and CuCrZr components of the divertor. Some 
works have demonstrated that concentrated or multi-principal compo-
nents alloys have thermal conductivities values that deviate from pure 
or dilute alloys, showing increasing values of the thermal conductivity 
with increased temperature, a very interesting behavior for high tem-
perature applications [23,24]. 

To date, studies of Cu-based HEAs that contain low activation ele-
ments suitable for its use in advanced nuclear reactors are limited 
[25,26]. In this work, HEAs of the CuCrFeVTi family were produced by 
arc melting; Ti and V were selected to improve the densification and 
strength of the sintered material, respectively, and Cr for its ability to 
promote passivation [27]. To explore the effect of Cu on the micro-
structure and the mechanical properties, the Cu content was varied in 
the range between 5 and 20 at.% keeping constant the relative Fe/Cr 
content. In order to facilitate the study, the concentration of Fe and Cr 
was the same for the alloys with 5, 10 and 15 at.% of Cu. The specific 
compositions of the alloys were optimized following the criteria pro-
posed by S. Gu et al [28] and Zhang et al [29] for achieving a single- 
phase solid solution. Thus, the Cu5Cr35Fe35V20Ti5, Cu10Cr35-

Fe35V10Ti10, Cu15Cr35Fe35V5Ti10 and Cu20Cr30Fe30V10Ti10 compositions 
were selected. The produced alloys were characterized by SEM/BSE, X- 
ray diffraction, energy dispersive X-ray spectroscopy, and micro and 

nanoindentation tests. 

2. Materials and experimental details 

2.1. Material selection 

The compositions of the alloys were selected by evaluating four pa-
rameters: the enthalpy of mixing, ΔHmix, the atomic size differences, δ, 
the entropy of mixing, ΔSmix, and the valence electron concentration 
(VEC). According to previous works [30 and references herein], if the 
scale ratio Ω = TMΔSmix

|ΔHmix |
> 1.1 and δ < 6.6%, a stable solid-solution phase 

is expected in a HEA system, where TM is the melting temperature of the 
alloy. The corresponding values of the selected compositions are showed 
in Table 1. According to these values, a stable solid-solution is expected 
for all the proposed compositions. 

VEC is an important factor related to the phase formation in HEAs. 
When VEC < 6.87, only a single BCC solid solution is expected, when 
VEC ≥ 8 the FCC is formed, and when 6.87 ≤ VEC < 8, both the BCC and 
FCC solid solution phases are presented [30]. HEAs with BCC phases are 
harder and have more strength than those with FCC phases, which are 
more ductile and exhibit higher plasticity. When atoms with a lower VEC 
than the average VEC for the matrix, such as V or Ti, are added into a 
HEA system, the BCC phase is favoured, whereas adding atoms with a 
VEC larger, such as Cu, benefits the formation of FCC phases. Therefore, 
for a practical application, a balance between strength and plasticity can 
in principle be achieved with a proper design of the composition. VEC 
values in Table I shows that, for the selected compositions, a mixed 
structure with both BCC and FCC solid-solution phases is expected, 
except for the Cu5Cr35Fe35V20Ti5, which is expected to consist only of a 
single BCC phase. In addition, δ and VEC values have strong influence on 
the thermal conductivity, so the variation of these parameters would be 
a design strategy to optimize both, thermal and mechanical properties 
[23]. 

2.2. Material preparation 

Alloys with the compositions: Cu5Cr35Fe35V20Ti5, Cu10Cr35-

Fe35V10Ti10, Cu15Cr35Fe35V5Ti10 and Cu20Cr30Fe30V10Ti10 were fabri-
cated by vacuum arc-melting under a low-pressure He atmosphere from 

Table 1 
Enthalpy of mixing, ΔHmix, atomic size difference, δ, valence electron concen-
tration, VEC, entropy of mixing, ΔSmix, melting temperature, TM, and scale ratio, 
Ω, of the selected alloys.  

Composition (at.%) ΔHmix 

(kJ/mol) 
δ 
(%) 

VEC ΔSmix 

(J/K) 
TM 

(K) 
Ω 

Cu5Cr35Fe35V20Ti5 − 1.01  4.27  6.65  11.3 1975  22.0 
Cu10Cr35Fe35V10Ti10 2.43  5.33  6.9  11.9 1923  9.4 
Cu15Cr35Fe35V5Ti10 5.14  5.29  7.2  11.6 1883  4.3 
Cu20Cr30Fe30V10Ti10 6.24  5.24  7.3  12.5 1862  3.7  

Fig. 1. EBS-SEM images of (a) Cu5, (b) Cu10, (c) Cu15 and (d) Cu20 alloys.  
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small pieces of Cu (99.996 % purity), Cr (99.998 % purity), Fe (99.99 % 
purity), V (99.8 % purity) and Ti (99.998 % purity) elements (herein-
after the samples are referred as Cu5, Cu10, Cu15 and Cu20, respec-
tively). To improve the chemical homogeneity of the buttons, with a 
mass of approximately 15 g, they were melted during 30–45 s at least 
five times. Before each melting the buttons were turned upside down. 
Samples of each alloy were obtained by cross-sectioning the buttons. 

2.3. Experimental characterization 

The crystalline structures of the ingots were analyzed by X-ray 
diffraction, using a X’PERT diffractometer with CuKα radiation. The 
microstructure of the alloys was examined by scanning electron micro-
scopy (SEM) with a FE-SEM FEI TENEO microscope operating at 20 kV, 
equipped with an energy dispersive spectrometer (EDAX). The energy 
dispersive spectroscopy (EDS) patterns were analyzed by TEAM soft-
ware. The specimens were mechanically polished with alumina and at 
the final stage with a 20–40 nm colloidal silica solution for 6–8 h in a 
GIGA-0900 Vibratory Polisher. As the colloidal silica is a slightly alka-
line solution that preferentially etches the Cu-rich phases, no additional 
etching was used. 

The mechanical properties at room temperature were studied from 
Vickers microhardness and nanoindentation measurements. The 
microhardness measurements were accomplished with a load of 9.81 N 
during 20 s. At least ten indentations were performed for the calculus of 
the mean microhardness value. The nanoindentation measurements 
were performed with a Berkovich indenter in a IMicro nanoindenter at a 
constant strain rate of 0.2 s− 1. Nanohardness and elastic modulus were 
determined by the Oliver–Pharr method [31]. Before the tests, the tip 
area function was calibrated on a standard fused silica specimen. 
Nanohardnesss and Young modulus maps were obtained from a square 
array of 60 × 60 nanoindentations using a load of 5 mN, with a spacing 
of 2.5 µm. 

3. Results and discussion 

3.1. Microstructure 

The EBS-SEM images of Fig. 1 show the microstructure of the Cu5, 
Cu10, Cu15 and Cu20 alloys. The SEM images reveal a dendritic pattern 
where dendrites (grey contrast) are enriched in Cr and the interdendritic 
regions consist of two phases: one enriched in Ti and Fe (light grey) and 
the other one being mostly copper (brilliant contrast). This dendritic 
growth is commonly found in melts containing Cu that, during cooling, 
splits into two liquids: one of them Cu-lean and the other Cu-rich, 
preferentially located in the interdendritic regions [32–34]. The 

segregation of Cu is largely due to its positive mixing enthalpy with 
many of the alloying elements of the system. The relative amount be-
tween the Cr-enriched dendrites and the Ti-Fe enriched interdendritic 
areas is dependent on the nominal composition of the sample, in such a 
way that the volume percentage of interdendritic areas is lower in the 
Cu5 material and higher for the Cu15. This dependence with the copper 
content has been equally found in other high entropy alloys, as the 
AlCoCrCuFeNi alloy system [35]. Besides, Cu spherical particles are 
found distributed both inside and at the boundaries of the dendrites in 
all the alloys. Additionally, TiN particles with a N content of 15 ± 5% are 
observed. These Ti-rich particles form clusters in the Cu20 sample. 

EDS analyses were performed in all the alloys and no significant 
differences in the content of Cr, Fe and Ti in the dendrites and inter-
dendrites were found, irrespective of the nominal composition. Only the 
V content was dependent on its nominal percentage. Fig. 2 shows a 
representative EDS elemental mapping obtained from Cu20 where the 
different phases have been indicated in the corresponding SEM image. 
Table 2 summarizes the average compositions of the phases identified 
for all the produced alloys. The EDX line profile along a characteristic 
spherical particle (marked in Fig. 2) indicates that the particles are rich 
in Cu. 

The X-ray patterns of the alloys are displayed in Fig. 3. For Cu5 all the 
peaks can be assigned to a BCC phase corresponding to the cubic FeV- 
type. However, as the Cu content increases, the peaks associated with 
Cu (FCC) become more apparent. Also, some peaks related to the 
intermetallic Fe2Ti (hexagonal crystal system, P63/mmc space group) 
and to Ti can be identified. The intensity of Fe2Ti peaks is higher for the 
Cu15 sample, in agreement with SEM observations. 

These results show that, although the VEC value predicts the for-
mation of a single phase for Cu5, a monophasic alloy is not accom-
plished; proving that enthalpy and atomic size considerations have large 
influence in the final microstructure of the alloys. In present alloys, Cu 

Fig. 2. SEM image and corresponding EDS maps for Cu20 alloy showing the distribution of the alloying elements: Cu, Fe, V, Cr and Ti, and EDX line profile along a 
characteristic spherical particle inside a Cr-enriched dendrite (marked in corresponding SEM figure). 

Table 2 
Average compositions of the different phases, obtained by EDS in the points 
marked in Fig. 2 a).  

Element Atomic composition % 

Dendrite Interdendrite Ti-N-rich precipitate 

point a point b point c point d 

Cu  3.7  3.3  93.3  
Cr  44.3  19.2  2.0  
Fe  33.1  47.7  2.6  
V  14.6  6.3  0.6  
Ti  4.3  23.5  1.5 85 
N    15  
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and Ti are the critical elements. The absence of a single phase could be 
expected for Cu10, Cu 15 and Cu20 alloys because of the total immis-
cibility of Cu in Fe, Cr and V due to their high binary mixing enthalpy, 
but it was unexpected for Cu5 alloy because this alloy combines an 
almost null mixing enthalpy and a reasonable difference in atomic sizes 
(see table 1). The formation of the intermetallic Fe2Ti is not surprising as 
it has been widely reported that intermetallic compounds are formed in 
HEAs when the ΔHmix of some elements is sufficiently negative, as is the 
case for Fe and Ti, and the atomic size difference is large enough [30]. 
This was the case even for the Cu5 alloy, which contains only 5 at.% Ti. 

On the other hand, the segregation of Ti, that occurs preferentially 
within the bcc-dendrites, could be a mechanism activated to reduce the 
lattice distortion caused by the higher ionic radius of titanium with 
respect to the rest of the alloying elements. This segregation is exacer-
bated in the Cu10, Cu15 and Cu20, as they contain 10 at.% Ti, and is 
lighten for the Cu5 alloy with a lower Ti content. 

The volume fraction distribution, particle density and mean distance 
among the copper particles found inside the dendrites were analysed for 
all materials from SEM images took at different magnifications, using 
the Johnson–Saltykov analysis and stereological method [36]. The 

Fig. 3. X-Ray diffraction patterns of the alloys.  

Fig. 4. Volume distribution function of the Cu particles inside the dendrites for the produced alloys. The dependence of the density of particles and their mean 
distance with the Cu content is also depicted. 
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results, presented in Fig. 4, show that the copper particles have a mean 
size lower for the Cu5 and Cu10 materials, ~110 nm, than for Cu15 and 
Cu20 ones, ~150 nm. Also, they reveal that the volume fraction of 
copper particles diminishes as a function of the Cu content, from 22 ± 5 
particles/μm2 for the Cu5 material to 3 ± 2 particles/μm2 for the Cu20 
one. The mean distance among particles increases with the Cu content, 
in concordance with the measured particle size and particle density. The 
SEM images of Fig. 5 illustrate these results for the Cu5 and Cu20 alloys. 

From the volume fraction distribution and the values of the particle 
density, the percentage of the dendrite area occupied by copper particles 
was calculated (Fig. 6). This percentage diminishes as the content of 
copper increases, from 0.39% for the Cu5 alloy to 0.09% for Cu20. This 
result would be associated with the increase of the volume fraction of 
the interdendritic areas with the Cu content, and with the Fe and Ti 
content. After the solidification of the dendrites, the liquid phase assists 
to remove faster the excess of Cu and Ti in solid solution within the 
dendrites. As Cu5 alloy has the lower fraction of interdendritic regions 
and, consequently, the greater size of dendrites, the removing of Cu 
atoms from the dendrites towards the liquid slows down during cooling 
because of its long pathway for their diffusion to the dendritic/inter-
dendritic interphase. The excess of Cu which cannot be expulsed from 
the dendrites precipitates as small nanoparticles during subsequent 
cooling. The opposite is true for the Cu20 alloy, as the diffusion of Cu is 
facilitated because of its larger fraction of liquid at cooling surrounding 
the smaller size dendrites (see Fig. 1), leading to a lower amount of 
dispersed copper particles inside the dendrites. 

3.2. Hardness measurements 

3.2.1. Vickers hardness 
Vickers hardness measurements at room temperature were per-

formed in all materials. The results are summarized in Table 3. As a 
general trend, the hardness diminishes with increased Cu content due to 
the copper segregation at interdendritic regions. However, the highest 
hardness value was found for the Cu10 sample instead of Cu5 material, 
which is attributed to the presence of the intermetallic compound Fe2Ti. 

3.2.2. Nanoindentation measurements 
To identify the contribution of each phase to the Vickers hardness, 

nanoindentation maps with a maximum load of 5 mN were performed in 
representative 150 × 150 µm areas. A 60 by 60 indentation array with a 
spacing of 2.5 μm between indentations was employed to ensure both, 
sufficient number of indents for obtaining a map with good resolution 
and enough distance between indents to extract correct mechanical 
characteristics, fulfilling an indent spacing to indent depth ratio > 10 
[37]. SEM images of the tested areas were used to identify the phases at 
the indent locations. Fig. 7 shows the nanohardness maps and hardness 
histograms along with the corresponding BSE images of the four mate-
rials. The measured hardness variations strong correlate spatially with 
the different phases identified in the HEAs, as can be observed 
comparing the nanohardness maps with their corresponding EBS-SEM 
images 

The Cu5 alloy (Fig. 7a-c) exhibits the most homogeneous hardness 
map. The histogram indicates a quasi-monomodal distribution centered 
at H = 8.2 GPa, that corresponds to the hardness of the dendrites. The 
indentations with hardness lower than ~ 6 GPa are identified in the 
segregated copper regions, whereas the indentations with hardness 
higher than 9 GPa were performed in the interdendrites, which consti-
tute a low volume fraction in this material as it was previously stated. 
The few sparse black areas that are observed in the SEM images corre-
spond to TiN particles, with a hardness value in the range 20–25 GPa 
(not shown in the hardness map). 

The mappings and histograms of the Cu10 (Fig. 7d-f), Cu15 (Fig. 7g- 
i) and Cu20 (Fig. 7j-l) materials evidence the evolution of the micro-
structure with the Cu content and its effect in the microhardness values. 
A clear enlargement of the copper segregated areas and its corre-
sponding contribution in the hardness histograms at values lower than 6 
GPa is evident, but also the presence of a distribution of values centered 
at ~ 13 GPa, that can be attributed to the Ti-Fe enriched interdendrite 

Fig. 5. BSE-SEM images of the (a) Cu5 and (b) Cu20 alloys showing the size and distribution of the copper particles inside the dendrites (white contrast precipitates).  

Fig. 6. Percentage of the dendrites area occupied by copper particles for all 
the alloys. 

Table 3 
Vickers hardness measurements at room temperature.  

Composition (at.%) HV (1 kg) 

Cu5Cr35Fe35V20Ti5 590 ± 10 
Cu10Cr35Fe35V10Ti10 640 ± 20 
Cu15Cr35Fe35V5Ti10 530 ± 20 
Cu20Cr30Fe30V10Ti10 480 ± 40  
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areas. Furthermore, the band observed at 8.2 GPa for the Cu5 alloy, that 
was associated with the dendrites, shifts to higher values, resulting in a 
maximum shift up to 8.8 GPa for the Cu10 alloy. This shift is attributed 
to a slight variation of the composition of the dendrites at their 
boundaries and the presence of the copper particles. 

The size of the mapped areas (150 × 150 µm) compared with the size 
of the Vickers imprints (diagonals in the range 52–62 µm) allows to 
make a quantitative comparation between the mean value of the 
nanohardness of the whole area and the Vickers hardness. Despite 
nanoindentation and microhardness testing differ in some ways, if the 

Berkovich and Vickers shaped tips are used for nanoindentation and 
microhardness measurements, respectively, the results can be 
compared, as both geometries exhibit the same projected contact area 
with respect to the penetration depth in the sample. However, it is 
necessary to correctly perform the conversion of the results as the 
definition of the contact area differs between both techniques. Consid-
ering that for microindentation the contact area is the surface area of the 
tip-faces that are in contact with the sample, and for nanoindentation is 
the projected area of the contact between the tip and the sample, the 
conversion results in HV = 94.5× H, with H being the nanohardness 

Fig. 7. Nanohardness maps, corresponding hardness histograms and BSE images for (a-c) Cu5, (d-f) Cu10, (g-i) Cu15 and (j-l) Cu20. The nanoindentation maps were 
performed in 150 × 150 µm areas with a load of 5 mN and a spacing between indentations of 2.5 μm. 
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Fig. 8. Elastic modulus maps and corresponding histograms of the same regions displayed in Fig. 7. (a-b) Cu5, (c-d) Cu10, (e-f) Cu15 and (g-h) Cu20.  
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and having units of GPa, and HV the Vickers hardness with units of kg/ 
mm2. Thus, neglecting the contribution of the sparse TiN precipitates, 
the calculated nanohardness mean values are: 8.0, 8.6, 8.2 y 8.0 GPa for 
the Cu5, Cu10, Cu15 and Cu20 alloys, respectively, that converted to HV 
result in 756, 813, 775 and 756 values. These values are consistent with 
the ones obtained through microhardness tests, considering that the 
comparison between the values obtained through both techniques must 
be done with caution, since several factors that affect to indentation 
processes are present, as the indentation size effect and the pile-up or 
sink-in phenomena [38]. 

The nanohardness measurements also provide information about the 
spatial distribution of the elastic modulus. Fig. 8 shows the maps and 
histograms of the elastic modulus corresponding to the same regions 
displayed in Fig. 7. The Cu5 alloy (Fig. 8 a-b) presents the narrower 
histogram, with the main contribution peaking at a value of ~ 230 GPa. 
It is evident that the increase of the Cu content (and the slight modifi-
cations of the amount of the rest of constituent elements) modifies the 
distribution of the elastic modulus, widening it towards lower values. 

The analyses of the hardness vs elastic modulus data along with the 
corresponding BSE images provide a useful tool to characterize and 
quantify the mechanical properties of each phase, as it is shown in Fig. 9 
for the Cu10 alloy. The measured hardness, H, and Young modulus, E, 
that have been assigned for each phase present in the materials are 
identified in Fig. 9 a) and vary within the following ranges:  

• (D) Dendrites: 7.5 GPa < H < 9.4 GPa and 190 GPa < E < 250 GPa  
• (ID) Ti and Fe enriched interdendrite regions: 9.6 GPa < H < 15 GPa 

and 170 GPa < E < 230 GPa  
• (Cu) Copper phase H < 3.8 GPa and 100 GPa < E < 180 GPa  
• (Ti) TiN precipitates: 20 GPa < H < 30 GPa and 260 GPa < E < 350 

GPa 

These values are in agreement with values found in the literature 
[39–41]. The maps presented in Fig. 9 c – f) have been reconstructed by 
selecting the indentations whose hardness and modulus values are 
within these ranges. Fig. 9 c) shows the indentations whose hardness and 
modulus values correspond to the dendrites, Fig. 9 d) to the Cu, Fig. 9 e) 

to the Ti and Fe enriched interdendrite regions and Fig. 9 f) to the 
segregated Ti. The comparison of the obtained maps with the SEM image 
of Fig. 9 b) shows an excellent agreement, confirming the hardness and 
modulus assignations. The indentations for which the hardness and 
modulus values are out of the specified ranges are located at transition 
regions between the phases, i.e., regions where the indentation imprints 
are affected by the presence of two or more phases. Following this 
procedure, the hardness vs modulus curves of all materials were suc-
cessfully analysed using the same range values. From these results, the 
ratio of the number of indentations located in the Ti and Fe enriched 
interdendrite regions to the number of indentations located in the 
dendrite regions allowed to perform an estimation of the proportion 
between these phases, obtaining a ratio of 2.4, 29.3, 34.6 and 25.7% for 
the Cu5, Cu10, Cu15 and Cu20 alloys, respectively, confirming the re-
sults found during the microstructural study. 

4. Conclusions 

Cu5Cr35Fe35V20Ti5, Cu10Cr35Fe35V10Ti10, Cu15Cr35Fe35V5Ti10 and 
Cu20Cr30Fe30V10Ti10 alloys were produced by arc melting under a low- 
pressure He atmosphere from small metal pieces. The materials were 
characterized by SEM/BSE, X-ray diffraction, energy dispersive X-ray 
spectroscopy, and micro and nanoindentation tests. From that study the 
following conclusions have been inferred:  

- The materials present a dendritic microstructure, with Cr-enriched 
dendrites and interdendrite regions formed by two phases: one 
enriched in Ti and Fe and the other one consisting in Cu. The most 
homogeneous material is the Cu5Cr35Fe35V20Ti5 for which the vol-
ume fraction of interdendrites is the lowest.  

- Ti segregration is observed in all samples, forming titanium nitride 
precipitates that constitute larger clusters in the material with 20 at. 
% Cu.  

- Copper particles with a mean size about 110 nm for the samples with 
5 and 10 at.% Cu and 150 nm for those with 15 and 20 at.% Cu are 
distributed inside the dendrites. The density of particles is higher for 
the material with the lowest content of copper, ranging from 22 ± 5 

Fig. 9. (a) Hardness vs elastic modulus data for the Cu10 sample identifying nanonindentations that falls within a single phase (coloured sets Cu, D, ID and Ti). (b) 
SEM image and reconstructed maps from hardness and modulus values assigned to (c) dendrites, (d) segregated Cu, (e) Fe and Ti enriched interdendrites and f) 
segregated Ti. 
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particles/μm2 for the sample with 5 at.% Cu to 3 ± 2 particles/μm2 

for the sample with 20 at.%, which results in a percentage of the 
dendrites area occupied by the copper particles of 0.39 % for the Cu5 
alloy and 0.09 % for Cu20, respectively.  

- As a general trend the microhardness value diminishes with the Cu 
content, however the maximum value is obtained for the sample with 
10 at.% Cu.  

- Combination of massive nanoindentation and statistical analysis has 
been successful for determining the contribution of each phase in the 
microhardness values obtained by standard Vickers micro-
indentation, and elucidate the measured microhardness values.  

- The analyses of the hardness vs elastic modulus data correlated with 
the BSE images leads to the following H y E assignations: Dendrites: 
7.5 GPa < H < 9.4 GPa and 190 GPa < E < 250 GPa; Ti and Fe 
enriched interdendrite regions: 9.6 GPa < H < 15 GPa and 170 GPa 
< E < 230 GPa; segregated Cu: H < 3.8 GPa and 100 GPa < E < 180 
GPa, and Ti nitride precipitates: 20 GPa < H < 30 GPa and 260 GPa 
< E < 350 GPa.  

- Cu5 presents the most homogeneous micromechanical properties. 

A general conclusion of this study and the works published by other 
authors is the extreme difficulty or limitations for the production of 
stable reduced activation Cu based high entropy alloys without the 
presence of second phases. This is mainly due to the positive mixing 
enthalpy of Cu, that results in elemental segregation. This simplified 
argument does not include the complex high-entropy effects present in 
the production of HEAs, what, to our knowledge, maintains the possi-
bility of achieving single-phase Cu-based HEAs. Two added difficulties 
are: the elemental segregation and formation of new phases that are 
commonly observed after thermal treatments even at relative moderate 
temperatures, and the low number of reduced activation elements that 
can be used to achieve HEAs of interest for structural applications in 
future nuclear reactors. 
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[17] A. Muñoz, B. Savoini, M.A. Monge, M. Eddahbi, O.J. Dura, Microstructure and 
mechanical properties of hot rolled ODS copper, Nucl. Mater. Energy 24 (2020), 
100754. 
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