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A B S T R A C T   

The microstructure, thermal stability, and mechanical properties of a novel Cr35Fe35V16.5Mo6Ti7.5 high-entropy 
alloy were studied. The mechanical properties were mapped by nanoindentation, and the results correlated with 
the microstructure and the Vickers microhardness measurements. The alloy was produced by arc melting in a low 
pressure He atmosphere. Thermal treatments were performed to study the thermal stability of the alloy. The as- 
cast microstructure of the alloy exhibited a body-centered cubic phase with morphology of dendrites, outlined by 
a very thin interdendritic phase with a crystallographic structure compatible with Fe2Ti. The presence of the 
intermetallic particles was predicted by a free-energy based model, in contrast with the single solid solution alloy 
predicted by a parameter-based model. The volume fraction of the dendrites in the alloy is ~ 94 % after arc 
melting. A small fraction of sparse Ti-rich particles, ~0.4 vol%, was observed. The thermal treatments produced 
an increase of the population of Ti-rich particles, the formation of a σ-phase and nucleation of precipitates 
enriched with Fe and Ti into the previous dendrites. The material in as-cast condition exhibited a microhardness 
value of 6.2 ± 0.3 GPa, while the alloy aged at 960 ◦C resulted in 7.1 ± 0.4 GPa. Nanoindentations maps showed 
an excellent correlation with the microstructure, and their statistical analyses yielded a nanohardness mean 
value of 8.2 ± 0.4 GPa in the dendritic BCC regions of the as-cast and thermal treated samples and 14.1 ± 0.6 
GPa for the σ-phase. The onset of the plastic behavior has been studied by analyzing the pop-in phenomenon 
observed in the nanoindentation loading curves. For the as-cast alloy, this analysis showed that the elastic-to- 
plastic transition seems to be triggered by dislocation nucleation. The alloy has a low thermal diffusivity in 
the measured temperature range that increases on increasing temperature.   

1. Introduction 

One of the main challenges for achieving more efficient power plants 
is the development of new materials able to withstand extreme opera-
tional conditions. An increase of the operating temperature can 
remarkably improve their energy production efficiency. This is espe-
cially critical for the future nuclear reactors under design, where the 
upper operating temperature is limited by the temperature and radiation 
resistance of the materials of the reactor vessel and heat-exchange 
components. Nuclear fusion reactors, like ITER, are probably one of 
the most promising zero carbon emission energy sources able to produce 
power under demand. Thus, the design of future commercial fusion re-
actors, such as DEMO, requires new high-performance materials for the 
extreme temperature and radiation conditions of the in-vessel 

components. A wide variety of approaches, such as particle reinforced 
alloys, ODS steels, laminated materials, graded materials, and compos-
ites, among others, have been investigated to achieve these high- 
temperature materials [1,2]. These approaches have not resulted in 
satisfactory enough progress for fusion devices so far. 

High entropy alloys (HEAs), consisting of five or more metallic ele-
ments, with contents ranging from 5 to 35 at%, are a type of materials 
that open a new strategy for developing a vast variety of novel high- 
performance alloys due to their enormous compositional variations 
[1,3,4]. Beyond the single-phase solid solutions, multi-phase alloys are 
reported to exhibit unique properties due to the cocktail effects [5]. By 
means of the proper choice of the alloying elements, HEAs offer the 
potential to combine promising properties, such as oxidation and 
corrosion resistance, high-temperature stability, high strength and 
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toughness, and adequate thermal conductivity, not achievable by other 
alloys [6–9]. Furthermore, HEAs could be radiation resistant due to the 
random distribution of the different alloying elements accommodated in 
a single crystalline lattice highly distorted [10–12]. HEAs could also 
exhibit self-healing characteristics in the case of induced radiation 
damage since their crystalline structure might be restored by local 
recrystallization due to the high energy deposited by the irradiation 
[11,13]. 

These characteristics of HEAs are attracting increasing interest from 
the field of nuclear materials making them potential structural materials 
in heavy radiation and high-temperature environments, such as plasma- 
facing and divertor armor components, thermal barriers and other key 
components of the fusion devices. Some HEAs promising for structural 
applications, such as AlCoCrFeNi, AlCrCuFeNi, FeNiMnCr, and VCrFe-
TaW, have been widely studied [9,10,14–18]. The assessments of these 
alloys have demonstrated the scope of the HEAs to overcome the oper-
ation limits of the materials to be used in ITER, which are currently 
under consideration in the DEMO designs. Besides, the efficiency of the 
heat-exchange systems depends on the working temperature, which in 
turn depends on the thermomechanical resistance of their components. 
The present divertor designs consist of plasma facing W tiles bonded to 
the CuCrZr components of the cooling system, but their different service 
temperature (>800 ◦C for W and < 350 ◦C for CuCrZr) make necessary 
the development of interlayer materials that act as thermal barriers 
[19]. These materials should have adequate thermal capacity and low 
thermal diffusivity. 

Over the last few years several physical models have been developed 
to predict the composition of compositionally complex alloys that could 
form single-phase simple solid solutions, SSS, or multi-phase alloys 
containing intermetallic compounds, IMC. These models can be classi-
fied into two categories: parameters-based models and free-energy 
based models [20,21]. Models belonging to the first category base 
their predictions in the chemical or topological similarity of the 
composing elements evaluating the enthalpies of mixing,ΔHmix, the 
atomic size difference, δ, and the configurational entropy,ΔSmix, be-
tween the composing elements, and comparing these values with those 
of the alloys that were experimentally observed to be SSS or IMC. The 
predictions of these models are therefore influenced by the quality of 
these experimental data and how strict the criteria are used. In contrast, 
the free-energy models base their predictions on comparing the driving 
forces to form SSS and IM phases, which determine the relative stability 
between competing phases, even at different temperature conditions. 
However, while the calculation of the driving force to form SSS is 
relatively straightforward, the calculation of the driving force to form IM 
phases is difficult and requires simplifications, such as the choice of a 
hypothetic formed IM compound [22]. Besides, both type of models 
usually consider that the contribution of an element is proportional to its 
concentration in the alloy. This approach can underestimate the effects 
of minor elements with a great tendency to form IM phases, in special if 
they form IM phase types as σ or μ [23]. 

In this work a CrFeMoTiV alloy produced by arc melting has been 
characterized. Its composition has been selected evaluating the criteria 
of some parameters-based and free-energy based models in Refs. 
[4,17,22–24] for achieving solid solutions or multiphase alloys con-
taining intermetallic compounds. Two additional restrictions have been 
applied: i) maximize the content of the lower-cost elements, Fe and Cr, 
and ii) minimize the Mo content to reduce the radiation-induced acti-
vation of the alloy. The effects of thermal treatments in the stability of 
the microstructure and formation of new phases have been studied by 
SEM/BSE, X-ray diffraction, energy dispersive X-ray spectroscopy, and 
micro and nano-indentation measurements. 

2. Experimental details 

Ingots of a HEA with nominal composition Cr35Fe35V16.5Mo6Ti7.5, 
and mass up to ~20 g, were prepared by arc-melting from small pieces of 

pure elemental metals, (purity>99.9%), in a low-pressure helium at-
mosphere using a non-consumable tungsten electrode. The ingots were 
turned and remelted at least 6 times to ensure homogeneity. The 
composition of the alloy was established evaluating the criteria of the 
parameter-based models proposed by Y. Zhang et al. [24] and S. Guo 
et al. [4] and the free-energy based model proposed by O.N. Senkov and 
D.B. Miracle [22], maximizing the Fe and Cr contents and constraining 
the Mo content to a minimum value. 

Four physical parameters were determined: the atomic size differ-
ences, δ, the mixture enthalpy values,ΔHmix, the entropy of 
mixing,ΔSmix, and the valence electron concentration, VEC. The calcu-
lated values for the Cr35Fe35V16.5Mo6Ti7.5 alloy are: δ×100 = 5.07, 
ΔHmix = − 5.43kJ/mol and ΔSmix = 11.6J/K, that according to [4] are 
in the range of ΔHmix ∈ [ − 11.6,3.2] kJ/mol and δ×100 < 6.6 for the 
formation of solid solutions. As the melting temperature of the alloy, TM, 
obtained from the rule of mixtures is 2054 K, the scale ratio Ω = TMΔSmix

|ΔHmix |
is 

4.34, higher than the lower limit of 1.1 stablished in ref [23] for the 
formation of a SSS. Moreover, as the VEC value is found to be 6.385, only 
a single BCC solution would be expected [25]. Nevertheless, many HEAs 
with 1.1 < Ω < 10 and δ×100 > 3.8 have been observed to consist of both 
solid solution and intermetallic phases [23]. 

The free-energy model proposed by O.N. Senkov and D.B. Miracle 
[22] suggests that the condition for SSS formation at temperature T is 
ΔHmix − TΔSmix < ΔHIM − TΔSIM, where ΔHIM and ΔSIM are the forma-
tion enthalpy and configurational entropy of the IM compound, 
respectively. Assuming the linear relationships ΔHmix = κ1ΔHIM and 
ΔSmix = κ2ΔSIM, the model stablishes the criterion for SSS formation as: 
κ1 = ΔHIM

ΔHmix
< κ1Cr where κ1Cr =

TΔSmix(1− κ2)
|ΔHmix |

+1 and κ2 = 0.6. The ΔHIM 

values were calculated using the equation: ΔHIM =
∑

i<j4HIM
ij CiCj, where 

Ci and Cj are the concentration of each element in the alloy and HIM
ij the 

enthalpy of formation values for binary intermetallics reported in [26]. 
The corresponding values at two temperatures, the melting TM and 
annealing (see below) temperature, shown in Table 1 indicate that this 
model predicts the presence of both, solid solution and intermetallic 
phases, in contrast to the predictions of the parameter-based models. 

Samples of 1–2 mm thickness were cut from the central part of the as- 
cast ingots (AS samples) for characterization and thermal treatments. A 
set of samples was water -quenched after aging for 20 h at 1000 ◦C in 
vacuum (WQ samples). Another set was aged for 70 h at 960 ◦C and 
slowly furnace cooled (FC samples). Samples in the AS, WQ and FC 
conditions were carefully polished and characterized by different tech-
niques including X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and energy dispersive X-ray spectroscopy (EDS). For XRD mea-
surements, a Philips X’PERT diffractometer with Cu Kα radiation (λ =
0.15406 nm) operating at 40 kV and 40 mA was used. Diffraction data 
were acquired over the 2θ range 10◦ − 110◦. 

Secondary and backscattered electron analyses were carried out in a 
high-resolution scanning microscope (SEM) FE-SEM FEI TENEO, 
equipped with an energy dispersive X-Ray spectroscopy (EDAX) detec-
tor. After the microstructural analyses of the samples, their hardness 
assessment was carried out. 

Vickers microhardness measurements were performed using a load 
of 9.8 N for 10 s. At least 10 measurements were done at different areas 
of the samples. Nanoindentation tests were carried out in a micro- 
nanoindenter equipped with a diamond Berkovich tip, applying the 
constant strain rate method. Two sets of measurements were performed 
on each sample: a) arrays of 40 × 40 imprints with a load of 15 mN or 5 
mN, and b) load-unload curves at maximum loads of 15 mN and 100 mN, 
and a constant strain rate of 0.2%. Thermal diffusivity was measured by 
the laser flash method (LFA) in the temperature range between 25 and 
500 ◦C under an Ar atmosphere on samples with a diameter size of 8 mm 
covered with a thin graphite layer to ensure the full absorption of the 
flash light. The tests were performed at a scanning rate of 5 ◦C/min. 
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3. Results and discussion 

3.1. Microstructure 

Fig. 1 shows the XRD patterns for the alloy in AS, WQ and FC con-
ditions. The XRD measurements of the AS samples reveal the presence of 
a predominant BCC phase (FeV-type, Ref. Pattern: 03–065-3202) and a 
Fe2Ti intermetallic phase (Ref. Pattern 03-065-3571). The formation of 
Ti-containing intermetallic phases in HEAs could be associated with the 
large negative mixing enthalpy of Ti with some elements like Fe [8,27]. 
These results confirm the prediction of the free energy model, that 
anticipated the presence of intermetallic phases. 

The EBS micrographs shown in Fig. 2(a) reveal the microstructure of 
the as-cast alloy, consisting of dendrites separated by a well-defined 
interdendritic phase, that are indicated, respectively, as D and ID in 
Fig. 2(a). Dark precipitates are observed sparsely distributed inside the 
dendrites and at the D-ID interfaces. The elemental composition ana-
lyses of the dendrites, interdendritic phase and precipitates were 
accomplished by local EDX measurements and compositional mappings. 
Fig. 3(a) depicts the composition profile obtained from an EDX scan 
across the D-ID-D regions marked with a red dotted line in Fig. 3(b), 
showing that the content of the alloying elements remains constant 
along the dendrites while ID regions are enriched in Fe and Ti. The 
quantitative analyses of numerous EDX spectra from ID regions revealed 
a Fe/Ti atomic ratio close to 2, in agreement with the presence of the 
Fe2Ti phase detected by XRD. Fig. 3(c) depicts a representative EDX 
spectrum from the dark precipitates, indicating that they are mainly 

composed of Ti, with some content of V as the compositional maps in 
Fig. 4(b) reveals. 

The EDS maps accomplished in different dendrites of the AS sample, 
like the ones shown in Fig. 4(a), reveal the presence of the five alloying 
elements in concentrations close to the target composition of the alloy 
(see the table in Fig. 4). It should be noted that EDS is not an accurate 
technique for chemical quantification, and that the average composition 

Table 1 
Calculated values of the mixture enthalpy, ΔHmix, and formation enthalpy of the IM compound, ΔHIM. The parameters κ1, and κ1Cr of the free energy model of Senkov 
and Miracle, as well as δ×100 and Ω are also shown. TA y TM correspond to the annealing and melting temperatures, respectively.  

Composition (at.%) ΔHIM (kJ/mol) ΔHmix (kJ/mol) κ1 κ1Cr δ×100 Ω 

TA = 1273 K TM = 2054 K 

Cr35Fe35V16.5Mo6Ti7.5  − 18.45  − 5.43  3.4  2.1  2.8  5.07  4.34  

Fig. 1. XRD patterns of the Cr35Fe35V16.5Mo6Ti7.5 HEA alloy in the (a) as cast 
(AS), (b) water quenched (WC) and (c) aged (FC) states. The squares, circles and 
triangles indicate diffraction peaks attributed to the BCC, Fe2Ti and σ phase, 
respectively. 

Fig. 2. SEM/BSE images of Cr35Fe35V16.5Mo6Ti7.5 HEA alloy in the as-cast state 
(a), and after thermal treatments: (b) quenched and (c) aged. The insets show 
details of the corresponding microstructures at higher magnification. 
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of the alloy estimated by EDS analyses of very large areas of 470 × 390 
µm2, like that shown in the inset of Fig. 4(a), agrees within the experi-
mental errors with the target composition Cr35Fe35V16.5Mo6Ti7.5. The 
differences observed in the dendrite contrast of the SEM/BSE images are 
attributed to variations in the crystallographic orientation of the den-
drites [28,29]. The measured volume fraction of the phases resulted in 
values of 94.0 ± 0.9 % for the dendritic phase, 5.6 ± 0.8 % for the 
interdendritic and 0.4 ± 0.1 % for the Ti-rich particles. These results 
confirm that the major BCC phase identified by XRD in the AS samples 
corresponds to the dendritic phase with the average composition shown 
in the table of Fig. 4 (see Average SA(1-4)). 

The XRD patterns of the WQ samples revealed the formation of a 
quenching-induced phase, besides showing the primary solid-solution 
BCC phase (FeV-type) and the Fe2Ti intermetallic second phase detec-
ted in the AS samples, as Fig. 1(b) shows. The new second phase was 
identified as the σ-FeV phase (Reference Code 00–005-0691). The for-
mation of σ-phases having a tetragonal closed packed structure (P42/ 
mnm space group [30,31]) have also been found in other HEA alloys 
[32–36]. The brittle nature of the σ-phase is confirmed by the propa-
gation of microcracks along this phase, which are initiated at the 
interface of the embedded precipitates but does not propagate into the 
BCC phase, as shown in Fig. 5. The formation of the new σ-phase 
transforms the microstructure, as shown in Fig. 2(b). A high density 
number of small plates-like precipitates, named as SP, has formed ho-
mogeneously distributed within the dendrites, as can be clearly identi-
fied in the subfigure 2(b) at higher magnifications. New irregular islands 
of large size (named as LI), which present the lightest contrast in the 
SEM/BSE images, have also be formed at the boundary of the dendrites. 
The already mentioned cracks are commonly observed inside the LI 
regions and are probably originated by the thermal shock induced by the 
water quenching treatment, reveling the brittle nature of these regions, 
that should correspond to the new σ-phase (see Fig. 5). After the thermal 
treatment, a higher number of Ti-enriched particles is observed, 
increasing their volume fraction to a value of 1.0 ± 0.4 vol%. The dis-
tribution of the Ti-enriched particles was inhomogeneous, primarily 

located along the interdendritic regions. 
EDS elemental mappings (Fig. 6) revealed a remarkable difference in 

chemical composition between LI regions (light contrast) and the matrix 
of the dendrites (dark gray contrast). The analyses of EDX spectra 
showed that the matrix of the dendrites have a Cr/Fe ratio in the range 
1.38–1.45, while LI regions are enriched in Fe, with a Fe/Cr ratio of ~ 
1.23. This difference in the Cr content between both regions is ~ 11.2 at 
%, suggesting a diffusion-assisted segregation mechanism during the 
formation of the dendritic and interdendritic compounds in the solidi-
fication process. It is well known the role of Cr diffusion during the 
σ-phase formation in ferritic and duplex stainless steels [36–38], but it 
has been scarcely described for HEA alloys [39]. Indeed, it has been 
found that the nucleation and growth of precipitated σ-phase, as well as 
its formation induced by phase transformations are diffusion-controlled 
processes. For example, C.C. Hsieh et al. [40] demonstrated that the 
kinetics of the σ-phase precipitation is controlled by the diffusion of Cr 
and Mo in stainless steels and M.-H. Tsai et al. [33] reported that the 
formation of the sigma-phase in Al0.3CrFe1.5MnNi0.5 HEA alloy aged at 
700 ◦C for 2 h, is due to the transformation of the BCC matrix to the hard 
sigma-phase, with a ratio of Fe to Cr close to 1.33. In addition, high 
temperature-induced phase transformation from BCC to tetragonal 
phase has also been reported in Si-Fe-V-Cr HEA alloy heated from 400 ◦C 
up to 1000 ◦C [41]. 

Fig. 7 depicts a composition profile across three small SP pre-
cipitates, showing the variation in the elemental composition between 
the precipitates and the matrix of the dendrites. The SP precipitates are 
Fe and Ti enriched and exhibit a similar composition to that obtained for 
the LI islands within the large uncertainties of the EDS technique (see 
Table inside Fig. 6). These results indicate that the co-segregation of Fe 
and Ti contributes to the formation of the new phases from the initial 
homogenous solid solution of all the elements in the dendrites of the 
HEAs in the AS state. 

Similarly, the XRD results obtained for the FC alloys, see Fig. 1(c), 
revealed that a longer treatment at 960 ◦C leads to the formation of the 
same three phases: BCC, Fe2Ti and σ-FeV type that had been found in the 

Fig. 3. (a) EDX elemental line-scan profiles of the as-cast alloy along the interdendritic region indicated by a red dotted line on the figure (b). (c) The EDX spectrum 
of the dark region shows that it corresponds to a Ti-rich particle (black arrow on figure (b)). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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WQ materials. Fig. 2(c) shows that the microstructure of the FC alloys is 
similar to that observed for the WQ state, with the ID regions (light gray) 
well defined and wider than those found in the as-cast samples. Also, it is 
observed the presence of a high density of SP homogenously distributed 
inside the dendrites and LI regions at the dendrite boundaries (see inset 
SEM/BSE subfigures at higher magnification in Fig. 2(c)). 

EDX line scans crossing the different observed regions, along with 
representative EDS elemental maps, see Fig. 8, provide detailed infor-
mation of the elemental composition of the contiguous phases. While the 
Mo signal remains at a rather constant level, the Cr (brown triangles) 

decreases in regions where the Fe (blue squares) increases. These regions 
are identified as σ-phase and interdendritic regions. Furthermore, the 
interdendritic regions are Fe- and Ti-enriched (red dots curve on Fig. 8 
(b)). The Fe/Cr ratio obtained from analysis of numerous EDX spectra in 
the ID regions is in the range of 2.5–2.9, while is of ~1.36 in the sigma 
regions (marked as σ in Fig. 8(a)), close to the value found in the σ-phase 
in other HEA alloy [31]. The differences found in the microstructures of 
the alloys after quenching and aging indicate that the formation of the 
σ-phase is a time- and temperature-dependent process, controlled by 
diffusion, suggesting that the formation of the σ-phase in the BCC matrix 
might have different rates. 

It is noted that the presence and the composition of Ti-rich particles 
are irrespective of the thermal treatment and their density number is 
similar after both thermal treatments: WQ and FC. The absence of the 
peaks associated with these particles in the XRD patterns indicates a 
volume fraction of this phase below the detection threshold of the 
technique, i.e. bellow ~3%. 

3.2. Nano-hardness maps and hardness measurements 

In order to evaluate the contribution of each phase to the hardness of 
the alloy, several extensive nanohardness maps were acquired applying 
loads of 15 mN and 5 mN. The characteristic maps of AS, WQ and FC 
samples, with the corresponding SEM/BSE images and nanohardness 
distributions are shown in Fig. 9; equivalent results were obtained for 
nanoindentations maps performed at either 5 or 15 mN. Following the 
grid indentation analysis for composites proposed in Ref. [42,43], the 
intrinsic nanohardness of the different phases of the present alloy can be 
identified from the nanohardness histograms. Gaussian distributions 

Fig. 4. (a) BSE image of the as-cast Cr35Fe35V16.5Mo6Ti7.5 HEA alloy showing a strong intensity contrast. The inset corresponds to a larger area of the same alloy. (b) 
BSE image and the corresponding EDS elemental mappings of the marked region (black dotted rectangle in (a)). The table shows the composition of light gray and 
dark gray dendrites obtained through selected area EDX analysis. Also, the composition of the as-cast alloy obtained over large areas of the samples, of 470 × 390 
µm2, is shown. 

Fig. 5. SEM/BSE image of the water-quenched HEA showing the presence 
of cracks. 
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were adjusted to the observed peaks to obtain the hardness value of the 
different phases along with an estimation of the dispersion, the last 
corresponding to the Gaussian standard deviation. The values for the AS 
sample are distributed in a well-defined band centered at a nanohard-
ness value of 8.2 ± 0.3 GPa, and a broad tail of low intensity at values >
10 GPa. From the SEM/BSE maps of the indentation imprints, the value 
of 8.2 GPa was assigned to the nanohardness of the dendritic region and 
the broad tail to indentations performed in the ID regions or at the D/ID 

boundaries, see Fig. 9(b) and (c). The net area under the Gaussian band 
corresponds to ≈ 91 % of the total indentation imprints, which is 
consistent with the area fraction of the D regions observed in the SEM/ 
BSE images. 

Nanoindentation load-unload continuous-stiffness tests were per-
formed at maximum loads of 15 and 100 mN. As shown in Fig. 10(a), the 
nanohardness value for a 15 mN load in a D region is close to 8.2 GPa for 
penetration depths in the range 110–270 nm. Moreover, applying a load 

Fig. 6. (a) BSE image of the water-quenched Cr35Fe35V16.5Mo6Ti7.5 HEA alloy showing a strong intensity contrast. (b) BSE image and the corresponding EDS 
elemental mappings (c) The table shows the composition of light gray and dark gray regions obtained through the analysis of spot EDX measurements (red circles in 
(a)) and the mean values obtained from the dark and light contrast areas observed on the BSE image (a). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. EDS profiles across the dotted line indicated in the SEM/BSE image depicting the respective changes of the Mo-L, Ti-K, V-K, Cr-K and Fe-K line intensities due 
to the presence of precipitates (black arrows point to the precipitates). The square in the inset indicates the region inside the dendrite where the profile 
was measured. 
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of 100 mN similar values were achieved for the same penetration depth, 
and values around 8.0 GPa were obtained for penetration depths in the 
range 310–710 nm, which agrees with those obtained for the lower load 
within experimental uncertainties. The identification of single indenta-
tion imprints in the ID regions with the help of the SEM/BSE allowed to 
estimate their nanohardness to a value of 13.5 ± 0.9 GPa. 

Fig. 11(a) reveals the presence of discontinuities along the loading 
course of the nanoindentation continuous-stiffness tests, that correspond 
to displacement bursts in the indentation depth at a constant load, that 
are generally referred as pop-ins [43,44]. The presence of pop-in has 
been frequently reported in the literature and is attributed to different 
possible indentation-induced changes in the microstructure such as 
dislocation nucleation, crack initiation or mechanically induced phase 
transformations [43–46]. Pop-in due to nucleation of dislocations is 
commonly present in metallic materials with a ductile behavior, and 
should be the responsible of the observed pop-in events in the dendritic 
regions of the AS material, since the presence of cracks or pressure- 
induced phase transformations were not observed after analyzing the 
indentations imprints by SEM/BSE. 

At the initial stages of the nanoindentation process, where the 
deformation for a metallic alloy is elastic, the contact surface of the 
indenter can be approximate to a semi-sphere of effective contact radius 
R due to the inevitable blunting of the indenter for a Berkovich tip at this 
nanometric scale. This allows to predict the initial elastic deformation of 
the alloy using the Hertzian theory of the contact between a rigid sphere 
and an elastic half-space, which stablishes an exponential dependence of 
the applied load, P, with the instantaneous indentation depth, h, given 
by the equation [47]: 

P =
4
3

ErR
1
2h3

2 (1)  

where the reduced elastic modulus, Er, between the indenter and the 

specimen calculated as Er =

[(
1− γi

2

Ei

)

+

(
1− γs

2

Es

)]− 1 

is 207 GPa for the 

dendrites of the AS alloy. To obtain this value, the elastic modulus and 
the Poissońs ratio used wereEi = 1140 GPa and γi = 0.07for the dia-
mond nanoindenter tip, and the measured Es = 230 GPa and γs = 0.3 for 
the tested material. 

Fig. 11(a) evidences the initial elastic regime of the P − h curves for 
low loads, that presents an excellent agreement with the Hertzian pre-
diction P∝h3

2. Furthermore, the theory allows to calculate the induced 
shear stress in the material as [47]: 

τ =
0.47

π

(
4Er

3R

)2
3

P1/3 (2) 

This equation has been applied in many studies to analyze the 
initiation of plasticity by means of the critical shear stress obtained from 
the first observed yield excursions, pop-in events, that appear at 
distinctive P − h pairs in each loading curve, as the showed in Fig. 11(a) 
[43,48]. However, there are numerous factors that can influence the 
load at which the first pop-in is triggered, such as the presence of 
interstitial atoms, the surface roughness, preexisting dislocations, grain 
boundaries or interphases near the indented region, and differences in 
the crystallographic orientations of the grains, between others 
[43,44,45]. Some of these factors produce a range of values at which the 

Fig. 8. (a) BSE image of the aged Cr35Fe35V16.5Mo6Ti7.5 HEA alloy, showing interdendrites (ID), dendrites (D), and sigma-phase (σ) regions. (b) EDS profiles across 
the line indicated in (a) depicting the respective changes of the Mo-L, Ti-K, V-K, Cr-K and Fe-L line intensities. (c) BSE image of a representative region and the 
corresponding EDS elemental mappings. 
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first pop-in can be observed. For example, the mobility of the disloca-
tions can be hindered by the presence of interstitial atoms or the pres-
ence of Cottrell atmospheres, that might result in a significant increase 
of the local critical resolved shear stress and shift to higher P values the 
occurrence of the first pop-in. The combined effect of these factors 
should produce that the observations of pop-in events appears to be a 
statistical process with the expected value of the load for the first pop-in 
distributed along a certain range of values. The Fig. 11(b) clearly shows 
this behavior of the P − h values at which the first pop-in is initiated, 
where the load for triggering plastic deformation ranges from 0.16 mN 
to 1.12 mN, and the depth at which the pop-in events occurs goes from 
8.7 nm to 31.4 nm. Similar elastic-to-plastic transitions have also been 
found during sharp nanoindentations of several BCC materials like 
annealed cold-rolled TiZrHfNb HEA alloy [48], Mo single crystal [49] 
and polycrystalline pure iron [45]. 

These P − hvalues correspond to the end of the elastic deformation 
regime and follow the Eq. (1), as can be observed from the linear 
dependence of P with h3

2shown in the Fig. 11(b). The effective contact 
radius of the indenter, R, can be obtain from the linear fit of the P− h3

2 

values to Eq. (1), obtaining a result of R=(524 ± 2) nm. Similar values of 
the effective contact radius are commonly reported for nanoindentation 

experiments with Berkovich tips [48,49]. This result together with Eq. 
(2) enable to estimate the resolved shear stress, τcrss, obtaining values 
between 5.2 GPa and 10.4 GPa. This range of values for the τcsrr corre-
sponds to τcrss = [

μ
17 −

μ
9] , where the shear modulus μ of the sample is 

given by μ = Es
2(1+γs)

= 88.5 GPa, and can be compared with the theo-

retical shear strength for plastic deformation, that ranges from 
[

μ
30 −

μ
5

]
=

[3.0 − 17.7] GPa [49]. Comparison of the experimental and theoretical 
range of values, indicates that the displacement burst found at the 
elastic-to-plastic transition could be triggered by dislocation nucleation 
rather than by mobilization and multiplication of dislocations already 
present in the bulk. These results are supported by the small size of the 
sampled volume during nanoindentation tests [44]. The effect of the 
different crystallographic orientation on triggering the first pop-in 
should be neglectable since no differences in the distribution of the 
P − h pairs have been found in indentation performed in different den-
drites, as have also been reported by other authors [45]. 

This methodology to study the elastic-to-plastic transition during 
nanoindentation was not applied to the WQ or FC alloys because it was 
not possible to clearly stablished by the SEM analysis whether the 
nanoindentation imprints were not affected for the presence of grain or 

Fig. 9. Nanohardness histogram, nanohardness map and the corresponding BSE image for the (a-c) as-cast, (d-f) water-quenched and (g-i) furnace cooled 
Cr35Fe35V16.5Mo6Ti7.5 HEA alloy. The results correspond to nanoindentation measurements performed at a load of 15 mN for (a-c) and 5 mN for (d-i). 
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interphase boundaries due to the more complex microstructure of this 
alloys and the presence of the σ-phase. 

In order to determine with a higher resolution the contribution of 
each phase to the nanohardness of the WQ and FC alloys, maps with a 
load of 5 mN were performed. Fig. 9(d) and (g) show that the nano-
hardness distributions of the WQ and FC alloys present multiple bands 
due to the contributions of the different phases, that can be fitted to 
three narrow Gaussian distributions centered at 8.3 ± 0.4, 14.1 ± 0.5 
and 15.7 ± 0.5 GPa for the WQ alloy, and at 8.1 ± 0.4, 14.2 ± 0.6 and 
15.6 ± 1.1 GPa for the FC, and to a broader one at 9.4 ± 0.4 and 9.5 ±
0.3 GPa, for the WQ and FC samples, respectively. Comparing the 
indentation maps with their corresponding SEM/BSE images was stab-
lished that the three narrow bands correspond to indentations in the 
dendrites, Fe2Ti interdendritic phase and in the σ-phase, respectively, 
while the values of the broad distributions were associated to in-
dentations at the interfaces between regions of distinct hardness. Similar 
nanohardness values for the Fe2Ti and the σ-phase have already been 
reported [50]. The difference in hardness of each phase is evident from 
the size of the indentation imprints in Fig. 9(f) and (i) so that the smallest 
indentations imprints correspond to Ti-rich particles, with an estimated 
hardness of ~ 16.3 GPa. 

Corresponding maps of the Younǵs moduli for the three materials are 
presented in Fig. 12. The WQ and FC alloys exhibit somewhat more 

extended distributions of the Young’s modulus than the AS alloy. In 
particular, the distribution for the WQ alloy is shifted toward higher 
values, with the consequent increase of its mean Young’s modulus. This 
is attributed to the formation of the σ-phase, that presents a Young’s 
modulus of ~ 250 GPa, higher than the value of ~ 230 GPa measured for 
the BCC phase. 

Fig. 13(a) shows the Vickers microhardness results for the AS, WQ 
and FC samples. The mean hardness values are found to be 6.2 ± 0.7 
GPa, 6.4 ± 0.6 GPa and 7.1 ± 0.7 GPa, for the AS, WQ and FC samples. 
These values are consistent with the ones obtained through nano-
indentation analysis, where the formation of new harder phases with the 
thermal treatments was detected. The unexpected low microhardness 
measured in the WQ sample is attributed to the presence of microcracks 
in the microstructure of the quenched alloy, as was previously com-
mented, which was attributed to thermal shock during the quenching 
process. These microcracks do not affect the nanoindentation statistical 
results because the small volume of material that this technique tests 
with the present loads is smaller than the observed mean distance be-
tween microcracks. It was also observed that microhardness measure-
ments caused the formation and propagation of cracks in the ID regions 
of the three alloys, demonstrating the brittle nature of the Fe2Ti phase 
irrespective of the thermal treatment (see Fig. 13(b − d)). This was more 
evident in the case of FC alloy, where the formation of cracks at the 

Fig. 10. (a) Microhardness of the Cr35Fe35V16.5Mo6Ti7.5 HEA alloy in the as-cast state as a function of indentation displacement. (b–d) SEM/BSE image of the 
nanoindentation imprints at a load of 5 mN on the alloy in the (b) AS, (c) WQ and (d) FC states. 

Fig. 11. (a) Representative load, P, versus depth, h, 
curves of indentations performed inside dendrites of 
the AS alloy for two maximum applied loads of 15 and 
100 mN. The initial elastic loading behavior exhibits a 
good agreement with the Hertzian approximation for 
a spherical contact: P∝h3/2 (dashed red line). The 
inset shows the corresponding full load–displacement 
curves. (b) Linear dependence of P versus h3/2 for the 
values that triggers the first pop-in events. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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corner of the microindentations was common. Furthermore, cracking in 
the BCC dendritic areas was only observed in the FC samples. This for-
mation of cracks was not observed for nanoindentations performed at 
loads of 5 and 15 mN in any of the samples (compare Figs. 10 and 13). 
Plastic deformation and deformations bands were only observed in the 
AS alloy. 

These results, along with the microstructural characterization, indi-
cate that phase transformations produced by aging at about 1000 ◦C, 
which lead to the formation of the σ-phase, are responsible for hard-
ening and embrittlement. The hardening after thermal treatments has 
already been observed in other HEAS after thermal aging that promotes 
the formation of the σ-phase [31,51]. For example, M.-H. Tsai et al. [34] 
reported that the hardness of the Al0.3CrFe1.5MnNi0.5 alloy aged at 
750 ◦C tripled the hardness of the as-cast alloy and demonstrated by 
TEM investigations that the main contributors to the age-hardening 
were the dendrites regions [31,36]. 

3.3. Thermal diffusivity measurements 

Fig. 14 shows the experimental results of the thermal diffusivity 
measurements, TD, as a function of the temperature for Cr35Fe35V16.5-

Mo6Ti7.5 in the as-cast condition (AS) and after the aging treatment (FC). 
Each data point corresponds to an average over four measurements. No 
significative differences in the values of the TD were found between the 
successive runs. The quenched alloy was not tested due to the presence 
of microcracks in its microstructure, which has previously been dis-
cussed. The values of the thermal diffusivity are low compared with 
those of the constituent elements, that range from the higher values for 
Cr ~ 27 mm2/s or Mo ~ 54 mm2/s to the lower value for V ~ 11 mm2/s 
at room temperature. Such a reduction of TD has also be reported for 
several authors for HEAs [8,52] and for some highly alloyed steels [53]. 
It has been reported that it is due to the great distortion of the lattice 
originated by the compositional disorder of the HEA alloys, which 

Fig. 12. Younǵs modulus histogram and map for the (a,b) as-cast, (c,d) water-quenched and (e,f) aged Cr35Fe35V16.5Mo6Ti7.5 HEA alloy. The results correspond to 
nanoindentation measurements performed at a load of 15 mN for (a-b) and 5 mN for (c-f). 
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increases the phonon and electron scattering with the lattice. 
The TD increases with increasing temperature for the AS and FC 

materials. This behavior was also observed in some AlCrFeMnNi/Mo 
HEAs alloys [52]. This temperature dependence is the opposite of the 
expected in pure metals, since TD commonly decreases with increasing 
temperature due to the increase of the electron–phonon scattering, 
which diminishes the efficiency of the transport of energy through the 
material. 

Recently, a predictive analytical model for the thermal conductivity 
of aluminum/transition metal-based high entropy alloys has explained 
the enhancement of the thermal conductivity on increasing the 

temperature [54]. In this model, the lattice and electrons contributions 
to the thermal conductivity are separated. It predicts a smooth decrease 
of the thermal conductivity with the temperature associated to the lat-
tice and, in contrast, an increase of the thermal conductivity associated 
to the electrons, being the contribution of the latter predominant. The 
temperature dependence is associated to the scattering of the electrons 
with the aperiodic crystal potential arising from the lattice disorder. 

The enhancement of the TD after the aging treatment at 960 ◦C can be 
correlated with the changes observed in the microstructure of the FC 
samples. Firstly, the presence of inclusions in the microstructure, due to 
the formation of the σ-phase and the presence of the high number of SP 
precipitates, reduces the density of solute atoms in the dendrites. These 
atoms act as scattering centers for the phonons and the electrons. Sec-
ondly, the formation of precipitates (σ-phase) during aging gives place 
to a decrease of the lattice distortion of the dendrites, increasing the 
phonons free path with respect to the as cast alloy. Even though the 
formation of precipitates generates new scattering centers for the 
phonon and electrons, the increase of the phonons free path and a lesser 
electron scattering in the dendrites might be responsible of the higher 
thermal diffusivity of the FC alloy compared with the as cast alloy. 

The obtained diffusivity values are much lower than those reported 
for W (62 T=25◦C and 45 T=500◦C mm2/s) and CuCrZr (102 T=25◦C and 92 
T=500◦C mm2/s) [55,56], the reference materials for the components of 
the fusion reactor divertor. This converts the studied alloy in a potential 
candidate to be use as a thermal barrier for this type of applications. 

4. Conclusions 

Cr35Fe35V16.5Mo6Ti7.5 was produced by arc melting in a low pressure 
He atmosphere and subjected to aging and water quenching thermal 
treatments. From the characterization of the microstructure by XRD, 
SEM/BSE and EDX, and the mechanical properties by nanoindentation 

Fig. 13. (a) Microindentation hardness of Cr35Fe35V16.5Mo6Ti7.5 alloy for 1 kgf. (b–d) Optical images of the microindentantion imprints for the (b) AS, (c) WQ and 
(d) FC states. Plastic deformation bands (white arrows) are only observed for the as-cast alloy. Cracks are mainly present along the interdendritic regions (black 
arrows) and cross the BCC phase in the FC material. 

Fig. 14. Measured thermal diffusivity of Cr35Fe35V16.5Mo6Ti7.5 alloy in the as- 
cast (AS) and aged (FC) conditions. 
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and microindentation experiments, the following main conclusions have 
been reached:  

• The alloy in the as-cast condition exhibits the more homogenous 
composition, with ≈94 vol% of the material in a single BCC phase 
containing the five alloying elements. Quenching from 1000 ◦C as 
well as aging at 960 ◦C, induced the reduction of the BCC phase and 
the formation of a σ-phase.  

• The presence of intermetallic compounds was predicted by the free- 
energy based model proposed by O.N. Senkov and D.B. Miracle [22], 
while the parameter-based models foretold an alloy with a single 
BCC phase.  

• The initial sparse population of Ti-rich particles ~ 0.4 ± 0.1 vol% for 
the AS material increases to ~ 1.0 ± 0.4 vol% after the quenching or 
aging thermal treatments.  

• The alloy exhibits a lack of thermal shock resistance. Quenching 
from 1000 ◦C produces the formations of microcracks in the alloy 
matrix. However, microcracks were not observed in the as-cast ma-
terial. This indicates that the transformations induced by the present 
quenching are responsible for the loss of thermal shock resistance.  

• A combination of massive nanoindentation and statistical analysis 
has been successful for determining the microstructure effect on the 
nanohardness changes, and has allowed to correlate the results with 
the microhardness values. The presence of microcracks appears to 
produce the unexpected low microhardness value observed for the 
quenched material. Hardening observed after aging is attributed to 
the σ-phase formation.  

• Elastic-to-plastic transition at the nanoscale in the BCC grains has 
been analyzed by nanoindentation measurements. The mechanism 
responsible was found to be dislocation nucleation rather than 
movement of preexisting dislocations.  

• The FC alloy exhibits a higher thermal diffusivity than the material in 
the as-cast condition on the measured temperature range of 
25–500 ◦C. Both of them present an increasing behavior of TD on 
increasing temperature and low values compared with the TD re-
ported for the constituent elements. The thermal diffusivity values 
are much lower than those of W and CuCrZr which makes it a po-
tential candidate to be used as a thermal barrier in heat-sink 
components. 
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Muñoz: Conceptualization, Methodology, Software, Resources, Writing 
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